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Editorial

A New Era in Gamma-Ray Astronomy with the Cherenkov Telescope Array

‘‘In the field of observation, chance only favours the prepared
mind.’’
Louis Pasteur (1854).
It is a truism that major advances in astronomy have usually
followed the introduction of a new tool. In 1610 Galileo’s improved
‘‘spyglass’’ dramatically revealed the four moons of Jupiter, illustrating that not all celestial bodies orbit the Earth, contrary to
the then prevailing view. In the report of this momentous discovery, Galileo wrote:
‘‘I propose great things for inspection and contemplation, by
every explorer of Nature. Great, I say, because of the excellence
of the things themselves, because of their newness unheard of
through the ages, and also because of the instrument with
the benefit of which they make themselves manifest to our
sight.’’
His advice has been followed with great success by subsequent
researchers, leading e.g. to the serendipitous discovery of the cosmic microwave background in 1965 using a horn antenna designed to relay telephone calls via satellite, and of pulsars in
1967 using a radio telescope designed to study rapid time variations in the signal from quasars. The first X-ray detector carried
aboard a sounding rocket in 1962 saw a powerful source in the
sky that turned out to be a neutron star binary. Subsequent
observations of X-ray sources led to the discovery of stellar black
holes.
In his influential book ‘‘Cosmic Discovery’’ (1981), the astronomer Martin Harwit provided many such examples and noted in
addition that the innovators are frequently not professional astronomers themselves, but rather physicists or engineers. (Harwit also
argued against construction of major international facilities like
the Hubble Space Telescope on the grounds that it would be unlikely to discover anything really new; however subsequent major
discoveries, e.g. dark energy, exoplanets etc., have shown this fear
to be quite unfounded. . . interestingly enough these discoveries
too were unanticipated.)
Another window on the sky that opened up just over two
decades ago is high-energy gamma-ray astronomy using
ground-based Imaging Atmospheric Cherenkov Telescopes. Following pioneering attempts in the 1960s led by Chudakov and
Zatsepin in the USSR and Jelley and Porter in the UK (for reviews
see Weekes, Physics Reports 160 (1988) 1 and the article of Hillas in this volume), the field began effectively in 1989 with the
first robust detection of the Crab Nebula in TeV gamma rays
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using the 10-m diameter IACT at the Whipple Observatory. This
activity has grown rapidly to become one of the most productive
sub-fields of astrophysics today, with modest investments leading to many exciting discoveries with experiments like H.E.S.S.,
MAGIC and VERITAS. Over 100 sources are now known (http://
tevcat.uchicago.edu), many of them unanticipated and many
more yet unidentified. Among the identified sources, which have
been subjected to morphological, spectroscopic and temporal
studies are active galactic nuclei (BL Lac), starburst galaxies, pulsar wind nebulae, shell-type supernova remnants, Wolf-Rayet
stars, giant molecular clouds, X-ray binaries and the Galactic
Centre. IACTs have also provided sensitive probes of dark matter
annihilation in the Galaxy and in the satellite dwarf spheroidal
galaxies, and of possible high-energy Lorentz invariance violation
due to quantum gravity effects. Another application has been
as a probe of the extragalactic background light, which
would attenuate TeV radiation from very distant sources, as
well as measurement of high-energy cosmic-ray electrons and
nuclei.
Overviews of this remarkable progress have been given in
several excellent reviews (e.g. Cronin, Gibbs & Weekes, ARNPS
43 (1993) 883; Aharonian, Buckley, Kifune & Sinnis, Rep. Prog.
Phys. 71 (2008) 096901; Hinton & Hofmann, ARNPS 47 (2009)
523).
The next logical step in this enterprise is the Cherenkov Telescope Array (CTA). This will provide increased sensitivity (!milliCrab fluxes with 5 sigma in 50 h at TeV energies), wider energy
coverage (!30 GeV–300 TeV), better angular resolution (!20 at
TeV energies), superior energy resolution (RMS < 10% at TeV energies), and a wider field of view (6–8o) than existing instruments.
Over 1000 scientists and engineers in !170 institutions in 27 countries are engaged presently in the prototyping of the concepts formulated in a Design Study, which was conducted during 2008-11
(CTA Consortium, Experimental Astronomy 32 (2011) 193) and
construction is scheduled to occur during 2014–18. There will be
two sites, one in the Southern hemisphere which will focus on
galactic sources, and one in the Northern hemisphere aimed
mainly at extragalactic studies. For the first time in this astronomical field, CTA will be operated as an open observatory.
It is thus an opportune moment to take stock of what we have
learnt from observations to date, as well as the theoretical models
in which the data is interpreted, and look forward to what CTA will
provide. Accordingly Part A of this Topical Issue is devoted to invited reviews from leading experts on the key science topics, while
Part B presents detailed studies done by various CTA Working
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Groups using Monte Carlo simulations of possible array
configurations.
Soon other windows too will open on the sky – in high-energy
neutrinos and perhaps in gravitational waves. The era of multimessenger astronomy will soon be upon us.
In summary, to inspire the reader to engage with this authoritative set of papers, we cannot do better than quote Marcel Proust
(Á la recherche du temps perdu, 1923):
‘‘The only true voyage of discovery, the only fountain of Eternal
Youth, would be not to visit strange lands but to possess other
eyes, to behold the universe through the eyes of another, of a hundred others, to behold the hundred universes that each of them beholds, that each of them is.’’
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Introducing the CTA concept
B.S. Acharya bc, M. Actis f, T. Aghajani dx, G. Agnetta bi, J. Aguilar ed, F. Aharonian bd, M. Ajello fb,
A. Akhperjanian g, M. Alcubierre cw, J. Aleksić do, R. Alfaro cw, E. Aliu es, A.J. Allafort fb, D. Allan eg, I. Allekotte c,
E. Amato bj, J. Anderson er, E.O. Angüner al, L.A. Antonelli bo, P. Antoranz dt, A. Aravantinos ay, T. Arlen fd,
T. Armstrong eg, H. Arnaldi c, L. Arrabito aj, K. Asano cq, T. Ashton ek, H.G. Asorey c, Y. Awane cf, H. Baba by,
A. Babic t, N. Baby ae, J. Bähr aw, A. Bais ax, C. Baixeras dv, S. Bajtlik de, M. Balbo ee, D. Balis ax, C. Balkowski ak,
A. Bamba bv, R. Bandiera bj, A. Barber fj, C. Barbier ag, M. Barceló do, A. Barnacka de, J. Barnstedt au,
U. Barres de Almeida j, J.A. Barrio ds, A. Basili ed, S. Basso bl, D. Bastieri bs, C. Bauer aq, A. Baushev at,
J. Becerra dr,ap, Y. Becherini ab, K.C. Bechtol fb, J. Becker Tjus am, V. Beckmann ab, W. Bednarek di, B. Behera aw,
M. Belluso bm, W. Benbow ev, J. Berdugo dn, K. Berger dr, F. Bernard eb, T. Bernardino dt, K. Bernlöhr aq,
N. Bhat ba, S. Bhattacharyya ba, C. Bigongiari bp, A. Biland ec, S. Billotta bm, T. Bird ep, E. Birsin aw,al, E. Bissaldi h,
J. Biteau ah, M. Bitossi bt, S. Blake ek, O. Blanch Bigas do, P. Blasi bj, A. Bobkov fd, V. Boccone ed, M. Boettcher dl,
L. Bogacz dd, J. Bogart fb, M. Bogdan ff, C. Boisson ak, J. Boix Gargallo do, J. Bolmont ai, G. Bonanno bm,
A. Bonardi au, T. Bonev q, P. Bonifacio ak, G. Bonnoli bl, P. Bordas au, A. Borgland fb, J. Borkowski de, R. Bose fk,
O. Botner ea, A. Bottani f, L. Bouchet ae, M. Bourgeat aj, C. Boutonnet ab, A. Bouvier fa, S. Brau-Nogué ae,
I. Braun ec, T. Bretz eb,ee, M. Briggs fc, T. Bringmann ap, P. Brook en, P. Brun af, L. Brunetti ag, T. Buanes da,
J. Buckley fk, R. Buehler aw, V. Bugaev fk, A. Bulgarelli bf, T. Bulik dj, G. Busetto bs, S. Buson bs, K. Byrum er,
M. Cailles ag, R. Cameron fb, J. Camprecios dp, R. Canestrari bl, S. Cantu bl, M. Capalbi bo, P. Caraveo bg,
E. Carmona dn, A. Carosi bo, J. Carr ac, P.-H. Carton af, S. Casanova aq,dl, M. Casiraghi bl, O. Catalano bi,
S. Cavazzani bn, S. Cazaux af, M. Cerruti ev, E. Chabanne ag, P. Chadwick eg, C. Champion ab, A. Chen bg,
J. Chiang fb, L. Chiappetti bg, M. Chikawa cb, V.R. Chitnis bc, F. Chollet ag, J. Chudoba w, M. Cieślar dj, A. Cillis d,
J. Cohen-Tanugi aj, S. Colafrancesco dm, P. Colin as, J. Colome dp, S. Colonges ab, M. Compin aj, P. Conconi bl,
V. Conforti bf, V. Connaughton fc, J. Conrad dz, J.L. Contreras ds, P. Coppi fl, P. Corona ai, D. Corti bs, J. Cortina do,
L. Cossio bu, H. Costantini ac, G. Cotter en, B. Courty ab, S. Couturier ah, S. Covino bl, G. Crimi bl, S.J. Criswell ev,
J. Croston ep, G. Cusumano bi, M. Dafonseca ae, O. Dale da, M. Daniel eg, J. Darling el, I. Davids cx, F. Dazzi bs,
A. De Angelis bu, V. De Caprio bg, F. De Frondat ak, E.M. de Gouveia Dal Pino k, I. de la Calle ds, G.A. De La Vega b,
R. de los Reyes Lopez aq, B. De Lotto bu, A. De Luca bg, J.R.T. de Mello Neto n, M. de Naurois ah, Y. de Oliveira ah,
E. de Oña Wilhelmi dp, V. de Souza m, G. Decerprit aw, G. Decock af, C. Deil aq, E. Delagnes af, G. Deleglise ag,
C. Delgado dn, D. Della Volpe ed, P. Demange ak, G. Depaola d, A. Dettlaff as, A. Di Paola bo, F. Di Pierro bp,
C. Díaz dn, J. Dick au, R. Dickherber fk, H. Dickinson dz, V. Diez-Blanco aq, S. Digel fb, D. Dimitrov q, G. Disset af,
A. Djannati-Ataï ab, M. Doert an, M. Dohmke an, W. Domainko aq, D. Dominis Prester u, A. Donat aw,
D. Dorner ee, M. Doro dv, J.-L. Dournaux ak, G. Drake er, D. Dravins dx, L. Drury bd, F. Dubois ds, R. Dubois fb,
G. Dubus ad, C. Dufour ab, D. Dumas ak, J. Dumm fi, D. Durand af, J. Dyks de, M. Dyrda dg, J. Ebr w, E. Edy ah,
K. Egberts h, P. Eger ao, S. Einecke an, C. Eleftheriadis ax, S. Elles ag, D. Emmanoulopoulos ep, D. Engelhaupt fc,
R. Enomoto cs, J.-P. Ernenwein ac, M. Errando es, A. Etchegoyen b, P. Evans ek, A. Falcone ex, D. Fantinel bn,
K. Farakos ay, C. Farnier ee,dz, G. Fasola ak, B. Favill ek, E. Fede ag, S. Federici at, S. Fegan ah, F. Feinstein aj,
D. Ferenc fe, P. Ferrando af, M. Fesquet af, A. Fiasson ag, E. Fillin-Martino ah, D. Fink as, C. Finley dz, J.P. Finley ez,
M. Fiorini bg, R. Firpo Curcoll do, H. Flores ak, D. Florin ef, W. Focke fb, C. Föhr aq, E. Fokitis ay, L. Font dv,
G. Fontaine ah, M. Fornasa em, A. Förster aq, L. Fortson fi, N. Fouque ag, A. Franckowiak fb, C. Fransson dz,
G. Fraser ek, R. Frei eb, I.F.M. Albuquerque l, L. Fresnillo dt, C. Fruck as, Y. Fujita cl, Y. Fukazawa bx, Y. Fukui cj,
S. Funk fb, W. Gäbele au, S. Gabici ab, R. Gabriele bn, A. Gadola ef, N. Galante ev, D. Gall fh, Y. Gallant aj,
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J. Gámez-García du, B. García b, R. Garcia López dr, D. Gardiol bp, D. Garrido dv, L. Garrido dw, D. Gascon dw,
M. Gaug dv, J. Gaweda do, L. Gebremedhin fa, N. Geffroy ag, L. Gerard aw, A. Ghedina br, M. Ghigo bl,
E. Giannakaki ax, F. Gianotti bf, S. Giarrusso bi, G. Giavitto do, B. Giebels ah, V. Gika ay, P. Giommi bo, N. Girard ae,
E. Giro bn, A. Giuliani bg, T. Glanzman fb, J.-F. Glicenstein af, N. Godinovic s, V. Golev r, M. Gomez Berisso c,
J. Gómez-Ortega du, M.M. Gonzalez cw, A. González do, F. González a, A. González Muñoz do, K.S. Gothe bc,
M. Gougerot ag, R. Graciani dw, P. Grandi bf, F. Grañena do, J. Granot ej, G. Grasseau ah, R. Gredig ef, A. Green em,
T. Greenshaw el, T. Grégoire ae, O. Grimm ec, J. Grube eq, M. Grudzinska dj, V. Gruev fk, S. Grünewald aw,
J. Grygorczuk df, V. Guarino er, S. Gunji cu, G. Gyuk eq, D. Hadasch dp, R. Hagiwara cu, J. Hahn aq, N. Hakansson at,
A. Hallgren ea, N. Hamer Heras dn, S. Hara cv, M.J. Hardcastle ej, J. Harris eg, T. Hassan ds, K. Hatanaka cf,
T. Haubold as, A. Haupt aw, T. Hayakawa cj, M. Hayashida ce, R. Heller aw, F. Henault ad, G. Henri ad,
G. Hermann aq, R. Hermel ag, A. Herrero dr, N. Hidaka ck, J. Hinton ek, D. Hoffmann ac, W. Hofmann aq,
P. Hofverberg aq, J. Holder fg, D. Horns ap, D. Horville ak, J. Houles ac, M. Hrabovsky w, D. Hrupec t, H. Huan ff,
B. Huber ef, J.-M. Huet ak, G. Hughes aw, T.B. Humensky et, J. Huovelin y, A. Ibarra ds, J.M. Illa do,
D. Impiombato bi, S. Incorvaia bg, S. Inoue cs, Y. Inoue cs, K. Ioka ca, E. Ismailova aw, C. Jablonski as,
A. Jacholkowska ai, M. Jamrozy dd, M. Janiak de, P. Jean ae, C. Jeanney af, J.J. Jimenez dt, T. Jogler fb, T. Johnson fb,
L. Journet ag, C. Juffroy ab, I. Jung ao, P. Kaaret fh, S. Kabuki co, M. Kagaya by, J. Kakuwa bx, C. Kalkuhl au,
R. Kankanyan aq, A. Karastergiou en, K. Kärcher ao, M. Karczewski df, S. Karkar ac, J. Kasperek dc, D. Kastana ay,
H. Katagiri by, J. Kataoka ct, K. Katarzyński dh, U. Katz ao, N. Kawanaka cs, B. Kellner-Leidel aw, H. Kelly fb,
E. Kendziorra au, B. Khélifi ah, D.B. Kieda fj, T. Kifune cs, T. Kihm aq, T. Kishimoto cf, K. Kitamoto cb,
W. Kluźniak de, C. Knapic bq, J. Knapp aw, J. Knödlseder ae, F. Köck aq, J. Kocot db, K. Kodani cn, J.-H. Köhne an,
K. Kohri ca, K. Kokkotas ax,au, D. Kolitzus h, N. Komin ag, I. Kominis ay, Y. Konno cf, H. Köppel aw, P. Korohoda dc,
K. Kosack af, G. Koss aw, R. Kossakowski ag, P. Kostka aw, R. Koul ba, G. Kowal k, S. Koyama cm, J. Kozioł dd,
T. Krähenbühl ec, J. Krause as, H. Krawzcynski fk, F. Krennrich ew, A. Krepps er, A. Kretzschmann aw, R. Krobot ao,
P. Krueger aq,dl, H. Kubo cf, V.A. Kudryavtsev eo, J. Kushida cn, A. Kuznetsov fa, A. La Barbera bi,
N. La Palombara bg, V. La Parola bi, G. La Rosa bi, K. Lacombe ae, G. Lamanna ag, J. Lande fb, D. Languignon ak,
J. Lapington ek, P. Laporte ak, C. Lavalley aj, T. Le Flour ag, A. Le Padellec ae, S.-H. Lee cg, W.H. Lee cw,
M.A. Leigui de Oliveira i, D. Lelas s, J.-P. Lenain ai, D.J. Leopold fk, T. Lerch af, L. Lessio bn, B. Lieunard ag,
E. Lindfors aa, A. Liolios ax, A. Lipniacka da, H. Lockart fd, T. Lohse al, S. Lombardi bo, A. Lopatin ao, M. Lopez ds,
R. López-Coto do, A. López-Oramas do, A. Lorca ds, E. Lorenz as, P. Lubinski de, F. Lucarelli bo, H. Lüdecke aw,
J. Ludwin dg, P.L. Luque-Escamilla du, W. Lustermann ec, O. Luz au, E. Lyard ee, M.C. Maccarone bi,
T.J. Maccarone ep, G.M. Madejski fb, A. Madhavan ew, M. Mahabir ek, G. Maier aw, P. Majumdar bb,
G. Malaguti bf, S. Maltezos ay, A. Manalaysay ef, A. Mancilla b, D. Mandat w, G. Maneva p, A. Mangano bi,
P. Manigot ah, K. Mannheim av, I. Manthos ay, N. Maragos ay, A. Marcowith aj, M. Mariotti bs, M. Marisaldi bf,
S. Markoff cy, A. Marszałek dd, C. Martens aw, J. Martí du, J.-M. Martin ak, P. Martin ae, G. Martínez dn,
F. Martínez dp, M. Martínez do,⇑, A. Masserot ag, A. Mastichiadis az, A. Mathieu ah, H. Matsumoto ci,
F. Mattana ab, S. Mattiazzo bs, G. Maurin ag, S. Maxfield el, J. Maya b, D. Mazin as, L. Mc Comb eg, N. McCubbin eh,
I. McHardy ep, R. McKay ew, C. Medina e, C. Melioli k, D. Melkumyan aw, S. Mereghetti bg, P. Mertsch en,
M. Meucci bt, J. Michałowski dg, P. Micolon af, A. Mihailidis ax, T. Mineo bi, M. Minuti bt, N. Mirabal ds,
F. Mirabel af, J.M. Miranda dt, R. Mirzoyan as, T. Mizuno bw, B. Moal ah, R. Moderski de, I. Mognet fd,
E. Molinari br, M. Molinaro bf, T. Montaruli ed, I. Monteiro ag, P. Moore fk, A. Moralejo Olaizola do,
M. Mordalska df, C. Morello bp, K. Mori ch, F. Mottez ak, Y. Moudden af, E. Moulin af, I. Mrusek aw,
R. Mukherjee es, P. Munar-Adrover dw, H. Muraishi cc, K. Murase cs, A. Murphy ei, S. Nagataki cg, T. Naito cv,
D. Nakajima as,cs, T. Nakamori ct, K. Nakayama cr, C. Naumann ai, D. Naumann aw, M. Naumann-Godo ab,
P. Nayman ai, D. Nedbal v, D. Neise an, L. Nellen cw, V. Neustroev z, N. Neyroud ag, L. Nicastro bf,
J. Nicolau-Kukliński df, A. Niedźwiecki di, J. Niemiec dg, D. Nieto et, A. Nikolaidis ax, K. Nishijima cn,
S. Nolan eg, R. Northrop ff, D. Nosek v, N. Nowak as, A. Nozato cb, P. O’Brien ek, Y. Ohira bv, M. Ohishi cs,
S. Ohm ek, H. Ohoka cs, T. Okuda cj, A. Okumura ck, J.-F. Olive ae, R.A. Ong fd, R. Orito cp, M. Orr ew, J. Osborne ek,
M. Ostrowski dd, L.A. Otero a, N. Otte eu, E. Ovcharov r, I. Oya al, A. Ozieblo db, L. Padilla ds, S. Paiano bs,
D. Paillot ab, A. Paizis bg, S. Palanque af, M. Palatka w, J. Pallota a, K. Panagiotidis ax, J.-L. Panazol ag,
D. Paneque as, M. Panter aq, R. Paoletti bt, A. Papayannis ay, G. Papyan g, J.M. Paredes dw, G. Pareschi bl,
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G. Parks fa, J.-M. Parraud ai, D. Parsons aq, M. Paz Arribas al, M. Pech w, G. Pedaletti dp, V. Pelassa fc, D. Pelat ak,
M.d.C. Perez dt, M. Persic bq, P.-O. Petrucci ad, B. Peyaud af, A. Pichel d, S. Pita ab, F. Pizzolato bg, Ł. Platos df,
R. Platzer aw, L. Pogosyan g, M. Pohl at, G. Pojmanski dj, J.D. Ponz ds, W. Potter en, J. Poutanen z, E. Prandini bs,
J. Prast ag, R. Preece eh, F. Profeti bt, H. Prokoph aw, M. Prouza w, M. Proyetti a, I. Puerto-Gimenez dr,
G. Pühlhofer au, I. Puljak s, M. Punch ab, R. Pyzioł dg, E.J. Quel a, J. Quinn be, A. Quirrenbach ar, E. Racero ds,
P.J. Rajda dc, P. Ramon ae, R. Rando bs, R.C. Rannot ba, M. Rataj df, M. Raue ap, P. Reardon fc, O. Reimann as,
A. Reimer h, O. Reimer h, K. Reitberger h, M. Renaud aj, S. Renner au, B. Reville en, W. Rhode an, M. Ribó dw,
M. Ribordy eb, M.G. Richer cw, J. Rico do, J. Ridky w, F. Rieger aq, P. Ringegni f, J. Ripken dz, P.R. Ristori a,
A. Riviére ac, S. Rivoire aj, L. Rob v, U. Roeser ec, R. Rohlfs ee, G. Rojas o, P. Romano bi, W. Romaszkan dc,
G.E. Romero e, S. Rosen ek, S. Rosier Lees ag, D. Ross ek, G. Rouaix ae, J. Rousselle fd, S. Rousselle cy, A.C. Rovero d,
F. Roy ak, S. Royer aj, B. Rudak de, C. Rulten eg, M. Rupiński dc, F. Russo bi, F. Ryde dy, B. Sacco bi, E.O. Saemann aw,
A. Saggion bs, V. Sahakian g, K. Saito cs, T. Saito as, Y. Saito cn, N. Sakaki cs, R. Sakonaka cb, A. Salini bl,
F. Sanchez b, M. Sanchez-Conde fb, A. Sandoval cw, H. Sandaker da, E. Sant’Ambrogio bg, A. Santangelo au,
E.M. Santos n, A. Sanuy dw, L. Sapozhnikov fb, S. Sarkar en, N. Sartore bg, H. Sasaki cd, K. Satalecka ds,
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a b s t r a c t
The Cherenkov Telescope Array (CTA) is a new observatory for very high-energy (VHE) gamma rays. CTA
has ambitions science goals, for which it is necessary to achieve full-sky coverage, to improve the sensitivity by about an order of magnitude, to span about four decades of energy, from a few tens of GeV to
above 100 TeV with enhanced angular and energy resolutions over existing VHE gamma-ray observatories. An international collaboration has formed with more than 1000 members from 27 countries in Europe, Asia, Africa and North and South America. In 2010 the CTA Consortium completed a Design Study and
started a three-year Preparatory Phase which leads to production readiness of CTA in 2014. In this paper
we introduce the science goals and the concept of CTA, and provide an overview of the project.
! 2013 Elsevier B.V. All rights reserved.

1. Introduction
Very high-energy (VHE1) electromagnetic radiation reaches
Earth from a large part of the Cosmos, carrying crucial and unique
information about the most energetic phenomena in the Universe.
Yet, it has only been in the last 25 years that we have had instruments to ‘‘see’’ this radiation. The situation changed with the development of imaging air Cherenkov telescopes (IACTs) [1] and air
shower detectors, which have now matured to open a new window
for exploration of the high-energy Universe. Current IACT instruments, such as the H.E.S.S. [2], MAGIC [3] and VERITAS [4] telescope
systems, together with the very successful Fermi [5] and AGILE [6]
satellites and the air shower experiments Milagro [7], Tibet AS-gamma [8] and ARGO-YBJ [9], which have been designed for gamma-ray
detection, have produced a wealth of exciting results and have demonstrated that VHE phenomena are ubiquitous throughout the Universe [10,11]. But many of the results have raised new questions
which require more and better data for a deeper understanding of
the underlying phenomena.
CTA [12] will answer many of the persisting questions by
enabling the detection of more than 1000 sources over the whole
sky [10]. CTA builds on the proven technique of detecting gamma-ray induced particle cascades in the atmosphere through their
Cherenkov radiation, simultaneously imaging each cascade stereoscopically with multiple telescopes, and reconstructing the properties of the primary gamma ray from those images. Through
deployment of about 50–100 telescopes per site at two sites in
the southern and the northern hemispheres CTA will achieve
full-sky coverage. This number of telescopes, which will come in
three sizes, improves the sensitivity and the energy coverage by
at least an order of magnitude compared to existing VHE
instruments. Also, the angular and energy resolutions will improve
significantly, yielding unparalleled imaging capability at very high
energies. In addition, the improved sensitivity may permit the discovery of completely new and unexpected phenomena. For the first
time in this energy range, CTA will be operated from the outset as
an open observatory. CTA will accept observing proposals from
interested scientists and provide tools and support for data
analysis.
The CTA concept was first proposed to the ESFRI2 committee in
2006 as research infrastructure for gamma-ray astronomy with an
estimated investment cost of around 150 M€(at 2006 cost levels).
The CTA Consortium formed to design the instrument and to work
towards its implementation. Since then the interest and the support
⇑ Corresponding author.
1
2
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>100 GeV.
European Strategy Forum on Research Infrastructures.

for the project have grown, and currently the CTA Consortium consists of more than 1000 scientists and engineers in more than 160
institutions from 27 countries around the globe.
This article presents the scope and concept of CTA in Section 2.
The main scientific drivers are outlined in Section 3 and, in much
greater detail, in the other papers in this Topical Issue. In Section
4 the technological concepts of the CTA baseline design are presented and in Section 5 the expected performance for that design
is discussed. Section 6 is devoted to the observatory aspects of
the CTA project. Finally, Section 7 summarises the status and the
plans for the project.
2. CTA scope and concept
The latest generation of ground-based gamma-ray instruments
have enabled the imaging, photometry and spectroscopy of VHE
gamma-ray sources and have propelled their studies into a genuine
branch of astronomy. The number of known VHE gamma-ray
sources currently exceeds 150, and source types include supernova
remnants (SNRs), pulsars and pulsar wind nebulae, binary stellar
systems, interacting stellar winds, various types of active galaxies,
and unidentified sources without any obvious counterparts in
other wavelength ranges. H.E.S.S. has conducted a highly successful survey of the Milky Way covering about 600 square degrees,
which resulted in the detection of tens of new sources [13]. A similarly sensitive survey of the full visible sky with current instruments would require at least a decade of observations, and is
therefore unrealistic.
Due to the low flux of VHE photons (even at some tens of GeV),
detectors for these energies require a large detection area, effectively ruling out space-borne instruments that directly detect the
incident gamma rays. Ground-based instruments have much larger
effective detection areas than the typical size of 1 m2 of detectors
flown in space. Ground-based gamma-ray detectors detect the particle cascades induced when VHE gamma rays interact in the atmosphere, either by recording shower particles reaching arrays of
detectors at ground or mountain altitudes, or by using Cherenkov
telescopes to image the shower in Cherenkov light which is emitted by secondary charged particles in the cascade. The effective
area is then at least the size of the shower-particle or Cherenkovlight footprint on the ground, which is of the order of 105 m2.
Compared to Cherenkov telescopes, air shower detectors such
as Tibet AS-gamma or ARGO-YBJ have the advantage of a large duty
cycle, as they can also observe during daytime, and of large instantaneous sky coverage. However, despite observing times of years,
their sensitivities allow currently only detection of sources approximately as bright as the Crab nebula, the strongest steady source of
VHE gamma rays. Results from air shower detectors show that
there are relatively few sources emitting at this level. Therefore,
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Table 1
Properties of selected air-Cherenkov instruments, including three of historical interest (Whipple, HEGRA and CAT). Adapted from ref. [15]. Significances relate to a point-like
source detectable at the 5r significance level in a 50 h observation.
Instrument
H.E.S.S.
H.E.S.S. II
VERITAS
MAGIC I+II
CANGAROO-III
Whipple
HEGRA
CAT

Lat (" )

Long (" )

$23
$23
32
29
$31
32
29
42

16
16
$111
$18
137
$111
18
2

Alt (m)

Telescopes Area (m2 Þ

Pixels per camera

FoV (" )

Threshold
(TeV)

Sensitivity
(% Crab) > 1 TeV

1800
1800
1275
2225
160
2300
2200
1650

4
1
4
2
3
1
5
1

960
2048
499
1039
427
379
271
600

5
3.2
3.5
3.5
4
2.3
4.3
4.8

0.1
tbd
0.07
0.03
0.4
0.3
0.5
0.25

0.7
tbd
0.7
0.8
15
15
5
15

107
614
106
234
57.3
75
8.5
17.8

the recent rapid evolution of ground-based gamma-ray astronomy
was primarily driven by atmospheric Cherenkov telescope arrays.
They reach sensitivities of 1% of the Crab flux for observing times
of about 25 h and have significantly better angular and energy resolutions. Projects to develop air shower detectors with much
improved sensitivity are underway (e.g. the HAWC project [14],
in construction), which will offer valuable complementary information, but they will not be able to compete in sensitivity and resolution with arrays of imaging Cherenkov telescopes such as CTA.
At lower energies there will be overlap with the energy range of
the satellite instruments, contemporaneous or even simultaneous
observations with the Fermi Large Area Telescope will be possible.
The Fermi all-sky catalog will provide many sources for CTA to target and while Fermi observations complement CTA down to MeV
energies, CTA will have a sensitivity for short-timescale phenomena that is orders of magnitude better than that of Fermi.
The properties of the major current and previous air Cherenkov
instruments are listed in Table 1. The current telescope arrays consist of 2–5 Cherenkov telescopes. They reach sensitivities of about
1% of the Crab flux at energies in the 0.1–1 TeV range. Sensitivity
degrades towards lower energies, due to insufficient background
rejection, and towards higher energies, due to the limited number
of gamma rays. A typical angular resolution is 0.1! or slightly better
for a single gamma ray, but sufficiently intense point sources can
be located with a precision of 10–20 arc seconds.
All these instruments are almost exclusively used by the groups
who built them, with only limited access for external observers
and, initially, with no provision for open data access. Such a mode
of operation was appropriate for current instruments, which detect
a limited number of sources, and for which the analysis and interpretation still requires the expertise and detailed technical knowledge of the instrument. However, a different approach is essential
for CTA, due to the expected large increase in the number of detectable objects and the required collaboration with scientists working
in other wavelength ranges. Also, releasing data to a wider public
and supporting their use are important for maximising the scientific return of an observatory.
Besides a wealth of high-energy astrophysics results, CTA will
have a large discovery potential in key areas of astronomy,
astrophysics and fundamental physics research. These include
the study of the origin of cosmic rays and their impact on the constituents of the Universe, the investigation of the nature and variety of black hole particle accelerators, and inquiries into the
ultimate properties of matter and physics beyond the Standard
Model, e.g., by searching for dark matter and the effects of quantum gravity.
The design goal is a factor of ten improvement in sensitivity in
the currently accessible energy domain of about 100 GeV to some
10 TeV and for an extension of the accessible energy range to well
below 100 GeV and up to more than 300 TeV. This ambitious aim
can only be achieved with a combination of telescopes of different
sizes, large ones for the lowest energies, medium ones for the core

energy range and many small ones for the highest energies3. To
achieve a substantially improved sensitivity at the highest energies,
CTA requires a collection area of the order of 10 km2 which means
spreading numerous telescopes over a large area.
CTA will advance the state of the art in astronomy at the highest
energies of the electromagnetic spectrum in a number of decisive
ways, all of which are unprecedented in this field:
! Worldwide integration: CTA will for the first time bring
together the experience of virtually all groups worldwide working with IACTs, and being interested in the astrophysics at the
highest energies.
! Performance of the instrument: CTA aims to provide full-sky
coverage, via a southern and northern site, with unprecedented
sensitivity, spectral coverage, angular, energy and timing resolution. The large number of telescopes also will allow for
independent operation of subarrays, with sensitivity of current
instruments or better, which are either pointed at one source or
are staggered to cover a larger area of the sky. These observing
modes provide a high degree of flexibility of operation.
! Operation as an open observatory: CTA will, for the first time
in this field, be operated as a true observatory, open to a wider
scientific community, and providing support for easy access and
analysis of data. Data will be made publicly available and will
be accessible through Virtual Observatory tools. Service to professional astronomers will be supplemented by outreach activities and interfaces to the data which are suitable for
laypersons.
! Technical implementation, operation, and data access: While
based on existing and proven techniques, the goals of CTA imply
significant advances in terms of efficiency of construction and
installation, in terms of the reliability of the telescopes, and in
terms of data preparation and dissemination. Therefore, the
CTA observatory is qualitatively different from earlier experiments and its increase in capability goes well beyond anything
that could be achieved through an expansion or upgrade of the
existing instruments.
3. CTA science drivers and performance goals
The aim of CTA is to make significant progress over the existing
experiments in every respect of science. The core science themes
[10,11,17] are:
! Cosmic Rays: According to the most accepted scenario, Galactic
cosmic rays are accelerated in supernova remnants, and both,
Agile and Fermi, are now seeing the characteristic p0 spectral
signature [18,19]. During the acceleration and propagation also
gamma rays will be produced by cosmic ray interactions. Therefore, CTA should be able to detect a population of SNRs emitting
3

Such a combination was first considered in 1992 [16].
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VHE gamma rays, from which considerable insight into cosmic
ray acceleration and propagation is gained [20]. In addition,
CTA should have the capability to search for ‘‘PeVatrons’’, young
supernova remnants that can accelerate particles up to PeV (i.e.
1015 eV) energies and contribute to the high-energy cosmic
rays, and that have so far gone undetected. Instruments of the
current generation have shown that cosmic ray interactions
with interstellar gas produce an observable gamma-ray flux
from galaxies beyond our own. With CTA, the number of detectable galaxies should dramatically increase. This would allow the
study of the connection between cosmic rays and star-formation processes in galaxies.
! Black Holes, Jets and the Star-Forming History of the Universe: Supermassive black holes in the centres of active galaxies
produce powerful outflows that offer excellent conditions for
particle acceleration in shocks. CTA aims to measure large samples of such active galaxies of various types to study particle
acceleration and gamma-ray emission processes [21]. The
observations of rather close-by radio galaxies can shed light
on the formation of the jet and its connection to the central
black hole properties. In addition, the observations of some of
the most powerful and most distant sources, the quasars, can
tell us about the galaxy and the star-formation history of the
Universe, which is imprinted in the amount and energy distribution of the extragalactic background light. On their way from
a quasar to Earth the VHE gamma rays interact with this light
and are absorbed. For a reliable estimate of the amount of this
light, a large sample of spectra of active galactic nuclei (AGN)
needs to be measured, which CTA should provide with its
largely increased sensitivity [22].
! The Nature of Dark Matter and Lorentz Invariance Violation:
A major open question in modern physics is the nature of dark
matter. The most popular candidates are weakly interacting
massive particles (WIMPs). The annihilation of such particles
should produce detectable gamma-ray signals. CTA will have a
much larger potential for dark matter detection than the current generation of IACTs. Its extended energy range should
allow WIMPs with lower masses to be characterised, while
improved sensitivity over the entire energy range and superior
energy resolution should increase the probability of detection of
dark matter through the observation of features in a dark-matter-induced photon spectrum. A larger field of view (FoV) with a
homogeneous sensitivity, as well as the improved angular resolution, should allow for much more efficient searches for
extended sources and spatial anisotropies. If signatures of dark
matter will appear in direct-detection experiments, gamma-ray
observations may provide complementary information to identify its properties and mass. Moreover, high-mass dark matter
candidates could be missed by future direct-detection experiments, while CTA should be sensitive in the mass region from
below 100 GeV up to 10 TeV [23]. In addition, the improved
energy coverage and resolution will make CTA an excellent
experiment for other fundamental physics questions, such as
searches for axion-like particles, effects of quantum gravity
and other violations of Lorentz invariance.
The articles contained in this Special Issue of ‘‘Astroparticle
Physics’’ discuss these and many other science themes in more
detail [20–28].
The CTA Observatory should consist of two sites, one in the
southern and one in the northern hemisphere, allowing fullsky coverage and, consequently, access to more potential
gamma-ray sources, to rare source classes with only few
sources per hemisphere, and to rare events, such as VHE-rich
GRB or a supernova explosion. The southern site will cover
the central part of the Galactic plane and see many nearby
Galactic sources, some of which will produce PeV gamma rays.

!

!

!

!

It will therefore be designed to have a very good sensitivity over
the full energy range, in particular, to cover energies from tens
of GeV to above 100 TeV. The northern site will see less of the of
the central, rich part of the Galactic plane and, thus, coverage of
the highest energies will not be as critical as for the southern
site.
The science drivers are translated into specific performance
goals for the observatory. They include in particular:
Sensitivity: CTA will be about a factor of 10 more sensitive than
any existing instrument in its energy range. As a consequence it
will, for the first time, allow detection and in-depth study of
large samples of known source types, it will explore a wide
range of classes of suspected gamma-ray emitters and be sensitive to possible new phenomena that lie beyond the sensitivity
of current instruments. In its core energy range, from about
100 GeV to several TeV, CTA will have milli-Crab (mCrab) sensitivity, i.e. a factor of 103 below the flux of the strongest steady
source of VHE gamma rays (the Crab nebula), and a factor of 104
below the highest fluxes measured so far in bursts from transient sources.
This dynamic range will not only allow the study of weaker
sources and of new source types, it will also reduce the selection
bias in the classification of known source types.
Energy range: Broad coverage of the electromagnetic spectrum
is crucial for understanding the physical processes occurring in
VHE sources. With a single facility, CTA is aiming to cover four
orders of magnitude in energy, from a few tens of GeV to a few
hundred TeV, again a factor of 10 more than any existing instrument. Together with the much improved precision and lower
statistical errors, this will enable astrophysicists to distinguish
between key hypotheses such as the leptonic or hadronic origin
of gamma rays from SNR. Moreover, the energy range and the
improved resolution are important for the detection of line
emission from dark matter clusters. With Fermi and CTA operating simultaneously, an unprecedented seamless coverage of
more than seven orders of magnitude in energy can be achieved.
Angular resolution: Current instruments are able to resolve
extended sources, but they cannot probe the fine structures visible in other wavebands. In SNRs, for example, the measurement of the width of the gamma-ray emitting shell would
provide sensitive constraints on the acceleration mechanism.
By selecting a subset of gamma-ray induced cascades detected
simultaneously by many of its telescopes, CTA can reach angular resolutions of better than 2 arc minutes for energies above
1 TeV, a factor of 5 better than the typical values for current
instruments.
Temporal resolution: With its large detection area, CTA can
resolve flaring and time-variable emission on sub-minute time
scales [25], which is currently out of reach. In gamma-ray emission from active galaxies, variability time scales probe the size
of the emitting region. Current instruments have already
detected flares varying on time scales of a few minutes, requiring a re-assessment of the phenomena in the vicinity of the
super-massive black holes at the cores of active galaxies, and
the jets emerging from them. CTA will also give new insights
in (quasi-) periodic phenomena such as the emission from inner
stable orbits around black holes or from pulsars and other
objects, where frequent variations and glitches in period smear
the periodicity when averaging over longer times [26].

Table 2 summarises the performance goals of CTA.
CTA’s increased sensitivity and enlarged energy range open new
observing regions for high-energy astrophysics. It will allow both
the detailed study of a diverse range of known objects, and the serendipitous discovery of entirely new phenomena. Resulting from
the above performance goals, CTA will have two unique features:
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Table 2
Performance goals for the CTA observatories. The sensitivity is given for 5 bins per
decade. For the sensitivity and the collection area at high energies, separate values for
the southern (S) and northern (N) arrays are given.
Diff. sensitivity
(erg cm"2 s"1)

at 50 GeV
at 1 TeV
at 50 TeV
2

Collection area (m )

8 # 10"12
2 # 10"13

3 # 10"13 (S) / 10"12 (N)

at 1 TeV

> 104

at 10 TeV

> 106 (S)/> 5 # 105 (N)

Angular resolution

at 0.1 TeV
>1 TeV

Energy resolution

at 50 GeV
>1 TeV

6 25%
6 10%

Field of view

at 0.1 TeV
at 1 TeV
>10 TeV
at 1 TeV flat out to
at 1 TeV

5$
8$
10$
> 2:5$
500 per axis

<0.1 TeV
0.1–10 TeV

20 s (goal), 50 s (max)
60 s (goal), 90 s (max)

Sensitivity in FoV
Source localisation
Repointing time

0:1$
0:05$

the ability to produce the deepest sky surveys at VHE energies [29],
and to observe shortest-timescale phenomena.
Surveys are ideally unbiased, systematic, exploratory recordings
of what sources exist, and are therefore critical for energy domains
that are investigated for the first time. A ten-fold improvement in
sensitivity in the core energy window of CTA would mean, for
example, that CTA could carry out a Galactic plane survey as extensive as that of H.E.S.S in five years (2000 h), but with a uniform sensitivity of 3 mCrab, i.e. well below all current individual detections.
Such a new survey would give access to many dozens of SNRs and
pulsar wind nebulae allowing, for the first time, population studies
of these objects in VHE gamma rays. Beyond the Galactic plane, a
blind survey has never been conducted. CTA will reach sensitivities
similar to the flux level of the faintest AGN currently detected at
VHE in 30 min exposures and with 740 such pointings could chart
a quarter of the sky [29]. Such a survey could uncover new, unexpected classes of extragalactic VHE gamma-ray emitters, provide
constraints on dark matter annihilation in the TeV region and
probe the diffuse Galactic emission.
Short-timescale variations (few-minutes) in VHE gamma rays
have been observed from AGN and, tentatively, in Galactic binary
systems. With CTA, timescales of less than a minute measured in
flaring AGN jets can strongly constrain the size of the flaring
region. Opening up these short timescales may also provide clues
on the formation of relativistic outflows from highly magnetised
binaries. The current MeV and GeV gamma-ray measurements
have revealed flares from supposedly steady sources, such as the
Crab nebula. CTA could reveal if such flares happen in pulsar wind
nebulae also at the highest energies. Transients produced by accretion and related ejection have been observed in the radio and X-ray
bands for many Galactic sources. CTA could reveal the gamma-ray
behaviour of such phenomena. Another transient phenomenon to
be observed with CTA is gamma-ray bursts (GRBs), since Fermi
has already detected photons of a few tens of GeV from some GRBs
(or up to 100 GeV intrinsic energies, without the cosmological redshift) despite its much smaller effective area. The fast slewing
capabilities and the low energy threshold of CTA make it very
promising for GRB detection [28].

4. CTA technological concept
To reach the performance goals summarised in Table 2, and specifically the wide energy range to be covered, the instrumentation
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needs to be optimised for three adjacent energy ranges (without
strong overlap).
! The low-energy range 6100 GeV: To detect showers down to a
few tens of GeV, the Cherenkov light needs to be sampled efficiently, with the fraction of area covered by light collectors
being of the order of 10%. Since event rates are high and systematic uncertainties of the background limit the achievable sensitivity, the area of this part of the array can be relatively small (of
the order of a few 104 m2). The CTA design assumes a small
number (64) of closely placed large-size telescopes (LSTs), with
a mirror diameter of about 23 m, to collect as many Cherenkov
photons as possible from the low energy showers. These telescopes require the short repointing time quoted in Table 2 to
allow quick follow-ups of GRB alerts.
! The core energy range 0.1–10 TeV: Shower detection and
reconstruction in this energy range are well understood from
current instruments. The appropriate step for improved performance is an array of mid-sized telescopes (MSTs) with mirrors
of about 12 m diameter and a spacing of about 100 m. Improved
sensitivity compared to existing instruments will be obtained
both by the increased area covered by the array and by the
higher quality of shower reconstruction, since individual showers will typically be stereoscopically imaged by a larger number
of telescopes than in current few-telescope arrays. For the first
time, array sizes will become much larger than the Cherenkov
light pool of a shower, ensuring that images will be uniformly
sampled across the light pool and that a number of images
are recorded close to the optimum distance from the shower
axis (about 70–150 m), where the light intensity is large and
intensity fluctuations are small. Also, the shower axis is viewed
under a sufficiently large angle for efficient reconstruction of its
direction. At H.E.S.S. or VERITAS, for example, events which are
seen and triggered by all four telescopes provide significantly
improved resolution and strongly reduced backgrounds, but
they represent only a relatively small fraction of events. For
CTA almost all events will be recorded at high quality. A further
advantage of CTA is that an extended telescope grid operated
with a two-telescope trigger condition will have a lower threshold than a small array, since there are always telescopes sufficiently close to the shower core.
! The high-energy range >10 TeV: Here, the main limitation is
the number of detected gamma-ray showers. Consequently, to
achieve large improvement the array needs to cover an area
of several square kilometres. At high energies the light yield
of a shower is large, so that showers can be detected well
beyond the 150 m radius of a typical Cherenkov light pool.
Two options can be considered: either a large number of small
telescopes with mirror areas of a few m2 and spacing matched
to the size of the light pool (100–200 m), or a smaller number
of larger telescopes with 10–20 m2 area which can see showers
out to core distances of P500 m, and can hence be either
deployed with a spacing of several 100 m, or in widely separated sub-clusters consisting of a few telescopes. Both implementations are called Small Size Telescopes (SSTs). While it is
not immediately obvious which option offers the best cost/performance ratio at high energies, the sub-cluster concept with
larger telescopes has the advantage of providing additional
high-quality shower images towards lower energies, for impact
positions near the sub-cluster.
Irrespective of the technical implementation details, the performance of a single Cherenkov telescope is primarily characterised
by its light collection capability, i.e. the product of mirror area
and the photon collection and detection efficiencies, by its FoV
and by its pixel size, which limits the size of image features that
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Fig. 1. The basic CTA concept. Artist’s view of the central part of a possible array configuration. Four LSTs, !30 MSTs, and !50 SSTs, at larger distances, scattered over several
square kilometres.

Fig. 2. The baseline design for an LST of 23 m diameter, with 4.5! FoV and 2500
pixels of 0.1! diameter.
Fig. 4. The design for a Schwarzschild–Couder dual-mirror MST, with a compact
camera close to the secondary mirror. It will have a FoV of 8! diameter, consisting of
11000 square pixels of 0.067! side length.

Fig. 3. The baseline design for the 12 m diameter MST of Davies–Cotton type, with
8! FoV and 1500 pixels of 0.18!.

can be resolved. The optical system of the telescope should obviously be able to achieve a point spread function matched to the pixel size. The electronics for signal capture and triggering should
provide a bandwidth matched to the length of Cherenkov pulses

of a few nanoseconds. The performance of an array is also dependent on the triggering strategy. Cherenkov emission from air showers has to be separated in real time from the high flux of night sky
background photons, based on individual images and the stereoscopic combination of images from several telescopes. The raw data
stream from Cherenkov telescopes is far too large to be recorded
without any reduction.
Besides mirror area, the FoV is another important parameter of
a telescope. A relatively large FoV is mandatory for the widely
spaced telescopes of the high-energy array, since the distance of
the image from the camera centre scales with the distance of the
impact point of the air shower to the telescope. The optimum size
of the FoV is not easy to determine. From the science point of view,
a large FoV is highly desirable, since it allows (i) the detection of
high-energy showers at large impact distance without image truncation, (ii) the efficient study of extended sources and of diffuse
emission regions, and (iii) large-scale surveys of the sky and the
study of clustered sources, e.g. in the band of the Milky Way. In
addition, a larger FoV generally helps to improve the uniformity
of the camera and to reduce background systematics. However, larger FoV for a given pixel size results in rapidly growing cost for larger numbers of photo-sensors and electronics channels. A large
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Fig. 5. Three possible designs for SSTs of about 4 m mirror diameter, with 8–10! FoV and 1300–2000 pixels of 0.2–0.3!. Top and bottom right: Schwarzschild–Couder dualmirror optics. Bottom left: Traditional Davies–Cotton design with f/D = 1.4 and a large camera.

FoV also requires technically challenging telescope optics. With the
current single-mirror optics and f/D ratios in the range up to 1.2, an
acceptable point spread function is obtained out to radii of 4–5!.
Larger FoVs with single-mirror telescopes require increased f/D ratios, in approaching 2 for a 10! FoV, which are mechanically difficult to realise since a large and heavy focus box needs to be
supported at a long distance from the mirror. Also, the single-mirror optics solutions, which provide the best imaging, use the Davies–Cotton design, which in turn result in a time dispersion of
the Cherenkov photons that seriously affects the trigger performance, once the mirror diameters exceed 15 m (for the typical f/
D ratios). An alternative solution is the use of dual-mirror optics.
With non-spherical primary and secondary mirrors, good imaging
over fields of up to 10! diameter can be achieved, but the disadvantages are the increased cost and complexity, significant shadowing
of the primary mirror by the secondary, and complex alignment issues for faceted primary and secondary mirrors. Large incidence
angles of photons onto the camera, which is common in dual-mirror optics, affects the photo detection efficiency and may require
baffling of stray light.

Therefore, the choice of the FoV requires that science gains, cost
and increased complexity be carefully balanced. When searching
for unknown source types which are not associated with nonthermal processes in other, well-surveyed wavelength domains, a
large FoV helps, as several sources may appear in one pointing. This
increases the effective observation time per source by a corresponding factor compared to an instrument that can look only at
one source at a time. An instrument with CTA-like sensitivity is expected to detect of the order of 1000 sources. In the Galactic plane,
one would always find multiple sources in a FoV. In extragalactic
space, the average angular distance between (an estimated 500)
sources would be about 10!, implying that even for the maximum
conceivable FoVs the gain is modest, but not negligible. Even in the
Galactic plane, a very large field of view will not be the most cost
effective solution, since the gain in terms of the number of sources
viewed simultaneously scales essentially linearly with the diameter of the field of view, given that sources are likely to cluster within a fraction of a degree from the Galactic plane, whereas camera
costs scale with the diameter squared. A rough estimate based
on typical mirror costs and per-channel pixel and readout costs
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Fig. 6. Different possible array layouts with estimated construction costs within the assumed budget. The circle sizes (not to scale) identify LSTs (large circles), MSTs (midsize circles) and SSTs (small circles). The array with the most balanced performance in MC production 1 was array E.

Fig. 7. Differential sensitivity (in units of the energy-dependent flux of the Crab
nebula) for array E (50 h, 5r, 5% background, 10 events, alpha = 0.2, i.e. intervals of
the decimal exponent of 0.2 meaning 5 logarithmic bins per energy decade). Thin
lines with small symbols illustrate the limited impact of a reduced dynamic range
of the readout electronics (clipped at 1000 photoelectrons). The dashed black line
with diamonds, shows the sensitivity if there was no electron background.

suggests an economic optimum in the cost per source-hour at
around a FoV of 6–8!.
Detailed studies related to dish and mirror technology and
costs, and the per-channel cost of the detection system, justify
the FoV and pixel size for the various telescope designs shown in
Figs. 1–5.
The detailed design of these telescopes, their structures, reflectors and cameras, is largely based on well-proven technologies
developed for the telescopes of H.E.S.S., MAGIC and VERITAS, yet,
significantly improved in terms of reliability, availability, maintainability and safety (RAMS). Some novel design features are
extensively tested and benefit greatly from the general experience
gained in current projects.
The main design drivers for these telescopes are the following:
LSTs: The desire to rapidly repoint the telescopes for rapid GRB
follow-up motivates the choice of a light-weight structure of stiff
carbon tubes holding a 23 m diameter reflector, similar to the MAGIC design. At most, four of these telescopes will be used in each
CTA observatory. Their design is optimised to reach the best performance with lowest-possible energy threshold. The baseline design
has a parabolic mirror with 27.8 m focal length, 4.5! FoV and 0.1!
pixels using PMTs (see Fig. 2).
MSTs: The MST design is a blend between the H.E.S.S. and VERITAS concepts for a 12 m diameter Davies–Cotton reflector, optimised for reliability, simplicity and cost-saving, given that of the
order of 30 such telescopes will be used at each site. The optical

Fig. 8. Integral sensitivity for CTA from MC simulations, together with the
sensitivities in comparable conditions (50 h for IACTs, 1 year for Fermi-LAT and
HAWC) for some gamma-ray observatories.

design foresees 16 m focal length, 7–8! FoV and 0.18! pixels
(Fig. 3). Currently a full-scale prototype is under construction. In
addition to these telescopes, CTA is exploring a design for a dualmirror MST. This design might become a first extension of the
southern CTA array, where as many as 36 telescopes could complement the baseline MST array. It has a Schwarzschild-Couder optics
providing a 10! FoV and a very small plate scale. The latter allows
for much finer pixelation and the use of much cheaper photo sensors (either multi-anode photomultiplier tubes or Silicon photomultipliers) in the camera. This is a completely new concept for
IACTs and a prototype to prove its viability is being constructed
(Fig. 4).
SSTs: A rather large number (35–70, depending on cost) of
small-size telescopes spread out over a large area are needed to
reach the desired sensitivity at the highest energies. Therefore,
the cost per telescope is one of the strongest drivers in the choice
of the technology. In principle the SSTs could be designed as a simplified and downscaled version of the MSTs. However, the need for
a large FoV due to the large inter-telescope spacing, would lead to
the cost of the camera dominating the total SST cost. Therefore, different solutions are being explored (Fig. 5). Possibilities are, for instance, the use of compact dual-mirror Schwarzschild–Couder (SC)
optical design, with a very small plate scale (allowing for a small
and thus inexpensive camera) or Davies–Cotton telescopes with
cameras using the same new and inexpensive photosensor technologies that are proposed for the SC MST design. At present, different prototypes of both options are being developed to evaluate
the feasibility and cost.
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The advantages of Silicon-based detectors, such as their low
power consumption, high photon detection efficiency and operational stability have recently been demonstrated with the FACT
telescope [30].
Fig. 1 shows a partial view of the central part of a possible CTA
array configuration with the current designs for the LSTs, MSTs and
SSTs.

5. CTA performance
Determining the arrangement and characteristics of the CTA
telescopes in the southern and northern arrays is a complex optimisation problem, requiring a balance of cost against performance
in different bands of the spectrum. The article on Monte Carlo (MC)
simulation in this issue [31] gives a detailed description of the layout and performance studies conducted so far for CTA.4 Many candidate layouts have been considered. One promising configuration
which is a good compromise between high-energy and low-energy
performance was array E, which is shown on the right in Fig. 6.
The final array will likely look similar. Array E consists of three telescope types: 4 telescopes of 24 m diameter with 5! FoV and 0.09!
pixels, 23 telescopes of 12 m diameter with 8! FoV and 0.18! pixels,
and 32 telescopes of 7 m diameter with a 10! FoV and 0.25! pixels.
For comparison also arrays B and C are shown. Array B has four
LSTs in the centre and a compact array of MSTs surrounding it, but
no SSTs. Consequently, it has a better performance than array E at
low energies and a worse one at high energies. Array C consists
only of MSTs which are positioned closer together in the centre
and further apart away from the centre. A much larger area is covered by this array, and consequently it has a better high-energy
performance than arrays B and E, yet its low-energy performance
is worse.
The telescopes are distributed over !3 km2 on the ground and
the effective collection area of the array at energies beyond
10 TeV is considerably larger than this. The differential sensitivity
of array E, derived from detailed MC calculations and standard data
analysis techniques, is shown in Fig. 7. For the northern CTA observatory the sensitivity at the highest energies will be reduced, due
to the lack of SSTs. The figure illustrates the ranges in which each
of the telescope types (LST, MST and SST) dominate the sensitivity,
and the complementarity of the three telescope sizes to reach a
seamless coverage of the whole CTA energy range.
As can be seen from Fig. 8, such an array performs an order of
magnitude better than other instruments over much of the target
energy range. The figure shows the integral sensitivity estimated
with MC simulations for CTA, together with the sensitivity in comparable conditions for some of the existing and future VHE gamma-ray installations. More sophisticated analyses are expected to
give up to a factor of two better sensitivities.
The angular resolution of this array approaches 1 arc minute at
high energies as can be seen in Fig. 9, which displays the angular
resolution from MC simulations for CTA, compared with the resolutions for some of the existing and future VHE gamma-ray installations. Events with many shower images, as they will be recorded
with CTA, provide a clearly better resolution than events with only
two images, which is the most common case for H.E.S.S. and VERITAS. In addition, the energy resolution of layout E is better than
10% above a few hundred GeV.
Array layout E has a nominal construction cost of 80 M€ (at
2006 cost levels) and meets the main design goals of CTA. Given
that the configuration and the analysis methods used have not
4
The first, large MC production used reasonable values for the various telescope
parameters. For the second production, which is now in progress, the telescope
specifications correspond more closely to the current base-line design.

Fig. 9. Angular resolution for CTA, compared with some existing and future VHE
gamma-ray observatories. The solid line provides the angular resolution of CTA
obtained from events with ten or more images, the dashed line shows the angular
resolution for events with only two images.

yet been fully optimised, it is likely that a significantly better sensitivity can be achieved, at nominal cost, with an array that follows
basically this layout. Therefore, we are confident that the design
goals of CTA can be realised within the envisaged cost, despite
the uncertainties that are still present in the cost model.
6. CTA as an observatory
CTA is to address a wide range of questions from astroparticle
physics, astrophysics, cosmology and fundamental physics. Surveys will constitute a fundamental part of the core science program, which will include for example a survey of the Galaxy and
deep observations of ‘‘legacy sources’’. As CTA will be operated as
an open observatory, the scientific programme will be largely driven by observing proposals for individual sources which will be
selected by peer-review for scientific excellence among suggestions received from the wider community.
The terms of access of scientists from outside the CTA Consortium and the countries who are funding the construction and operation of CTA are yet to be specified, but, as for other major
astrophysical facilities, a fraction of the observing time will be
open to the whole astrophysics community. In addition, it is
planned that at some point the archive of all data from CTA will
be made public without restrictions.
As for current Cherenkov telescope arrays, the actual observations will normally be conducted over an extended period, with
several different projects being scheduled each night. Due to the
size of CTA and various observing modes available, the operation
of the array will be fairly complex. Therefore, CTA observations
will not be conducted by the scientists who proposed the observation, but by a team of dedicated operators. CTA observatory operation involves proposal handling and evaluation, managing
observations and data-flow, conducting maintenance and planning
of upgrades.
6.1. Observatory organisation
The main elements that guarantee the smooth running of the
CTA observatory are (i) the Science Operation Centre, which is in
charge of the organisation of observations, (ii) the Array Operation
Centre, which conducts the operation, monitors the telescopes and
the atmosphere, and provides all calibration and environmental
data necessary for the analysis, and (iii) the Science Data Centre,
which provides and disseminates data and analysis software to
the science community at large, using common astronomical stan-
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dards and existing computing infrastructures. (see Fig. 10). The
high data rate of CTA and the large computing power required
for data analysis, data transfer, distributed data storage, analysis
and data access. demand dedicated resources, such as GEANT and
EGI. The CTA observatories will be placed in remote locations.
Thus, high-bandwidth networking is critical for remote diagnostics
and speedy transfer of the data to well-connected data centres. CTA
aims to support a wide scientific community, providing access to
its scientific data that is archived in a standardised way. As for
other projects in astronomy, a ‘‘virtual observatory’’ will provide
access to the data.
It is envisaged to start CTA operations during the construction
phase, as soon as the first telescopes are ready to conduct competitive science observations.
6.2. Proposal handling
Observations with CTA are expected to serve a community of at
least 1000 scientists, more than that of any national astronomical
facility in Europe, and comparable to the size of the community
using the ESO observatories in the 1980s. Therefore, CTA must deal
efficiently with a large number of internal and external proposals
for an observatory which is expected to be oversubscribed by a
large factor. CTA plans to follow the practice of other major
observatories and will announce calls for proposals at regular
intervals. These proposals will be peer-reviewed by a group of
international experts that will change on a regular basis. Different
classes of proposals (targeted, surveys, coordinated multi wavelength campaigns, time-critical, target of opportunity, and regular
programmes) are foreseen, as for current IACT experiments and
ground-based observatories. Depending on the science under
investigation, subarray operation may be required and each site
can run several different observation programmes concurrently.
6.3. Observatory operations
Observatory operations covers day-to-day use of the arrays,
observations and continuous hardware and software maintenance,
proposal handling and evaluation, automated analysis and user
support, as well as the long-term programme for upgrades and

improvements to ensure continued competitiveness over the lifetime of the observatory.
The observing programme of the CTA will be driven by the best
proposals from the scientific community, selected in a peer-review
process. The programme will be conducted in an automated fashion with a minimum number of observatory staff required on site.
A quick pre-analysis will enable early checks and modification of
observations, if necessary. After the observation, data and calibration files will be made available to the users.
Frequent modifications to the scheduled observing programme
can be expected for several reasons. The transitory and variable
nature of many of the phenomena to be studied requires flexible
switching to flaring sources or bursts. CTA must adapt its schedule
to changing atmospheric conditions. The possibility to pursue several potentially very different programmes at the same time
increases the productivity of the CTA observatory. Routine calibrations and monitoring of the array and of environmental data must
be scheduled as needed to ensure the required data quality.
6.4. Data dissemination
All measurements made with CTA will be subject to a rapid data
analysis, including event selection and calibration of instrumental
and environmental effects. The analysis of data obtained with
Cherenkov telescopes differs from the procedures typical in other
wavelength ranges in that extended MC simulations are needed
to determine the effects of, and correct for, the influence of a large
number of factors on the measurements. The necessary simulations will be carried out by CTA and will be used for the analysis
of the data. Users will have access to the outputs of the standard
data analysis and to the tools needed to use them. Storage of data
and archiving of scientific and calibration data, programs, and MC
simulations will be provided via distributed computing resources
made available using the CTA EGI Virtual Organisation. The processing of CTA data is a major computational challenge. It will be
necessary to reduce a volume of typically 10 TB of raw data per
night to a few tens of MBytes of high-level data within a couple
of hours. This first-level data processing will require hundreds of
processors running in parallel on each site.
All levels of data will be archived in a standardised way, to
allow access and reprocessing. Access to data, support services,

Fig. 10. Organisation and work flow of the CTA observatory. The main elements are the Science Operation Centre, the Array Operation Centre and the Science Data Centre.
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Fig. 11. Current timeline of the CTA project.

Fig. 12. Approximate location of candidate sites in the range of ±20–30! latitude.

software and data center infrastructures will be provided through a
single access point, the ‘‘VHE gamma-ray Science Gateway’’. It is
foreseen that individual scientists using the analysis software
made available by CTA can conduct the high-level analysis of
CTA data. This software will follow the standards used by other
observatories. All aspects of data preparation, processing, dissemination and archiving will be organised and conducted by the
science data centre.
7. CTA status and plans
CTA is the worldwide project for the future of VHE gamma-ray
astronomy with Cherenkov Telescopes. It will consolidate VHE
gamma-ray astronomy as one of the modern branches of astronomy. CTA is already considered one of the leading large astronomical observatories of this decade, together with ALMA [32], the
E-ELT [33], SKA [34] and the LSST [35].
Currently, the CTA Consortium consists of over scientists and
engineers from 27 countries from 5 continents and has become a
truly global project.

Since 2008, CTA has been included in the roadmap of the European Strategy Forum on Research Infrastructures (ESFRI) [36]. It is
one of the high-priority ‘‘Magnificent Seven’’ of the European strategy for astroparticle physics published by ASPERA [37], and is
highly ranked in the ‘‘strategic plan for European astronomy’’ of
ASTRONET [38]. In addition, CTA is a prioritised project for the current decade in the recently completed Decadal Survey of the US
National Academy of Sciences [39].
The CTA Consortium started in 2007 to design the installation
and to work towards its implementation. A Design Study phase
has been ended in 2010 with the publication of a 120-page report
[12]. CTA is now in the middle of a three-year EU funded Preparatory Phase, aimed to deliver a Technical Design Report and being
‘‘construction ready’’ towards the end of 2014. The five-year construction period could then be started in early 2015 (Fig. 11).
An important milestone will be the selection of the location for
the two CTA observatories. Ideal sites should provide a flat area of
about 10 km2 at an altitude of 1.5–4.0 km a.s.l., supreme astronomical sky conditions with minimum cloud cover and low levels of
ambient light, easy access, and good local infrastructure. There
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are candidates for the southern site in Argentina, Namibia and
Chile, and for the northern site on the Canary Islands, in Arizona,
Mexico, China and India (see Fig. 12). Currently, the suitability of
all sites is investigated, and the site decision is anticipated in late
2013.
Funding agencies of the main countries participating in CTA
have signed a ‘‘Declaration of Interest’’ in July 2012 to express their
willingness to participate in the construction and operation of CTA.
With their support it could be possible to start the scientific exploitation of the CTA observatories already by 2016, with a partial
array, while the construction is still in progress. In just a few years,
an exciting new view on the Universe at energies of up to 300 TeV
will emerge, and this new window will be pushed wide open.
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a b s t r a c t
Most of what we know of cosmic gamma rays has come from spacecraft, but at energies above tens of
GeV it has become possible to make observations with ground-based detectors of enormously greater
collecting area. In recent years one such detector type, the cluster of imaging air Cherenkov telescopes,
has reached a very productive state, whilst several alternative approaches have been explored, including
converted solar power collectors and novel high-altitude particle shower detectors which promised to
extend the energy range covered. Key examples of development from 1952 to 2011 are followed, noting
the problems and discoveries that stimulated the current work, explaining the logic of the alternative
approaches that were taken. The merits of the current major Cherenkov observatories and of other viable
detectors are examined and compared, with examples of the astrophysical information they are beginning to provide. The detectors are still evolving, as we still do not understand the processes onto which
the gamma rays provide a window. These include the acceleration of Galactic cosmic rays (in particular,
the wide-band spectra of radiation from some individual supernova remnants are still hard to interpret),
the highly relativistic and variable jets from active galactic nuclei, and aspects of the electrodynamics of
pulsars. Larger groups of Cherenkov telescopes still offer the possibility of an increase in power of the
technique for resolvable Galactic sources especially.
! 2012 Published by Elsevier B.V.

1. Bringing gamma-rays down to earth
Astro-particle physicists have explored niches in the wildest extremes of the gamma-ray spectrum from 105 to 1020 eV, but two
overlapping domains have recently reached a very productive state
after almost a half century of struggle and refinement. The Large
Area Telescope of the Fermi observatory (once called GLAST) surveys the sky from Earth orbit, covering about 30 MeV to 200 GeV,
and is complemented by the ground-based imaging Cherenkov
telescope arrays at energies just about 1000 times higher, from
50 GeV to 70 TeV or more. Less advanced but very promising are
specialised particle shower arrays on very high ground, which
may indicate the way to find a gamma-ray spectral ‘‘knee’’ related
to the cosmic ray ‘‘knee’’. As much thought is now being given to
major developments of ground based gamma-ray observatories –
particularly the proposed international ‘‘CTA’’ (Cherenkov Telescope Array) collaboration – this account will focus on the background to the lively field of ground-based study of ‘‘TeV’’ gamma
rays, and the overlapping space-based domain from a few GeV
upwards. How did we get here? Why are gamma rays studied in
this manner, other approaches (in the present environment of
enquiry) now attracting less attention? What motivates and
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excites astrophysicists about the prospects? And why did it take
so long to start producing believable TeV results? Have we resolved the problems that held us up? The early balloon experiments and domains below 100 MeV will not be discussed. This
emphasis on evolution – not a complete history – results in selective coverage: mistaken reports can engender fertile new lines of
investigation: other able researches may not be so lucky.
Exploration of the possibilities of detection above the atmosphere and from the ground both began in the 1950s, when radio
astronomy – and a little later X-ray astronomy – had stimulated
the desire to ‘‘see the universe through new windows’’. At the energies considered here, gamma rays are generated by cosmic-ray particles – most often by relativistic protons or nuclei colliding with
nuclei in gas, or by electrons up-scattering less energetic photons
(and possibly by electron bremsstrahlung) – and from the start,
it had seemed that gamma rays could thus point clearly to the
sources of the frustratingly isotropic hadronic cosmic rays. Radio
astronomy has of course served this purpose since the 1950s, when
supernova remnants (and later pulsars) and active galactic nuclei
were first seen shining very brightly in the radio sky – and more
recently a non-thermal component of X-rays has added very distinctively to such observations in high definition – but only relativistic electrons are revealed thus, through their synchrotron
radiation, whereas above 1 (or 100) GeV electrons form less than
1% (or 0.3%) of cosmic rays that reach us, so it is not at all clear that
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the energetically predominant hadronic cosmic rays are well
traced by these radio sources. (Moreover, in order to interpret synchrotron radiation without the accompanying secondary gamma
rays, magnetic field strengths must often be guessed to deduce details of the parent electrons.) Thus it was expected initially that the
relativistic hadrons in the sources and their surroundings could
usefully be mapped by the gamma rays issuing from their collisions with atomic nuclei in the local gas. Frustratingly often, however, it is still the relativistic electrons which generate the gamma
radiation, but not directly by the synchrotron process. Turning next
to the extraordinary jets from AGN seen in radio maps, we knew so
little about them: observations with a non-synchrotron radiation
would be valuable. Many of the extragalactic gamma-ray sources
are rapidly variable: the different time profiles at different photon
energies may provide a diagnostic probe of the processes at work.
The progressive development of detectors flown in spacecraft
seemed to be the obvious route for gamma-ray astronomy, as the
earth’s atmosphere rapidly attenuates the incoming photon beam
while generating a much larger crowd of secondary particles and
gamma rays derived from cosmic-ray interactions. A detector above
the atmosphere can be shielded from practically all incoming radiations other than gamma rays using a surrounding anticoincidence
scintillator. So ground-based gamma-ray astronomy comes as a
surprise. Its attraction arises because the genetic relationship with
cosmic-ray particles causes the flux of cosmic gamma rays to decrease rapidly with increasing energy (roughly as dN/dE / E!2.3),
so above a few GeV a very large detector area is required – and
the first Cherenkov telescopes, responding almost uniformly to
gamma rays passing within 120 m, were deployed on the ground
before the first rudimentary gamma-ray sky map was made from
the OSO-3 satellite in 1968. But although these Cherenkov telescopes had big collecting areas, it took a long time to overcome
the lack of an anticoincidence counter to reject signals due to
incoming hadronic cosmic rays.
Sections 2–7 of this account relate the evolution of methods of
studying cosmic gamma rays, in response to opportunities and particular discoveries, paying most attention to those which have
influenced the direction of current work, and omitting some, while
Section 8 introduces a few of the astrophysical questions and answers that they throw up, especially when multiwavelength observations are combined. This is a story, moving from the first
observations of pulsed Cherenkov radiation, to the main activity
at the end of 2011. But evolution throws out many side branches,
so the story has interruptions. Section 2 describes how attempts to
detect cosmic gamma rays from the ground originated, with the
‘‘first generation’’ of gamma-ray Cherenkov telescopes making very
slow progress. But then, spacecraft began to detect gamma-ray
sources, providing a motivation for further ground-based work,
so Section 3 outlines the evolution of satellite-based observations,
after which the story returns to detectors on the ground, with Section 4 devoted to the crucial development of Cherenkov imaging of
electron–photon cascades in the atmosphere, pursued originally in
two observatories. But many investigators were not convinced that
this was necessarily the most promising way forward. An extraordinary episode of claimed sporadic periodic signals threw the field
into confusion (Section 5) and a great diversity of alternative gamma-ray detectors was tried out. Section 6 briefly looks at their relative merits to show that groups of imaging atmospheric
Cherenkov telescopes (IACTs) operating stereoscopically offer the
best prospects at present. Sections 7 and 8 introduce the IACT arrays set up in the last decade, with some of the highlights of their
first few years of operation, especially when combined with observations at other photon energies (Section 8). Section 9 has a very
brief look forward to impending developments. A complementary
more detailed account of the recent state of very high energy gam-

Fig. 1. Jelley’s ‘‘light receiver’’ c. 1961: three 1 m f/0.5 mirrors mounted equatorially
for drift scans [3]. Many instruments in next 15 years employed similar units, but
the light collecting area might be increased using a cluster of small mirrors with a
common focus.

ma-ray astronomy may be found in [1], and an introduction just
predating the current major Cherenkov observatories in [2].
The huge development in the scale of atmospheric Cherenkov
telescopes that now dominate ground-based observations can be
seen in Figs. 1–3. The modern instruments do trace back directly
to the simplest originals because the basic tools were there from
the start: modern large-photocathode photomultipliers had become available by the 1950s.
But first we celebrate the pioneers.
2. Flashes in the night
The time line of significant developments (which is deferred to
Fig. 9 to avoid confusion) shows a quick burst of initial enthusiasm
for ground-based instruments, followed by a very long period of
frustration. The trigger for this activity was a visit by P.M.S. Blackett in 1952 to a cosmic ray air shower array being set up by the
Atomic Energy Research Establishment at Harwell, UK. Hearing of
J.V. Jelley’s discovery there that single cosmic ray particles at
ground level could easily be detected by pulses of Cherenkov light
they produced in liquids (a discovery made accidentally when
investigating how small a quantity of phosphor need be dissolved
to make a liquid scintillator), Blackett remarked that they would
also emit Cherenkov radiation in air, and he had in a different context estimated that 10!4 of the light of the night sky would arise
from this process [5]. W. Galbraith and Jelley wondered whether
this faint radiation might be detectable as a light pulse when an
air shower made many thousands of relativistic particles appear
almost simultaneously, and it took only a few days to buy a
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Fig. 2. Beginning of the second generation (imaging Cherenkov telescopes) in 1982:
top: Fegan putting 5 cm photomultipliers into a camera matrix for Whipple 10 m
telescope (shown below) (Top photo: Fegan).

25 cm ex-wartime parabolic signalling mirror, clamp a 5 cm photomultiplier at the focus – shielded in a garbage bin – and with a
pulse amplifier look for pulses from the night sky on a free-running
oscilloscope. Fortunately, on the first night of trial they saw 1 or 2
pulses per minute [6,8], afterwards shown to correlate with detection of showers by the array. They had first been drawn to study
this as an aspect of radiation physics, but it was soon recognized
that whilst most air showers are generated by cosmic-ray protons
and nuclei, any cosmic gamma ray with sufficient energy to initiate
a shower of many hundreds of electrons would give a flash of light,
largely travelling within about 1½! of the original photon trajectory because of the small Cherenkov angle in the low-density air
and hence pointing back to the gamma-ray source. Thus, the
sources of ordinary cosmic rays might perhaps be revealed at last.
(It turns out that this close directionality should not be destroyed
by scattering of shower particles – see below.) In follow-up experiments at the Pic du Midi observatory in 1954, Galbraith and Jelley
had guided their very simple detector by hand for a few nights towards the strong radio sources Cyg A and Cas A – 30 min ‘‘on
source’’ and 30 min ‘‘off source’’ [7], a strategy still used today,
though now more automated – and in 1954 the very active Jelley
had aimed at the Crab Nebula for a few nights with more professional assistance [8], but without any sign of excess Cherenkov
showers: the exposure was much too short and the big angular
aperture admitted too many extraneous flashes.
However, this was a very timely technical discovery as at the
biennial cosmic ray conference in 1959 in Moscow, G. Cocconi [9]
urged the search for sources of very energetic gamma rays by
seeking point sources of high-energy showers standing out from
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the isotropic background. It was perhaps fortunate that he gave a
grossly overoptimistic estimate of the flux of TeV gamma rays to
be expected from the Crab Nebula (by a factor !1000), as he assumed that the relativistic electrons inferred to be present there
(to account for its intense synchrotron radiation) were a minor secondary product of collisions of relativistic protons, which would
also make copious gamma rays from po decay. A.E. Chudakov and
collaborators at the Lebedev Institute in Moscow were the first to
follow Cocconi’s call with a major experiment. He and N.M. Nesterova had confirmed the existence of night-sky Cherenkov pulses in
the Pamir area immediately after the reports by Galbraith and Jelley, and started to investigate the application to air shower studies
[10]. Then G.T. Zatsepin persuaded Chudakov that these Cherenkov
pulses would provide an ideal technique to take up Cocconi’s call
for a sky search [11]; these Cherenkov collaborators with V.I. Zatsepin quickly set up a close-packed set of 4, then 12 detectors (with
1.5 m mirrors) to increase light collecting power, in the relatively
clear sky of the Crimea at Katsiveli near Yalta; but a 4-year programme of observations in the winter nights of 1960–64 found no
excess flashes from the sky near the Crab Nebula and several other
prominent radio sources [12,13]. Chudakov concluded that the relativistic electrons in the Crab could not be products of proton collisions as Cocconi had assumed, so there must be another particle
accelerator there which especially produced electrons: perhaps
supernovae would not account for the main part of cosmic rays.
Harwell largely discontinued work on cosmic rays, in favour of
universities, and N.A. Porter moved from there to University College
Dublin, where he began research on detection of showers by Cherenkov signals – and also later by radio pulses – in collaboration with
the enthusiastic Jelley [14]. Fig. 1 shows a simple 3-fold-coincident
photomultiplier-mirror system [3] tested by Jelley at Harwell about
1960, and later moved to Ireland, where it was operated for several
years in Glencullen in the Dublin Mountains. It illustrates the scale
of the fundamental unit of several systems set up by others in the
next 20 years. However, in Ireland very clear dark skies are rare
(as also was research funding), and after making no source detections in Glencullen, or Malta [15], Porter and his students began a
long-lasting but initially sporadic connection with the Smithsonian
Astrophysical Observatory (SAO, Cambridge, Mass.). Most notably,
in 1966 T.C. Weekes joined a Smithsonian project of the gammaray balloon pioneers G.G. Fazio and H.F. Helmken to develop a very
robust multi-faceted 10 m Cherenkov telescope1 on a new site of
exceptional viewing on Mt. Hopkins in Arizona, the Whipple Observatory, funded by the SAO [16]; and Weekes guided the developments there for four decades, which saw 20 years of struggle to
find convincing gamma rays, and then a flowering of the technique.
The Whipple telescope (Fig. 2) and Weekes are central to the development of ground-based gamma-ray astronomy, and although a
large number of other workers were contributing to the explorations,
the story of the development of the Cherenkov technique is most
clearly told by focusing on this instrument for the first two phases
(pre-stereo), with shorter notes on what other approaches had to offer. One mark of the lasting influence of the pioneers is that the leading authors of the papers eventually reporting the first three
generally convincing sources, Weekes [17], M. Punch [18] and
J. Quinn [19], are all graduates of Porter’s department in Dublin.
What were the problems that frustrated the gamma-ray search
for so long? To start with, any point sources (Cherenkov flashes concentrated within about a degree) were completely overwhelmed by
flashes from the air showers produced by ordinary charged cosmic
rays spread evenly over the sky. The Whipple telescope began
operation in 1968 with one 12.5 cm photomultiplier at the focus

1
A multi-faceted focusing mirror is far cheaper than the traditional solid mirror,
arcsecond optical quality not being required.
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Fig. 3. The 27 m HESS telescope under construction in 2011, with operational 12 m telescopes seen in front of and beyond it [4], courtesy of W. Hofmann was the person who
agreed to my use of the picture.

of its 10 m (diameter) f/0.7 mirror, thus receiving light from a circle
of 1.0! diameter on the sky; but later, to make efficient use of
observing time, it had two photomultipliers in the focal plane, a
few degrees apart (typically 2.4!), with the telescope driven to keep
a potential source (radio-bright quasar, galaxy or supernova remnant) focused alternately on one or other of these photomultipliers,
recording ‘‘on-source’’ and ‘‘off-source’’ pulse counting rates (a similar strategy used in present-day observations being known as the
nodding or wobble method) – and after very many dark observing
nights over two years, Weekes et al. in 1972 [20] found a marginal
3r excess in the ‘‘on-source’’ counts for the Crab Nebula which was,
correctly, the favourite target. The ‘‘off-source’’ counts were about
320 times as numerous as the excess counts that were attributed
to gamma rays – above a pulse height threshold corresponding to
about 0.7 TeV threshold energy. This was the problem. As there
might be small systematic errors in the ‘‘ON–OFF’’ differences, the
significance of the excess was unconvincing. Despite efforts to stabilize the sky noise, this is difficult to ensure, as there is a very
bright star about 1! from the Crab, and this cheap form of large telescope does not give perfect images. The magnitude of this flux from
the Crab Nebula was not much below the upper limit set by Chudakov et al. in 1965.
A method suggested by J.E. Grindlay to reduce sensitivity to
hadron-induced showers was explored with the Whipple telescope: additional offset photomultipliers (and at one time extra
offset small telescopes) were used to compare light emitted at an
appreciable angle away from the shower axis with the bright axial
part, with the intention of rejecting showers having a wide emission of muons. (Grindlay had adopted a similar approach in Australia [21], where he made use of a pair of 7 m focusing mirrors that
had been used by R. Hanbury Brown in his stellar intensity

interferometer at Narrabri.) But the hadron rejection factor may
not have been more than a factor 2 or so, and a similar task is performed more effectively by examining the shape of the Cherenkov
image, exploited many years later.
Several years were devoted to a full scan of the northern sky,
using ten 1! aperture photomultipliers zigzagging along a strip
near the centre of the field to look for some local raised counting
rate as an unsuspected source swept by. No significant hot spot
was seen; but the multi-photomultiplier detector was a step in
the right direction.
Looking at a different use of the telescope, Weekes and C.Y. Fan
tried to use the spectrum of ‘‘background’’ pulses to measure the
energy spectrum of ordinary cosmic rays. Although this was not
pursued at length, questions about the flashes that hadronic
cosmic rays would produce led Weekes to make contact with
K.E. Turver at Durham, UK, who was using Cherenkov pulses to
investigate the vertical structure of air showers at Haverah Park.
Turver initiated computer simulation of the light distribution in
Cherenkov flashes, and their discussions stimulated new thoughts
on how to use Cherenkov flashes, taken up in Section 4.
One other front-line gamma-ray group started observations in
1970 at the Crimean Astrophysical Observatory (CrAO), led by
A.A. Stepanian (quite separate from Chudakov’s Crimean observations). Their earliest work, with drift scans using two pairs of
1.5 m mirrors, drew widespread attention to a potential sporadic
TeV gamma-ray source, Cygnus X-3, known to have strong radio
(and X-ray) outbursts, and seeded a diverse and controversial
side-branch of the field, which we take up in Section 5. But their
main work, from the 1980s, paralleled that of the Whipple observers in developing the Cherenkov imaging technique – the most successful evolutionary development, which we take up in Section 4.
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However, in 1976 the SAO stopped funding the disappointing
Cherenkov telescope: observations from space looked much more
promising; and we describe these next.
3. Impetus from gamma-ray satellites
While the ground-based gamma-ray detectors were slowly
developing, greater resources were directed through a sequence
of satellites that were exposed directly to the primary flux of gamma rays (and of course to the overwhelming flux of cosmic-ray particles, and, depending on altitude, to van Allen radiation belts). In
1972, just as the Whipple telescope found a marginal TeV signal
from the Crab Nebula, W.L. Kraushaar et al. [23] reported that a
stack of small scintillators in the OSO-3 satellite gave the first indication of radiation above 30 MeV (where detection by pair production becomes reasonably efficient) coming from the inner Galaxy,
with very crude angular resolution. Over the next 25 years three
further satellites carried ever larger detectors based on a multilayer pair converter using crossed wire grids in gaseous spark
chambers to read out the track coordinates of the resulting electron and positron so as to derive the gamma ray’s arrival direction.
Beyond the pair converter chamber there was a particle detector to
trigger the high voltage pulse to the spark chambers and activate
the recording system, and then a deep calorimetric scintillator to
measure the total energy deposited. A large hat-shaped anticoincidence scintillator which surrounded at least the pair-conversion
unit guarded against recording events caused by incoming charged
particles, as these could outnumber the pair-production events by
a factor !105 even in a ‘‘low’’ orbit. The first of these three satellites, NASA’s SAS-2 (1972–3), was terminated after 7 months by
instrumental failure, but showed (a) gamma rays coming from a
narrow band within !3! of the Galactic plane, strongest within
40! longitude of the galactic centre, and thus seeming very probably to give the first indirect detection of ordinary hadronic cosmic
rays travelling in the Galaxy, passing through gas concentrations;
and (b) 3 or 4 seeming point sources. The Crab pulsar was a source,
with 33 ms pulsations being apparent, with the Vela pulsar also
detected, together with possibly Cygnus X-3 (suspected as a TeV
source in the late 1970s) and a mysterious source that was not
known at other wavelengths – later named Geminga, a radio-quiet
gamma-ray pulsar. (For a description of the early work, see [24].)
ESA launched COS-B (1975–82) of similar design which made a
much larger sky survey, though its lengthened orbit, intended to
take it further from the disturbance of the Earth, produced a larger
van Allen background that hindered low-level diffuse gamma-ray
mapping. The energy spectra could now be followed to rather higher energy. The same sources were detected, and the 2CG catalogue
of 1981 [25] contained 25 apparent point-like sources, half within
about 60! of the Galactic Centre, but the angular resolution of
about 3! made it impossible to identify the astronomical object
responsible for many of the gamma-ray emitters, and it was not
clear how many separate sources there were. The time profiles of
pulsar pulses were seen to change in different ways with photon
energy for the different objects (Geminga still being invisible at
lower energies). This preceded any clear detection of TeV sources
by Cherenkov telescopes, and showed that there were indeed emitters in the GeV range.
Delayed by the shuttle disaster, a third, much larger, detector
was launched into orbit in 1991 and operated for 9 years, in the
Compton Gamma Ray Observatory (CGRO), the second of NASA’s
‘‘Great Observatories’’, following the Hubble telescope, thus marking a significant investment in gamma-ray astronomy. One of its
detectors was EGRET, similar in principle to SAS-2 and COS-B,
but now having an effective sensitive area increased from 50 cm2
to 1000–1500 cm2 at 300–1000 MeV, and useful up to 30 GeV. In
its very successful 9 years – contemporaneous with the first
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successful imaging Cherenkov telescopes on the ground – EGRET
made the first complete sky survey, and the very recent revised
EGRET catalogue [26] lists 188 distinct sources, although 14 are
marked as ‘‘confused’’, and 87 are still not identified with particular astronomical objects. The striking difference from the earlier
surveys was the very large number of extragalactic sources, spread
almost randomly across the sky: the COS-B catalogue had listed
only three objects well away from the Galactic Plane, including
one which may be the strong radio source 3C 273. From its earliest
days, EGRET’s telegrams reporting gamma-active AGNs provided
targets for observation that played an important role in the evolution of TeV detectors.
Another important product of CGRO-EGRET was a map of diffuse emission from low galactic latitudes. In regions of very intense
starlight, inverse Compton scattering by cosmic-ray electrons may
be an important source, but elsewhere the main source should be
decay of pions produced when cosmic-ray protons and nuclei travel through interstellar gas. This is important in indicating a flux of
multi-GeV cosmic rays which decreases in the outer parts of the
Galaxy, in accordance with a Galactic origin. More precisely, when
one makes use of the estimates of the amount of gas traversed by
typical cosmic-ray nuclei before reaching us (based on the abundance of fragmentation products), the total number of cosmic-ray
nuclei produced per year in the Galaxy can be derived. Expressed
as an energy input into cosmic rays, it seems to be consistent with
a fraction !15% of the kinetic energy released in supernova explosions – very reasonable if nonlinear diffusive shock acceleration by
supernova blast waves is indeed their source. (See, for instance Hillas [27]).
3.1. Gamma-ray bursts
A major contribution of the CGRO to astronomy was its largearea BATSE detector of transient sources and especially of gamma-ray bursts (GRB), whose origin had challenged explanation
since their discovery around 1970 by military satellites that were
looking for clandestine tests of nuclear weapons on Earth. BATSE
detected about 1 GRB per day, and soon demonstrated their isotropic distribution, supporting the view that most occurred far beyond local clusters of galaxies. The first precise identification of a
GRB source only came from a brief afterglow seen in 1997 by the
Italian-Dutch BeppoSAX satellite (which carried X-ray cameras
with a wide range of angular apertures to home in on transient
X-ray sources) [28]; and BATSE continued to provide a quick GRB
alert to many observatories which could look for afterglows, and
helped greatly in the development of hypernova models for the
phenomenon. No TeV detection has yet been made, despite many
such alerts.
BATSE ceased operation in 2000, but in 2004, NASA launched
the Swift satellite to detect and locate GRBs in the range 20 keV
to 1 MeV as quickly as possible, report their positions, and attempt
to make quick X-ray, UV and optical observations, finding about
two bursts per week.
3.2. Current gamma-ray satellite surveys
(We here move much further ahead of our story of the groundbased detectors.) Two gamma-ray satellite instruments of improved angular resolution and sensitivity are currently surveying
the sky at energies that link with the latest ground-based Cherenkov telescopes – the Large Area Telescope (LAT) on NASA’s Fermi
gamma-ray satellite, and the AGILE satellite. The combination of
these satellites with imaging atmospheric Cherenkov telescopes
(IACTs) on the ground allows the range 30 MeV to >30 TeV to be
covered for even briefly active sources (as will be illustrated
below), which offers a greater chance that one may distinguish
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between inverse Compton radiation from relativistic electrons
(such as is dominant in the Crab, other plerions and blazars), and
p! decay arising from hadronic interactions (as would link to the
major sources of cosmic rays). Although satellite detectors are very
much smaller, they are adequate for the much higher gamma-ray
flux near their energy threshold. Another advantage of the combination is that the satellites repeatedly survey a large part of the sky
in a very short time, and so can trigger targeted observations from
IACTs when a flare occurs.
In April 2007 the Italian Space Agency launched the AGILE satellite to study gamma rays in the 30 MeV to 50 GeV range using a
compact gamma-ray detector – silicon–tungsten sandwich as pair
producer, followed by NaI mini-calorimeter within an anticoincidence shield – giving an opening angle of !2 sr and an effective
collecting area 0.05 m2 at 0.5 GeV. The area is about half that of
EGRET, but the opening angle much greater, so it may prove very
useful in detecting flares. A low equatorial orbit gives a low background radiation. Pointing or slow spinning modes are available,
with simultaneous X-ray imaging to aid the identification of the
many as yet unidentified gamma sources.
The Fermi-LAT (launched 2008) has a much larger effective
detection area !0.5 m2, and covers an energy range 30 MeV to
300 GeV, with 68% of photon directions reconstructed within 0.6!
at 1 GeV, or 0.15! at >10 GeV [29] – now very like the resolution
of the latest Cherenkov telescopes – and about 2.4 sr field of view.
Both these instruments use position-sensitive silicon strips to locate the electron pair tracks, instead of the older spark chambers,
resulting in a more robust and compact device.
(The temporal relationship between advances in satellite-based
and ground-based observations is shown in Fig. 9.)
4. Imaging atmospheric Cherenkov telescopes (IACT)
To make any progress with the Cherenkov technique, a big
reduction in the overwhelming cosmic ray background was essential. In 1977 Weekes and Turver suggested using detectors which
recorded a crude image of each flash by having a matrix of 37
photomultipliers in the focal plane, forming the pixels of a digital
camera [22]. The main ideas were to reject all shower images
whose axes were not aligned with the supposed source and perhaps also to reject more complex images, unlike simple pair-production-bremsstrahlung showers.2 Two such telescopes about
100 m apart would give a stereoscopic view: the two Cherenkov
images of the shower should have axes pointing at the source, an
idea illustrated more concretely below – and this stereoscopic view
would also reject the very troublesome Cherenkov flashes from single muons passing close to a telescope which could mimic light from
more distant low-energy showers, a development which would then
permit the study of the numerous lower-energy showers. By 1981 a
plan of action was set out at a Royal Society discussion meeting [30]
in terms that are still used today. Weekes, who was at this time a
reluctant optical astronomer, and Turver, there envisaged a ‘‘second
generation’’ of Cherenkov detectors which recorded images, as just
described (stand-alone telescopes, producing images pointing towards the sources, though not capable of a stereoscopic fix). To move
beyond this, the earlier idea of a stereoscopic telescope pair was now
replaced by a more ambitious ‘‘third generation’’ detector consisting
of a group of four 10–15 m imaging telescopes operating stereoscopically. This ‘‘three generation’’ plan has in fact been followed over the
30 years since the 1981 paper, and is taken as the major theme for
the present account of the evolution of the field. (Turver, however,
2
In 1961–3 Porter, D.A. Hill and Jelley had reported the use of an image intensifier
to obtain Cherenkov images of showers with the aim of defining their arrival
directions accurately [31–33,3] but had only been able to photograph very energetic
hadronic showers, !100 TeV.

was not entirely convinced, and proposed the addition of an initial
parallel line of investigation using fast-timing non-imaging detectors, which he followed for 11 years.)
To get this programme going, Porter, D.J. Fegan and other colleagues at Dublin built an imager (the plan being reported in the
1981 paper) and made the necessary electronic circuits, on an extremely low budget, and with Weekes installed it on the long-idle
10 m Whipple telescope (Fig. 2). Thirty-seven photomultipliers on
a close-packed grid (of hexagonal outline), covered a 3.5! region at
the centre of the focal plane, the natural size needed if most of the
bright light is indeed within 1½! of the incident gamma ray direction. There was no second telescope when this was installed in
1982–3; and although the 0.5! pixel spacing was very crude, it
proved just fine enough to provide striking results.
To understand the logic of further developments of Cherenkov
imaging telescopes we need to know what a telescope should see
when a gamma-ray shower or a cosmic-ray shower arrives. If a
1 TeV gamma ray enters the atmosphere, it soon disappears by pair
production, the electron and positron deviating very little from the
original trajectory, and an electron–photon cascade develops,
reaching a maximum of !1000 charged particles near 8 km above
sea level if the shower direction is not far from the vertical, after
which ionization losses gradually absorb the energy. The shower
is really very long and narrow: half the light is emitted in a 4 km
region between 6 and 10 km above sea level, and half of that within less than 0.02 km of the central axis – 100 times as long as
broad. Because the maximum Cherenkov angle is only about 0.8!
in air of this density, we see the brightest light only if we are looking up at the shower at an angle within about 1! of the shower axis,
so we get a highly foreshortened view of this long tube, illustrated
in Fig. 4(a). This shows calculated images of a typical 320 GeV gamma shower observed in Cherenkov light by a 10 m telescope of
realistic specifications of those days: the dots mark the position
in the focal plane of each Cherenkov photon that converts to a photoelectron. Two views of the shower are shown: the gamma ray
comes from a source in the centre of the field, but in one case aims
to hit the ground at a point 79 m from the telescope, and in the second case the impact point is displaced by 100 m (and arrives 100 m
from the telescope). In both cases the axis of this image points very
nearly to the source position. This picture may be regarded as
showing two typical gamma shower images seen in a Whippletype telescope, or alternatively as superimposed images of the
same shower seen in two telescopes 100 m apart – a stereoscopic
view – in which case the intersection of the two images axes
clearly locates the source. (The grid of 37 hexagonal pixels is superimposed on the diagram, showing that the low resolution of its 0.5!
pixel spacing does greatly blur the image. In this initial camera the
gaps between circular photomultipliers were not filled in by reflective cones, so the light collection was also more inefficient than
suggested by this diagram.)
Looking up into the shower like this we might have expected to
see tracks of scattered electrons radiating out in all directions; but
they are invisible to us: their Cherenkov light reaches the ground
very far away, lost in the faint fringes of the light pool. In fact, at
this gamma-ray energy, the total density of Cherenkov photons
on the ground is roughly constant within 120 m of the original
gamma photon’s trajectory due to an interplay of factors, so this
240 m (diameter) disc on the ground represents the effective collecting area of the gamma-ray detector, offering a huge countingrate advantage over satellite-borne detectors, at the expense of a
small angular aperture. (Most of the light actually falls outside this
disc, but the photon density becomes very low.)
These were gamma showers: one simulated image of a (1 TeV)
proton shower is also shown in Fig. 4(b), from a source near but not
at the centre of the field. Proton shower images vary considerably
in form, though. (Energetic hadrons make nuclear collisions in the

A.M. Hillas / Astroparticle Physics 43 (2013) 19–43

25

Fig. 4. (a) Simulated telescopic view of Cherenkov photons from 320 GeV c-ray showers as detected in the Whipple telescope, from a source at the centre of the field of view
(4! diameter), and aimed to strike the ground at 100 m from the telescope in one case, and 87 m in the second case. Each dot is the position in the focal plane of a photon that
converts to a photoelectron. The grid of hexagons represents the 0.5! pitch of the first very crude 37-pixel camera of 1984–8, used for the first Crab detection, though at this
time only a circle within each was photosensitive (no reflecting cones). The scale of the pixels was halved in 1988 to 0.25!, giving a better record of the image form. The
picture also shows what would be seen when the images of one shower seen in two telescopes 100 m apart are superimposed: the intersection of their axes shows the
position of the source. (b) Image of one 1 TeV proton-induced shower. These are more variable in shape, but wider than c shower images (Hillas).

air, and generate sub-showers, but typically one ‘‘leading’’ hadron
retains a large part of the energy and can travel many radiation
lengths before its next collision. This can produce a lumpy longitudinal profile, whilst the secondary hadrons emerge with considerable transverse momentum, leading to a lumpy transverse shape –
especially noticeable close to the tracks of individual muons which
penetrate to the ground. Well above TeV energies, the shower particles are much more numerous, somewhat smoothing the
lumpiness.)
The image simulations available at the time of the first observations were somewhat discordant – the Durham version not showing the expected alignment features that were clear in simulations
by A.V. Plyasheshnikov at Altai State University, with G.F. Bignami
[34], but indicating that the gamma images would be more compact. This expectation of compactness guided a simple empirical
selection of events that required the two brightest pixels to contain
more than 75% of the total signal: this gave a 3–5.6r excess [35,17]
in counts from the Crab Nebula, compared with off-source counts,
from 34 h of on-source observations. This was the first success of
imaging.3
The present author (who studied cosmic ray showers) responded to a request from Weekes by performing very detailed
simulations of images (such as shown above) that would be produced by showers generated by gamma rays or protons (or heavy
nuclei) of different energies, impact points and directions of arrival.
Unlike [34], these were computed specifically for the Whipple
camera, and confirmed that even with the crude version having
0.5! pixels, most gamma images should be elongated and aligned
closely with the source position, and that hadronic showers would
have longer and more fluctuating images (leading particle effect,
and – for isotropic incidence – varying angles of viewing) and, most
importantly, are wider (due largely to emission angles of pions in
the cascade) and are not aligned with the supposed source, at
the centre of the field of view, say (because these cosmic rays arrive isotropically). In practice, knowing the brightness of each pixel, the crude images were adequately described by the position of
the image centroid and second moments (r.m.s. width and length) of
the (noise-cleaned) light distribution, giving an image axis passing
through the centroid. The possibly complicated image shape is reduced in effect to an equivalent ellipse, with length and width as
semi-major and semi-minor axes of the light pattern (all dimen3
Strangely, Plyasheshnikov and Bignami [34] had predicted that compactness
would not be a useful distinguishing feature of gamma-ray shower images.

Fig. 5. The parameters used in the description of Cherenkov shower images.

sions measured in degrees). Fig. 5 illustrates the parameters used,
including alpha, added later to the original ‘‘Hillas parameters’’.
According to the simulations [36], by selecting images within a certain range of width, etc. (dependent on centroid distance from the
potential ‘‘source’’ under investigation), one should be able to retain the majority of gamma rays but very few of the randomly incident hadronic cosmic rays. The most effective single parameter
would be the ‘‘azimuthal width’’ (or azwidth), the r.m.s. spread of
the image measured perpendicular to a line drawn from the source
to the image centroid. The simulated images indicated that, taking
images whose brightest pixels were within !1.2! of a source, if one
discarded all those with large azwidth – more than 0.20! in this
camera, thus retaining images that were both narrow and approximately aligned with the source, over 98% of the hadronic images
would be rejected, whilst 2/3 of the gamma-ray showers should
be retained, when aiming not too far from the zenith (all the figures varied with zenith angle). The predicted hadron rejection efficiency and parameter distributions were confirmed in practice
after lengthy critical analysis by the Whipple group [17]. (The percentage of light in the two brightest pixels would indeed be a useful selection tool also in the crude camera of 0.5! pixels.) The
observing practice was to make ‘‘tracking runs’’; 28 min with the
telescope aimed at the Crab Nebula (or other test object); then
2 min later starting a 28 min run aimed at a celestial coordinate
that would follow the same altitude/azimuth path across the sky
(i.e. 30 min later in right ascension). Then one discarded all images
which did not pass the ‘‘gamma-like’’ selection cut. The ‘‘ON-OFF’’
excess events are then taken to be the gamma rays from the test
object. The reported observations yielded a 9r measurement of
the gamma-ray flux from the Crab Nebula above 0.7 TeV (having
made 82 h of on-source observations).
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At this stage, a few additional small groups had been recruited
to the Whipple collaboration, and new funding appeared, from the
particle-physics research purse (of the US Department of Energy),
as long-term plans for a major cosmic neutrino detector led particle physicists to take an interest in the existence of VHE gammaray sources [37]. Thus in 1988 a better camera was installed, having pixel spacing halved (0.25! in the central 2.8! diameter), and by
1991 a significance of 45r was obtained, from 68 h of Crab observation [38]. Imaging telescopes truly opened up the field of VHE
gamma-ray astronomy.
With the finer pixellation (91 close-packed photomultipliers and
18 larger ones in a ‘‘guard ring’’ that was in fact rarely used) new
rules were needed for selecting gamma-ray images, and it was
found quite practicable to determine the precise range of width
(etc.) to accept, from comparison of images seen when aiming at
the Crab (at any required zenith angle range) with other ‘‘offsource’’ images (same zenith angles). The Whipple collaboration
from now used such empirically determined ‘‘supercuts’’ [39] to select gamma-ray signals from other sources, regarding this procedure as more transparent while the technique was in its infancy.
(However, empirically derived selection cuts are not adequate
when one wants to define the energy fairly well, as the relationship
between energy and image size – number of photoelectrons – depends on distance, in a manner that requires calculation.) The magic
parameter azwidth was now abandoned in favour of largely separating the shape-dependent selection (‘‘gamma-like’’) from the orientation selection (‘‘associated with source’’). Images were thus first
selected as ‘‘gamma-like’’ by their length, width, involving their distance from the source, and then their orientation was characterized
by the angle ‘‘a’’ which measured the discrepancy between the orientation of the image axis and the true direction of the supposed
source from the image centroid (a parameter introduced previously
by Plyasheshnikov and Bignami [34], having superior properties to
miss). The ‘‘on-source’’ runs showed a prominent excess of small angles a, when compared with the nearly random distribution seen in
‘‘off-source’’ runs. This made the presentation of results and the
evaluation of fluxes easier: see the example in Fig. 6 (though most
Whipple observations yielded a far lower a peak than this).
Computer simulations were essential, though, to distinguish
showers of different energy to derive an energy spectrum, and

again became vital to permit efficient use of showers falling further
than 120 m from the telescope, where distance strongly affects the
brightness as well as the other parameters of the image.
(As a more technical note for modern observers, it had always
been necessary to ‘‘clean’’ the images to remove isolated distant
noise, produced by stars for instance, that could distort the r.m.s.
spreads, and with narrower images this became even more important. The usual Whipple practice was first to accept all pixels with
signal size >A, say (for this telescope, 4.25! r.m.s. sky noise), then
accept any of the remainder that had signals above a lower threshold B (here 53% of A) if they were adjacent to a pixel with signal >A,
and reject the remainder – thus leaving a fairly compact image for
analysis. The detector H.E.S.S. has recently done much the same,
with a slightly different rule, making a slightly more compact
choice. For fainter low-energy images, and with a more isochronous mirror than at Whipple, it may be advantageous to concentrate on nearby groups of photons arriving in a very small time
interval.)
What objects should next be examined for TeV emission? The
COS-B satellite (1975–82) had found a number of sources, and, later, the EGRET detector in NASA’s Compton Observatory (CGRO)
(1991–2000) found extragalactic sources, mostly blazars, to be a
remarkable feature of the GeV sky. These provided new targets
for observation at energies 1000 times higher, and in 1992, very
soon after EGRET had started operation, the first extragalactic
Cherenkov TeV source was reported – the relatively close but weak
blazar, Markarian 421 [18], though it was a highly variable gamma-ray emitter, unlike the apparently very steady Crab4. (Fig. 6
was derived from an absolutely exceptional flare of Markarian 421
[41].) This variability was not surprising, as the radio and X-ray
emission from blazars is also variable. Another blazar, Markarian
501, followed 4 years later [19]. These were relatively weak blazars
in EGRET’s GeV band, but they were chosen for study because strong
intergalactic absorption of photons above 1 TeV was anticipated
[44,45] and the small distance of about 125 Mpc to both of these objects would make absorption at a few TeV less of a problem. Other
blazars were detected in the next few years. From 1999, the Whipple
telescope used cameras with even finer pixels, 0.125! apart, but they
did not improve upon the 5.5r h"1/2 sensitivity to the Crab source
reported above.
In explaining the evolution of atmospheric Cherenkov telescopes, the focus above has been on developments at the Whipple
Observatory, but Stepanian’s group at the Crimean Astrophysical
Observatory had been following very similar ideas. In 1989 they
completed their rather complex GT-48 detector – ‘‘Gamma Telescope with 48 (1.2 m) mirrors’’ [46]. The mirrors were grouped to
provide 12 parallel telescopes, 8 fitted with 37-pixel cameras
having 0.4! pixel spacing, using normal photomultipliers and conical light guides for each photomultiplier. The other four telescopes
used UV-sensitive photomultipliers, intended to help in the rejection of background from hadronic showers. The whole system was
divided into two sections, mounted 20 m apart, with signals from
corresponding pixels on different cameras being added. The 20 m
separation gave a baseline too small for stereoscopic location of
source positions, but useful in reducing the effect of light flashes
due to muons passing close to the detector, although these might
also be dismissed by their high UV content [46]. Event selection
used image length, width and orientation parameters (using calculations by Plyasheshnikov), in addition to UV content [47]. The energy threshold was estimated to be rather high, at 1 TeV. This
instrument was able to detect the Whipple sources mentioned
above, and reported additional sources, though for some (BL Lac

Fig. 6. Alpha distribution of events passing a ‘‘c-like’’ cut: Markarian 421 in
exceptionally active state at centre of field: adapted from [41].

4
Occasional GeV flares have recently been reported from the AGILE satellite [40],
but no TeV changes have yet been confirmed.
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[47] and Cygnus X-3 [48]) the apparent fluxes similar to the Crab
were far higher than seems compatible with the much later observations by MAGIC [49,62]. Regrettably, at the time when the Whipple instrument was attracting many more collaborators and
rapidly upgrading its initial camera, this pioneering Crimean
instrument was too elaborate to upgrade easily, and in the changed
political circumstances following the break-up of the USSR it did
not receive much support, and was thus unable to develop and fulfil its potential, ceasing operation around 2002.
The achievement of gamma-ray selection using image parameters was not as easy as this curtailed description suggests. There
were less successful observations and puzzlements, before the
above-mentioned 1986–88 observations that were published in
1989. Meanwhile, a rival and discordant method of recognizing
gamma rays had appeared in 1984, based on peculiarities in their
arrival times, as discussed next.

5. A challenge: the periodic signals from X-ray binaries
By 1986 there were at least five other groups employing the
atmospheric Cherenkov technique to search for TeV gamma-ray
sources, using a few or several mirrors of few m diameter and trying somewhat different strategies, but only one on-source photomultiplier per mirror – no pixellation. With less light collecting
area they had fainter images, but could operate at very low pulse
thresholds by requiring fast coincidences between detectors to
control sky noise. The earliest of these was Turver’s group based
in the early 1980s at Dugway, Utah (later moving to the Canary Islands, and then to Narrabri, Australia – exiles from the cloudy
weather of their home base at Durham, UK), who moved from air
shower structure studies when they became intrigued by Stepanian’s approach to gamma rays. The Durham detectors comprised
a close group of three telescopes, each with one on-source photomultiplier surrounded by 6 in anticoincidence to exclude non-central images. They did not apply imaging techniques before they
moved to Australia, despite having earlier collaborated with Weekes in discussing its possibilities, as events about to be related provided a distraction.
While the investigations of Cherenkov imaging were beginning,
these ‘‘first generation’’ detectors were devoting much attention to
the candidate gamma-ray source Cygnus X-3, a little-understood
X-ray binary, in which an accreting neutron star or low-mass black
hole orbits very close to a massive Wolf-Rayet star, with a period of
4.8 h. It was noted for occasional strong radio flares which threw
out a radio jet, possibly coinciding with increased accretion onto
the compact object. In September 1972 the Crimean observatory
made a drift scan with their original simple telescope across the
direction of Cygnus X-3 soon after a radio outburst, and recorded
an apparent brief increase in the rate of detection of Cherenkov
showers [50]. An enhancement was seen only once in nine further
scans made that year. In further runs up to 1977 they reported
more instances of excess counts above background, the excess
Cherenkov showers being confined to a short interval of the 4.8h orbital period of the system. This provided a new target for
observation with simple Cherenkov telescopes, and by 1988 there
had been more than 10 reports of detections of Cygnus X-3 by the
Cherenkov technique, especially by the Durham group, but including two at the Whipple site, concentrated in two parts of the orbital
period. But the most astonishing and challenging developments
occurred in a few years from 1983. In that year M. Samorski and
W. Stamm [43] reported that a hadronic air shower experiment
in Kiel showed (integrated over years) a small count rate excess
from the Cygnus X-3 direction; and a large part of this excess appeared at times corresponding to the Crimean ‘‘hot’’ phase of the
4.8-h orbit – but this was in the 1015 eV energy range, and these
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‘‘excess’’ showers contained many muons, just like typical hadronic
showers. Then this 4.8-h cycle was reported in showers in a similar
energy range recorded at Haverah Park (but without a clear overall
excess from that direction showing up), and a 4.8-h effect, though
not identical, was seen in the muon-detecting shower experiment
at Baksan (Caucasus), and even in other deep underground (muon)
detectors (NUSEX and Soudan). What particles could travel !7
kiloparsecs retaining their direction and timing, and produce copious hadronic secondaries? Were photons behaving oddly at very
high energy? Returning to the ground-level TeV observations, a
smaller number of observers also reported time modulation in
the rate of Cherenkov flashes seen from the direction of a few other
X-ray binaries including AE Aquarii and 4U0115+63, but most
notably Hercules X-1. The Durham group at Dugway first reported
that for 3 min the count rate from the direction of Her X-1 ("1 TeV
threshold) increased by !1/3, the increase being 100% modulated
with a period of 1.237 s [51], which closely matched an X-ray oscillation and was presumed to be the rotation period of a neutron star
onto which accretion was occurring. P.W. Gorham with the newly
imaging Whipple telescope made frequent observations of Her X-1
[52,59] and reported that for 7% of the time a periodicity in the
range 1.2367–1.2386 s was present in the signal, even on one occasion when the compact object was eclipsed. The Durham group
then returned to attempt Fourier analyses of the time series of
some of their observations on Cygnus X-3, and reported seeing a
high count rate for just 7 min at the peak of the 4.8-h X-ray cycle
during which there was a strong modulation at a period of
12.59 ms [53], and a few weaker signals were then found when
they analysed other observations taken at the same phase of the
orbit, to which we return a little later. Pulsars being a hot topic
then, these observations dominated the field around 1986 (see
[58]), with experiments at Haleakala, Potchefstroom, Adelaide,
Ooty and Gulmarg also participating: and the sub-set of Cherenkov
signals modulated with these periodicities apparently offered the
Whipple group a method of confirming the selection of ‘‘gammalike’’ Cherenkov flashes by image shape – but despite extensive efforts, this cross-check did not work out as expected.
Several of the Cygnus X-3 reports seemed absurd, as many
observations did not demonstrate an actual excess of counts from
that direction, but only a periodic modulation: a discussion by
G. Chardin and G. Gerbier in 1989 of the statistical inconsistencies
and underestimated effects of selection, re-scaling and special
choices of orbital ephemeris concluded that none of the observations was yet statistically convincing ([54] – this includes many
references not quoted here). When one considers the incredible
4.8-h periodicities extracted even in underground experiments, I
am made to remember that my Harwell mentor, T.E. Cranshaw,
once explained to me that a physicist’s apparatus gradually learns
what is expected of it. This is the best explanation I know of at
present for this episode (and happily convenient, blaming the
apparatus for a dog-like desire to please). In the case of the Her
X-1 periodicities, only a small range of periods around 1.237 s
was typically reported on, and the length of time selected for
periodic analysis was seemingly adjustable, so again the true
statistical significance of the reported periods is not really clear,
even though on one occasion two independent groups had simultaneously detected the same period. (Weekes [59] gave a much
fuller, though conservatively sceptical, account of the situation just
after the highly significant detection of the Crab Nebula had been
made.)
The conclusion eventually drawn by Weekes and most of the
Whipple imaging group was that the characteristics of Cherenkov
images associated with the Crab Nebula source, and those associated with the cosmic-ray background agreed with the predicted
characteristics of gamma-ray shower images, and cosmic-ray
images respectively, so they could recognize gamma-rays by image
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shape, as reported in the previous section. But when ‘‘gamma-like’’
images were selected in the Whipple-telescope observations on
these special binary sources, the marginally significant periodic
component was not strengthened, but disappeared: so the apparently varying signals from binaries could not after all be attributed
to gamma rays. So far as concerns technique, a period of uncertainty in the confirmation of the Cherenkov imaging method can
now be passed over.
This frustrating episode of the variable binaries has been considered an annoyance and embarrassment by many practitioners
of gamma-ray astronomy, as we do not know what we have
learned; but, quoting the Fermi-LAT collaborators writing much later [60], ‘‘Cygnus X-3 motivated to a large extent the development
of high-energy gamma-ray astronomy’’, and in following the evolution of the field, we find it had unexpected consequences.
The claims of PeV Cygnus X-3 signals (and very energetic gamma-rays possibly having surprisingly large cross-sections for hadron production), attracted the interest of particle physicists and
spurred the building of large air shower arrays designed to map
primary particle arrival directions with great accuracy using, originally, conventional arrays of scintillators rather than optical telescopes. J. W. Cronin led the Chicago air shower array, CASA-MIA,
built at Dugway in Utah (the site of the Fly’s Eye experiment,
and the Durham Cherenkov detectors referred to above – a military
reservation which should provide protection for sparse detector arrays from sharpshooters5) where 1080 scintillators on a 15 m grid
recorded showers above about 40 TeV (1990–2007), having also a
large area of muon detectors that could be used to veto hadronic
primaries. The CYGNUS array, also near 800 g cm!2 atmospheric
depth, at Los Alamos (1986–1992) was estimated to have a 40 TeV
threshold. The Leeds group at Haverah Park ran the GREX array
(1985–1995) and adapted its design for SPASE, set up 400 m from
the South Pole (1988–1998) where many X-ray binaries could be
watched continuously near 100 TeV as they circled at constant zenith angle (at 690 g cm!2). None of these arrays detected any point
sources. This failure led to more innovative shower arrays, Milagro,
ARGO and the projected HAWC (see Section 6 and Fig. 9), while Cronin went on to initiate the Auger project. From 1984 the surprising
source claims brought new people into the Cherenkov telescope field
too, helping to improve the prospects for funding better instrumentation of the Whipple telescope.
However, Cygnus X-3 is special as its episodic radio emission
strongly suggests that gamma rays should sometimes be emitted;
so it deserves more attention. The Durham observers were aware
that in the absence of a radio reference for pulsations (very high
radio dispersion hindering any radio search for millisecond pulsation) or a precise knowledge of orbital Doppler shifts, a strong
12.59 ms periodicity in a sparse signal of less than 1 count per second could only be sought if there were a strong burst of radiation
for a few minutes [55]. They claimed to find two or three such
bursts (at Dugway in 1983 and La Palma in 1988 and 1989), in
addition to weaker occurrences, at a specific point on the orbit, that
fitted into a pattern of very regular period drift [56,24]. But where
the numbers in the pulsation curve were given [57] the percentage
enhancement in the counting rate seems much less than the amplitude of the oscillation: the periodicity thus appears to be largely in
the background rather than in a superimposed flare, somewhat as
implied by Chardin and Gerbier for the 1983 episode. Without
effective background removal, such detections from the ground
did not prove rewarding.
What of more recent information? At lower energies (>0.1 GeV),
the Fermi LAT does indeed see intermittent gamma rays from Cyg5
However, this expectation was spectacularly upset, as a referee reminds me,
when a telescope of the prototype Japanese-Utah UHE telescope array was destroyed
by a missile test.

nus X-3 which show a 4.8-h orbital modulation [60], although the
overall energy spectrum is rather steep ("E!2.7). Over a few years,
occasional periods (less than a month) of strong emission have
been found [61]. These may precede big radio flares but the gamma
rays are not exclusively related to the giant radio flares. But with
detector areas <10!4 of that of a Cherenkov telescope, no satellite
could detect even a single photon of a supposed 7-min TeV burst.
If there were very occasional such outbursts, the best hope of finding them would probably be with the ARGO-YBJ shower detector
(Section 6), in which such long-term searches would not interrupt
other observations. At "100 GeV, the very sensitive MAGIC Cherenkov telescope has observed Cygnus X-3 for 70 h [62], but not
at a radio outburst time, and has not yet found anything of interest.
Observing in radio and X-ray wavebands, K.I.I. Koljonen et al.
warned that ‘‘even after many years of observations in various
wavelength bands Cygnus X-3 still eludes clear physical understanding’’. But other X-ray binaries are amongst the gamma
sources found by modern imaging Cherenkov telescopes, though
without the controversial periodicities: we probably see miniature
versions of AGN jets: structure in short-term outbursts would indeed be most interesting.
These observations with non-imaging ‘‘first generation’’ Cherenkov telescopes had not turned out to be very informative about
cosmic gamma rays, so we return to the evolution of mature TeV
gamma-ray devices.
6. Which way forward? Alternative routes of development
Imaging with the Whipple telescope had proved a great success,
but the early results fell far short of the sky maps made at lower
energies from above the atmosphere. What would be the best
route to much greater gamma-ray sensitivity, energy span and
understanding of source mechanisms from ground-based observations? An obvious development was to proceed to the suggested
[30] ‘‘third generation’’ of Cherenkov detectors, having about four
imaging telescopes for more precise stereoscopic axis reconstruction of the arrival direction, impact point and energy of every gamma ray, to make real sky maps, and spectra. But other pioneers had
tried alternative means to reject non-gamma-rays; and in the
1990s, when the GeV observations from space had revealed several
types of source, many other gamma-ray hunters joined in, with
new ideas and some very different detectors. A representative sample will be discussed, while keeping in mind the question: is the
third generation of Cherenkov detectors (stereoscopic arrays)
clearly the most promising advance, or are there other techniques
that might be developed to address particular astrophysical
questions?
6.1. Non-imaging Cherenkov telescopes
First: is there a future for the simple small mirror with a single
photomultiplier? Several groups had argued that with an array of
such units, the precise arrival time of the Cherenkov light at each
unit could give the direction of the gamma ray’s source about as
accurately as imaging methods, and non-uniformity of pulse size
across the array could be used to reject many of the hadronic
showers, which have a Cherenkov density distribution that is both
more centrally concentrated and lumpy. This technique, known as
wavefront sampling, has been investigated further on different
scales in two projects – THEMISTOCLE in France, in 1990–92, and
PACT at Pachmarhi in India, from 2000 to the present (there, with
a view to deployment at a higher altitude – HANLE). THEMISTOCLE
[63], one of several experimental detectors set up at Themis in the
eastern Pyrenees, by French groups to compare different observation methods, had 18 small (80 cm) mirrors spread over an
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elliptical area 280 m ! 190 m, with sub-nanosecond recording of
the ‘‘start time’’ of each signal (using constant-fraction discriminators). Shower simulations [64] had led them to expect that the
front of the Cherenkov photon swarm approaching the ground
would have a shallow conical shape, tilted by 0.8! from a plane,
at least across a 200 m extent. With 18 time samples, covering
an area as large as the main light pool, a cone of appropriate angle
would be fitted to the start times, thus determining the shower
axis impact point on the ground and the direction of the source.
An ‘‘on-source’’ run, aimed at the Crab Nebula, differed from an
‘‘off-source’’ run in having additional events aligned within about
0.3! of the true Crab direction. (The closeness of the pulse sizes
across the array to the expected typical hadron-shower lateral distribution was used to reject events that looked like incoming hadrons.) With such small mirrors, the energy threshold was 3 TeV:
a 6.5r detection was achieved [63] (162 hrs on source) – just enough to report an energy spectrum. Although the experimenters
felt encouraged by wavefront sampling, such a 0.5r h"1/2 detection
of the Crab is not competitive: the modern MAGIC imaging telescope would now take well under a minute to achieve 5r, although
the sampling array is much cheaper in using only 18 photomultipliers rather than over 1000. The PACT array at Pachmarhi (India)
[65] has tried to do better, also using small (0.9 m) mirrors, but deployed as close clusters of 7, up to 25 of these being set out in an
array. The larger total mirror area gives a lower energy threshold,
about 0.9 TeV. A test run on the Crab with only half the full array
gave an 18r detection with 49 h on source (in addition to offsource runs) – comparable to Whipple. The best use of density
non-uniformity to reduce the background signals is being investigated, with extensive simulations (see [66]). Oddly, it seems that
a plane shower front is fitted to the times, and as the array is of
smaller extent than the standard Cherenkov pool, one expects that
this plane often approximates to one side of the THEMISTOCLE
cone, hence giving an apparent source position about 0.8! displaced. (Quoted consistency checks of directions from sub-sections
of the array [67] would usually not reveal such systematic errors.)
So there seems to be a possibility of further improvement (perhaps
with a wider spacing).
At earlier times, fast timing in an array of simple first-generation Cherenkov detectors had been used for direction determination in the Haleakala project to observe Cygnus X-3 and related
objects [68] and Turver’s Durham group had used several, more
linear, arrangements of separated mirrors of #2 m size: although
Turver was a joint proposer of the imaging approach in 1977, his
Durham group’s telescopes only adopted imaging after a move to
Narrabri, Australia, in 1998; and only then did they discover
sources that are generally accepted (such as the southern extragalactic source PKS2155-304).
6.2. Adapted solar radiation farms
The above detectors operated in the TeV domain, and in the
late 1990s this left a large gap between 400 GeV and 10 GeV below which the spacecraft could take over. A good sensitivity well
below 400 GeV was highly desirable: the clues to gamma-ray production mechanisms lay in the spectral shape from GeV to several
TeV, and the maximum energies of important pulsar signals were
expected at not many GeV: but low energy showers produced few
Cherenkov photons and required large light collectors. Were these
available ready-made in several countries, disguised as solar
power test facilities, where big arrays of heliostat mirrors were
driven to focus sunlight onto a single target on a tower? They
had total mirror areas of several thousand square metres, unused
} mer suggested that with heliostats driven to
at night-time. O.T. Tu
follow other sources at night, a few large mirrors or Fresnel lenses
could intercept the incoming reflected beams from the heliostats,
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and focus each one onto its own photomultiplier, to record Cherenkov pulses seen at each mirror location – a huge wavefront
sampling device, though not amenable to fast timing. Three such
solar power farms were thus adapted in the period 2001–2007 –
SOLAR-2 (Barstow, California), STACEE (Albuquerque, New Mexico) and CELESTE (Themis, France). The latter was totally available
for astronomical work as the French power company EDF ceased
operating it in 1986, and it became the first Cherenkov detector
to record a source below 100 GeV, achieving a threshold
#50 GeV [69]: STACEE at first worked to #100 GeV. At CELESTE,
40 heliostat mirrors of 54 m2 were used, at STACEE, 48 of
37 m2. Hadronic showers presented a much reduced background
problem below 100 GeV, as they became much less efficient in
generating Cherenkov light (much more of the cascade pion energy going into muons and neutrinos through decay), though
the multi-sampling system would also be well suited to hadron
suppression by rejection of unsmooth Cherenkov density distributions. The light-collecting areas are indeed huge, but it did not
prove easy to adapt the optics for this new purpose: the small
angular size of the mirrors seen at a distance 100–200 m meant
that the angular aperture might be around 1! or less (variable
with reflection angle), curtailing the image when well off the
shower core, so the apparent ‘‘free lunch’’ offered by the preexisting array proved to have a small menu, and work on them
stopped around 2007, when it appeared that the new MAGIC telescope (Section 7) and HESS-2 should perform much better for
many purposes in the relevant energy range. Fig. 8, to which
more detailed attention will be given later, shows the smallest
detectable source flux that can be detected by different instruments, and illustrates the reduced incentive to use the tricky
heliostats if MAGIC-II and H.E.S.S.-2 are operating.
But three radically different sky survey detectors were initiated
between 1986 and 2001 – different forms of air shower particle
detector array situated at high altitude, designed to have threshold
energies (for gammas) as low as the TeV range, with good angular
resolution and incorporating muon detectors to reduce sensitivity
to hadronic primaries, a field of view around 2 sr, and sensitive
day and night. They are unsteered, and scan a broad declination
belt of the sky, around their latitudes (all in the range 28–36!N),
making an unbiased survey for unsuspected sources. Of these,
the HEGRA project still took an interest in atmospheric Cherenkov
signals also.
6.3. The HEGRA project
The High Energy Gamma Ray Array, HEGRA, marked the entry of
major experiments designed and run from the start by larger
groups, in this case initiated by O.C. Allkofer’s group at Kiel [70]
and joined by the Max Planck Institute für Physik at Munich, with
universities of Madrid (Computense), Hamburg and Wuppertal and
the Yerevan Physical Institute then in the USSR. The MPI (kernphysik) Heidelberg joined somewhat later. HEGRA (1987-2000)
comprised an air shower array of 250 scintillators, and several
muon detectors, covering an area of 180 m ! 180 m at an altitude
of 2200 m on La Palma, in the Canary Islands, an excellent astronomical site housing many large near-optical telescopes. The array
of particle detectors by itself had an energy threshold between 40
and 100 TeV. Over this area was added a grid of 7 ! 7 large hemispherical photomultipliers (with more added later), observing the
whole sky directly, to time the arrival of the accompanying Cherenkov light front during dark periods, and so locate the source
direction with high accuracy (the AIROBICC array, 1994–2000),
which eventually had an energy threshold of 15 TeV for gamma
rays. This and other high-altitude arrays also sought evidence concerning the cosmic ray ‘‘knee’’. Disappointingly, no gamma-ray
sources were found, in this energy range.
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However, more importantly, F.A. Aharonian and collaborators
proposed that Yerevan (a major laboratory in the USSR) should
produce five small imaging Cherenkov telescopes to make a very
practicable jump to the ‘‘third generation’’ of Cherenkov detectors.
The telescopes, of very modest (but effective) size and relatively
modest 37-element imaging cameras, were proposed to operate
on the HEGRA site [71], starting in 1991. Soon after the first telescope was tested very successfully, the Heidelberg MPI (kernphysik) joined in, adding considerable resources, building up the
HEGRA-CT array by 1998 to the proposed five telescopes based
on a 100 m square, with now much improved cameras. (Aharonian
gave a clear outline of the important design considerations in [72].)
This return to the main line of Cherenkov telescope development
was the first serious stereoscopic Cherenkov system, and served
as a small prototype for the major observatories of today. Each
telescope had a 271-pixel camera and a mirror made up of 30 of
the excellent Yerevan 60 cm circular mirrors, equivalent in area
to a single 3.3 m aperture, much smaller than the Whipple telescope. This array [73] justified the stereo principle magnificently,
the arrival direction of each gamma-ray being located (by intersection of individual image axes) to typically 0.14! (h68, the angular radius containing 68% of detections) even though the pixel spacing
was still 0.25!, as at Whipple, which made point sources stand
out well even without applying an image shape cut to suppress hadronic showers. However, it was again helpful to retain only
images with small ‘‘scaled width’’ (the scaling allowed for the effect of viewing angle and distance of impact point and energy)
and other characteristics which could reject about 90% of hadronic
images but retain about 1/2 of gamma rays. The energy threshold
of the system was 500 GeV. The penalty of a mirror diameter 1/3
of that at Whipple should have been crudely to make the energy
threshold about three times higher than at Whipple, but in practice
the single Whipple telescope did not work below 350 GeV, because
numerous single muons passing tens of metres from the telescope
produced Cherenkov flashes (small arcs of a Cherenkov ring) indistinguishable in length and brightness from the short images of
150–350 GeV gamma showers. Such a muon arc would not usually
be prominent in another telescope more than about 80 m away, so
stereo operation completely removed this problem. The move from
one to five telescopes had brought another advantage. A single
telescope could operate well with gamma rays aimed within about
120 m of it, so it had once been argued that the sensitive collecting
area for a pair of telescopes, 100 m apart, would be halved if both
had to be within 120 m of the trajectory; but with the five detectors it was possible to deduce the impact point quite accurately
so as to make allowance for the varying distances of the telescopes
and to use a collecting area of 200 m radius; so this loss did not
occur. (The camera’s field of view had to be large enough to encompass the more displaced images of these distant showers, a design
feature that Aharonian emphasized.) The HEGRA ACT system began
discovering new sources (Cas A, M87, J2032+4130), but after running in mature form from 1998 to 2002 it was switched off to redeploy the manpower on bigger projects – the large MAGIC telescope
at the same site, and a new array of larger telescopes at a similar
separation at a different site (H.E.S.S.), to apply the newly tested
design features but with a lower threshold energy.
6.4. High-altitude particle-detecting shower arrays
However, the HEGRA particle detector array was not the end of
the road for passive unfocused sky-survey arrays. A large ChineseJapanese collaboration set out the Tibet ASc array at 4300 m altitude (606 g cm!2 air overlay) on the Tibetan Plateau, at Yangbajing,
NW of Lhasa – where there are rather more particles in low-energy
air showers – using 789 scintillators, mostly at a very close 7.5 m
spacing. Although the scintillators are only 0.5 m2 in area, they will

catch about 0.9% of the shower particles, thus, from conventional
shower formulae, detecting "40 in a 10 TeV gamma shower not
far from the vertical, but only "2 at 1 TeV, although these numbers
will be enhanced somewhat by a thin lead photon converter above
each detector. (This high altitude is vital as a 10 TeV gamma
shower has seven times as many particles here as at the more customary 800 g cm!2 depth in the atmosphere.) It is claimed that the
orientation of the shower front can be obtained to 0.4! at 10 TeV by
timing [74]. A large area of buried water tanks to detect muons is
at present being added, to provide a hadron veto. It was expected
that in the very high energy range 10–300 TeV a 1 year exposure
with this array would have better sensitivity for detecting a point
source than 50 h on-source exposure with the newest IACT arrays,
when the muon detectors are completed, and that because of its
wide aperture this detector would be particularly useful for detecting diffuse sources of gamma rays, which may trace the diffusion of
very energetic cosmic rays away from their galactic source regions
through dense gas clouds. So far, though, only the Crab Nebula and
Markarian 421 have been detected.
This array requires a huge number of detectors but with small
active surface area – quite suitable for studying cosmic rays of
1014–1017 eV, which is indeed a major concern of the project, but
less appropriate for primary gamma rays. Two projects aim to correct this inefficiency by providing full coverage of the ground. First,
adjacent to the Tibet ASc array, an initially6 INFN-funded collaboration between several Italian and Chinese institutions (started in
2001) has built the ARGO-YBJ array, the main part of which is a
78 m # 74 m layer completely covered by resistive plate counters
(RPCs) as particle detectors, strips which have very fast response
and are readily integrated into huge areas. With 100% sampling of
this central area rather than 0.9%, the threshold gamma-ray energy
is lowered to 100 GeV – again using shower-front timing to get
direction (and again having a thin lead photon-converter sheet on
top). In 4 years up to 2011 [75] it has detected the Crab Nebula at
17r, Markarian 421, and two extended sources first seen by the Milagro project described below. This is very many fewer than seen by
Cherenkov telescopes, but a monitoring of 2–4-day flares of Markarian 421 has seen activity when a bright sky prevented Cherenkov
observations.
Secondly, at the lower altitude of 2630 m, near Los Alamos, New
Mexico, was Milagro, a 4000 m2 covered water pool forming an
unsteered particle-shower detector of this type. 1.4 m deep in
the water there was a layer of 450 upwards-looking photomultipliers in a 2.8 m grid to record Cherenkov light produced in the water
by shower particles entering at ground level. Pulse timing gave the
shower arrival direction to "0.8! for 10 TeV showers. At a depth of
6 m there were a further 273 photomultipliers, which saw a different pattern of particles (and hence light), due to the shower transition effect through many more radiation lengths and to the
presence of penetrating muons where the electron component
had died out. The pattern of light at this lower level was used to
provide a hadron veto, retaining only 8% of hadronic showers but
50% of gamma showers. Surrounding the highly-sampled pool
there were 175 simple small outrigger detectors, to aid with core
location. The full Milagro ran from 2003 to 2007, when it was
closed pending redevelopment to lower the threshold energy,
and the effort has now been diverted to the HAWC project. In 2½
years it detected the Crab Nebula at a 15r significance with a median energy of 35 TeV, and also Markarian 421, and reported an
extended source MGRO J2019+37 in a dense stellar region of
Cygnus [76], and later MGRO J2031+41 nearby. It also noted a
diffuse gamma flux near the Galactic plane much higher than
expected by extrapolation from earlier satellite observation with
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EGRET and from cosmic-ray transport models, possibly arising
from cosmic ray electrons scattering starlight – and this may be
backed up by ARGO-YBJ. At Milagro’s altitude, 10 TeV showers
would contain about 7 times fewer particles than at Yangbajing.
In a cross-check between the three high-altitude arrays, sources
detected by Milagro in its 2½-year run, were detected at rather
lower significance by ARGO-YBJ and very rarely by Tibet ASc
[75]. The Milagro extended sources were not picked out by the latter arrays.
6.5. Comparison of sensitivity of different detectors in different energy
ranges
At present it seems that groups of imaging atmospheric Cherenkov telescopes, an improved version of what was tested at HEGRA,
offer much greater capability than non-imaging Cherenkov detectors, but their limited field of view, typically !4! diameter, would
make them less sensitive to extended sources, especially if inefficient hadron-shower rejection makes it necessary to subtract
‘‘off-source’’ counts; so study of the extended sources that are reported by Milagro may require wide-angle detectors. The high altitude arrays may also be capable of following averaged spectra of
sources to higher energies, through long integration times. (The
earlier CASA and CYGNUS arrays referred to in Section 5 provided
upper limits on the Crab spectrum at tens of TeV, constraining its
shape.)
The effectiveness of different instruments for observing sources
of very small angular size may be conveyed best by two diagrams.
Firstly, the great merit of an imaging atmospheric Cherenkov telescope array (IACTA) along the lines pioneered at HEGRA is apparent
in Fig. 7, which shows the superimposed (simulated) images seen
in the five HEGRA telescopes for a 10 TeV gamma ray aimed
50 m from the array centre (a 120 m square in this design study
[77]). The inner circle has a diameter of 1!. These images point to
the source on the sky with extremely high precision, so background cosmic rays are almost irrelevant, and detailed source

Fig. 7. Simulations by Müller and Stamm [77] of images of a vertical 10 TeV c
shower in a design study for the HEGRA Cherenkov telescopes, but with a 120 m
square array: telescopes are at 50–130 m from the impact point (source in centre of
field). Individual photoelectrons shown, before loss of resolution imposed by pixel
size. (Actual HEGRA telescopes had 70% larger mirror areas.) Circles are of 1!, 2!, 3!
diameter.
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morphology might be seen. (The diagram shows individual photoelectrons, so, in practice, coarse pixellation will degrade the inherent precision. Also, images would presumably be less well defined
in telescopes operating at 100 GeV.)
Secondly, the sensitivity of a detector is conventionally defined
by the smallest photon flux fmin (measured as photons cm"2 s"1, or
else as a fraction of the Crab’s flux) that could be detected above a
specified threshold energy with a significance of 5r (and having at
least 10 events) in 50 h of on-source observation. In the case of a
passive, unsteered, detector such as Milagro, the flux level giving
a 5r detection in 1 or 5 years of operation is quoted. Fig. 8 shows
such sensitivity plots for several detectors where they have been
quoted, or else derived approximately from a quoted significance
of detecting the Crab (e.g. for ARGO-YBJ). The figures should not
be regarded as very precise, as they change when one observes
well away from the zenith, for example. Further details of the definition of ‘‘5r’’ and the sources of this information are given in an
appendix. The latest arrays that are described in the next section
are included, and estimates for some detectors not yet completed
(HAWC and H.E.S.S.-2) are shown by dotted lines. The diagram
shows ARGO, for instance, as not quite as sensitive as Whipple
around a TeV, which seems right as it has detected mainly the first
few Whipple sources. The evolution of Cherenkov telescopes is
clearly shown: the change from 0.5! pixels in the 1988 Whipple
telescope to 0.25! before 1991 had a dramatic effect. HEGRA remained with 0.25! and smaller light collectors but had a stereo system. VERITAS and H.E.S.S. use much smaller pixels (see next
section) but H.E.S.S. has a large field of view, to its advantage,
but in observing the usual test source, the Crab, for instance, the
zenith angles are large, perhaps moving the published sensitivity
curve to the right.
Between 50 GeV and 20 TeV it seems very hard to compete with
the IACTs. The large telescopes can observe multi-TeV gamma rays
from sources at large zenith angles, when the Cherenkov light has
travelled many kilometres before detection and the light pool
spreads over a much larger collecting area than normal. Such a
mode of observation would produce sensitivity curves displaced
somewhat to the right (to higher energy) from the curves shown,
which refer to observations closer to the zenith. Above 20 TeV,
however, the Milagro water-tank detector has seemed to offer
the greatest promise, and studies have indicated that an assembly
of many smaller water tanks deployed at a higher altitude could
perform significantly better, as indicated by the dotted curve in
Fig. 8 for the projected high-altitude water-Cherenkov detector
(HAWC) at 4100 m altitude in the Sierra Negra in Mexico [78]. At
the lowest energies, Fig. 8 does not give much encouragement to
the converted heliostat detectors, unless they can be made to operate near 10 GeV, where they could have a big counting rate advantage over spacecraft.
There were two further attempts to enhance the performance of
a second-generation (imaging) Cherenkov telescope before multiple telescopes were adopted: apart from MAGIC, described in the
next section, which began as a single instrument, B. Degrange
and collaborators built CAT at Themis (1996–2001). CAT had a high
quality mirror equivalent to only 4.5 m diameter, but a 600-pixel
camera of 0.12! spacing in the main part, aiming to go beyond a
simple length and width description of images, to exploit the detailed spatial form of light emission in gamma-ray showers. Any
observed image was to be compared with a three-dimensional
model of emission for a standard gamma-ray shower to deduce
the precise source position on the sky, impact point on the ground
and energy, thus not needing a stereoscopic view. The closeness of
fit was used to identify the non-hadronic showers [79]. (Other
detectors at Themis could be used to check the accuracy of the
deduced impact point when not too far away.) Based on an early
report of the significance of Crab Nebula detections using this
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Fig. 8. Sensitivity of c-ray detectors. fmin is the minimum c-ray flux (cm!2 s!1) that can be detected above a specified threshold energy with 5r significance (and at least 10
events) after 50 h on-source observation, or in 1 or 5 years in the case of an unsteered detector. By convention, Eq. (17) of Li and Ma [118] is used to define significance when
the on-source and off-source exposures are unequal. See Appendix for further explanation and for sources of plotted sensitivities. Black: non-imaging Cherenkov or
spacecraft; green: imaging single Cherenkov telescopes; red: arrays of imaging telescopes; magenta: converted solar power farms, and also the twin Cherenkov telescope
MACIC-II; blue: high-altitude shower particle detectors. Dotted lines: predicted sensitivities for detectors not yet operational (HESS-II, HAWC); or, for MAGIC-I, using nonstandard significance definition (as plotted by MAGIC: see appendix). Black dotted lines show the (integral) flux from the Crab Nebula for comparison. ‘‘Whip’’ points show
the improvement in Whipple sensitivity from the first crude camera used up to 1988 to the camera with smaller pixels as reported in 1991. ‘‘CAT’’ points: images analysed by
cuts in traditional image parameters, ‘‘par’’; or analysed by template method, ‘‘fit’’. These plots show which types of instrument can best detect faint sources in different
energy ranges. For observations by Cherenkov telescopes well away from the zenith the curves would shift towards the right (higher energy).

method and also using the older ‘‘supercuts’’ method of image
analysis [80] two ‘‘fmin’’ sensitivity points are derived and shown
in Fig. 8: a major change in sensitivity is not apparent (though a
smaller ratio of background to signal resulted). This was the first
instrument to have the electronic pulse circuitry built within the
camera. There were few sources left for a small telescope to discover, and when the French groups transferred their attention to
the H.E.S.S. collaboration, they strongly supported the selection
of a southern hemisphere site!
In summary, the modern third-generation Cherenkov telescopes, described in the next section, do offer much the best sensitivity over the range 50 GeV to 20 TeV, with HESS-2 expected to
extend down below 50 GeV in the southern hemisphere – though
how many telescopes one really needs in a stereoscopic system
(even if 4–5 seemed obvious from Fig. 7) may be questioned later.
There are as yet few detectors covering the low energy range, 10–
100 GeV, and there may be a role here for specialised high counting-rate detectors such as solar farms or a form of extended CTA
to seek fast-changing signals such as pulsars or the suspected transient periodic sources of the 1980s (Section 5). At higher energies
the successors to Milagro may open a new domain. But sensitivity
to point sources is not all. A detailed image carries so much more
information than an intensity or global spectrum – as in the Chandra pictures in X-rays – and much finer angular resolution remains
an objective, especially for CTA. Before concentrating on the best
current Cherenkov telescope systems, Fig. 9 shows the way in
which activity in these different types of observation in gammaray astronomy has moved over the years.

7. The ‘‘third generation’’ Cherenkov observatories
A series of workshops entitled ‘‘Towards a major atmospheric
Cherenkov detector’’ held in the 1990s alongside the biennial international cosmic ray conferences showed the way thoughts were
moving, and in the later years of that decade there crystallised
plans to set up several ‘‘third generation’’ detectors having better

light collectors and more elaborate pixellated cameras than
HEGRA, with the H.E.S.S. and MAGIC collaborations deriving from
two parts of the HEGRA collaboration, VERITAS from Whipple
and CANGAROO from several Japanese universities and Adelaide,
in South Australia. Fortunately, the first- and last-mentioned
detectors were to be situated in the southern hemisphere, and
the others in the north, with a wide spread in longitude. They came
into operation over a six year period. Table 1 gives some comparative specifications of the HEGRA CT and of these newer arrays
as of 2011.
Fig. 10 shows the characteristic form of such a telescope array:
the H.E.S.S. system in its original 4-telescope form, a 120 m square.
As optical telescopes, these are huge, and too large to be protected
from wind, rain, dust and hail. H.E.S.S. and VERITAS have four 12-m
mirrors, MAGIC-II two 17-m mirrors, and H.E.S.S.’s fifth (central)
mirror, to be commissioned in 2012, is 27 m (though they are
much smaller than typical radio telescopes). Despite their size,
they are designed to be capable of re-direction to a new source
within a minute or thereabouts, on receipt of news of a potentially
interesting gamma-ray burst. Their height also introduces dangers:
there was a tragic fall from MAGIC-II.
When work at the HEGRA site was stopped in order to focus on
these major advances, the former collaboration divided into two
new groups, with surprisingly different views on the best way to
advance.
(i) The H.E.S.S. project, led by W. Hofmann and H.J. Völk at the
Heidelberg MPI, together with the Themis groups, and accreting
many other mostly European groups, developed the 4 (or 5)-telescope array template so impressive at HEGRA, with much more
powerful mirrors and cameras. As in HEGRA they incorporated a
large field of view, to encompass images of showers falling over
a greater area around the array, also to be more efficient in scanning the sky, and especially to permit extended sources (large shell
supernova remnants, and massive star clusters) to be studied along
with the necessary surrounding ‘‘off-source’’ areas.
(ii) E. Lorenz of the Munich MPI-physik inspired the innovative
MAGIC telescope, built in 2004 at what had been the HEGRA site on
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Fig. 9. Historical view of the evolution of representative gamma-ray observations. Light blue/turquiose panel on left: observations with spacecraft; main region to dashed
line, Cherenkov observations; on right, air shower particle detectors. Cherenkov experiments in white panels use pulse counting with light collectors; green, Cherenkov
images with single telescope; red, stereoscopic focusing telescope systems; light blue, arrays of Cherenkov detectors using fast timing to locate source; dark blue, shower
particle detectors; yellow, converted solar power farms. Black connecting lines show continuity of personnel, red connecting line show strong influences. Stars mark the first
clear source detections. Red crosses mark influential early Cygnus X-3 claims. The red and blue circles/diamonds joined by lines plot the number of known sources discovered
from ground/space (scale at top). For clarity, not all experiments are shown (Gulmarg, ASGAT, GRAAL, SOLAR-1, Japan-Utah telescope array, Beijing, HAGAR, Shalon. . ., and the
balloon flights of the 1960s are omitted, for example).

Table 1
Third generation ACTs.
Altitude
HEGRA
H.E.S.S.
? HESS-II
MAGIC-II
VERITAS
CANGAROO-3⁄

Lat.

Nmirrors

2200 m
30!N
5 ! 8.5 m2
1800 m
23!S
4 ! 107 m2
from 2012
1 ! 615 m2
2230 m
30!N
2 ! 226 m2
1268 m
32!N
4 ! 106 m2
165 m
31!S
4 ! 57 m2
⁄
(reduced to 3 telescopes in 2004; terminated in 2011)

FOV

Pixels

Array diagonals

Location

4.8!
5!
3.6!
3.5!
3.5!
4!

271@0.25!
960@0.16!
2048@.07!
1039@.10!
490@0.15!
427@0.17!

141 m ! 141 m
170 m ! 170 m

Canary Is
Namibia

85 m
173 m ! 109 m
173 m ! 96 m

Canary Is
Arizona USA
SA Australia

FOV: diameter of camera field of view.
Pixels: number and spacing of hexagonal elements in each camera.
Sensitivity is mainly governed by the total mirror area and field of view.

Fig. 10. A Cherenkov telescope array: H.E.S.S. in the Khomas Highland of Namibia.
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La Palma. His ambition was to collect enough photoelectrons to
lower the threshold energy of around 250 GeV to about 20 GeV,
giving overlap with the satellite detectors that had discovered so
many point sources – though now with much higher sensitivity
to faint sources.
7.1. MAGIC
MAGIC’s goals were to be achieved by improving every aspect of
a single (non-stereoscopic) telescope’s light detection: a 17 m mirror diameter (236 m2), very small light time spread (Whipple had a
large spread in light paths) so that background light could be gated
out; with considerably higher photoconversion efficiencies in the
camera, especially extending to redder light so as to give much better shower detection at very low elevations, where very long light
paths could spread the useful collecting area to square kilometres,
but would redden the light. Eventually more advanced detectors
(avalanche photodiodes, perhaps) would be developed for the camera pixels. The photomultipliers would be operated at reduced gain
to extend observing time by permitting safe observing in moderate
moonlight. The original camera had 396 pixels in a hexagonal grid
(just under 0.1! spacing) in addition to an outer guard ring, but the
number was later increased. To take full advantage of fine pixels,
the angular resolution was improved also by continually re-aiming
1 m2 patches of the mirrors to counteract mechanical deformations. It seems that this high-performance camera reduces the extent to which muon flashes can be mistaken for gamma-shower
flashes, somewhat above 100 GeV (so troublesome at Whipple) –
in part by their unusual time coherence.
The great attraction of a stereoscopic array of telescopes – the
path followed by the other groups – appeared to be the precision
of locating the arrival direction of each gamma ray, from the intersection of the axes of the different two-dimensional images (Figs. 4a
and 7). This small instrumental angular spread was now the main
factor in reducing background contamination for point sources, so
the use of a single telescope was not an obvious advance; but, surprisingly, MAGIC-I was very competitive, as seen in the sensitivity
curves in Fig. 8. The source direction lay somewhere along the line
of the image axis, but in the absence of an intersecting line from another view to show just where, the MAGIC analysis developed a formula for angular distance from image centroid to source (i.e. the
distance parameter of Fig. 5), dependent on the length, width and
brightness of the image, derived from extensive image simulations
over a wide range of gamma-ray energies and impact distances.
This estimated distance was referred to as the displacement of the
source from the centroid, and in an early version had the form displacement = D ⁄ (1 ! wid/len), where D was a function of size (e.g. in
[81]). This was an extension of a method of predicting distance from
the elongation (length/width) of an image investigated for the
Whipple telescope [82], where its contribution to significance was
small; but with the better image definition in MAGIC it proved very
effective, apparently providing a significant alternative to stereoscopy as a means of determining the position of the source. This will
be illustrated further (in Fig. 14) when discussing the experience of
VERITAS. However, the MAGIC group find that the displacement of
the source can be derived even more precisely by using also the
time structure of the image [130,83].
MAGIC-I was indeed very sensitive, but it was soon decided that
stereo viewing should be better, and a second telescope 85 m away
was added in 2009 to form MAGIC-II, giving an angular resolution
h68 of 0.11! at 300 GeV and 0.08! at 1 TeV [83]. (More pixels were
provided in each camera at this time, which would have contributed
to the improvement in sensitivity.) Some early results from this
technically advanced telescope (in both single and stereo forms)
were (a) the preliminary observation that the Crab pulsar emitted
pulsed photons above 25 GeV (which was not expected), (b) detec-

tion of the most distant TeV sources, 3C279 (z = 0.54) and PKS
1222+21 (0.43), the weak TeV absorption (involving c + c ? e+e!
interactions) affecting these detections reducing estimates of the
extragalactic background light flux from the very young universe,
and the very short flux doubling time of 9 min seen in the latter
source being at that time remarkable, (c) better sensitivity in a
SNR shell (W51C) interacting with surrounding gas clouds, (d) more
complete spectral link-ups with the X-ray, GeV and radio flux for
Markarian 421 and Markarian 501, examples of which will be
shown later in Figs. 16 and 18. The usable threshold energy has
turned out to be 50 GeV in general, rather than the target 20 GeV
(except when a radio trigger is available as for the Crab pulsar, to
cut down the huge counting rate). More details of the instrument
and observations can be found on the MAGIC website [128].
7.2. H.E.S.S.
Although H.E.S.S. was the first of the these arrays to be built,
observations starting with four telescopes in 2003, the planning
was very successful: it was the only one for which major design
changes were not necessary. Eight years on, in 2012 the array will
be greatly enhanced with the addition of a huge 27 m telescope in
the centre, to extend the sensitivity to lower energies (Fig. 3). Its
desert site in Namibia at 23!S (at 1800 m altitude, though relatively flat) has proved an excellent choice, as the southern sky
had been relatively little explored in VHE gamma rays, and the central regions of the Galaxy yielded a wealth of detail. H.E.S.S. has so
far detected 64 sources, over half at low galactic latitudes. Of these,
many were pulsar wind nebulae, or plerions, many are still unidentified with known objects; there was a binary system probably
including a stellar black hole (a ‘‘microquasar’’); but linking especially to long-established questions, four extended sources, corresponding to supernova remnant shells were found: the latest
generation of observatories have sufficient angular resolution to
resolve in outline the morphology of the larger, nearby, SNRs.
The four referred to are RX J1713.7-3946 (nearly 1! diameter – obscured optically, as so often, and first discovered in X-rays by ROSAT, and then in gamma rays by CANGAROO-I (2000) [84]), HESS
J1731-347, SN 1006 (found to have a flux much less than originally
claimed by CANGAROO [85], and RX J0852.0-4622 (or ‘‘Vela Junior’’). The most striking is RX J1713.7-3946, thought to be about
1kpc away, and very likely to be the remnant of SN 393. The Xray image shown in Fig. 11(a) correlates well with the H.E.S.S. image (Fig. 11(b)), and, very remarkably, the (non-thermal) X-rays
show local intensity changes on a time scale of months [89], suggesting the passage of a shock through inhomogeneous surrounding gas, so we might be able to study a cosmic-ray accelerator at
work. The H.E.S.S. spectrum, above 300 GeV, can be resolved in different parts of the shell and appears to have a uniform near-powerlaw form [90], very much as anticipated from hadrons accelerated
by diffusive shock acceleration. However, the spectrum at energies
up to 300 GeV, recently published by the Fermi LAT [91] has a
notably different slope (see Fig. 12), and has the form found in inverse-Compton sources, so the interpretation is still unclear. These
new observational windows on SNR shells promise to revitalise
theoretical studies of particle acceleration, to which we return in
Section 8: the fact that the overall spectrum presents a puzzle
shows the promise that this new technique offers for our enlightenment. They also emphasize the desirability of a much lower energy threshold for Cherenkov telescopes, to avoid a join in
techniques at such a sensitive point.
A different example of the capabilities of a modern IACT is
H.E.S.S.’s observation – on a minute-by-minute timescale – of a
huge and very rapid multiple flaring of the blazar PKS 2155-304
on 28th July 2006, shown in Fig. 13, in which the different timescales for rise and fall of intensity can be seen. (The sharpness of
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7.3. VERITAS

Fig. 11. The supernova remnant RX J1713.7-3946: (a) X-ray image (1–3 keV) from
ASCA satellite [86]; (b) H.E.S.S. image (E > 190 GeV) with ASCA contours superimposed [87]. From Völk and Bernlöhr [88] with permission.

the peaks, even though a wide range of photon energies contributes, was used to set a limit on the variation with energy of the
speed of photons which had travelled from this distant AGN (at
z = 0.12), competitive with similar deductions from GRBs.) Many
AGN flares last longer than this (with less closely aligned jets, perhaps), and a spread in geographical siting of the major observatories would allow flare observation to be passed on from one to the
other. Most large telescopes had been designed, very challengingly,
to be steerable within 2 min or less to any point on the sky after a
promising gamma-ray burst was detected (at !MeV energies).
However, no GRB has yet been seen at hundreds of GeV – but this
feature may yet find another application in examining the initiation of blazar flares. Much more detail about the H.E.S.S. instrument and observations may be found on the website [4].

The Whipple collaboration had started planning the VERITAS array somewhat before the H.E.S.S. proposal, but had to alter their
plan: the (roughly) squashed diamond shape indicated in Table 1
was not the original design. Partly funded by the Smithsonian
Institution, a flexible 7-telescope system had been planned within
reach of the Whipple observatory base, not far from the 10 m telescope; but in the face of increasing protection of that valued mountain area, the need to find a site that was not within view of
encroaching city lights or in the nesting area of the Mexican spotted owl, or in the vicinity of a traditional Navajo sweat lodge, and
so on, eventually resulted in an asymmetric 4-telescope array
being set up in and around the car park of the Whipple Observatory
administrative complex (the ‘‘base camp’’, at 1268 m altitude), in
order to avoid further delays, rather later than H.E.S.S., but nevertheless at a not much smaller initial sensitivity (H.E.S.S. gaining
somewhat from its large field of view).7 One notable aspect of the
image analysis to reconstruct the shower arrival direction, is that,
as in MAGIC, a ‘‘displacement method’’ is found useful and even
greatly improves on stereoscopic reconstruction of the source position at large zenith angles (where the separate views intersect at
small angles). In this approach, computed look-up tables show
how far the image centroid is displaced from the source direction
(along the line of the image axis) for different values of length,
width, zenith angle and size (total number of photoelectrons).
Fig. 14 illustrates the situation schematically. (It is not a true-scale
example of an actual case.) Two images of a shower are available
from telescopes at different distances from the impact point. The
true source position is the black star ‘‘S’’, and the standard stereo
method gives the source position at the red star, where the two image axes intersect. The figure shows a relatively poor example of stereoscopy, but when taking advantage of the extensive light pool at
large zenith angles, the images axes are more nearly parallel, with
poor definition of intersection. If the displacement of image centroid
from source (distance parameter) can be estimated from each
image’s dimensions, each image provides an estimated source position as shown by the green dots, and the green star, at the mean of
these positions, is often a better estimate of the true source position
than is the red star. Of course there are generally more than two
images available. (A strategy is needed, of course, to decide which
end of the image axis is closer to the source – the head rather than
the tail.) This seems to confirm the experience of MAGIC, where a
weighted mean of source position derived by different methods is
used. This calls into question, to some extent, the real value of simple
stereoscopy if one has a very well defined image, and it will be
important to clarify the situation (for the inferior images available
at low energies, for example) when considering how future arrays
of many telescopes should be deployed.
Starting full operation in 2007, VERITAS has by 2011 detected
40 sources. Of the 23 extragalactic objects, 21 are blazars, but
one is the central region of M87 (at the centre of the nearby Virgo
supercluster – first reported by HEGRA), a giant elliptical galaxy
which has a long jet that is not aligned towards us – perhaps 30!
off – so a day-scale variability observed in a bright flare (>10%
Crab) in April 2010 cannot have been enormously shortened by
jet motions keeping up with the radiation (Doppler compression)
– as happens in blazars – but implies short-lived changes in the

7
A much earlier attempt to explore stereoscopic viewing by placing an oddlyshaped ‘‘11 m’’ telescope at 120 m from the original Whipple 10 m telescope in 1992
was disappointing. Inferior second-hand ex-solar power mirror mount, and a
mismatched (originally 0.5! pixel) camera were not adequate; and the mirror
eventually collapsed. In this field, equipment not originally designed for the specific
task can be a false economy. An attempt at stereoscopy with the CANGAROO-I paried
with the Adelaide BIGRAT telescope exemplified this.
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Fig. 12. Gamma-ray spectrum of RX J1713.7-3946: above 300 GeV (blue points), H.E.S.S. [108]; red: (below 300 GeV) Fermi-LAT [91]. Black lines: p!-dominated models,
Ellison et al. [109], Berezhko et al. [111]; green line: an attempted fit by Morlino et al. [110] assuming acceleration efficiency is extremely weak, radiating particles are
electrons, scattering three postulated ambient photon populations, the dashed lines showing these sub-components [110]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Rapid gamma-ray flux variations observed by H.E.S.S. in PKS 2155-304 on
28th July 2006, shown at 1 min intervals [92]. The dotted line represents the flux of
the Crab.

rest frame, probably near the base of the jet. This flare, observed
also by H.E.S.S. and MAGIC, rose with a doubling time of 1.6 days
and fell with a 0.6 day halving time: a concentrated combined
observing campaign on this unique object has attracted 446
authors in [93]. VERITAS has also reported the first detection of
VHE gamma rays from a starburst galaxy (M82), supposedly indicating a cosmic-ray energy density in a large central region 500
times the average density found in our galaxy [94,95].
Three of the galactic sources are of great interest. Extending the
surprise of MAGIC’s observation of the Crab pulsar, VERITAS has,
after 107 h observation, seen the pulsed component extending to
at least 250 GeV, far above the expected limit [121]. At these energies the phase-0 ‘‘main’’ pulse is much less prominent than in radio
and optical wavebands (Fig. 15). The authors argue that the gamma
rays have to originate far from the pulsar, and curvature radiation
is very unlikely to be a possible mechanism at these energies: inverse-Compton radiation may again be the process, either throughout the gamma-ray domain, or above a spectral bend near 4 GeV.
Tycho’s SNR, a near spherical young type Ia remnant that can be
well studied optically and in X-rays and is relatively isolated and

Fig. 14. Displacement method of estimating source position (not to scale). Used in
conjunction with image brightness (‘‘size’’), the length and width can be used to
estimate the angular distance of the centroid from the source direction (often called
the displacement of the image). (Roughly, more distant showers look more
elongated.) If the source is really at the black star labelled S, the intersection of
the axes of images in two telescopes (red star) provides the basic stereo method for
locating the source. The two estimated displacements above, represented by green
lines, give two estimates of source position (green spots): the mean of these (green
star) is often closer to the true source than is the original axis-intersection –
especially when the intersection angle is small as for very distant impacts
(VERITAS) – and provided a good estimate of source position using the single
MAGIC-I telescope if head and tail of image can be distinguished. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

a fine example for seeing the supposed acceleration of cosmic ray
protons and nuclei, has been detected as a faint gamma-ray source
(0.9% Crab) [96], though too small to reveal a shape. Fermi-LAT has
also detected it [97]. The two spectra, below 100 GeV and above
1 TeV are quite compatible but although they still have large error
bars, it is already claimed that the two observations provide strong
evidence of acceleration of hadrons (rather than electrons) to the
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Fig. 15. Pulse profile of the Crab pulsar: phase 0 is the position of the (main) Pulse 1 in radio. The shaded histogram shows 2 cycles of the intensity profile seen by VERITAS
above 120 GeV, a horizontal line showing the average outside the pulse regions. Below that is the Fermi-LAT profile above 100 MeV, after correcting for a small offset that was
present when using outdated ephemeredes in the original Fermi paper [103].

extent required by theory [98]. These are early days, but Tycho’s
SNR deserves much further attention. Whilst an isolated supernova
provides a valuable test case, many supernova explosions must occur in close proximity in clusters of massive stars, where they can
interact, often in a blown-out bubble. Is the (cosmic ray) result
very different from that of the same number of separated supernovae? VERITAS has seen an extended source within the Cygnus OB2
cluster that closely matches the Milagro source MGRO 2019+37,
and may be relevant to this question. This most interesting illustration may be seen in its preliminary form in [99]. For the present, it
appears to vindicate the very different Milagro detector, and to
confirm that high altitude dense particle detectors like Milagro
and HAWC may have a distinctive role and integrate well with
the IACT data. More details of VERITAS may be found on their website [129].
7.4. CANGAROO
This was an early entrant into the field of IACTs, when T. Kifune
et al. of the Tokyo ICRC joined J.R. Patterson et al. of Adelaide University who had set up an imaging telescope BIGRAT (a triple 5 m
telescope using 37-pixel cameras) to exploit the clear dark sky of
the rocket testing site at Woomera in Australia, rich in astronomical targets. The plan to set up a stereoscopic pair using the BIGRAT
and a small (3.8 m) but finely pixellated (0.18!) Japanese CANGAROO-I telescope was announced at the same time as the HEGRA
CT plan [100], but the dissimilar Japanese and Australian telescopes did not combine well. However, CANGAROO-I started making observations in 1992. Several new sources were reported above
a threshold of 2–3 TeV, including RX J 1713.7-3946, Vela-X and
Vela Junior, and this stand-alone telescope was upgraded to 7 m,
then 10 m, and in 2002–4 to 3 and then 4 telescopes in stereoscopic operation. In the early years an immature image analysis
procedure led to a puzzling incorrect measurement of SN1006
[85], and some objects later not confirmed at their supposed intensities by H.E.S.S., but the system was mature in time for the stereoscopic array (CANGAROO-III – with the University of Tokyo a major
operator). However, the first of the four telescopes in a diamondshaped array did not well match the others and had to be excluded
from the array, leaving a very short stereo baseline for some important viewing directions, including the Crab Nebula, which made it
uncompetitive with H.E.S.S. Then, serious deterioration of the novel plastic mirrors, and closure of local technical facilities at
Woomera were probably the reasons for the decision to terminate
operation at the end of 2011, leaving a large geographical gap in

sites for viewing the sky. (We also lose the only really informative
observatory acronym, which celebrated the collaboration between
several Japanese institutions and the University of Adelaide, in the
‘‘Collaboration of Australia and Nippon for a Gamma Ray Observatory in the Outback’’.)
7.5. Angular resolution and background suppression of current arrays
The angular resolution of a modern detector, such as described
above, is illustrated in Fig. 16 (adapted from H.E.S.S. Crab Nebula
data [42]). Here, h measures the amount by which the apparent
arrival direction of any ‘‘gamma-like’’ shower differs from the
direction of some supposed source. For ‘‘background’’ or ‘‘false
source’’ events, there should be a uniform distribution in h2 (as
h ! 1 radian), whilst for a true source there is an excess of events
at very small h2. The angular resolution is best described by the
angular radius h68 containing 68% of the ‘‘on-source’’ excess signal,
which is 0.12! for this example (threshold energy 440 GeV).

Fig. 16. h2 distribution for events around the direction of the Crab Nebula observed
by H.E.S.S.: adapted from [42].
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(Considering the component of h perpendicular to the image major
axis, this spread would probably imply a spread in alpha of about
5!, similar to that found in Fig. 6, for Whipple.)
However, the Crab Nebula was observed at a zenith angle
around 50!: at 10!, h68 is 0.10! at 400 GeV [42], the same as for MAGIC [83].
The use of a pixel spacing below 0.2! may be less significant for
improving the angular resolution than for enhancing the rejection
of hadronic background on the basis of the longitudinal structure
of the shower (and the small, smooth lateral extension). Even without stereoscopy Le Bohec had explored this (‘‘template’’) approach
in CAT [79], achieving a reduction in hadronic background (a possibility envisaged much earlier [34]). With multiple views one can
make a 3-dimensional reconstruction fitting all of them simultaneously, rather than fitting individual views and then finding the
intersection points of their axes – described in [123], with
improvements in [124]. A ‘‘random forest’’ method of using many
simulated images to decide the probable nature of a given observed shower is a very different approach described in [125],
but the merits of these developments are beyond the scope of this
introduction.
8. What does it tell us? Some highlights
8.1. The Crab Nebula and other plerions
As the ‘‘standard candle’’ of gamma-ray astronomy, the Crab
Nebula has been observed by most detectors (though at around
50! zenith angle by H.E.S.S.), but its spectrum becomes much more
meaningful when extended to lower photon energies, as shown in
Fig. 17. Above 20 GeV, lines show the spectrum found by MAGIC-II
[83] and H.E.S.S. [101], and by the first observers, Whipple [102],
superimposed on a plot of space-based data published by FermiLAT (red circles and error band) [103]. (The importance of the
Cherenkov technique in the evolution of gamma-ray astronomy
is highlighted by a few green points (triangles) and error band
which contrast the precision of a short 3.2-h observation by MAGIC-II with that of the best spacecraft’s 8-month exposure – taken
from unpublished data [104].)
Data up to 20 MeV, from Comptel on CGRO (as plotted by [103],
and the first four points of the Fermi-LAT trace synchrotron radiation, which has been measured right down to radio frequencies.
Synchrotron radiation cuts off rather sharply just above 100 MeV,

at the maximum regular synchrotron energy, above which (irrespective of field strength) the time scale for an electron’s energy
loss is less than its gyro-period. Above 1 GeV the photon spectrum
is quite well described – as had been expected from the late 1960s
[105,106] – as mostly the result of a ‘‘self-synchrotron-Compton’’
(SSC) process: energetic electrons in the nebula emit synchrotron
radiation, and some of the most energetic (!TeV) electrons present
then up-scatter synchrotron photons. The photons thus scattered
come especially from the far IR, where the number of photons
per energy octave is highest, and one has to allow also for a contribution from the scattering of thermal photons radiated by dust in
the nebula. In the older interpretations of synchrotron radiation,
the electron numbers and energy had to be inferred by guessing
the magnetic field strength, usually from energy equipartition
arguments, but different field strengths would here lead to different IC intensities (indicated by dotted lines [107] – as shown on the
plot of [103], and as also argued by [102]). Here, the gamma-ray inverse Compton flux indicates a magnetic field strength, B " 130–
150 lG, and its energy is much less than the equipartition value
(as was also found in other synchrotron-inverse Compton sources
such as Markarian 421 and Markarian 501). If a higher B were assumed, fewer electrons would be needed to generate the observed
synchrotron flux, and so they would produce fewer scattered photons, as seen from the illustrated dotted lines. (The volume of the
region containing the electrons also affects the numbers of inverse-Compton scattered photons, as it determines the density of
the synchrotron photons encountered by the electrons, but the relevant volume is well constrained from radio observations.)
The Crab Nebula gains its prominence from the exceptional
spin-down power of its pulsar. An idealised SNR has a hollow shell
morphology as seen in radio and X-ray wavebands, the shell being
the compressed, heated gas piled up as the exploded matter
sweeps into the surrounding gases. But many SNRs are plerions –
having a bright core, normally within the shell – where a pulsar
drives out an ultrarelativistic electron–positron wind (normally
invisible) that is then shocked and emerges as a nonthermal plasma containing shock-accelerated electrons that emit strong synchrotron radiation in a strong turbulent magnetic field: all this
fills a bubble within the SNR – a pulsar-wind nebula (PWN) of
which the Crab is an example. The Galaxy contains a few unusual
naked plerions (nine known in 2000) which have no detectable
expanding shell around them, of which the Crab is one. (Perhaps
the very powerful new-born pulsar has cushioned the final core

Fig. 17. Hard X-ray to gamma-ray spectrum of the Crab Nebula, based on a plot of the recent Fermi-LAT spectrum [103] for observations below 100 GeV: at higher energies,
spectral shapes fitted to published MAGIC-II [83] and Whipple [102] observations and the HESS spectrum [101]. Three dotted lines show inverse-Compton fluxes predicted
for three different average local magnetic field strengths [107]. Near 100 GeV, the statistical accuracy of a short 3.2 h run with MAGIC-II is contrasted with that for the 8month Fermi-LAT exposure (unpublished data from [104] merely to demonstrate the relative collecting power of the instruments).
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collapse and reduced the splash.) The synchrotron radiation is
bright both in radio and visible bands.
With the Crab plerion established as the brightest steady TeV
source in the sky, it is not really surprising that pulsar wind nebulae dominate the list of identified localized sources near the Galactic plane, as most supernovae are of the core-collapse type, most of
which will leave neutron star relics, and a concentrated central
gamma-emitting region in an SNR will be easier to detect (before
the next development in VHE gamma-ray instruments) than extended shells; but the observational dominance of PWNs, rather
than shells, is disappointing: it is not only in radio astronomy that
relativistic electrons radiate far more efficiently than relativistic
hadrons. However, the very powerful Crab is also unusual in that
most other PWN are deduced to have small magnetic field
strengths: we still appear to see inverse Compton radiation but
up-scattering of ambient photons rather than synchrotron photons
may often dominate.
8.2. Supernova remnants as cosmic ray sources
Here especially progress had been sought. The earlier satellites, especially EGRET in the CGRO, had mapped diffuse emission
around 1 GeV, apparently where cosmic rays traversed dilute gas
close to the Galactic plane, and from this, together with the
amount of fragmentation suffered by cosmic-ray nuclei which
reached us, the power emerging from inner Galactic regions could
be deduced. This appeared to amount to !15% of the kinetic energy ejected by the expected three supernovae of 1051 erg per
century. Fermi-LAT is better able to remove weak point sources
from the apparent diffuse component, so it should refine these
GeV surveys. However, the picture should be different for IACT
gamma rays, of several hundred GeV: their parent cosmic rays,
having a rigidity of !10 TV, have probably suffered very little collision damage en route, if one extrapolates from lower energies,
so at these higher energies we should see a much smaller number
of gamma rays well outside their sources, and this approach to
studying the travels of cosmic rays may be difficult at these higher energies.
So the sources themselves should stand out more clearly on the
Cherenkov telescope sky maps. The theoretical model of diffusive
shock acceleration at the shock fronts of expanding supernova
remnants is very persuasive in outline, but needs good quantitative
data pertaining to real SNR in different environments to constrain
the nonlinear complications, and significant details are starting to
appear. A more detailed treatment is left to accompanying articles:
a brief view must suffice here.
First: the exciting observations of RX J1713.7-3946 by H.E.S.S.
(Fig. 11b), and later by Fermi-LAT (Fig. 12). Its spectrum above
0.3 TeV at first seemed to be what was expected from hadronic
shock acceleration models, with an exponent c " 2.08, but below
this energy it looks notably different (Fig. 12), and the theoretical
studies still evoke great uncertainty (see, e.g. G. Morlino et al.
[110]). But, more simple-mindedly, is this the amount of gamma
radiation that would be expected from a standard cosmic-ray
source? The integrated flux Fc shown in Fig. 12 between 0.5 GeV
and 50 TeV is "130 eV cm#2 s-1. If the energy content of the relativistic protons and nuclei in this shell is Wp, moving in an average
gas density of n H atoms cm#3, and a proton puts on average a fraction fc of its energy into gamma rays when it makes an inelastic
nuclear collision (cross section rpp), we should, at a distance d, receive an energy flux Fc = ncrppfcWp/4pd2. Taking rpp = 40 mbarn at
around 20 TeV (corresponding to gamma rays !1 TeV), fc = 0.17,
Fc = 130 eV cm#2 s#1 and a distance of 1 kpc, one finds
Wp = 1.2n#1 $ 1050 erg. Of course the energy of relativistic hadrons
in the object now is not the same as that eventually released: further ions will be swept up and accelerated, and those already
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trapped inside will suffer adiabatic cooling, but one expects the
magnitude to be roughly similar or somewhat lower. A gas density
n " 0.7–1.2 cm#3, would thus correspond to a very reasonable
energy put into accelerated protons. In the uncompressed part of
gas ahead of the shock n would be lower than just behind it, and
is not known yet from observation. The observed gamma-ray
intensity is thus crudely in line with expectations for a standard
cosmic ray source. However, the more recent spectrum reported
by Fermi-LAT (red) below 300 GeV does not fit well the highenergy spectrum, and no interpretation of the whole spectrum
has yet been found. Of several predictions of the actual gammaray spectrum that would result from nuclear collisions of shock
accelerated protons and nuclei in this object, that by D.C. Ellison
et al. is shown by the thick black line in Fig. 12. E.G. Berezhko
et al. [111] have published an alternative theoretical hadronic
model involving explosion into a stellar wind bubble, and they
note that accelerated particles have apparently already reached
approximately the cosmic ray ‘‘knee’’ energy. The green lines
display an attempt by Morlino and collaborators [110] to fit
this strange observed shape by a superposition of three inverseCompton components, involving an excessively strong local
starlight part! This is problematic at present. The importance of
extending the Cherenkov energy domain downwards to better
overlap the space observations is clear. At present, a non-hadronic
scenario would require a much smaller magnetic field strength that
would make it harder to understand rapid fluctuations in local synchrotron fluxes, but the situation is not decided definitively. What
has complicated the naive hope that just as radio emission revealed
the presence of relativistic electrons, so would gamma rays reveal
relativistic hadrons, is the extraordinary efficiency with which electrons in magnetic fields radiate at all electromagnetic frequencies,
and in particular the pulsar wind nebulae are so bright. Our acceleration models call upon ‘‘collisionless shocks’’ which buffet ions
through highly magnified magnetic fields: unfortunately they are
too collisionless for our convenience, and magnetic radiation is
strong. In RX J1713.7-3946, month-scale variations in strength of
local X-ray hotspots are seen [89], suggesting that nonlinear shocks
have generated very strong magnetic fields, and thus a short synchrotron cooling time. For northern observers, Tycho’s SNR can be
more fully studied, and its energy spectrum will provide a worthy
challenge to VERITAS, MAGIC-II and especially CTA, though it seems
too small for useful morphology to be seen.
Aside from analyses of individual objects, what general features
appear in the most well-observed SNR that do not have prominent
PWN emission? Table 2 lists eight gamma-emitting SNR – six
whose morphology is resolved, and no plerion is seen, together
with the first two cases which are too small to resolve but which
are isolated and known from X-ray observations not to contain pulsar nebulae.
We cannot yet say whether their gamma-ray luminosity indicates that all of them provide their 1–2 $ 1050 ergs of relativistic
protons and nuclei (taking (flux around 1 TeV $ distance2) as a
proxy for source luminosity) – or see how this changes with age
– as the luminosity will depend on the local gas density, and both
this and the SNR’s distance are in general poorly known at present.
The actual power of these gamma-ray sources may thus not be
very informative in many cases.
But the shape of the spectrum is not subject to this uncertainty,
and it is striking that, excepting RX J1713.7-3946, discussed above,
the spectral slopes c at 1 TeV are generally closer to 2.3 than the
1.85–2.05 that have been popular in earlier models of SNR shock
acceleration. This does not look like the result of a gradual spectrum curvature, as sometimes suggested. Perhaps it supports the
suggestion of V. Ptuskin et al. [112] that the strong induced magnetic fields near the outer shocks result in a high Alfvén speed
for the magnetic disturbances, so that the cosmic rays that gain
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Table 2
Non-plerionic shell-type SNR.
SNR

CasAa

TychoSNRa

VelaJnr

SN1006

RXJ1713

RCW86

IC443

W51C

age/kyr
d/kpc
LTeVb

0.3
3.4
12c
>2.4c

0.4
%3.3
2.7
2.25

0.4–1.4
.25–0.5?
1.3-4.8
2.24

1.0
2.2
2.6
2.37

1.6
%1
20
2.08

1.8
2.5
23
2.54

3–30
1.5
1.8
%3

%30
%6
%45
2.4

c

c the spectral exponent at 1 TeV, usually more uncertain than quoted figure suggests.
a

b
c

Point-like: unresolved, but non-plerionic from radio and X-ray images.
d2x (dN/d ln E)1TeV kpc2 cm"2 s"1.
But steepens rapidly near 1 TeV.

energy by ‘‘bouncing’’ back and forth across the shock front do so
from ‘‘magnetic mirrors’’ (crudely speaking) that are retreating
through the plasma at Alfvén speed and hence approaching each
other less rapidly than are the plasma masses on the two sides of
the shock, so the particles gain energy somewhat more slowly,
resulting in a steeper spectrum: c ! 2.3.
At present, no shell-type SNRs are observed far above the
threshold of detectability, so the sample available now may be
biased by selection effects, and a major objective will be to lower
this threshold, to obtain a greater sample before reading too much
into the trends.
Lone supernovae may mislead us to some extent in probing the
origin of cosmic rays, as many supernovae will occur close together
in large associations of massive stars (such as the Cygnus OB2 association), where there are intersecting shocks, and strong winds colliding or blowing large bubbles, for which instruments with
appreciably greater angular resolution may be required to follow
the cosmic ray populations and reacceleration effects. The extended sources reported by Milagro may mark such regions, and
suggest that very extended source regions may not be properly recognized in detectors having too small a field of view.

8.3. Extragalactic sources
AGN are the most powerful radiant energy sources known,
many of which eject narrow jets of plasma at relativistic speeds:
a fraction of these by chance aim within a few degrees of our direction. These latter are the ‘‘blazars’’: relativistic beaming makes
them look far brighter, and variable on short time scales. It now appears that blazars typically emit the largest part of their detected
energy in the gamma-ray domain (MeV upwards) – the first reason
why gamma-ray observations of them are so important. The TeV
observations have also revealed very rapid changes in brightness.
The first two TeV blazars to be discovered, Markarian 421 and
Markarian 501 (both at distances around 120 Mpc, and both ‘‘BL
Lac objects’’), are usually seen at TeV intensity below ‘‘0.5 Crab’’,
but have been reported flaring to 7–10 Crab strength. The flares
typically last for several hours to a day or two, but intensity doubling times of a few minutes, and similar halving times have been
reported in some blazars, which implies a very small region of relativistic particle injection, presumably very near the base of the jet.
Understanding of these objects seems to be advancing slowly:
we still detect only an electron–positron jet, not hadrons (reminiscent of the SNR frustration): but the most striking contribution of
gamma rays to this field, so far, has been the revelation of ultra-relativistic jet speeds. In this small emission region, the high density
of synchrotron photons should prevent escape of the gamma rays,
because of cc ? e+e" interactions: the fact that they do escape is
attributed to a highly anisotropic motion of these target photons
– largely running away from the electrons as seen in our frame
of reference – due to extreme relativistic beaming, with Lorentz
factors for the jet around 10 being deduced. Values of several hun-

dred have been suggested, though the reality of such extreme jet
speeds in BL Lacs is still doubted.
The production of gamma rays in these BL Lac blazars is interpreted very much like that in the Crab Nebula – through TeV electrons radiating synchrotron photons and up-scattering the latter to
TeV energy. (In this Klein-Nishina regime of scattering, the emergent photon takes a large part of the electron’s energy.) However,
there are very large gaps in the spectral range observed, and multiwavelength campaigns covering very many energy decades are
needed to check this interpretation, with the variability making
it necessary to get simultaneous observations using rapidly-repointed detectors in space and on the ground. Fig. 18 [113] shows
one example of the energy ranges covered by several satellite
observatories and Cherenkov telescopes before Fermi was operating, joined to give the spectral energy distribution (proportional
to energy per decade) received from the blazar Markarian 501 at
times of high and low flux. The double-bump spectrum lines show
an interpretation as a synchrotron component ending at about
50 keV to 2 MeV, followed by an inverse-Compton bump, peaking
at 30 MeV to 1 TeV [127]. Fermi LAT can now fill a large gap in
the spectrum from 30 MeV to 300 GeV (7 # 1021–7 # 1025 Hz),
and a more complete spectrum has appeared [126]. (This also
shows the large IR peak from the host galaxy near 1014 Hz.) In
the first 3 months of science operation of Fermi-LAT, 106 AGN
sources were detected at >10r significance, whereas even Markarian 501 was only a marginal detection with the 9-year survey by
EGRET.
Only about half of blazars (as just described) are of the BL Lac
type, in which optical signs of a hot gas near the inner accretion
disc are not apparent: the others are FSRQs (flat spectrum radio
quasars). The gamma-ray observations from space show that the
FSRQs dominate the upper two decades of received gamma-ray
power (including gamma rays below 1 TeV), but their spectra peak
well below 1 TeV, whereas the BL Lacs have less total gamma-ray
power, but their spectra peak near 1 TeV. The interpretation suggested by Ghisellini [114] is that the pattern of accretion onto a
supermassive black hole, and channelling into a jet, is different at
low (BL Lac) and high (FSRQ) accretion rates. In the FSRQ jets the
gamma rays would be formed by scattering of thermal photons
by electrons, and many differences would be seen in the spectrum.
The time profiles in flaring episodes seem to provide the most
intriguing clues to what is happening. In Markarian 501 the hard
X-rays have been seen by MAGIC to be later than the softer gamma
rays by several minutes, very likely indicating the timescale of
electron acceleration [115]; the unexpectedly fast fall of the TeV
Compton component that has been reported after a flare, compared
with the X-ray (synchrotron) component is as yet unexplained. The
very rapid multi-peak outburst of PKS 2155-304 seen in Fig. 13
looks like a sequence of short peaks with about 10 min width at
half height. These very powerful outbursts last for a very much
shorter time than the light crossing time of a 109 M $ black hole;
and Neronov et al. [116] think this will mean the AGN’s central
black hole has a mass of at most around 107 M $ .
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Fig. 18. Example of energy band coverage in multiwavelength campaigns on Markarian 501: the situation pre-Fermi-LAT, with a large unexplored region between the two
peaks, that can be filled by LAT [113] Markarian 501 is seen at different intensity levels during flares.

9. What next?
In a wide energy range there is at present no rival to the IACT
technique, but at much higher energies, it remains to be seen
whether HAWC lives up to its predicted sensitivity, and whether
it can reveal the sites where cosmic rays are produced at the
‘‘knee’’ energy of a few PeV per nucleon. The cosmic ray ‘‘knee’’
at !2000 TeV, is a modest steepening in the all-particle spectrum,
but probably masking a sharper drop in the energy-per-nucleon
spectrum, so we may anticipate a notable drop in the flux of secondary gamma rays somewhat above 100 TeV, which provides a
distinct goal to seek in this area of observation.
H.E.S.S. has already detected 64 sources, and the total number
known is about 120 (in 2011), roughly half being close to the galactic plane. Nearly one third are still not clearly identified with objects seen at other wavelengths, so great angular precision is a
major goal. Coupled with this, a lowered flux threshold is needed
to provide us with a greater sample of supernova remnants in particular that is not biased by being just above the threshold for
detection, and the spectra have to be taken to an energy threshold
well below 50 GeV to overlap well with the satellite regime and
avoid the problems seen in Fig. 12 where the techniques change
at a vital point, rendering the diagnosis of source processes questionable. New clues to the processes at work in blazar jets may
come from finer detail of the time development of flares, looking
perhaps to see whether there are sub-peaks of favoured durations
typical of the individual AGN which again calls for high collecting
area.
However, detailed images can engage better with our imaginative understanding than can the generally similar spectral shapes,
so great angular resolution will surely remain a major goal. It is
striking that whilst the stereoscopic arrays of ‘‘third generation’’
Cherenkov telescopes have been an outstanding success, they have
achieved rather similar angular resolutions, h68, with a wide range
of pixel grid scales. Referring to the very crude 0.5! spacing first
used in the Whipple telescope, Weekes remarked that when he became a reluctant optical astronomer for a few years, following the
closure of the Whipple telescope in 1976, optical astronomy taught
him that pixel size did not set the limit to image resolution. S. Funk
and J.A. Hinton [117], reporting on image simulations for a hypothetical extensive array of telescopes placed on a 50m grid, found

that the camera pixel spacing had only a modest effect on angular
resolution at 1 TeV: changing the spacing from 0.10! to 0.35! only
changed h68 from 0.03! to 0.05!: one got excellent angular resolution by coordinating many relatively crude images. A 1 TeV shower
might be well seen by 10 telescopes in this example. (At much lower energies the resolution would deteriorate, as fewer telescopes
contributed.)
And so Cherenkov telescope arrays still evolve! We have
learned with MAGIC, VERITAS, and the like that the simple stereoscopic idea of intersecting axes was not the only way to reconstruct
the source direction (one could use the displacement method).
Now there could be an advantage in superimposing several cruder
images, rather than relying mainly on 2 or 3 intersecting axes. It
makes one wonder why the evolution of animals has so strikingly
favoured two eyes rather than several. (Is it only because we generally have time to move our heads to get a fresh view?)
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Appendix A
(1) Convention for sensitivity of gamma-ray detector.
The sensitivity of a detector is normally defined by the flux level
Fmin (either cs cm"2 s"1 or percentage of Crab flux) for which a ‘‘5r
detection’’ would be made (i.e. significance S = 5), and having at
least 10 events, in 50 h of on-source observation (not counting
any necessary additional off-source time) – or in the case of an
unsteered detector such an Fermi-LAT or Milagro, in 1 year or 5
years of operation.
Almost everyone abides by the same rules for defining the significance, S, of a source detection. In the earlier days it was simple.
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An observing run might yield Non ‘‘on-source’’ events (perhaps
within a circle of 0.15! radius, say, centred on the source in question), and our estimate of the number of gamma-ray events detected is Nc = Non ! NB where we estimate that NB background
events would be included in the selected exposure. In the early
experiments, where an identical exposure was made on an equivalent ‘‘off-source’’ region, giving Noff events, one assumed NB = Noff
and the significance of the detected Nc was taken to be S = Nc/
p
(Non + NB). S < 5 is taken to be an unsafe detection of a source.
However, NB is nowadays usually derived from several (say 4)
off-source regions in distinctly different but equivalent regions
within a suitably large field of view observed at the same time as
the ‘‘true’’ source: then NB = aNoff, with a = 1/4 say, in the example
given, where Noff refers to the total count in these test regions. Li
and Ma [118] put forward a more complicated formula (17) to define the significance S of the source detection in this case. (For the
original example, where a = 1, the S estimates are virtually the
same unless Nc constituted the great majority of Non – not the case
in the earlier experiments. However, with a – 1 the Li–Ma equation (17) for significance is used.)
The MAGIC group, however, usually plot sensitivity curves derived from the more optimistic definition of significance: S = Nc/
p
NB. They have recently tabulated the sensitivity derived for MAp
GIC-II using the Li–Ma convention as well as by their ‘‘ NB’’
expression, so this table has been used in plotting Fig. 8 for MAGIC-II. The sensitivity curve for MAGIC-I had to be plotted assuming that the two versions of MAGIC have the same sensitivity ratio
under both definitions, and the amount of difference made by
using the usual Li–Ma formula can be seen from the dotted MAp
GIC-I curve in Fig. 8, which shows their ‘‘ NB’’ result.
(2) Sources of data plotted in Fig. 8.
The figures are derived by the observers from their measurements of Non, NB and their a, for various threshold energies for
the cases of H.E.S.S., VERITAS [119], MAGIC [83] (using their tabulated ‘‘LiMa(3)’’ figures, referred to just above), and HEGRA, where I
use figures kindly supplied by Aharonian, Horns and Rowell. For
PACT, see [65], Milagro [78]; HAWC is a prediction from [78].
The significance of ‘‘a = 1’’ Crab detections has been used to derive
single-Ethresh sensitivities for ARGO-YBJ [75], 0.5!-pixel Whipple
p
p
from 0.98r/ h [17], 0.25!-pixel Whipple from 5.5r/ h found
for 1988–91 in [38], with its energy dependence from figures in
p
[120]; THEMISTOCLE from 0.59r/ h above threshold, normalising
the energy-trend based on uncertainties in their Crab energy specp
trum, CELESTE from 3.4r/ h ([69] 2002), STACEE from CAT 1.62r/
p
h quoted in [122] CAT from significance and event rate of
Mohanty et al. [80].
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a b s t r a c t
The CTA will mean a significant increase of the potential for dark matter detection, compared to presentday detectors like MAGIC, HESS and VERITAS. In particular, if – as it might be indicated from early LHC
results – the dark matter sector is heavy, perhaps in the TeV mass range, imaging air Cherenkov arrays
have a good opportunity to detect c-rays from dark matter annihilation in the galactic halo, the galactic
center, dwarf galaxies, or galaxy clusters. A review of the present situation is given and a few of the
‘‘miracles’’ that may enhance chances for detection in CTA are discussed, such as Sommerfeld enhancement and internal bremsstrahlung radiation. A few templates for dark matter are studied, and the importance of the acceptance of the detector at low energies is pointed out. Finally, the idea of a complement to
CTA in the form of a high-altitude, low energy threshold dedicated dark matter array, DMA, is discussed.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
In the universe, only 4–5% of the energy density is provided by
ordinary matter, while the remaining 95% is composed of two
agents we still know very little about, gravitationally repulsive
dark energy (72–73%) and gravitationally attractive dark matter,
DM, (22–23%). Whereas additional knowledge about dark energy,
whether is it a cosmological constant or a time-dependent expectation value of a scalar field, or something even more exotic, may
take a decade or more to gather, dark matter may in this respect,
in favorable cases, be more readily explorable. It can be argued that
within a decade we will have tested many of the most natural scenarios where the dark matter particles are thermodynamically produced in the early universe, in particular the WIMP scenario [3].
This is certainly true if the development on the experimental side
continues at the same impressive pace as in the previous decade. It
is here that the CTA will open entirely new possibilities, especially
for heavy dark matter particles, of TeV mass or higher. This is the
mass range that may be indicated by the first LHC results, where
so far no candidate WIMP has been found. (Although it should be
remembered that a light WIMP may still hide somewhere in the
LHC, or even LEP data.) Of course, as the nature of the dark matter
particle is essentially unknown, success can not be guaranteed. The
advantage of a c-ray detector is, however, that it will detect a lot of
(from the particle physics point of view) ‘‘bread-and-butter’’ physics, some of which is extremely interesting in its own right, as can
be seen in several articles of this special issue.
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The pioneer of dark matter research was arguably Fritz Zwicky,
who already in the 1930’s pointed out that galaxy clusters, in particular the Coma cluster, seem to have too large velocity dispersion
among the galaxies in the cluster. This, using the virial theorem,
would mean that a much larger gravitating mass than the visible
mass is present. We will later return to the potential of galaxy clusters for pinning down the nature of the dark matter.
Analyses combining high-redshift supernova luminosity distances, microwave background fluctuations (from the satellite
WMAP) and baryon acoustic oscillations (BAO) in the galaxy distribution [1] give tight constraints on the present mass density of
matter in the Universe. This is usually expressed in the ratio

XM ¼ qM =qcrit ;
normalized to the critical density,

qcrit ¼ 3H20 =ð8pGN Þ ¼ h2 $ 1:9 % 10&29 g cm&3 :
The value obtained for the 7-years WMAP data[1] for cold dark
matter for the (unknown) particle X is XXh2 = 0.113 ± 0.004, which
is around 5 times higher than the value obtained for baryons,
XBh2 = 0.0226 ± 0.0005. Here h = 0.704 ± 0.014 is the derived [1]
present value of the Hubble constant in units of 100 km s&1 Mpc&1.
In addition, the WMAP data is consistent with a flat universe
(Xtot = 1) and a value for the dark energy component, e.g., a cosmological constant K, of XK = 0.73 ± 0.02.
The problem for cosmology and particle physics is to explain
the measured density of dark matter, and to give candidates for
the identity of the dark matter particles. The fact that dark matter
is definitely needed on the largest scales (probed by WMAP), on
galaxy cluster scales (as pointed out by Zwicky, and verified by
gravitational lensing and the temperature distribution of X-ray
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emitting gas) all the way down to the smallest dwarf galaxies,
means that solutions based on changing the laws of gravity seem
less natural. In particular, the direct empirical proof of the
existence of dark matter given by the ‘‘Bullet Cluster’’ [2] is very
difficult to circumvent, as the X-ray signal from the baryonic matter and the gravitational lensing signal from dark matter are clearly
separated.
Of all possibilities to explain dark matter, the particle physics
connection is particularly striking in the WIMP scenario. Namely,
that for typical gauge couplings and a mass at the weak interaction
scale of a (typically, some hundred GeV up to several TeV), the relic
density computed using standard big bang thermodynamics (as
tested, e.g., by the successful calculation of the abundances of light
elements) turns out to be in the same range as the cosmologically
measured one.
Although this is not a completely convincing argument for
WIMP dark matter – it may perhaps be a coincidence – it nevertheless gives WIMP candidates a flavor of naturalness. For non-WIMP
candidates there is, on the other hand, usually a fine-tuning involved, or use of non-standard cosmology, to obtain the correct relic density. Even limiting oneself to WIMP models for dark matter,
the literature is extensive.
Here, we shall thus regard WIMPs as the leading candidates for
dark matter, due to lack of fine-tuning to get correct relic density,
which in most cases corresponds to an angle- and velocity-averaged cross section times relative velocity of

hrv rel iWIMP ! 3 " 10#26 cm3 s#1 :
In most models, the annihilation cross section which sets the relic density interestingly enough also implies observable rates in
various DM detection experiments. Of course a word of caution
is in place here. There are many non-WIMP models that also have
good particle physics motivation, and may be detectable, like: axions, gravitinos, superWIMPS, non-thermal dark matter, decaying
dark matter, sterile Neutrinos, Q-balls. . . For a thorough review
of the status of the field see, e.g., the recent 700-page extensive review of these as well as more standard WIMP models [4]. Noticeable progress the last few years has especially been made in
axion searches [5] – but again, no dark matter signal has been
found yet. Here we will deal mainly with the main templates –
WIMPs, and after giving an overview of the experimental situation
today, we will consider heavy DM particles, in the TeV range, as
this is where imaging air Cherenkov array like CTA have unique
capabilities for detection.
Supersymmetry, invented already in the 1970’s, and obtained as
a phenomenological manifestation of most of the realistic string
theories, has been the prime template for a WIMP [6,7]. For a variety of reasons, the lightest neutralino,

f 0 þ a3 H
e 0 þ a4 H
e0
v~ 01 ¼ a1 Be 0 þ a2 W
1
2

is the most natural choice explaining the dark matter in the R-parity
conserving minimal supersymmetric standard model (MSSM). Even
in the MSSM, however, there are in principle more than a hundred
free parameters, meaning that for practical reasons the templates,
for instance in early use at the LHC experiments, were drastically
simplified versions (like CMSSM or the even more constrained
mSUGRA), which do not, in contrast to the full MSSM, correspond
very well to more recent thinking about supersymmetry breaking
[8]. It still remains true, however, that versions of supersymmetric
dark matter models are very useful templates when it comes, for instance, to comparing various detection methods.
Even in less simplified versions, like the 19 to 24-parameter
‘‘phenomenological MSSM’’ [9], as can for instance be treated in
the computer package DarkSUSY [10], the bounds on particle
masses given, e.g., by fulfilling the WMAP relic density, are not very
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constraining at the moment [11]. In particular, dark matter
candidate neutralinos can be found in the several TeV range, and
of course a general WIMP may be even heavier, perhaps approaching the unitarity bound of several hundred TeV [12]. For
supersymmetry the price to pay for TeV neutralinos is more finetuning of parameters, something which could act against the original motivation of solving the hierarchy problem. Of course, the
outlook for the MSSM would be much bleaker if a light Higgs (with
mass below roughly 130 GeV) were not to be found by the end of
the 7 TeV run at LHC, in 2012. (Although the Higgs sector may be
more complicated, and invisible decays may be present, for
example.).
2. Detection methods for WIMPs
There are basically three different, and complementary methods for detecting WIMPs. First, the dark matter particle may be directly produced at accelerators, in particular at the LHC. Today it is
the only high-energy accelerator running (although data from Fermilab’s Tevatron collider will still be analyzed and may give surprises in the coming year or so). Unfortunately, it is not clear
that the particle will be kinematically allowed (in fact, it will most
certainly not, for a lightest supersymmetric particles in the TeV to
multi-TeV region), and even if it were produced, one will not know
for certain if it can constitute dark matter. For instance, the dark
matter particles have to have a lifetime much longer than the
age of the universe, which is impossible to verify at accelerators.
Anyway, detecting a candidate and determining its mass and
perhaps other properties of the ‘‘dark sector’’ would be a great gain
when combining with the other two search methods of dark matter, namely direct and indirect detection. In particular, direct
detection experiments have seen an impressive gain of sensitivity
during the last few years, especially rapidly for the low-mass range
below 100 GeV mass where they nicely complement accelerator
searches. Also for multi-TeV particles there has been steady
improvement. The idea is to register rare events giving a combination of scintillation, ionization and nuclear recoil signals in chunks
of matter shielded from cosmic rays in underground sites. There
are two factors which mean that direct detection experiments
run out of sensitivity at high masses, however. First, the rate is proportional to the number flux of particles from the halo, i.e., to
nX = qX/MX. Secondly, the scattering cross section is highest when
the dark matter particle and the nuclear target have roughly the
same mass.
In indirect detection, one rather registers products of dark matter annihilation from regions in the surrounding universe with a
high dark matter density like the galactic center, dwarf spheroidal
galaxies, or galaxy clusters. An interesting feature of indirect detection is that the expression for the local annihilation rate of a pair of
DM particles v (here assumed, like in supersymmetry, to be selfcharge-conjugate, of relative velocity vrel),

Cann / n2v hrann ðv rel Þv rel i

ð1Þ

is the dependence on the square of the number density. Also, the
cross section may depend in non-trivial ways on the averaged relative velocity. In particular, for low velocities the rate may be much
higher than at high velocity, for models containing an attractive
force between the annihilating particles. This is in particular true
for models with so-called Sommerfeld enhancement [13,14], a resonant enhancement by in some cases several orders of magnitude.
This means that dwarf galaxies (dark matter subhalos) may be particularly interesting objects to study, as they are completely dark
matter dominated with low rate of cosmic ray-induced c-rays,
and their low mass means a relatively low velocity dispersion. This
means higher possible rates if Sommerfeld enhancement is active.
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and this may compensate the 1=M2v decrease in the cross section
that lies in the factor n2v ¼ q2v =M2v . Some models with Sommerfeld
enhancement may seem somewhat contrived, as one in general
needs almost degeneracy between the dark matter particle and a
t-channel exchange particle. However, as was first pointed out by
Hisano et al., it exists even in the MSSM, for instance for pure higgsinos or winos in the TeV range [13], where the required degeneracy
with the lightest chargino generically exists. In fact, the otherwise
loop-suppressed, ‘‘smoking gun’’ process of annihilation into TeV
c-ray lines may in this case be observable. This is one of the ‘‘miracles’’ that can make a dark matter search with CTA exciting. So far,
indirect methods have not been as competitive as direct detection,
but recently the Fermi collaboration has started to probe the interesting WIMP region by stacking data from several dwarf galaxies
[15] (see also [16]).
For non-WIMP dark matter, like sterile neutrinos (warm DM),
the production rate in the early universe generally has to be tuned
to give the observed relic density but, phenomenologically, warm
DM is possible, and according to some analyses even preferred in
cosmological data [17]. However, the significance for this is weak
and may be influenced by statistical bias [18]. Ordinary, active neutrinos have too small mass to contribute significantly to the dark
matter density, although in the extreme case may contribute a couple of percent to the critical density today.
There have recently been a number of claimed possible detections of dark matter: First of all there is the annual modulation
found in the more than decade-old DAMA/LIBRA experiment
[19]. This is still unexplained at the moment, but not confirmed
by other experiments [20,21]. The same is true for the CoGeNT excess events and annual modulation [22], which also is in tension
with the same superficially more accurate data [20,21]. At any rate,
explanations of these experiments seem to take one out of the
standard WIMP scenario.
The DAMA/LIBRA annual modulation is a statistically very strong
signal (significance of the order of 8r), however the lack of supporting data from other experiments is disturbing. The annual modulation hinted at by CoGeNT [22] is statistically much weaker, and the
purported excess in the unmodulated signal may in fact be incompatible with the level of modulated signal reported. Also, it seems
that the DAMA/LIBRA and GoGeNT signals, if interpreted as being
due to dark matter, may be in tension with each other, even if one
uses freedom in isospin violation, inelastic scattering, and non-standard halo properties [23]. At the moment this is one of the unsolved,
frequently debated issues in the dark matter community.
The recent improvement of the upper limits on the WIMP-nucleon scattering cross section reported by CDMS II [20] and, in particular, XENON100 [21] are truly impressive. Not only does it cast
some doubt on other reported experimental results, the sensitivity
is also good enough to start probing the parameter space of realistic supersymmetric models [10]. The new calibration of the sensitivity to low-energy recoils of liquid Xenon adds to the credibility
of the new limits [21]. The very good news is also that the installation of the next stage, a one ton liquid Xenon detector, has already started in the Gran Sasso experimental halls in Italy.
And early possible indication of a dark matter signal in indirect
detection was the EGRET excess of GeV photons [24,25]. However,
this was not confirmed by superior Fermi data, and was probably
due to instrument error [26]. Another possible indication of a dark
matter signal was the discovery of by INTEGRAL of a 511 keV c-line
from galactic center region [27]. However, in this energy range
there is possible positron emission from other sources, and the excess does not seem to have the spherical symmetry expected from
dark matter annihilation – it shows an asymmetry which seems to
follow the disk [28]. Also there are bounds from c-ray emission at
slightly higher energies that make a DM explanation difficult [29] it would need a DM candidate in the few MeV region.

Antimatter does not seem to be present in large quantities in
the universe, as can be inferred from the absence of c-ray radiation
that would have been created in large amounts if astrophysical
anti-objects would annihilate on their matter counterparts (this
would also cause deviations from the pure black-body form of
the cosmic microwave background). In fact, both the analysis of
primordial nucleosynthesis and the CMB, give a non-zero number
around 10"10 for the baryon-antibaryon asymmetry, which means
that matter dominated slightly over antimatter already in the very
early universe, and this explains the large number density of CMB
photons, as most of the matter annihilated on antimatter.
On the other hand, dark matter annihilation today occurs from a
matter–antimatter symmetric initial state and thus equal amounts
of matter and antimatter would be created, leading to an interesting possible primary source of positrons and antiprotons (i.e. stable
anti-particles) in the cosmic rays of dark matter halos, including
the one where the Milky Way resides. (There is always a small
amount of antimatter produced as secondary particles in collisions
with galactic gas and dust by ordinary cosmic rays, of course.) Two
years ago, this was extensively discussed [30,31] as the PAMELA
and Fermi collaborations had just discovered an anomalously high
ratio of positrons over electrons up to 100 GeV [32], and sum of
positrons and electrons up to 1 TeV [33], respectively. During the
last two years, this anomaly, although possible to explain by dark
matter annihilation, needs very large boost factors (e.g., from Sommerfeld enhancement), and somewhat contrived, leptophilic models, whereas astrophysical explanations are possible with quite
standard assumptions. One cannot say that the dark matter explanation is yet ruled out, but it sees tension from other measurements, especially from c-ray data. It may thus be due to DM [34],
with rather unusual properties, or the more mundane source of
creation from pulsars other other supernova remnant [35]. Unfortunately, the energy signature which in some models with large
annihilation rate seems to fit very well [34] is not unique for DM.
By analyzing pubic data, an excess at lower c-ray energies has
been claimed in the form of an extended emission corresponding
to a c-ray source in the region of the galactic center [36]. Again, this
is unexplained at the moment, but astrophysical explanations are
of course possible in this crowded part of the galaxy [37,38]. It
would of course gain significance considerably, if the Fermi-LAT
collaboration doing the measurements would confirm this unexplained excess. At this point in time, there is no such statement
from the Fermi collaboration, however.
Another excess, the WMAP radio ‘‘haze’’ found by Finkbeiner
and collaborators, [39] has recently been seen to have a correspondence in the GeV range in the so-called ‘‘Fermi bubbles’’ [40]. This
is again a discovery that has been made using public Fermi data,
but it seems that it is difficult to fit the sharp edges of the bubbles
with a dark matter origin [41,42]; it is plausibly caused by bipolar
outflow of cosmic rays (electrons or protons) from the galactic
center.
Thus, of all these possibilities, it seems that only the positron
excess at high-energy (20 GeV – 1 TeV) and the c-ray excess towards the galactic center, inferred by analysis of Fermi-LAT public
data [36], may have a chance to be due to dark matter annihilation.
However, they may both perhaps more naturally be explained by
ordinary astrophysical processes. In addition, the DM explanation
of the PAMELA and Fermi-LAT data seems to need a leptophilic particle of TeV-scale mass and a very much boosted cross section.
Although this may perhaps be obtained, stretching all uncertainties
involved [43], and employing Sommerfeld enhancement [44], the
remaining window seems quite tight. If the dark matter particle
would indeed be in the TeV energy range, indirect detection
through c-rays in imaging air Cherenkov telescopes such as CTA
could be a promising method of verification. At energies, say, below 50 GeV, the Fermi-LAT instrument will be difficult to surpass

L. Bergström / Astroparticle Physics 43 (2013) 44–49

with CTA, however. The claimed Fermi-LAT excess towards the
galactic center would of course be more plausible if a dark matter
signal of mass around 10 GeV were established in direct detection
experiments, but as indicated the situation at the moment is far
from conclusive.
A somewhat different, and complementary, method is indirect
detection of neutrinos. As the most of the elements in the interior
of the Earth have spin zero, capture of WIMPS in the Earth takes
places through the same type of spin-independent scattering that
is used bin the CDMS and XENON100 detectors. Therefore, the neutrino limits from the interior of the Earth are not competitive at the
moment. However, the Sun consists mostly of hydrogen which
means that spin-dependent scattering on protons will be important for the capture rate, and consequently for the annihilation
rate, from the Sun. The spin-dependent limits thus obtained are
in many cases superior to present-day direct detection limits on
spin-dependent scattering [45], especially with the low-threshold
inset Deep-Core and the full 80-string outer IceCube detector
now in place. For very high mass dark matter particles, the signal
from the Sun will however decrease due to absorption of the neutrinos in the solar interior.
Returning to more standard WIMP models, there have recently
been improvements in the computations of the annihilation rate at
low velocity as is the case in galaxies, where v/c ! 10"3. An amusing effect is caused due to the suppression of the 3S1 state for a system of two Majorana spinors (such as neutralinos) annihilating at
zero velocity. This is due to the requirement of Fermi statistics for
the two identical fermions if they are in the same spin state. This
means that annihilation only occurs from the pseudoscalar 1S0
state, causing for instance the annihilation amplitude into a light
fermion-antifermion pair, like e+e", to be suppressed by an explicit
helicity factor of the fermion mass. Direct annihilation into e+e"
was thus thought to be very subdominant. However, it was realized [46] (building on an old idea [47]), that a spin-flip by one of
the Majorana fermions caused by emitting a photon could first of
all relieve the helicity suppression of the process to a mere a/p ordinary radiative factor. And, in addition, the spectral shape of the
emitted photon is very favorable for detection, causing a shoulder
which peaks close to the dark matter particle mass. In particular,
for heavy (TeV-scale) WIMPs this could be quite important, and
using the radiative peak would help extracting the signal over
background [48]. Recently, these radiative processes have been
generalized also to emission of other gauge bosons, and have been
shown to be quite important generally [49].
One difficulty when estimating c-ray rates from dark matter
annihilation is the poorly known distribution of halo dark matter
on galactic and subgalactic scales. N-body simulations indicate that
the halo should be very abundant with dark matter clumps, but
since the rate is a line-of sight integral along a given direction
which is sensitive to the square of the local density along the
way [50],
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even enhancements of the density on very small scales may be
important. An example is the region near the galactic center, where
gravity is dominated by the black hole and a stellar cusp, with unknown effects on the annihilation rate into c-rays. Unfortunately,
the contribution from dark matter to the rotation curve is much
too small in the inner parts of the galaxy to enable to determine if
the halo density is cuspy. This would be favoured by the results of
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N-body dark matter-only simulations, but it is possible that it has a
milder dependence or even a core [51]. As a simple template of the
DM distribution, an NFW profile [52] (or a very similar, so-called Einasto profile) having an 1/r cusp near the center is often used, and it
has recently been shown to be consistent with data on microlensing
in central regions of the galaxy [53]. The uncertainty very near the
galactic center remains, however, and it is unknown whether the real
distribution is more cuspy or less, and predictions thus vary by several orders of magnitude. Even if the center of the galaxy plausibly is
the most interesting place to search for c rays from DM annihilation,
fore- and backgrounds from astrophysical processes may be large,
and thus it may be advantageous to search in directions close to,
but not exactly at, the galactic center [54].
Interesting objects are the dwarf galaxies mentioned above,
where FERMI limits are now getting close to the predicted WIMP
cross section [15]. The abundance of DM clumps may in fact be
much higher, as star formation probably only occurs above some
threshold mass, and the pressure from a few supernovae may be
enough to empty a dwarf galaxy from baryons. Simulations indicate that DM clumps will be destroyed by tidal forces near the center of galaxies but can be very abundant in the outer regions [55]. It
also seems that when going to larger scale objects like galaxy clusters, the number of undestroyed DM clumps may be even larger,
making these clusters – in a perhaps unexpected agreement with
the discovery of Zwicky – quite promising targets for indirect
searches [56].
In the first runs at LHC, intriguing preliminary indications of a
Higgs particle in the mass region 115–130 GeV, interesting for
the lightest Higgs boson in the simplest versions of supersymmetry, have been given. However, no supersymmetric particles
or any other of the prime candidates for dark matter, have yet been
found. One possible scenario might be that such a Higgs particle is
indeed found, but the particles carrying non-trivial R-parity all
have masses beyond reach with the LHC. This is not impossible,
depending on the amount of fine-tuning one is willing to tolerate.
In fact, if one puts no prior constraints on the supersymmetric
parameter space other than one should have the WMAP-measured
relic density, and fulfill all other experimental constraints (cf. [57]),
a mass for the lightest supersymmetric neutralino in the TeV region is possible. (An example is provided by so-called split susy
models [58].) For such heavy dark matter neutralinos, the rate
for direct detection will also be small, and it would seem close to
impossible to test such a scenario in the foreseeable future. However, for this particular case indirect detection through c rays turns
out to have an interesting advantage, as imaging air Cherenkov arrays like CTA [59] will have their peak sensitivity in the energy
range between a few hundred GeV to a few TeV. Depending on
the particular model realized in nature, Sommerfeld enhancement
of indirect detection may also be operative. For realistic estimates
of the reach with CTA, see [60].
However, these large arrays will be served by a large astrophysical community which will be very much interested in transient or
periodic events, meaning that a ‘‘boring’’ search for a stationary
dark matter spectral signature during hundreds or even thousands
of hours seem out of the question. One may therefore consider a
dedicated particle physics experiment, the ‘‘Dark Matter Array’’,
DMA [61] only used for dark matter search. This dedicated instrument for indirect detection would have great, and complementary,
potential to the large direct detection experiments that are presently being planned. In fact, there are ideas [62] on how to decrease the lower threshold for detection, something that could
increase the sensitivity for DM detection considerably. In a first
analysis [61], it was investigated how a next-generation, particle
physics type detector, the DMA, would improve limits of, or detect,
dark matter. A size ten times that of CTA was considered, and a low
energy threshold of 10 GeV. Moreover, by making dedicated obser-
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σSI (pb)

vations of promising dark matter targets like dwarf galaxies, where
the low energy threshold and good energy resolution help to reject
various sources of fore- and backgrounds, one would be able to
increase discovery potential considerably. Also studies of the galactic center and possibly galaxy clusters, with a total of perhaps
5000 h of observation in 5 years would open interesting new vistas
in indirect detection.
For the analysis of the Fermi discovery potential, the approach
of [54] was followed in [61] and 20 logarithmic bins were considered in the 1–300 GeV energy range. Details like sensitivity, angular resolution, energy resolution and effective area were taken
according to Fermi-LAT specifications. The observation time of Fermi was taken to be five years, corresponding to one full year of data
taking. For CTA, an energy threshold of 40 GeV and use the same
logarithmic bin size as for Fermi was assumed, up to the few TeV
range. Use was made of the projected sensitivity curves of [59],
with assumption of an angular resolution of 0.02 deg and, as usual
for dark matter targets in present-day Cherenkov arrays, an exposure time of 50 h. The effective area is about 3 km2 at 5 TeV, 1 km2
at 100 GeV and a fall-off for lower energies down to !0.1 km2 at
40 GeV. (The low-energy characteristics of CTA will depend on
detector details, still to be decided. For a more recent, realistic
evaluation of the reach of CTA, see [60]).
For the case of the galactic center, it was assumed that the
angular resolution of upcoming ACTs will be sufficient to discriminate sources like the HESS source very close to, but off-set from
the center and which is (probably) unrelated to dark matter. For
the diffuse background, the model developed by the Fermi LAT
group that describes the so far available data was used [63]. It
was required that the significance
in the best energy bin is at least
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
at the 5r level, i.e. S= S þ B > 5, in order to claim that a c-ray
experiment is able to rule out a given dark matter model. For more
details, see [61].
We thus see (Fig. 1, cf. [61]) that a very interesting complementarity could be reached by combining the indirect detection data
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Fig. 1. Illustration of the reach of direct and indirect dark matter detection
experiments for c-ray detection towards the galactic center with the NFW profile.
The shaded region is the approximate range of WMAP-compatible MSSM model
space. The smaller dashed region is a rough estimate of where Kaluza–Klein models
reside (for a review, see [64]). The MSSM results are based on [61], to which the
reader is directed for information on the mass range, composition, etc.

with direct detection experiments. Actually, imposing CERN LHC
bounds by mid-2011 on squarks and gluinos do not change the region shown in Fig. 1 very much. If a working prototype of the DMA
type could be built, this idea may materialize in the next decade as
a new way to search for phenomena beyond the Standard Model –
with an expensive dedicated detector, albeit still far below the cost
of a new high-energy accelerator.
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a b s t r a c t
Lorentz invariance is such an important principle of fundamental physics that it should constantly be
subjected to experimental scrutiny as well as theoretical questioning. Distant astrophysical sources of
energetic photons with rapid time variations, such as active galactic nuclei (AGNs) and gamma-ray bursters (GRBs), provide ideal experimental opportunities for testing Lorentz invariance. The Čerenkov Telescope Array (CTA) is an excellent experimental tool for making such tests with sensitivities exceeding
those possible using other detectors.
! 2012 Published by Elsevier B.V.

1. Introduction
High-energy astrophysics and related aspects of cosmology are
the bread-and-butter science issues for the Čerenkov Telescope Array (CTA) [1], but some jam may be provided by measurements related to fundamental physics. One such possibility is to use
transient high-energy emissions from distant astrophysical objects
observed by CTA to probe the validity of Lorentz invariance.
From the quantum–mechanical point of view, the vacuum is the
lowest-energy state of a physical system. It should be regarded as a
medium that may have virtual structure, even if it is devoid of
physical particles. As such, it may have non-trivial effects on particle propagation, even if Lorentz invariance is an underlying principle. This effect is, of course, familiar in the cases of photons
propagating through plasmas at high temperatures or superconductors at low temperatures. Might high-energy photons of astrophysical origin exhibit analogous effects?
This possibility was raised in [2], where it was pointed out that
distant, rapidly-varying astrophysical sources of high-energy c rays
could provide some of the most sensitive probes of some models of
Lorentz invariance. This possibility was raised specifically in the
context of heuristic models of ‘space–time foam’, as inspired from
string theory [3,4] in particular, according to which quantumgravitational fluctuations in the vacuum could modify the propagation velocities of photons by amounts that increase with energy.
However, similar effects might arise in other theoretical frameworks [5–10], and the search for Lorentz violation may be pursued
from a purely phenomenological point of view [11], prompted by,
but not limited to, specific heuristic models. Lorentz invariance has
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been one of the foundations of modern physics for over a century.
In the scientific spirit, it should not be regarded as a sacred principle that cannot be questioned, but rather as a theoretical dogma
that should constantly be challenged by more sensitive experimental tests. As discussed in this article, CTA [1] will be uniquely well
placed to carry these tests to the next level of sensitivity, potentially challenging some models of space–time foam.
The structure of this article is as follows. Section 2 surveys some
physical motivations for the possibility that energetic photons
might travel with speeds smaller than the classical speed of light,
c. Section 3 reviews the current status of experimental probes of
the propagation speeds of energetic particles, with particular
attention to photons but also including other particles such as electrons and neutrinos. Section 4 then analyzes the opportunities
available to CTA for extending these probes of Lorentz invariance,
notably using rapidly-varying high-energy c emissions from active
galactic nuclei (AGNs) and gamma-ray bursters (GRBs). For comparison, Section 5 reviews the possible sensitivities of other future
probes of Lorentz invariance, notably those using astrophysical and
terrestrial neutrinos. Finally, Section 6 summarizes the prospects
for probing Lorentz violation with CTA.
2. Motivations
As already mentioned, the idea that the space–time vacuum
should be regarded as a non-trivial medium that may have observable effects on particles propagating through it [2] is a very
general one, much more general than the heuristic models of
space–time foam [3,4] that spawned the suggestion. Nevertheless,
we focus here on the motivations provided by such models, while
mentioning some other suggestions.
It is a familiar aspect of quantum mechanics that in any physical
system virtual fluctuations with excitation energies DE should

J. Ellis, N.E. Mavromatos / Astroparticle Physics 43 (2013) 50–55

arise on time scales Dt ! !
h=DE. Wheeler extended this principle to
gravity, arguing that quantum-gravitational fluctuations in the
space–time continuum with DE ! M P (where M P ! 1019 GeV is
pﬃﬃﬃﬃﬃﬃ
the Planck mass, defined by 1= GN [12], where GN is the Newton
constant of classical gravity) would endow it with a ‘foamy’ structure on time scales Dt ! !
h=M P (henceforth we use ‘natural’ units in
which h
! ; c " 1). As a result of these quantum-gravitational fluctuations, Wheeler argued that space–time would no longer appear flat
at distance scales Dx ! 1=M P , possibly with the appearance of
topological fluctuations as well as non-topological irregularities.
A lattice is one example of an inhomogeneous space–time structure, but space–time foam would presumably have a more irregular, stochastic and aperiodic structure.
Heuristic models of space–time foam have been proposed,
based on features present in string theory [3]. This exhibits a plethora of non-perturbative structures existing in various dimensions,
notably D-branes and D-particles [13]. A common suggestion in
this context is that our Universe is a three-dimensional membrane
in a higher-dimensional ‘bulk’ space. If D-particles cross ‘our’ Dbrane in this higher-dimensional space, they are perceived in our
Universe as space–time events localized at specific locations x
and specific times t.
What happens to a photon propagating through our Universe,
along ‘our’ D-brane? In general, if it encounters a D-particle, it will
interact with it, much as a photon propagating through a material
medium such as glass may interact with the electrons that it contains, via absorption and subsequent re-emission. The net effect in
this case is to slow down the photon, with the result that light travelling through glass has a positive refractive index, g. The value of g
depends on the colour (i.e., the wavelength or frequency) of the
light, corresponding to the energy of the associated photon.
Analogously, one might expect that light travelling through the
quantum-gravitational vacuum would also acquire an energydependent refractive index, that might be modelled via interactions with D-particles [14].
This qualitative picture has several important, generic features.
The first is that the refractive index g (defined through the photon
phase velocity v ph ¼ p=E ¼ c=g) should be larger than unity, corresponding to subluminal propagation of energetic photons [3]. The
fact that photons should not travel faster than c can be argued
independently on general grounds: if they did, they would emit
gravitational Čerenkov radiation and lose energy unacceptably
quickly [15]. A second generic feature is that the refractive index
should increase with energy. This is because gravitational interactions are in general proportional to some power of GN and increase
as some power of the energy. Simple models [3,6,9,7] suggest that
the photon group velocity might deviate linearly from that of light:

vg "

Ec
@E
;
!1$
@p
M1

ð1Þ

where M 1 is some large mass scale that might be OðMP Þ. However,
M1 could depend on other parameters of the microscopic theory,
such as the string scale and/or coupling in a D-particle model
[14], as well as the local density of D-particles, and other energy
dependences: g ! ðE=Mn Þn should also be considered, in particular
the case n ¼ 2.
What might happen to the propagation speeds of other types of
particles? The interactions of different particle types with the
space–time foam would not be universal, in general, so they would
have different refractive indices. In the specific case of the photon,
there is no conserved quantum number to impose a selection rule
inhibiting its absorption and re-emission by a space–time excitation modelled by a D-particle. On the other hand, the interaction
of a charged particle such as an electron with these excitations
might well be inhibited [16]. For example, D-particles do not carry
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electric charges, so in that model the electron could not be simply
absorbed and re-emitted à la photon, and its refractive index
would be suppressed, even vanishing. A similar argument applies
to the proton, with the added complication that it is a composite
particle, further complicating the discussion. The case of the neutrino is different again: it has no electric charge, and lepton number is not expected to be absolutely conserved at the scale of
quantum gravity. On the other hand, as a fermion the neutrino
could not simply be absorbed by a space–time defect unless they
occur in boson-fermion doublets à la supersymmetry. In any case,
the above intuition informs us that energetic neutrinos should also
always propagate subluminally.
There are many other models of Lorentz violation worthy of
mention. For example, purely phenomenological models have
been proposed, motivated by aspects of cosmic-ray physics [5].
The possibility of spontaneous Lorentz violation has been proposed [8,9], and it was argued in some models of loop quantum
gravity [6] that the vacuum might exhibit non-trivial optical
properties. Lifshitz-type quantum field theories [10], in which
the space and time coordinates have different scaling properties,
have been revived in the context of a new approach to quantum
gravity, and have subsequently attracted more general attention.
Lifshitz theories offer a framework in which Lorentz invariance
can be violated fundamentally at high energies, but may be
restored in the low-energy limit. We also note the existence of
other theories with fundamental deformations, rather than violations, of Lorentz invariance, such as doubly (or deformed) special
relativity [7]. Finally, we recall a number of other phenomenological approaches [11].
The existence of this complex ecosystem of Lorentz-violating
theories adds motivation to experimental probes of Lorentz violation, specifically by testing for a possible deviation dv from the
speed of light in the propagation of energetic photons that increases as some power of energy: dv =c ! $ðE=M n Þn , in particular
n ¼ 1 or 2.
3. Current status
It was proposed in [2] that one probe Lorentz violation by
searching for the smearing of transient features in high-energy c
emissions from astrophysical sources. To the extent that such
sources are not monochromatic, the observations at Earth of photons in such emissions would be retarded by amounts increasing
with energy, and (approximately) coincident arrival times of photons with different energies can be used to constrain the parameters M n . It is clear that the figure of merit for such studies is
LDðEn Þ=Dt, where L is the distance of the source and Dt is the
time-scale of transient emissions. Candidate astrophysical sources
include pulsars, AGNs and GRBs.
Two cautionary comments are in order. One is that the spectra
of transient emissions from many astrophysical sources become
harder with time. Thus, a higher-energy photon may be relatively
more likely to have been emitted later, potentially polluting any
search for a Lorentz-violating refractive index. It is therefore
essential to devise tools for discriminating between retardation
effects at source and during propagation. In principle, this could
be done by comparing the smearing of sources at different
distances, since any propagation effect would increase with L
whereas (in the absence of evolutionary effects) source effects
should be L-independent. However, this strategy entails the
observation of emissions from a number of sources at different
distances, and presupposes the existence of a class of ‘standard
lighthouses’ sharing common time structures in their high-energy
emissions. Observations of GRBs are more copious than observations of time structures in emissions from AGNs, but neither are
very uniform ‘standard lighthouses’.
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The second comment is that an ‘extraordinary claim requires
extraordinary proof’. This can be interpreted as implying that any
statistical separation between source and propagation effects
would need to be extraordinarily convincing, but also suggests that
corroborating evidence from at least two classes of source should
be required, e.g., both GRBs and AGNs.
The above comments would certainly apply to any claim of an
effect. So far, none has been claimed, and only lower limits on
the parameters M n have been quoted [at least by experiments
using photons]. However, the above comments also apply to claims
of limits. At a minimum, they should be derived from a statistical
study of sufficiently many sources for propagation and source effects to be separated. In the absence of such a separation, it would
be more conservative to regard them as sensitivities to Lorentz violation. With this caveat in mind, we now review the experimental
probes to date, focusing our attention initially on photons but with
some comments later on other particles such as electrons and
neutrinos.
After the initial estimates of sensitivities to Lorentz violation
that could be furnished by different types of astrophysical source
[2], one of the stronger early probes, to M 1 ! 1:8 " 1015 GeV, was
based on EGRET observations of the Crab pulsar in the energy
range from 70 MeV to 2 GeV [17]. By comparison with AGNs and
GRBs, studies of pulsars benefit from the very precise timing, in
the millisecond range, and the possibility of measuring many different pulses. On the other hand, the prospective sensitivity to Lorentz violation is limited by the small distances to pulsars, typically
! 104 parsec [11]. Nevertheless, observations of the Crab pulsar
provide strong limits on Lorentz violation for electrons, as we mention below. Another early study was based on a TeV c-ray flare
from the AGN Markarian 421 seen by the Whipple Observatory,
which provided a sensitivity to M1 ! 4 " 1016 GeV [18]. However,
this first AGN study had relatively low statistics, and neither of
these pioneering studies was able to disentangle source and propagation effects.
The first study to attempt this by combining data from several
different sources at different distances was made using a sample
of GRB emissions observed by BATSE and OSSE [4], which gave a
sensitivity to M1 ! 1015 GeV. The use of nine GRBs with measured
redshifts between z ¼ 0:0085 and 3.9 laid the basis for a more robust analysis that was sensitive to M 1 ! 6:9 " 1015 GeV [19], but
the fact that GRB emissions are very irregular, with no obvious
‘standard lighthouse’ characteristics, complicated the disentanglement of source effects. This analysis was subsequently upgraded to
a fit analyzing emissions from 35 GRBs with measured redshifts
z 6 6:29 observed by the BATSE, HETE and SWIFT instruments,
which yielded the robust lower limit M1 J 1:4 " 1016 GeV at the
95% CL [20], despite a strong correlation between the source and
propagation parameters in the fit.
Fig. 1 compares the sensitivities of different experiments to the
time-lag/energy ratio Dt=E as functions of the quantity KðzÞ defined
by

KðzÞ &

1
ð1 þ ^zÞ

Z

0
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ð1 þ ^zÞd^z
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qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where the Hubble expansion rate hð^zÞ ¼ XK þ XM ð1 þ ^zÞ3 , which
measures the distance of the source from the observation point.
As seen in Fig. 1, greater sensitivities to Dt=E, and hence M1 , have
been found more recently in two analyses of AGN flares. The first
was a flare of c-rays with energies K 10 TeV from Markarian 501
at z ¼ 0:034 observed by the MAGIC telescope, which had sensitivity to M1 ! 2 " 1017 GeV [22]. The second was a flare of c-rays with
energies K 1 TeV from PKS 2155-304 at redshift z ¼ 0:116 observed
by the H.E.S.S. telescope, which yielded sensitivity to M1 ! 2"
1018 GeV [23]. Several factors contributed to the greater sensitivity

Fig. 1. Comparison of data on delays Dt in the the arrival times of energetic gamma
rays from various astrophysical sources with models in which the velocity of light is
reduced by an amount linear in the photon energy [21]. The graph plots on a
logarithmic scale the quantity Dt=E and a function of the red-shift, KðzÞ, which is
essentially the distance of the source from the observation point. The data include
two AGNs, Mkn 501 [22] and PKS 2155-304 [23], and three GRBs observed by the
Fermi satellite, 090510, 09092B and 080916c [24].

of this observation: the higher redshift, the higher range of c energies and the larger statistics. All of these are features that CTA may
hope to improve further, principally by virtue of its much greater
collection power.
The principal competition for these AGN observations is currently provided by Fermi GBM/LAT measurements of energetic crays from GRBs. As also seen in Fig. 1, the most sensitive of these
to date has been provided by observations of GRB 090510 at
z ¼ 0:90, in particular the observation of a single photon with
Ec ! 31 GeV. The sensitivity to M 1 inferred from this single photon
depends whether one assumes (most conservatively) that it was
not emitted before the start of any detectable emission below
1 MeV, M 1 ! 1:4 " 1019 GeV, or that it was not emitted before the
start of emission above 1 GeV, M 1 ! 1:2 " 1020 GeV, or (most
aggressively) that it was associated with the nearest 1 MeV emission spike, in which case the sensitivity is to M 1 ! 1:2 " 1021 GeV
[24]. This remarkable sensitivity is traceable in part to the cosmological redshift and the fine time structure, which are typical of
GRB emissions, as well as to the observation of the highest-energy
c-ray seen from a GRB so far.
The previous paragraphs focused on the possibility of a photon
speed decreasing linearly with energy, where the finer time structure of GRB emissions gives them an advantage over AGN emissions. However, the boot is on the other foot when one considers
a quadratic dependence: dv ! (ðE=M 2 Þ2 . In this case, the higher
energies seen in AGN emissions confer on them a significant
advantage. For example, the MAGIC data on Markarian 501 yield
a sensitivity to M 2 ! 2:6 " 1010 GeV [22] and those on PKS 2155304 are sensitive to M 2 ! 6:4 " 1010 GeV [23], with which the
observations of GRB 090510 [24] are not competitive.
As mentioned in Section 2, Lorentz-violating effects on the
propagation of different particle species are not expected to be universal, and sensitivities to (constraints on) Lorentz violation for
electrons, protons and neutrinos are of independent interest in
their own rights. We note, in particular, that broadband observations of electromagnetic radiation from the Crab Nebula restrict
very severely any possible Lorentz violation for the electron, so
that the corresponding M e1 ) M P [11]. Important constraints on
Lorentz violation for other particles are provided by observations
of ultra-high-energy cosmic rays (UHECRs), via constraints on both
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4. Prospects for CTA
The large collection area and acceptance of CTA will provide it
with unique prospects for gathering data on astrophysical sources
of energetic c-rays, and hence new opportunities for probing Lorentz violation.
On the one hand, CTA will be able to make much more detailed
studies of known sources such as the AGNs Markarian 421, Markarian 501 and PKS 2155-304, which should provide higher-energy
c-rays as well as greater statistics, and might reveal smaller structures in their c emissions. Clearly observations of higher-energy crays from astrophysical objects at similar redshifts improve the
sensitivity to Lorentz violation. In addition, greater statistics in
the observations of structures in the emissions from specific objects will improve the understanding of their source effects. Moreover, CTA should be able to observe structures with smaller
amplitudes than those accessible to previous c-ray telescopes.
Such small-amplitude structures might be associated with emissions from smaller regions of the AGNs, that therefore could exhibit shorter time-scales and provide improved sensitivity to Lorentz
violation.
1
There are also very stringent constraints [11] on models that predict birefringence
[9], unlike the stringy models of [3].

On the other hand, CTA will also be able to extend c-ray observations to a larger family of less-luminous AGNs. These will include
objects with similar intrinsic luminosities to known AGNs, but
with larger redshifts, improving the sensitivity to Lorentz violation
and providing a longer lever arm for separating source and propagation effects, as well as making possible more systematic studies
of the source effects themselves. CTA may also detect a population
of nearby objects with less intrinsic luminosity. A priori, these objects might have smaller emission regions and hence exhibit more
rapid flux variations, yielding enhanced sensitivity to Lorentz
violation.
The improvements in sensitivity to Lorentz violation that will
be provided by CTA are somewhat uncertain, being hostage to
the stochastic properties of c-ray emissions. However, based on
the above discussion one can consider three generic possibilities:
higher energies, larger redshifts and finer time structures.
A typical spectral index C : dN=dEc # ðEc =E0 Þ"C for AGN c-ray
emissions is C # 2 [23], implying, e.g., that a collecting power
# 100 greater than that of H.E.S.S. would be required to extend
its observations of PKS 2155-304 to c-rays with hEc i # 10 TeV. Nevertheless, if this could be achieved, and assuming the observation
of a transient structure in emissions with a similar time-scale, it
would extend the sensitivity reported in [23] to M1 # 1019 GeV,
tantalizingly close to the Planck scale.
However, there is a potential limitation to what can be achieved
with higher-energy c-rays, since their mean free path for interaction with (and hence energy loss to) microwave and infrared background photons imposes an effective limit on the energies of
photons emitted at large redshifts that can in fact be observed.
For example, it is calculated that interactions with the cosmic
microwave background would prevent the observations of photons
with energies Ec > 100 TeV emitted from more than a few Mpc
away. The cosmic infrared background is less well determined
but, as seen in Fig. 2, it is likely to absorb photons with Ec > 1 TeV
emitted by AGNs at distances larger than those of Markarian 421,
Markarian 501 and PKS 2155-304 [37]. This was highlighted in
[38] as an issue for the observation of # 20-TeV c-rays from Markarian 501 reported by HEGRA [39]. It was also noted in [38] that
Lorentz violation might actually resolve this problem, though more
mundane explanations are also possible [40].
The same issue arises in considering the potential for observing
emissions from larger redshifts. For example, it is seen in [37],
assuming conventional Lorentz-invariant kinematics, that only

1e+05

τ>1
10000

Energy [GeV]

conventional processes such as p þ c ! p þ p0 ; n þ pþ and unconventional processes such as p ! p þ c; p þ p0 that are forbidden by
Lorentz invariance [25].1
There has been much interest recently in the possibility of probing Lorentz violation in the propagation of neutrinos. The rough
coincidence of the neutrino pulse from the supernova SN1987a
with the onset of optical emissions imposed jdv j K 10"9 at neutrino
energies # 10 MeV [26], much stronger than limits at GeV energies
established by MINOS: dv ¼ ð5:1 & 2:9Þ ( 10"5 [27] [superluminal
by 1:8r], and earlier accelerator neutrino experiments. The fact
that the observed SN1987a neutrino pulse was not broadened relative to the predictions of a core-collapse supernova model was
used in [28] to establish upper limits on the possible energy dependence of dv : M m1 > 2:5 ( 1010 GeV and M m2 > 4:1 ( 104 GeV for
superluminal propagation, and similar limits for the subluminal
case [28]. The same paper suggested how the OPERA experiment
[29] could be used to improve on the previous accelerator neutrino
constraint by exploiting the time structure of the CERN CNGS neutrino beam [28].
In late 2011 the OPERA experiment reported evidence for superluminal neutrino propagation: dv # þ2:5 ( 10"5 for neutrinos with
hEm i # 28 GeV [30]. If the amount of Lorentz violation were linear
(quadratic) in the neutrino energy, this would have corresponded
to Mm1 # 1:1 ( 106 GeV (M m2 # 5:6 ( 103 GeV), in conflict with the
SN1987a constraint [31,32]. Such a large value of dv was also constrained by limits on both weak [33] and gravitational Čerenkov
radiation [31,15]. The OPERA experiment has now identified possible measurement errors [34], and the ICARUS experiment that uses
the same CNGS beam has reported the absence of weak Čerenkov
radiation [35] and a measurement of the neutrino velocity [36]
that conflicts with the OPERA result and is consistent with Lorentz
invariance.
Despite its fate, the OPERA report has reminded the physics
community of the importance of increasing the sensitivity of
experimental probes of Lorentz violation. We take this opportunity
to re-emphasize that the present and prospective constraints on
Lorentz violation using photons are logically independent from
those using neutrinos, as well as being much more stringent. Moreover, for deep theoretical reasons some of the current microscopic
models of quantum-gravity modified refractive index [3,14] suggest only subluminal propagation.
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Fig. 2. The horizon for high-energy photons interacting with the cosmic infrared
and microwave backgrounds, shown as solid lines corresponding to various optical
depths s [37]. The dashed and dot-dashed curves correspond to alternative models
of the extragalactic background light.
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photons with Ec K 300 GeV are likely to be observable in emissions
from z ! 1. Nevertheless, if one assumes that a structure similar to
that observed by H.E.S.S. in emissions from PKS 2155-304 were to
to be observed in TeV-scale emissions from an AGN with z ! 1,
which might be possible with the collecting power of CTA, this
would also give sensitivity to M 1 ! 1019 GeV.
Alternatively, one may consider the possibility of observing
transient emissions with shorter time-scales than those observed
from AGNs so far. These time-scales are presumably related to
the sizes of accretion regions in the AGNs, which are, in turn,
loosely related to the overall sizes of the cores of the AGN. Shorter
time-scales might arise from AGNs with smaller cores, which are
likely to be less luminous. Or they might arise from ‘hotspots’ of
accretion corresponding to small portions of the overall emission
region. In either case, the magnitudes of any small-time-scale fluctuations are likely also to be of smaller amplitude than those observed from PKS 2155-304 observed by H.E.S.S., for example.
However, if the larger statistics obtainable with CTA were to reveal
structures with time-scales an order of magnitude shorter than
that observed from PKS 2155-304, but with similar energies and
from similar redshifts, sensitivity to M 1 ! 1019 GeV might again
be attained.
We therefore conclude that there are various ways in which
CTA could offer sensitivity to M1 ! M P , the characteristic massscale of quantum gravity.
5. Complementarity with other experiments
The principal competition for CTA in probing Lorentz violation
with photons will be provided by experiments studying emissions
from GRBs. As we have seen, Fermi GBM/LAT observations of GRB
090510 at z ¼ 0:90 already provide sensitivity to M 1 ! M P , and
potentially greater sensitivity if one makes more aggressive analysis assumptions [24]. John though impressive, and setting a challenging benchmark for future studies, this Fermi result is far
from being the last word on the subject. For one thing, this sensitivity is provided by a single photon that is considerably more
energetic than others emitted by GRBs, and robust limits on Lorentz violation require concordance between several sources of different types. Also, whereas M P might be a natural order of
magnitude for M 1 in some models, this expectation is subject to
considerable uncertainties. For example, in models based on
space–time defects, there are unknown factors associated with
the couplings and density of the defects, and the latter might vary
with the redshift z [21]. In this connection, we note that John GRB
090510 did not have a particularly large redshift, the largest
known having been GRB 090423 with a redshift z ¼ 8:2. However,
since a refractive index g ! Ec =M 1 yields a time delay proportional
to KðzÞ (2), which is significantly nonlinear at large redshifts, there
is no great advantage in sources with z > 1. Rather, consolidation
of the sensitivity attained with GRB 090510 will require significantly more statistics of comparably energetic photons, which
are currently in short supply with the Fermi satellite. Moreover,
establishment of a solid limit on M1 (either lower or upper) would
require concordant measurements with different classes of
sources, with their different source effects, e.g., both GRBs and
AGNs.
It should also be emphasized that CTA will come into its own
when the sensitivity to a possible quadratic dependence of the
speed on energy is considered, in view of its ability to measure
photons of much higher energies than those typical of GRB
emissions.
As we have already discussed, there is no direct comparison between photon probes of Lorentz violation and probes using other
particles. Specifically, we would not expect similar effects for
charged particles such as electrons and protons, though perhaps

for neutrins. As we have also seen above, probes of Lorentz violation using neutrinos currently have many orders of magnitude less
sensitivity than those using photons. However, there are significant possibilities for improvement. For example, it has recently
been found in two-dimensional simulations of core-collapse supernovae that their neutrino emissions may exhibit time structures on
the millisecond scale [41]. If observed, these structures would
immediately improve the sensitivity to M m1 by two orders of magnitude [42], though still much less than for photons.
There are also prospects for increasing the sensitivity to M m1 of
long-baseline accelerator neutrino experiments. As discussed in
[28], it should be possible to improve the CNGS timing measurement to the level of 1 ns, offering an improvement in sensitivity
by an order of magnitude. It is in principle possible to improve
the time resolution of particle detectors to the level of Oð1Þ ps,
though how to exploit this in a long-baseline experiment is an
open question. In any case, for the foreseeable future neutrino
experiments will have less sensitivity than photon experiments
such as CTA, and are in any case measuring an independent
quantity.
6. Summary
As we have reviewed in this article, there is considerable interest in probing the possible violation of Lorentz invariance: precisely because it is so fundamental to modern physics, it should
not be treated as sacrosanct, but rather as a principle to be questioned assiduously. As we have discussed, distant astrophysical objects such as GRBs and AGNs offer the most sensitive opportunities
to probe Lorentz violation using energetic photons. Probes using
accelerator and astrophysical neutrinos are much less sensitive,
and the very strong limits on Lorentz violation obtained using electrons do not have immediate implications for photons.
As we have also discussed, CTA will have a unique scientific
opportunity to probe Lorentz violation using astrophysical photons, in particular multi-TeV c rays from AGNs. The sensitivity that
can be attained by CTA probes is subject to the unknown vagaries
of energetic astrophysical sources, and is restricted by the horizon
for absorption of energetic c rays by extragalactic background
light. However, these restrictions can be evaded by observing
emissions with short transient time-scales, so the sky is not quite
the limit for CTA to probe Lorentz violation.
Acknowledgement
This work was supported in part by the London Centre for Terauniverse Studies (LCTS), using funding from the European Research Council via the Advanced Investigator Grant 267352.
References
[1] G. Hermann [CTA Collaboration], Nucl. Phys. Proc. Suppl. 212–213 (2011) 170–
177. and references therein.
[2] G. Amelino-Camelia, J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, S. Sarkar,
Nature 393 (1998) 763–765. <arXiv:astro-ph/9712103> .
[3] G. Amelino-Camelia, J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, Int. J. Mod.
Phys. A12 (1997) 607–624. <arXiv:hep-th/9605211> ;
J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, Gen. Rel. Grav. 32 (2000) 127–
144. <arXiv:gr-qc/9904068> ;
J.R. Ellis, N.E. Mavromatos, M. Westmuckett, Phys. Rev. D70 (2004) 044036.
<arXiv:gr-qc/0405066> ;
J.R. Ellis, N.E. Mavromatos, M. Westmuckett, Phys. Rev. D71 (2005) 106006.
<arXiv:gr-qc/0501060> ;
J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, M. Westmuckett, Int. J. Mod. Phys.
A21 (2006) 1379–1444. <arXiv:gr-qc/0508105> .
[4] J.R. Ellis, K. Farakos, N.E. Mavromatos, V.A. Mitsou, D.V. Nanopoulos, Astrophys.
J. 535 (2000) 139–151. <arXiv:astro-ph/9907340> .
[5] L. Gonzalez-Mestres. <arXiv:physics/9712005>, <arXiv:physics/9708028>.
[6] R. Gambini, J. Pullin, Phys. Rev. D59 (1999) 124021. <arXiv:gr-qc/9809038> .

J. Ellis, N.E. Mavromatos / Astroparticle Physics 43 (2013) 50–55
[7] G. Amelino-Camelia, Int. J. Mod. Phys. D11 (2002) 35–60. <arXiv:gr-qc/
0012051> ;
J. Magueijo, L. Smolin, Phys. Rev. Lett. 88 (2002) 190403. <arXiv:hep-th/
0112090> .
[8] V.A. Kostelecky. <arXiv:hep-ph/9912528>.
[9] R.C. Myers, M. Pospelov, Phys. Rev. Lett. 90 (2003) 211601. <arXiv:hep-ph/
0301124> ;
J. Alfaro, L.F. Urrutia, Phys. Rev. D81 (2010) 025007. <arXiv:0912.3053 [hepth]> .
[10] P. Horava, Phys. Rev. D79 (2009) 084008. <arXiv:0901.3775 [hep-th]> ;
M. Visser, Phys. Rev. D80 (2009) 025011. <arXiv:0902.0590 [hep-th]> ;
J. Alexandre, Int. J. Mod. Phys. A26 (2011) 4523. <arXiv:1109.5629 [hep-th]> .
[11] S.R. Coleman, S.L. Glashow, Phys. Rev. D59 (1999) 116008. <arXiv:hep-ph/
9812418> ;
T. Jacobson, S. Liberati, D. Mattingly, Nature 424 (2003) 1019–1021.
<arXiv:astro-ph/0212190> ;
, Ann. Phys. 321 (2006) 150–196. <arXiv:astro-ph/0505267> ;
N.E. Mavromatos, Int. J. Mod. Phys. A25 (2010) 5409. <arXiv:1010.5354 [hepth]> ;
S. Liberati, L. Maccione, J. Phys. Conf. Ser. 314 (2011) 012007.
<arXiv:1105.6234 [astro-ph.HE]> .
[12] J.A. Wheeler, K.W. Ford, Geons, Black Holes, and Quantum Foam: A Life in
Physics, Norton, New York, 1998, ISBN 0-393-04642-7.
[13] J. Polchinski, Phys. Rev. Lett. 75 (1995) 4724–4727. <arXiv:hep-th/9510017> ;
String Theory, vol. 2: Superstring Theory and Beyond, Cambridge Univ. Press,
Cambridge, UK, 1998.
[14] J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, Phys. Lett. B665 (2008) 412–417.
<arXiv:0804.3566 [hep-th]> ;
T. Li, N.E. Mavromatos, D.V. Nanopoulos, D. Xie, Phys. Lett. B679 (2009) 407–
413. <arXiv:0903.1303 [hep-th]> .
[15] G.D. Moore, A.E. Nelson, JHEP 0109 (2001) 023. <arXiv:hep-ph/0106220> .
[16] J.R. Ellis, N.E. Mavromatos, A.S. Sakharov, Astropart. Phys. 20 (2004) 669–682.
<arXiv:astro-ph/0308403> ;
J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, A.S. Sakharov, Int. J. Mod. Phys.
A19 (2004) 4413–4430. <arXiv:gr-qc/0312044> .
[17] P. Kaaret. <arXiv:astro-ph/9903464>.
[18] S.D. Biller et al., Phys. Rev. Lett. 83 (1999) 2108. <arXiv:gr-qc/9810044> .
[19] J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, A.S. Sakharov, Astron. Astrophys.
402 (2003) 409–424. <arXiv:astro-ph/0210124> .
[20] J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, A.S. Sakharov, E.K.G. Sarkisyan,
Astropart. Phys. 25 (2006) 402;
, Astropart. Phys. 29 (2008) 158E. <arXiv:astro-ph/0510172> .
[21] J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, Int. J. Mod. Phys. A26 (2011)
2243–2262. <arXiv:0912.3428 [astro-ph.CO]> .
[22] J. Albert et al. [MAGIC Collaboration], J. Ellis, N.E. Mavromatos, D.V.
Nanopoulos, A.S. Sakharov, E.K.G. Sarkisyan, Phys. Lett. B668 (2008) 253–
257. <arXiv:0708.2889 [astro-ph]>.
[23] A. Abramowski et al. [HESS Collaboration], Astropart. Phys. 34 (2011) 738.
<arXiv:1101.3650 [astro-ph.HE]> .
[24] M. Ackermann et al. [Fermi GBM/LAT Collaboration], Nature 462 (2009) 331–
334. <arXiv:0908.1832 [astro-ph.HE]> ;

[25]

[26]

[27]

[28]
[29]
[30]
[31]
[32]

[33]
[34]
[35]
[36]
[37]

[38]
[39]
[40]

[41]

[42]

55

F. de Palma [Fermi-LAT and Fermi GBM Collaborations], AIP Conf. Proc. 1223
(2010) 173–182. and references therein.
M. Galaverni, G. Sigl, Phys. Rev. Lett. 100 (2008) 021102. <arXiv:0708.1737
[astro-ph]> ;
, Phys. Rev. D78 (2008) 063003. <arXiv:0807.1210 [astro-ph]> ;
L. Maccione, S. Liberati, G. Sigl, Phys. Rev. Lett. 105 (2010) 021101.
<arXiv:1003.5468 [astro-ph.HE]> .
K. Hirata et al. [KAMIOKANDE-II Collaboration], Phys. Rev. Lett. 58 (1987)
1490–1493;
R.M. Bionta et al. [IMB Collaboration], Phys. Rev. Lett. 58 (1987) 1494;
E.N. Alekseev, L.N. Alekseeva, I.V. Krivosheina, V.I. Volchenko, Phys. Lett. B205
(1988) 209;
M.J. Longo, Phys. Rev. D36 (1987) 3276;
L. Stodolsky, Phys. Lett. B201 (1988) 353.
P. Adamson [MINOS Collaboration], Phys. Rev. D76 (2007) 072005.
<arXiv:0706.0437 [hep-ex]> ;
G.R. Kalbfleisch, N. Baggett, E.C. Fowler, J. Alspector, Phys. Rev. Lett. 43 (1979)
1361.
J.R. Ellis, N. Harries, A. Meregaglia, A. Rubbia, A. Sakharov, Phys. Rev. D78
(2008) 033013. <arXiv:0805.0253 [hep-ph]> .
R. Acquafredda et al. [OPERA Collaboration], JINST 4 (2009) P04018.
T. Adam et al., [OPERA Collaboration]. <arXiv:1109.4897 [hep-ex]>.
J. Alexandre, J. Ellis, N.E. Mavromatos, Phys. Lett. B706 (2012) 456.
<arXiv:1109.6296 [hep-ph]> .
G. Cacciapaglia, A. Deandrea, L. Panizzi, JHEP 1111 (2011) 137.
<arXiv:1109.4980 [hep-ph]> ;
G.F. Giudice, S. Sibiryakov, A. Strumia, Nucl. Phys. B861 (1) (2012).
<arXiv:1109.5682 [hep-ph]> .
A.G. Cohen, S.L. Glashow, Phys. Rev. Lett. 107 (2011) 181803.
<arXiv:1109.6562 [hep-ph]> .
OPERA
Collaboration.
http://operaweb.lngs.infn.it/
spip.php?rubrique14.
M. Antonello et al. [ICARUS Collaboration], Phys. Lett. B711 (2012) 270.
<arXiv:1110.3763 [hep-ex]> .
M. Antonello et al., [ICARUS Collaboration]. <arXiv:1203.3433 [hep-ex]>.
T.M. Kneiske, H. Dole. <arXiv:1001.2132 [astro-ph.CO]>.;
D. Mazin et al., [CTA Collaboration], Potential of EBL and cosmology studies
with the Cherenkov Telescope Array (2011).
R.J. Protheroe, H. Meyer, Phys. Lett. B493 (2000) 1–6.
<arXiv:astro-ph/
0005349> .
F. Aharonian et al. [HEGRA Collaboration], Astrophys. J. 546 (2001) 898–902.
<arXiv:astro-ph/0008211> .
E. Dwek, F. Krennrich, Astrophys. J. 618 (2005) 657.
<arXiv:astro-ph/
0406565> ;
, Astrophys. J. 733 (2011) 77. <arXiv:1101.3498 [astro-ph.CO]> .
R. Buras, H.-T. Janka, M. Rampp, K. Kifonidis, Astron. Astrophys. 457 (2006)
281. <arXiv:astro-ph/0512189> ;
A. Marek, H.-T. Janka, Astrophys. J. 694 (2009) 664. <arXiv:0808.4136 [astroph]> .
J. Ellis, H.T. Janka, N.E. Mavromatos, A.S. Sakharov, E.K.G. Sarkisyan, Phys. Rev.
D85 (2012) 045032. <arXiv:1110.4848 [hep-ph]> .

Astroparticle Physics 43 (2013) 56–70

Contents lists available at SciVerse ScienceDirect

Astroparticle Physics
journal homepage: www.elsevier.com/locate/astropart

Cosmic ray acceleration
A.R. Bell
Clarendon Laboratory, University of Oxford, Parks Road, Oxford, OX1 3PU, UK

a r t i c l e

i n f o

Article history:
Available online 12 June 2012
Keywords:
Cosmic rays
Particle acceleration
Shocks

a b s t r a c t
This review describes the basic theory of cosmic ray acceleration by shocks including the plasma instabilities confining cosmic rays near the shock, the effect of the magnetic field orientation, the maximum
cosmic ray energy and the shape of the cosmic ray spectrum. Attention is directed mainly towards Galactic cosmic rays accelerated by supernova remnants.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
Until the later part of the twentieth century, cosmic ray (CR)
physics was a subject with its own distinct nature that separated
it from much of astrophysics. It appeared that the greater part of
astrophysics could be understood without reference to cosmic rays.
Cosmic rays first became important to mainstream astrophysics
with the development of radio telescopes since synchrotron radiation requires energetic electrons, which have to be accelerated, and
magnetic field, which is often in close energy equipartition with the
energetic electrons. With the expansion of observational techniques into the whole range of the electromagnetic expansion, high
energy astrophysics embraced cosmic rays as an essential part of
astrophysics since a substantial fraction of the available energy is
often channelled into cosmic rays. Cosmic rays are also diagnostically important as a source of radiation. Cosmic ray electrons are
responsible for synchrotron and inverse Compton emission in many
parts of the electromagnetic spectrum, and it appears likely,
although not yet completely certain, that gamma-rays generated
through pion decay provide a direct window into in situ acceleration of TeV-PeV protons.
CR arriving at the Earth with energies up to and beyond 1020 eV
have a Larmor radius greater than the size of the Galaxy and must
have their origin in extreme conditions beyond our Galaxy. Arrival
directions measured by the Auger array suggest an origin correlated with AGN for the highest energy CR [7], but this is far from
certain and more data are needed [8]. Cosmic rays contribute a
large fraction of the energy content of explosive environments
from stellar to galactic scales, and they appear to play an important
role in the generation of magnetic field. Since cosmic rays are
important both dynamically and diagnostically it is essential that
we understand their acceleration, transport, radiative emissions,
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and interaction with other components of astrophysical
environments.
Cosmic rays arriving at the Earth consist mainly of high energy
protons with smaller numbers of electrons and other nuclei. A century of detector development since their discovery has defined the
shape and extent of the CR energy spectrum. The differential energy spectrum in the Galaxy extends as a E!s power law from
GeV energies to a few PeV with a spectral index s ¼ 2:6 ! 2:7
[55]. The spectrum steepens slightly at a few PeV before flattening
at about an EeV and then turning over and terminating at a few
100 EeV [77]. This is usually referred to as a knee-ankle structure
with the ‘knee’ at a few PeV and the ‘ankle’ at the less well defined
energy of a few EeV. The Larmor radius of a proton with energy EPeV
in PeV gyrating in a magnetic field BlG in lG is rg ¼ EPeV =BlG parsec.
It is mostly assumed with good reason that CR with energies above
the ‘ankle’ must be extragalactic in origin since their Larmor radius
is much larger than the Galaxy, and conversely that CR with energies below the knee must originate within the Galaxy. Although
much debated, the common picture is that the transition from a
Galactic to an extragalactic origin occurs somewhere between
the knee and the ankle. A heavy nucleus with charge Z has a Larmor
radius Z times smaller than a proton with the same energy, so if
protons can be accelerated within the Galaxy to a few PeV then
it is reasonable to suppose that a heavy nucleus can be accelerated
to a few times ZPeV within the Galaxy. Composition studies support this, but heavy nuclei cannot easily account for all CR in the
energy range 1–100 PeV, and a further population of protons accelerated in the Galaxy beyond the knee may be needed [56,57]. Proton acceleration to the knee pushes shock acceleration theory to its
limits when applied to shell-type supernova remnants (SNR) of the
kind observed in our Galaxy, so CR between the knee and the ankle
pose a severe challenge to our understanding.
The arrival directions of CR at all except the highest energies are
scrambled by deflection in the interstellar or intergalactic
magnetic field and give no information on their source, but the
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large total CR energy in the Galaxy places severe limitations on
possible sources. Supernova remnants (SNR) provide the largest
energy input into the interstellar medium and, as discussed below,
their associated shocks are natural particle accelerators, so it is
usually assumed that Galactic CR are accelerated by SNR. To account for the Galactic CR energy budget, at least a few percent of
the total SN energy has to be given to CR [10,2].
The development of Cherenkov telescopes sensitive to gammarays with energies approaching 100 TeV has dramatically expanded our knowledge of CR origins. Since gamma-rays are undeflected as they propagate from the source, Cherenkov telescopes
point directly to the CR producing the gamma-rays. Observations
by the HESS Cherenkov telescope of the supernova remnant RX
J1713.7–3946 detect gamma-rays up to nearly 100 TeV with an
angular resolution of 0.06 degrees [3,4]. A quantitative analysis of
radiation from SNR at TeV energies can be found in Drury et al.
[33]. This provides direct evidence that at least some SNR accelerate cosmic rays to within an order of magnitude of the energy of
the knee since gamma-rays are generated by cosmic rays of about
7 times the gamma-ray energy, depending on the emission process
[3]. It is not completely decided whether gamma-rays from SNR
are emitted by ions as well as electrons, but discrimination between electron and ion sources is within reach through the measurement of the gamma-ray spectrum over a range of photon
energies. When Cherenkov measurements are united with lower
energy gamma-ray detections by the FERMI satellite it is becoming
possible to distinguish between gamma-ray spectra characteristic
of inverse-Compton and pion processes. Latest results indicate that
pion processes dominate in at least one SNR [52]. CR electrons are
also detectable through their synchrotron emission from radio to
X-ray energies. X-ray synchrotron emission is mapped in great detail in some supernova remnants, giving direct evidence of in situ
acceleration of TeV electrons.
Previous reviews of cosmic ray acceleration include Drury [32],
Blandford and Eichler [24], Jones and Ellison [62] and Malkov and
Drury [74]. Only a small fraction of the extensive literature on diffusive shock acceleration and related astrophysics can be covered
in a review of the present length which considers mainly the plasma physics of CR acceleration by SNR. This review does not cover
heliospheric shocks (e.g. [118]) which are generally weaker and
more dependent on the local context due to their smaller spatial
extent. Injection of initially thermal particles into the acceleration
process and their subsequent acceleration to non-relativistic energies (e.g. [92]) are important aspects of heliospheric shocks not discussed here. Also, this review does not consider CR acceleration at
shocks with relativistic velocities (e.g. [64,1,103,82,83]). A comprehensive review of observational signatures of cosmic ray acceleration can be found in Helder et al. [54].

2. Diffusive shock acceleration
More than 60 years ago Fermi [46] suggested that CR gain their
energy from large scale fluid motions in the interstellar medium. In
the second order Fermi process, CR are reflected elastically by moving magnetic field structures that might be anchored in interstellar
clouds. A ‘head-on’ encounter between a CR and a cloud leads to
the CR gaining energy. A ‘tail-on’ encounter leads to an energy loss,
but the CR gains energy on average because head-on encounters
are more frequent than tail-on encounters. If the typical cloud
velocity is u and CR move at the speed of light c, the average fractional energy exchange on each encounter is of order u=c, and the
excess of head-on over tail-on encounters is also u=c, making the
mean energy gain on each encounter of order ðu=cÞ2 , which makes
the process second order. The second order Fermi process may play
a role in CR acceleration in older SNR [80], but attention has moved
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to a faster first order Fermi process that operates in the environment of shocks. In the rest frame of a shock, the upstream plasma
moves into the shock at the shock velocity us and exits downstream at a lower velocity us =r where r is the density compression
ratio at the shock. r ¼ 4 for a non-relativistic shock with a high
Mach number. If a CR reflects back and forth between magnetic
structures upstream and downstream of the shock, when viewed
in an appropriate frame every encounter is head-on with a mean
fractional increase in energy of order us =c producing relatively rapid acceleration. The key to the operation of first order Fermi shock
acceleration is that CR trajectories are scattered by fluctuations in
the magnetic field. If the local magnetic field were uniform, CR
would easily escape the shock environment by streaming along
magnetic field lines. It was shown around 1970 [66,117,99–101]
that CR streaming excites fluctuations in the magnetic field in
the form of Alfven waves propagating along the field lines with
wavelengths on the scale of a CR Larmor radius. The resonance between the Larmor radius and the wavelength of the fluctuation
produces a strong interaction that scatters CR so they propagate
diffusively along the field lines [94]. CR perform a random walk
along field lines which can lead to a particular CR crossing and
recrossing the shock many times, gaining energy on each crossing.
The resulting CR spectrum can be derived either from solution
of the Boltzmann equation for a CR distribution near a shock
[65,9,25] or equivalently from the statistics of a random walk by
a single particle [14,15]. These equivalent derivations were proposed independently, and they can be outlined as follows.
The derivation from single particle [14] can be separated into
two steps:
(i) The first step is to derive an expression for the probability of a
CR crossing and recrossing the shock m times before escaping
downstream. From simple kinetic theory the rate at which CR cross
from upstream to downstream is ns c=4 where ns is the CR number
density at the shock. The rate at which CR are carried away downstream at velocity us =r by background fluid motions is n1 ðus =rÞ
where n1 is the CR number density far downstream. In the diffusion
approximation, valid for us $ c; ns ¼ n1 . The ratio of the two rates
prescribes that on average a CR crosses and recrosses the shock
rc=4us times. Since the CR has equal probability of being carried
away downstream on each adventure into the downstream plasma,
the probability of escape during one excursion into the downstream
plasma is 4us =rc. The probability of making at least m shock crossings is therefore ð1 % 4us =rcÞm . Assuming a strong shock, r ¼ 4 and
the number of CR still present at the shock after m crossings is

Nm ¼ ð1 % us =cÞm N 0
where N0 is the number of CR initially encountering the shock.
(ii) The second step in the derivation is to find an expression for
the average energy gained after m shock crossings. By averaging
over the various angles at which relativistic CR cross and re-cross
a strong non-relativistic shock we find that the average energy gain
DE on one cycle of crossing from upstream to downstream and
back to upstream is DE ¼ ðus =cÞE, and the average energy after m
such cycles is

Em ¼ ð1 þ us =cÞm E0
where E0 is the initial CR energy. Since ðus =cÞ is small,
ð1 þ us =cÞm ' 1=ð1 % us =cÞm ,
ðNm =N 0 Þ ¼ ðEm =E0 Þ%1
and
%1
%1
NðEÞ ' ðE=E0 Þ N0 . NðEÞ / E is the integral energy spectrum of
CR reaching at least energy E, so the differential energy spectrum
nðEÞ ¼ %dN=dE is

nðEÞ / E%2 :
It can be shown by a similar argument that the equivalent p%2
momentum spectrum applies to non-relativistic as well as relativis-
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tic CR. The corresponding energy spectrum of non-relativistic CR is
proportional to E!1 .
The CR spectrum was also derived from the Boltzmann equation
by Krymsky [65], Axford et al. [9] and Blandford and Ostriker [25]
in independent papers. Consider a shock at position x ¼ 0 in its rest
frame with plasma flowing through the shock in the x direction.
The time-dependent Boltzmann equation for the CR distribution
function f ðx; pÞ in position and momentum p space is

@f
@f @u @f
@f
þ ðv x þ uÞ !
p
þ ev & B:
¼ Cðf Þ
@t
@x @x x @px
@p

ð1Þ

where the background fluid velocity u is considered small, f is defined in the local fluid rest frame, B is the large-scale unperturbed
magnetic field, and Cðf Þ represents scattering by small scale fluctuations in the magnetic field. If the distribution function is assumed
to consist of an isotropic part f0 and a small diffusive drift f 1 relative
to the background, f ¼ f0 þ f 1 :p=p, the zeroth order isotropic moment of the Boltzmann or Vlasov–Fokker–Planck VFP equation is

u

@f0 c @fx 1 @u @f0
p
þ
!
¼0
@x 3 @x 3 @x @p

where fx is the x component of the vector f 1 . Integration in x from
immediately downstream to immediately upstream of the shock
yields

c
uu ! ud @f0
ðfxu ! fxd Þ ¼
p
3
3
@p
where subscripts u and d refer to upstream and downstream values,
respectively. Downstream of the shock CR advect with the background fluid, so fxd ¼ 0. CR cannot escape far upstream of the shock
so the diffusive drift fdu c=3 must balance the advective flow uu f0 ,
giving fxu ¼ !3ðuu =cÞf0 , giving

p @f0
uu
3r
¼!
¼!
f0 @p
r!1
uu ! ud
since uu ¼ us and ud ¼ us =r. For a strong shock r ¼ 4 giving f0 / p!4
in momentum space which is equivalent to nðEÞ / E!2 for relativistic energies as found above from single particle statistics.
Note that the details of the CR scattering process in the upstream and downstream plasmas appear in neither derivation.
The key assumptions are that the shock velocity is much less than
the CR velocity, the CR distribution is nearly isotropic at the shock,
CR are unable to escape far upstream, and the CR density at the
shock is equal to that far downstream. Because the number of
assumptions is so small, the result of an E!2 spectrum for relativistic CR has very wide application. This predicted CR spectrum is a
little flatter than the measured Galactic CR spectrum nðEÞ / E!2:6 .
The difference in spectral index is discussed below, but when other
factors are taken account of, the agreement between theory and
observations is pleasingly close, and the theoretical result is robust
and relatively model independent.
3. The maximum CR energy
The previous section demonstrated that shock acceleration
gives a power law energy spectrum close to that of CR arriving at
the Earth and of CR electrons responsible for synchrotron radiation
in radio sources. For shock acceleration to be a credible theory it
also has to explain how CR are accelerated to at least 1 PeV in
the Galaxy and to 100’s of EeV beyond the Galaxy.
In the case of SNR the maximum energy is probably determined
by a balance between the acceleration rate and the lifetime of the
remnant, as shown by Lagage and Cesarsky [67,68]. Here we present a ‘back of the envelope’ derivation of their result. We suppose
that CR in a small energy range with number density ncr upstream

of the shock have a spatially uniform diffusion coefficient D. The
balance between the diffusive flux !D@ncr =@x and the advective
flux uncr , produces an exponential precursor ahead of the shock:
ncr ¼ ns expð!x=LÞ where x is the distance ahead of the shock and
L ¼ D=us is the precursor scaleheight. ns is the value of ncr at the
shock. The total number of CR in the precursor is then ns L. The rate
at which CR cross the shock from upstream to downstream and
from downstream to upstream is ns c=4, so the average time a CR
spends upstream between shock crossings is Dt ¼ 4L=c ¼ 4D=cus .
The average fractional energy gain on each shock crossing is
DE=E ¼ us =c as shown above. The acceleration rate is then
dE=dt ¼ DE=Dt ¼ Eu2s =4D. The characteristic acceleration time to
energy E is saccel ¼ E=ðdE=dtÞ ¼ 4D=u2s . This ignores the time spent
downstream. Lagage and Cesarsky include the downstream dwell
time to show that saccel ¼ 4Du =u2s þ 4Dd =u2d . The downstream diffusion coefficient Dd is probably much smaller than the upstream
coefficient Du because the downstream magnetic field is larger
due to compression in the shock and probably highly turbulent.
So the inclusion of the downstream dwell time probably does not
increase the acceleration time saccel by more than a factor of 2
and we proceed by assuming that saccel ¼ 8Du =u2s .
Assuming that CR are accelerated by SNR, a maximum CR energy can be estimated by setting the acceleration time equal to
the age s of the SNR: 8D=u2s ¼ s. Writing the diffusion coefficient
as D ¼ ck=3, where k is the CR scattering mean free path, the acceleration time is equal to the SNR lifetime when k ¼ 3u2s s=8c. Consequently acceleration is only possible for CR with mean free paths
less than k ¼ 4 & 1015 u27 s1000 m, where u7 is the SNR shock velocity
in units of 10,000 km s!1, and s1000 is the SNR age in units of
1000 years. Higher energy CR have longer mean free paths because
they are less easily deflected by magnetic field, and this sets an
upper limit on the CR energy. The mean free path k cannot be smaller than r g , so acceleration to an energy EPeV requires a magnetic
!1
field of at least 8u!2
7 s1000 EPeV lG, where the Larmor radius of a CR
with energy EPeV in units of PeV is rg ¼ 3 & 1016 EPeV B!1
lG m.
In the case of a typical historical SNR such as Tycho, Kepler or
Cas A (u7 ' 0:5 & s1000 ' 0:4) CR acceleration to the knee at a
few PeV is only possible if the SNR shock propagates into a magnetic field greater than 100 lG, which is much larger than a typical
interstellar magnetic field of a few lG. In this approximate model,
the maximum CR energy is

Emax ( 1014 ðk=r g Þ!1 BlG s1000 u27 eV

ð2Þ

The most favourable assumption is that k=rg ' 1 in which case the
historical SNR expanding into a magnetic field of 3 lG could accelerate CR to only '3 & 1013 eV, which is far short of the energy of the
knee.
Hillas [55] proposed the parameter uBR as a measure of the
maximum attainable CR energy in eV in a wide range of acceleration scenarios, where u; B and R are the characteristic velocity,
magnetic field and length scale, respectively. The maximum CR energy derived by Lagage and Cesarsky is consistent with the Hillas
argument in the case of Bohm diffusion k ¼ p=eB. Equating the
acceleration time 8kc=3u2s to the SNR lifetime R=us gives a maximum CR energy Emax ¼ ð3=8Þus BR in eV as in Eq. (2).
A crucial question is whether the maximum CR energy is limited by space or time. A spatial limit on the energy is given by
the condition that the precursor scaleheight D=us must be less than
the SNR radius R. The timescale limit of Lagage and Cesarsky is given by the condition that the acceleration time 8D=u2s , or 4D=u2s if
the CR downstream dwell time is negligible, must be less than the
SNR lifetime R=us . The two conditions only differ by a numerical
factor of 4 or 8, but the difference has important consequences.
In the timescale limit, the precursor scaleheight L of the highest energy CR is smaller than the SNR radius R by 4–8 in which case CR
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do not escape upstream from the shock into the interstellar medium. This is because CR with energy Emax typically diffuse only a
distance L into the precursor before being overtaken by the
advancing shock. CR with an energy much less than Emax stand even
less chance of escaping upstream since their precursor scaleheight
is correspondingly smaller. In contrast, if the spatial limit were to
apply, CR with energy Emax would by definition escape into the
interstellar medium. Since the timescale limit is the more stringent, it appears that CR may be unable to escape upstream, and this
raises the question of how the Galactic CR population can be
replenished by SNR. This important issue is given further consideration below. As we shall see, the assumptions that CR transport is
diffusive and that the mean free path is proportional to the Larmor
radius are open to question. Breakdown of the diffusion approximation or the inability of CR to generate magnetic turbulence
may result in escape upstream at high CR energies.
Acceleration to the knee is only possible if the magnetic field
exceeds typical interstellar values. Unless the magnetic field
greatly exceeds 100 lG, acceleration to PeV in SNR requires a CR
mean free path not much larger than the Larmor radius. The case
of k=r g ! 1, known as ‘Bohm’ diffusion, is only achieved if the magnetic field is disordered on the scale of a CR Larmor radius. Recent
theories of magnetic field generation suggest that the magnetic
field is in fact suitably tangled (see below) but even with the
assumption of Bohm diffusion it is clear that acceleration to the
knee in the historical SNR is only possible if the magnetic field is
strongly amplified above typical interstellar values.
The acceleration rate is increased if the magnetic field lies in the
plane of the shock surface (known as a ‘perpendicular shock’), but
in this case the maximum CR energy is limited by spatial constraints to a very similar value and the maximum CR energy is very
similar to that in Eq. (2). This will be discussed in Section 6.
Older remnants in the Sedov blast wave phase have larger values of s1000 but the shock velocity decreases with age, us / s"3=5 , so
the maximum CR energy actually decreases with time according to
the above formula: Emax / s"1=5 . The energy of an individual CR always increases with time if it stays with the shock, so a CR has the
greatest opportunity to gain energy if it is injected into the acceleration process during the free expansion phase and stays with
the shock front into and throughout the Sedov phase. However, a
CR can only stay with the shock through the Sedov phase if the
magnetic field is strong enough to confine it. We have shown
above that fields much greater than typical interstellar fields are
needed and these may not be available during the slow expansion
of the Sedov phase, in which case the maximum CR energy may
only be reached during the pre-Sedov expansion. The estimates
of the maximum CR energy made by Lagage and Cesarsky presented a serious obstacle to an explanation of Galactic CR acceleration until it was understood that CR themselves can amplify a
seed interstellar magnetic field to ! 100 lG as part of the acceleration process (see below), thereby self-consistently generating the
magnetic field needed for acceleration to PeV energies.
The above estimate of the maximum CR energy applies to CR
protons. The maximum energy for electron acceleration is usually
limited by synchrotron losses. Acceleration is terminated when
the acceleration time is equal to the energy loss time due to
synchrotron cooling. The synchrotron cooling time is
"2
ssync ¼ 4 $ 1011 E"1
PeV BlG s [71]. In comparison, the acceleration time,
"2
assumed to be 8D=u2s , is saccel ¼ 2:7 $ 1011 ðk=rg ÞEPeV B"1
lG u7 s. The
cooling time decreases as an electron gains energy and acceleration
terminates when ssync ¼ saccel which limits the CR electron energy
to EPeV ¼ 1:2ðk=rg Þ"1=2 B"1=2
lG u7 resulting in a corresponding turnover
in the synchrotron spectrum. The characteristic energy of synchrotron photons emitted by electrons of energy EPeV in a magnetic field
BlG is hm ! 50BlG E2PeV keV. The photon energy is proportional to
BlG E2PeV and the maximum CR energy is proportional to B"1=2
lG (see
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above), so the turnover of the synchrotron spectrum is independent of the magnetic field: hm ! 70u27 ðk=rg Þ"1 keV. Since u7 and
the synchrotron spectrum turnover are both measurable for many
SNR, this relation can be used to estimate the parameter k=r g . However, the expression for hm is uncertain to a numerical factor because the synchrotron emission is not confined to a single
frequency and the acceleration time depends on the details of
the upstream and downstream diffusion coefficients (see for example [2]). Stage et al. [105] arrive at the equation hmc ! 30u27
ðk=r g Þ"1 keV where mc is the frequency at which the synchrotron
emission cuts off. They applied this formula to observations of
Cas A with the welcome conclusion that k=rg ! 1. Their results increase confidence in the assumption that Bohm diffusion applies
during shock acceleration. A similar conclusion is reached by
Uchiyama [106].
The synchrotron cooling time can also be used to estimate the
magnetic field at SNR shocks [109,22,112]. Filaments of X-ray synchrotron emission are observed at the shock. If the emission extends a distance x downstream of the shock, the synchrotron
cooling time is !4x=us if CR are advected away from the shock at
the post-shock fluid velocity us =4.
4. Magnetic field generation
As discussed above, the outer shocks of SNR can only accelerate
CR to a few PeV if the shock propagates into a magnetic field much
larger than a typical interstellar field. Fortunately, plasma streaming instabilities provide a natural way for the CR precursor to amplify the magnetic field in the upstream plasma. The instabilities
set the upstream plasma into turbulent motion. This stretches
the magnetic field lines which are frozen into the plasma, producing a tangled magnetic field with a magnitude much larger than
the initial seed field. Further field enhancement can take place
downstream of the shock either as a result of the vorticity generated by the upstream instability or because the shock overtakes
an already clumpy medium [51,119]. As mentioned above, the
presence of large magnetic field at shocks is confirmed by X-ray
observations of thin lines of synchrotron emission coincident with
the outer shocks of young SNR. Analysis of young SNR indicates
fields in the range 100 lG to mG [22,108], which matches the field
required to accelerate CR to PeV. Here we describe instabilities that
directly generate magnetic field but other instabilities in the precursor [34] may play a role in field generation through turbulence
[73].
4.1. The Weibel instability
It has been known for decades that anisotropic fluxes of charged
particles are unstable to the exponential growth of small perturbations. There are a number of a streaming instabilities, but one of
the most important in this context is the Weibel instability
[116]. The instability occurs in various forms, but it applies particularly to shocks and cosmic rays in the form of a filamentation
instability. The Weibel instability separates a spatially uniform
drifting population of charged particles into current filaments.
Each filament carries an excess electric current surrounded by a
corresponding magnetic field that further focuses current into
the filament, causing an increase in the local current and a further
increase in the magnetic field in a positive feedback loop. In its
simplest form the instability grows most rapidly on the scale of
an electron skin depth c=xpe or the ion skin depth c=xpi . In a plasma density of one particle per cm3 the electron skin depth is only
5 km and the ion skin depth is 200 km so the Weibel instability can
be effective in providing the internal dissipation needed to sustain
a collisionless shock, and it can provide the turbulence needed to
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scatter low energy CR with mildly suprathermal energies, particularly in relativistic shocks [102–104,69]. However it is unlikely that
it can generate the large scale magnetic fields needed to scatter
high energy CR with Larmor radii many orders of magnitude larger
than c=xpe .
4.2. The Alfven instability
In order to accelerate a charged particle even to a GeV, magnetic
field is needed on the scale of at least 105 km corresponding to the
CR Larmor radius in a 300 lG magnetic field. This scale is very
much larger than c=xpe and also very much larger than the Larmor
radius of thermal particles which are therefore strongly magnetized and fixed to magnetic field lines on this scale. Hence for high
energy CR to be confined near the shock during acceleration the
confining magnetic field must be generated by a process in which
the background plasma behaves as an MHD fluid. The Alfven instability meets this requirement. The Alfven instability results in the
exponential growth of MHD Alfven waves with wavelengths resonantly matched to the Larmor radius of the CR which stream
through a background MHD plasma [66,117]. As cosmic rays propagate upstream of the shock they resonantly excite Alfven waves
and thereby generate fluctuations in the magnetic field. Because
the Alfven waves are excited with a wavelength comparable with
the CR Larmor radius they are ideally suited to scatter the CR which
then execute a diffusive random walk in the shock environment
and are accelerated as described in Section 2.
Self-consistent equations for CR transport and Alfven wave generation were set out by Skilling [99–101]. The realisation that the
Alfven instability could result in strong CR scattering opened the
way for the development of the theory of diffusive shock acceleration, but it did not show how the magnetic field could be amplified
to the large magnitude needed to accelerate CR to a few PeV. It was
commonly supposed that the Alfven instability would saturate
when the fluctuating part of the field dB becomes comparable with
the unperturbed field B present in the upstream plasma. It seems
intuitively reasonable that unstable growth ceases once dB ! B
and the spatial resonance between the wavelength and CR gyration
is lost, but this is not the case.
4.3. The non-resonant hybrid (NRH) instability
The presumption that CR streaming instabilities saturate at
dB=B ! 1 was tested by Lucek and Bell [72] who simulated CR as
particles flowing along magnetic field lines frozen into a fluid modelled with an MHD code. They found that in fact the field grows far
beyond dB=B ! 1 as shown in Fig. 1. Bell [17,18] then showed that
the strongest field amplification results not from the Alfven instability but from the non-linear growth of a previously unknown
non-resonant hybrid (NRH) instability. The instability is non-resonant because it does not require a match between the CR Larmor
radius and the instability wavelength, and it is a hybrid instability
because, like the Alfven instability, it results from a mixture of kinetic and hydrodynamic behaviour. The thermal particles behave
magnetohydrodynamically since they are strongly magnetized,
but CR behave kinetically since their Larmor radii are at least as
large as the instability wavelength. This contrasts with the Weibel
instability in which all particles behave kinetically. The NRH instability does not saturate at dB=B ! 1, but continues growing nonlinearly to produce fields much larger than the field in which the
instability begins to grow.
The features of the NRH instability are easily understood by
deriving its growth rate in its simplest configuration. Consider
instabilities operating on scales much smaller than the CR Larmor
radius. In this case CR trajectories are negligibly deflected by the
perturbed magnetic field and we can suppose that an electric cur-

rent jcr carried by the CR, consisting mainly of protons, is uniform
in space, unvarying in time, and directed in the z direction. We consider the case in which the background plasma is cold in the sense
that forces due to the pressure gradient can be neglected in comparison with the jcr " B force exerted by the cosmic rays, and that
the magnetic forces B " ðr " BÞ=l0 are similarly negligible. To preserve quasi-neutrality the CR current must be balanced by an electric current jt carried by the background thermal plasma. The
instability evolves on a fluid rather than an electromagnetic timescale so the displacement current can be neglected and the CR and
thermal currents are related by r " B ¼ l0 ðjcr þ jt Þ. r " B can also
be neglected as a consequence of the assumption that the magnetic
force is small, leaving jt ¼ 'jcr in this approximation, that is, the
thermal current jt locally balances the CR current jcr . The momentum equation for the background plasma moving with velocity v is
qdv=dt ¼ jt " B ¼ 'jcr " B. The equations controlling the instability are then

q

dv
¼ 'jcr " B
dt

@B
¼ r " ðv " BÞ
@t

dq
¼ 'qr:v
dt

ð3Þ

After some manipulation, these equations reduce to

! "
dv
B
¼ 'jcr "
dt
q

! " ! "
d B
B
¼
:rv
dt q
q

The equations are transverse and linear without further approximation if (i) CR stream along the unperturbed field lines in the z direction of the initial field (ii) all quantities vary only in the direction
parallel to jcr and the initial unperturbed field B0 . The equations
then further reduce to

Bz ¼ B0

q ¼ q0

! "
@v
B
¼ 'jcr "
@t
q

! " ! "
@ B
B0 @ v
¼
@t q
q0 @z

These linear equations in v and B=q have been derived without
making the linear assumption that second order quantities can be
neglected. They are correct both linearly and non-linearly in their
natural configuration. This is why the instability does not saturate
at dB=B ! 1 but continues growing to produce amplified magnetic
field much larger than the initial field.
The equations have an exponentially growing circularly polarised solution. The magnetic field lines take the form of spirals with
constant wavelength (2p=k) along the spiral and exponentially
growing amplitude. The growth rate is

c¼

!
"1=2
kjcr B0

q0

ð4Þ

The plane wave assumption that quantities only vary in the z direction parallel to the CR current is incorrect in realistic cases, but the
spirals grow most rapidly with their axes aligned with the large
scale magnetic field for which the difference between d=dt and
@=@t is small. In reality, spatially separated spirals with different
wavelengths start growing independently. A spiral growing in one
part of the plasma eventually expands into another spiral growing
about a separate axis. Exponential growth of interacting spirals is
slowed as they run into each other, but non-linear simulations
[17] show that the spirals expand further either by coalescing into
a single larger spiral or by the larger spiral pushing aside the smaller spiral. In the non-linear configuration the field lines evolve into
wandering spirals as in Fig. 1.
As a spiral expands it evacuates a low density cavity on axis
since the plasma is frozen to field lines. The instability grows
non-linearly into a structure consisting of cavities of low density
and low magnetic field surrounded by walls of large magnetic field
accompanied by high density as shown in Figs. 2 and 3. Similar re-
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Fig. 1. Results of a simulation by Lucek and Bell [72] of magnetic field amplification driven by streaming cosmic rays. The cosmic rays are treated as charged particles initially
streaming in the vertical direction. The left hand plot shows the initial magnetic field which is frozen into a three-dimensional fluid simulated by ideal MHD and selfconsistently coupled to the cosmic rays through the CR current. The right hand plot shows how the field lines are stretched into spirals at a later time.

Fig. 2. Magnitude of magnetic field generated by the non-resonant hybrid instability. Grey-scale plots of slices in x; y of a three-dimensional MHD simulation of magnetic
amplification driven by a fixed uniform CR current in the z direction. Reproduced from Bell [17] where further details can be found. The grey-scale minima (black) and
maxima (white) at each time as bracketed pairs (minimum, maximum) are (0.81, 1.22) at t ¼ 0, (0.69, 1.35) at t ¼ 2, (0.40, 2.30) at t ¼ 4 and (0.20, 12.01) at t ¼ 6. The
maximum growth rate is cmax ¼ 1:26 in these units. The plots show how initially small scale structure grows into a wall-cavity structure corresponding to the spiral magnetic
field lines seen in Fig. 1. The time and distance scales are different in the separate calculations displayed in Fig. 1.

sults have been found in MHD simulations by Reville et al. [86],
Zirakashvili and Ptuskin [119], and Zirakshvili et al. [120]. Reville
et al. [86] further show that test particles inserted into the calculated magnetic field have their diffusion inhibited by the amplified
field. Strong field amplification is seen in extensive particle-in-cell
simulations (PIC) by Riquelme and Spitkovsky [90,91]. PIC simulations by Ohira [79] also produce strong field amplification. In con-

trast Niemiec et al. [78] find that the instability stops growing at
dB=B ! 1 because of the back-reaction onto the CR current in their
PIC simulations.
1=2
Because c / k
small scale structures grow most rapidly as
apparent in Fig. 2. The upper limit on k is determined by tension
in the magnetic field lines which was neglected in Eq. 3. Including
magnetic forces gives
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Fig. 3. Magnetic field amplification due to the non-resonant hybrid instability. The
plots show the maximum magnetic field, the root mean square of the total
magnetic field and magnitudes of the components perpendicular and parallel to the
CR current. The maximum growth rate is cmax ¼ 1:26 in these units. Reproduced
from Bell [17].

q

dv
¼ "jcr # B " B # ðr # BÞ=l0
dt

The first term on the right hand side drives the instability, but the
second term acts towards stability because it opposes the stretching
and bending of magnetic field lines. The ratio of the two terms on
the right hand side is the ratio of the CR current jcr to r # B=l0 .
The second term overpowers the first at short wavelengths k > k0
where k0 ¼ l0 jcr =B0 , and this determines the shortest unstable
wavelength. Since short wavelengths grow most rapidly, the shortest unstable wavelength is also the fastest growing. More precisely,
the maximum growth rate of the NRH instability is cmax ¼
ðl0 =qÞ1=2 jcr =2, and the fastest growing mode has a wavenumber
kmax ¼ k0 =2. In the units used in Figs. 2 and 3 the maximum growth
rate is cmax ¼ 1:26.
The maximum linear growth rate is independent of the magnitude of the zeroth order magnetic field. It depends only on the CR
current density jcr and the background fluid density q. In order to
find the maximum growth rate of the NRH instability we need to
estimate the CR current density jcr , and this is determined by the
CR flux needed to carry the CR energy density into the precursor
ahead of the shock. If the CR energy density at the shock is gq0 u2s
where g is an efficiency factor in the production of CR, then the
CR energy flux in the upstream rest frame is gq0 u3s . For simplicity,
consider a monoenergetic CR distribution with CR energy pc and
carrying an electric current jcr . The CR number flux is jcr =e, assuming the CR are protons, and the CR energy flux is pcjcr =e. Equating
gq0 u3s and pcjcr =e gives

jcr ¼

geq0 u3s

ð5Þ

pc

and a maximum growth rate

!

cmax ¼ l0 q0

"1=2 gu3s
2E

ð6Þ

where E is the CR energy in eV. Immediately upstream of the shock
most of the CR current is carried by GeV protons so it is appropriate
to set E ¼ 109 eV, but GeV protons do not penetrate far upstream of
the shock and cannot generate magnetic field capable of confining
TeV or PeV protons. The magnetic field required to confine PeV protons can only be generated by the PeV protons themselves since

only protons with this energy penetrate sufficiently far upstream.
Hence the instability growth rate relevant to PeV protons is best
estimated by setting E ¼ 1015 eV. g is not easily estimated, but
g ¼ 10"2 represents 1% of the shock energy being given to PeV protons [17]. With these assumptions, an upstream plasma density of
1 cm"3 and a shock velocity of 10,000 km s"1, the growth time
"2
c"1
is a relamax of the fastest growing mode is 120 years. g ¼ 10
tively conservative assumption, but on the other hand the historical
SNR such as Cas A, Tycho and Kepler expand typically at only
5000 km s"1. It appears that the NRH instability amplifies the magnetic field sufficiently to explain acceleration to the knee, but not
with a large margin to spare. The growth rate of the NRH instability
appears not to be sufficient for acceleration beyond the knee in the
historical SNR. Since cmax / u3s , acceleration to PeV by slowly
expanding SNR in the Sedov phase appears unlikely. Acceleration
in the Sedov phase must rely upon the interstellar magnetic field
(&3 lG) into which SNR expand and this is not sufficient for CR to
reach 1PeV. For PeV acceleration we need to look to relatively young
SNR, preferably expanding at high velocity into a dense medium.
The NRH instability grows most rapidly on scales smaller than
the CR Larmor radius. With the assumptions made in the previous
paragraph and a seed magnetic field of 3 lG, PeV protons generate
"1
magnetic field that initially grows on a scale kmax of &2 # 1013 m
which is smaller than the CR Larmor radius of &3 # 1014 m in a
magnetic field of 100 lG. Fortunately, Fig. 2 shows that the scale
size grows rapidly during the non-linear phase. The characteristic
scale at t ¼ 6 (cmax t ¼ 7:6) is an order of magnitude greater than
that at t ¼ 2 (cmax t ¼ 2:5.) Plots of magnetic field at t ¼ 10 and
t ¼ 20 in Bell [17] show that the characteristic scale continues to
grow although the relevance of the plots is questionable because
the radii of the spiralling magnetic fields approach the size of the
computational box by these times. The NRH instability amplifies
the magnetic field by stretching field lines to ever larger scales
so the mismatch in scale between the most rapidly growing wavelength and the CR Larmor radius may not be a problem except
maybe under extreme circumstances, but further work is needed
to investigate this.
4.4. Long scalelength instabilities and filamentation
Bohm diffusion and effective CR confinement near the shock is
only possible if magnetic structures are generated on scales comparable with or greater than the CR Larmor radius. As remarked
in the previous section, this may happen naturally as the wall-cavity structure expands during non-linear growth. Here we discuss
two alternative pathways to large scale structure: (i) linearly
unstable growth from noise of large scale perturbations (ii) filamentation of the CR currents.
The growth rate of the linear NRH instability falls away rapidly
at wavelengths longer than the CR Larmor radius. At long wavelengths CR trajectories follow the local magnetic field line in the
absence of scattering. The jcr # B force then tends to zero because
the CR current is parallel to the local magnetic field. However,
the situation changes once it is recognised that CR are scattered
by rapidly growing instabilities on scales less than the Larmor radius. Scattering frees the CR from spiralling purely along the large
scale field lines. In the limit of strong scattering the CR current is
aligned with the CR pressure gradient instead of the magnetic field.
Since CR are now able to diffuse across the field the j # B force is
non-negligible and the instability returns on scales larger than
the CR Larmor radius [97]. The analysis of this problem is complicated because it is non-linear and turbulence is important on scales
both greater and less than the CR Larmor radius. Bykov et al. [28]
use a mean-field turbulence approach to show that the long wavelength instability grows more rapidly than the Alfven or NRH instability at the same long wavelength. However, the model chosen by
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Schure and Bell [97] does not replicate the rapid growth. This is a
challenging and important issue since the structure of the magnetic field on scales greater than the CR Larmor radius probably
governs the overall CR confinement near to, or escape from, the
shock.
Large scale structures may also grow as a result of a filamentation instability that ‘piggy-backs’ on the NRH instability [88]. The
NRH wall-cavity structure evolves in line with the expansion of
spirals in the magnetic field. The jcr ! B force expands the spirals,
but by momentum conservation it also deflects the CR trajectories
onto the axis of the spiral. This suggests that a fully self-consistent
simulation of CR trajectories and magnetic field amplification
might produce a non-linear configuration in which CR propagate
as filaments through cavities. This has received provisional confirmation from two-dimensional self-consistent simulations [88] that
demonstrate filament formation on scales greater than that of the
wall-cavity structure generated by the NRH instability. These simulations of planar slices perpendicular to the zeroth order CR current assume a geometry in which filaments are infinite and
uniform in extent along the direction of CR propagation.
Filaments might either increase or reduce CR confinement. On
the one hand, the concentration of the CR current along the axis
of the filament could enhance the jcr ! B force and increase the rate
at which magnetic field is amplified, thereby increasing CR confinement. On the other hand, the filaments could provide a pathway for CR to escape upstream of the shock by propagation
through low-field cavities. Three-dimensional self-consistent calculations are needed to resolve this issue.
4.5. A distinction between the Alfven and NRH instabilities
The linear growth rate of the non-resonant hybrid (NRH) instability is greatest at wavelengths less than the CR Larmor radius, but
it also grows at wavelengths comparable with the Larmor radius,
kr g " 1. The Alfven and NRH instabilities have similar growth rates
at krg " 1 where the Alfven instability has its largest growth rate,
but the two instabilities are distinguished by their polarisations.
In the Alfven instability a CR proton gyrates in the same direction
as the magnetic field spiral so that streaming CR remain in phase
with the wave as they propagate. In contrast, in the NRH instability
a CR proton gyrates in the opposite direction.
A related distinction lies in the jcr ! B that drives the instabilities in the linear limit. The Alfven instability is driven by the vector
product of the perturbed CR current and the unperturbed zeroth
order magnetic field. In contrast, the NRH instability is driven by
the vector product of the unperturbed CR current and the perturbed magnetic field.
4.6. Saturation of the NRH instability
The NRH instability leading to magnetic field amplification is
active provided there is a range of k-space between a lower limit
kmin ¼ eB=p equal to the inverse CR Larmor radius and an upper
limit kmax ¼ l0 jcr =B imposed by tension in the magnetic field as discussed above. The upper and lower limits in k-space coincide and
close off the instability when l0 jcr =B ¼ eB=p which occurs when
the magnetic energy density grows to B2 =l0 ¼ pjcr =e. It was shown
above that jcr ¼ geq0 u3s =pc and this imposes a limit on the magnetic energy density, B2 =l0 ¼ gq0 u3s =c [19]. If we assume that this
limit applies when the NRH instability grows non-linearly as well
as linearly, it gives an estimate of the magnetic field at which the
instability reaches saturation. Allowing for magnetic field compression at the shock, this leads to a saturated magnetic field in
surprisingly good agreement with SNR observations as analysed
by Vink [108,110] who fits the data with

B " 700ðus =107 m s%1 Þ3=2 ðne =cm%3 Þ1=2 lG
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ð7Þ

4.7. Observations of precursor microphysics
The Larmor radius of a CR with energy EPeV in PeV in a magnetic
field B100 in units of 100 lG is r g ¼ 3 ! 1014 EPeV B%1
100 m. At a distance
from the Earth of Rkpc kpc, the Larmor radius subtends an angle on
%1
the sky of 2EPeV B%1
100 Rkpc arc s suggesting that it might be possible to
resolve the turbulence generated by CR streaming in nearby SNR.
Eriksen et al. [44] have suggested that the separation of stripes
seen in CHANDRA observations of Tycho’s SNR correlates with the
Larmor radius of high energy CR. Alternative interpretations of the
stripe separation have been proposed by Bykov et al. [27], where
the stripes correspond to peaks in magnetic turbulence and by
Malkov et al. [75], where the stripes develop as solitons in the upstream plasma.
Time-variation offers a different observational diagnostic of the
microphysics underlying shock acceleration as shown by Uchiyama et al. [106] in RXJ1713.6–3946 and Patnaude and Fesen [81]
in Cas A. The expanding shock maps out a 2D surface advancing
into the magnetic field. It takes one year for a shock expanding
at 10,000 km s%1 to propagate a distance of 3 ! 1014 m characteristic of the Larmor radius of a PeV proton. This would be consistent
with variations over a few years observed by Uchiyama et al. and
by Patnaude and Fesen.
The precursor ahead of the shock is " c=us times larger than the
CR Larmor radius but detection is challenging. Rakowski et al. [84]
have interpreted the X-ray emission from protuberances ahead of
the shock in SN1006 as possibly resulting from the interaction of
the upstream NRH instability with the Rayleigh–Taylor instability.
Spectral evidence for a precursor is seen by Raymond et al. [85] in
Ha lines at SNR shocks where a narrow spectral feature is interpreted as emission from low temperature upstream hydrogen excited by a CR precursor.
5. Non-linear self-regulation
Diffusive shock acceleration has to be very efficient if it is to
generate the Galactic CR population, but the total CR pressure
and energy density at a shock cannot exceed qu2s . The injection
of CR into the acceleration process must be finely balanced to ensure that acceleration is efficient but not impossibly efficient. Barring fortunate coincidences, a feedback process is required. For a
strong shock the test particle CR distribution in energy E is proportional to E%1 for non-relativistic CR and E%2 for relativistic CR, so CR
protons above 1 GeV contribute nearly all the CR energy density.
For effective feedback, the pressure of >GeV protons must regulate
the injection of protons at mildly suprathermal energies which are
of the order of an MeV for SNR shocks [38]. Feedback is also evident
in weaker shocks found in the heliosphere (e.g. [43]). The essential
features of feedback processes at strong shocks were set out by
Drury and Völk [35] and Völk et al. [114] who showed that self-regulation can operate through the CR pressure modifying the flow
ahead of the shock.
Fig. 4, reproduced from Drury and Völk [35], illustrates the effect of CR pressure on the shock structure. The CR pressure precursor ahead of the shock is depicted in the right hand plots. If
injection is strong the CR pressure P cr is comparable with qu2s
and the CR pressure gradient rPcr pushes on the background plasma ahead of the shock. Or when considered in the shock rest frame,
the CR pressure slows the plasma as it flows into the shock as
shown in the left hand plot. The magnitude of the velocity jump
at the shock discontinuity is then reduced, less energy is processed
in the transition, and the post-shock temperature is reduced. Consequently the energy at which CR are injected is reduced and fewer
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Fig. 4. Non-linear feedback. The shock structure modified by the CR pressure. Top row: moderate CR pressure with a sharp shock transition. Bottom row: high CR pressure
with a smooth shock. Reproduced from Figs. 2 and 3 of Drury and Völk [35].

CR are accelerated to relativistic energies, thereby reducing the CR
pressure at the shock and completing the feedback loop. Additionally a further reduction in acceleration efficiency follows if the upstream plasma is not completely cold. If the CR pressure reduces
the shock velocity to a magnitude not much larger than the upstream sound speed, the Mach number is decreased and reduces
the compression ratio at the shock, thereby steepening the spectrum such that fewer CR are accelerated to high energy. In extreme
cases of high acceleration efficiency the discontinuous sub-shock

may disappear so that the upstream and downstream states are
connected by a smooth transition as in the lower row of plots in
Fig. 4. However, any smooth transition would occur on the scale
of the precursor scaleheight of mildly relativistic protons which
is too small to be observable in SNR.
The self-consistent interaction between CR acceleration, injection and hydrodynamic modification was modelled in detail by
Ellison and Eichler [42], Bell [16], Falle and Giddings [45] and Blasi
et al. [26]. As expected, the feedback processes limit injection and

Fig. 5. Non-linear feedback. The CR spectrum and its effect on shock structure, reproduced from Bell [16]. The spectrum is plotted in (a) for different fractions / of CR injected
into the acceleration process. For a low injection rate / ¼ 10"4 , CR behave as test particles with no feedback onto the shock structure. As the injection rate is increased to
/ ¼ 10"3 , and then / ¼ 10"2 , the CR pressure in the precursor accelerates the upstream ahead of the shock and smooths out the hydrodynamic transition as shown in the
density (q=q0 ) plot in (b) for / ¼ 10"2 . At high injection rates the spectrum has a strong concave curvature. Plot (b) also shows the CR spatial profiles at different momenta p.
In this calculation it is assumed that the diffusion coefficient D, and therefore the characteristic precursor scaleheight, is proportional to p1=2 . D / p might be more realistic but
the weaker dependence was assumed for computational convenience.

A.R. Bell / Astroparticle Physics 43 (2013) 56–70

proton acceleration to GeV energies. Fewer CR reach high energy,
but those that do so experience a compression greater than 4
which produces a high energy spectrum flatter than p!4 . A compression factor up to 7 is possible for a CR-dominated shock because of the smaller relativistic ratio of specific heats. Overall,
the spectrum steepens at low energy and flattens at high energy
to produce a characteristic concave spectrum. The non-linear response to different injection rates as calculated by Bell [16] is
shown in Fig. 5. As the injection rate / is increased the spectrum
becomes increasingly concave. In Fig. 5a this is mainly seen as a
steepening in the low energy part of the CR spectrum. Fig. 5b
shows how high energy CR with long mean free paths experience
the full compression between upstream and downstream while
low energy CR experience only part of the total compression. This
is a complicated problem in which the self-consistent inclusion of
magnetic field amplification and the consequent heating of the upstream plasma can be important [6].
Concavity in SNR emission spectra has been identified at radio
[89] and X-ray [5,107] wavelengths. Non-linear self-regulation
and efficient CR acceleration can also be deduced from observations of low post-shock temperatures [53,59]. Efficient energy
transfer to CR reduces the energy available to heat the post-shock
plasma. A concomitant consequence of a low post-shock temperature, the lower ratio of specific heats of relativistic CR, and possible
energy loss to escaping CR is a compression factor greater than four
at the shock. This affects the overall structure of the SNR, notably
reducing the gap between the forward shock and the contact discontinuity. In some SNR the contact discontinuity and the reverse
shock are closer to the forward shock than would be expected in
the absence of efficient CR acceleration, thus providing further evidence for non-linear self-regulation and efficient acceleration
[30,115,81,95]. None of this evidence is completely incontrovertible. For example, spectral concavity might result from spatial integration over different regions with differing spectral indices, low
measured post-shock temperatures might apply to not all components of the downstream plasma, and the distance to the forward
shock might be reduced by the protrusion of Rayleigh–Taylor fingers ahead of the contact discontinuity. However, the cumulative
effect of the evidence, allied with the requirement that SNR must
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accelerate CR efficiently to explain the Galactic CR energy density,
indicates that non-linear effects are significant in diffusive shock
acceleration.

6. Perpendicular shocks
The theory of diffusive shock acceleration as set out in Sections
2 and 3 made no mention of the effect of a large scale magnetic
field. The analysis was developed for the case of isotropic diffusion
in which the CR diffusion coefficient is the same in all directions. If
the plasma supports a large scale magnetic field the diffusion coefficients are in fact different along and across the magnetic field.
The assumptions in Sections 2 and 3 are correct in the case of a parallel shock, that is, one in which the shock propagates parallel to
the field. For a parallel shock, only diffusion along the field in the
direction of the shock normal matters and it is irrelevant if CR
are unable to diffuse in the plane of the shock. The theory of Sections 2 and 3 also works for shocks which are ‘quasi-parallel’. For
quasi-parallel shocks, CR may diffuse preferentially along magnetic
field lines at an angle to the shock normal but the analysis is unaffected [14]. However, perpendicular and quasi-perpendicular
shocks are different. The dividing line between parallel and perpendicular shocks occurs at a critical angle hc between the shock
normal and the magnetic field satisfying c cos hc ¼ us . At the angle
hc CR are marginally able to escape upstream of the shock by travelling at the speed of light along a magnetic field line and acceleration is marginally possible without strong scattering. hc ¼ 88# for
a shock velocity of 10,000 km s!1, so most SNR shocks are in this
sense quasi-parallel rather than quasi-perpendicular, but perpendicular shocks are an important case. Shocks encountering the field
at angles greater than hc are often referred to as ‘super-luminal’
even if us $ c because CR would have to travel faster than the
speed of light to escape upstream of the shock along a magnetic
field line. In the next section we consider general oblique shocks
and show that CR can be strongly affected by the angle of the shock
even for angles much less than hc . Here we consider the special
case of an exactly perpendicular shock.
Acceleration by perpendicular shocks only takes place if CR are
able to diffuse across magnetic field lines. Fig. 6 classifies three dif-

Fig. 6. Illustration of CR trajectories across a perpendicular shock (black line). (a) In the absence of scattering all CR advect across the shock with only a small, approximately
adiabatic, increase in energy. (b) Weak scattering allows some CR to gain energy by staying with shock longer without returning fully into the upstream plasma. (c) Strong
scattering allows CR to cross and recross the shock as in the case of an unmagnetised shock. The plots are illustrative and not to scale. In none of the cases pictured does the CR
gain much energy.
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ferent cases. In case (a), scattering is weak and CR are unable to
cross field lines. Consequently, CR are tied to a particular field line
and are advected through the shock with that field line. They are
unable to recross the shock into the upstream plasma and their energy gain is small, approximately corresponding to the adiabatic
gain resulting from compression at the shock [58]. In the opposite
case, (c), scattering is sufficiently strong that CR are not tied to particular field lines. CR are free to cross and re-cross the shock many
times with a statistical chance of large energy gain. The isotropic
diffusion theory of Section 2 then gives the correct spectrum. In
the intermediate case, (b), CR are able to diffuse across field lines
but their opportunity to escape fully into the upstream plasma is
limited. Nevertheless, CR have a chance of staying at the shock
longer than in case (a). Diffusion of the gyrocentre may allow the
CR to remain in contact with the shock for a longer period of time
and the CR gains energy as long as its gyrocentre remains within
one Larmor radius of the shock. By gyrating between upstream
and downstream CR gain energy, but a large energy gain is statistically less probable resulting in an energy spectrum steeper than
E!2 .
Acceleration by perpendicular shocks is only possible if CR are
strongly scattered by large fluctuations in the magnetic field as
in cases (b) or (c) in Fig. 6. Acceleration in case (b) is marginal.
Nevertheless, if the required conditions are met perpendicular
shocks can accelerate CR more rapidly than parallel shocks. As
shown in Section 4, the acceleration rate is proportional to u2s =D.
The diffusion coefficient across a magnetic field is less than that
along a magnetic field line by a factor ðrg =kÞ2 where r g is the CR
Larmor radius, k ¼ c=m is the scattering mean free path, and m is
the scattering frequency due to deflection by small scale fluctuations in the magnetic field. The cross-field diffusion coefficient is
therefore D? ¼ ðrg =kÞ2 Djj where Djj is the diffusion coefficient in
an unmagnetised plasma or parallel to a magnetic field. Acceleration at a perpendicular shock is correspondingly ðk=rg Þ2 faster than
at a parallel shock. For favourable scattering lengths, rg < k < r g
ðc=3us Þ, perpendicular shocks are rapid CR accelerators [60,61,76].
In principal this suggests that CR can be accelerated to higher
energies by perpendicular shocks. Following Lagage and Cesarsky,
as set out in Section 3, the maximum CR energy is limited by the
condition that the acceleration time saccel ¼ 8D=u2s should not exceed the age of the SNR. The smaller diffusion coefficient and more
rapid acceleration implies an increase in the maximum CR energy
when accelerated by a perpendicular shock. As discussed above, CR
acceleration is only possible if the precursor scaleheight L ¼ D=us
exceeds the CR Larmor radius rg , so the minimum possible diffusion coefficient is D ¼ r g us . Most rapid acceleration occurs when
the CR trajectory is close to that shown in Fig. 6(b). In Fig. 6(c),
the CR spends extended periods upstream or downstream of the
shock and acceleration is not as rapid. In Fig. 6(a) the scaleheight
for diffusion of the gyrocentre of the CR motion is smaller than a
Larmor radius and the CR quickly through the shock at a single pass
without opportunity to return from downstream.
Under the optimal conditions, close to those in Fig. 6(b), where
k=rg % c=3us , the acceleration time is saccel ¼ 8r g =us . This is less
than the age sSNR of a SNR if r g < us sSNR =8. Since rg ¼ E=cB where
E is the CR energy in eV, the maximum CR energy is cBR=8 where
R ¼ us sSNR . For historical SNR, us & 5 ' 106 m s!1 and s & 400 years,
implying a maximum CR energy of & 7 ' 1014 eV in the absence of
magnetic field amplification (B & 3 lG) if the maximum CR energy
is limited by timescales as in Lagage and Cesarsky [67,68].
Based on a comparison of acceleration timescales with the age
of SNR, perpendicular shocks appear to offer acceleration to energies close to the knee without a need for magnetic field amplification [61]. With magnetic field amplification, acceleration beyond
the knee appears possible. However, the temporal limit on the
maximum CR energy is replaced by a more stringent spatial limit

that is not easily overcome. The origin of the spatial limit emerges
from an understanding of CR acceleration in terms of CR trajectories in an electric field. Acceleration at any shock, whether perpendicular or parallel, proceeds from CR motion in electric field.
Magnetic field by itself can only deflect, not accelerate, particles.
The usual understanding of acceleration at parallel shocks hides
the effect of the electric field by always considering CR trajectories
in the local fluid rest frame where the electric field is zero. The
accelerating effect of the electric field is replaced by the frame
transformation when a CR crosses between upstream and downstream of the shock.
An alternative perspective on energy gain at a perpendicular
shock is obtained by calculating the energy gained from the electric field E ¼ !u ' B where u and B are the local fluid velocity
and magnetic field. When viewed in the shock rest frame there is
a large scale uniform electric field E ¼ !us ' B0 where B0 is the
far upstream magnetic field. In the frame in which the shock is
at rest and the plasma velocity is normal to the shock, the electric
field is the same both upstream and downstream of the shock and
E is perpendicular to the shock normal. CR gain energy from the
electric field by propagating along the surface of the shock while
crossing the shock as in Fig. 6. This form of ‘shock drift’ acceleration
arises from the different CR Larmor radii upstream and downstream of shock. The field is compressed by the shock so the Larmor radius is smaller downstream causing CR to surf along the
surface of the shock. The maximum CR energy gain is then limited
by the distance CR can drift along the shock surface. If the maximum distance a CR can drift along the shock surface is approximately equal to the radius R of the SNR, the maximum energy it
gains in eV is jEjR ¼ us B0 R. This estimate is the same within a
numerical factor as that derived for parallel shocks in Section 3.
This illustrates the general applicability of the ‘Hillas parameter’
uBR as a good estimate of the maximum CR energy (in eV) in a variety of acceleration scenarios.
The timescale analysis of Lagage and Cesarsky [67,68] suggests
that larger CR energies are possible at perpendicular shocks, but
these could only be achieved if the CR surfs along the shock surface
a distance much greater than the SNR radius. There are geometries
in which this might be possible. If an SNR expands into a uniform
magnetic field a CR might gain energy by circulating many times
around the equator of the SNR, but possibilities for escape along
field lines in the polar direction would make this a rare occurrence
and the CR spectrum would steepen at an energy of eus B0 R in accord with the Hillas analysis.
The situation regarding perpendicular shocks is uncertain. They
undoubtedly have the potential for more rapid CR acceleration, but
they require the scattering length k to lie in a favourable regime,
and even then the maximum CR energy is expected to be the same
as for parallel shocks because of the spatial limitation. Synchroton
X-ray emission from TeV electrons in SN1006 exhibits a polar pattern consistent with preferential CR acceleration at parallel shocks.
It has been suggested that this is due to difficulties in injecting and
accelerating electrons at a perpendicular shock [70,111,93].

7. Oblique shocks
The special case of perpendicular shocks was discussed in the
previous section. Related effects can be important more generally
at oblique shocks, especially if they are nearly perpendicular or if
the shock velocity is c=30 or greater. Previously it has been appreciated that shock obliquity is important at relativistic shocks,
where CR have difficulty passing from downstream to upstream
(e.g. [13,98]), and in its effect on injection and acceleration out of
the thermal pool (e.g. [11,39,49,50]). Here we summarise work reported in Bell et al. [21] which shows that obliquity can have a
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strong effect at SNR shocks and thereby affect the steepness of the
Galactic CR spectrum.
The diffusion approximation, used in Section 2, breaks down at
high velocity oblique shocks and it is necessary to find a solution
that allows for higher order anisotropies in the CR distribution.
In the diffusion approximation the CR distribution is assumed to
take the form

f ðr; pÞ ¼ f0 ðr; jpjÞ þ f 1 ðr; jpjÞ:

p
jpj

ð8Þ

where f0 is the isotropic part of the distribution and f 1 is a diffusive
drift. This approximation is adequate at low shock velocities
(us % c) or for parallel shocks. The approximation is based on a
‘Chapman–Enskog’ expansion in the small parameter k=L where k
is the scattering mean free path and L is the characteristic spatial
scalelength. Characteristically k=L & us =c in the precursor of a parallel shock and the diffusion approximation is valid. The very short
scalelength Ls over which velocity and density change at the shock
has little effect on CR at a parallel shock since CR respond to the
magnetic field rather than density or velocity and there is no discontinuity in the magnetic field at a parallel shock. However, the
magnetic field undergoes an abrupt change in direction at an oblique shock and this has a strong effect on CR trajectories. At an oblique shock the large parameter k=Ls (> 1) invalidates the ChapmanEnskog expansion and the diffusion approximation breaks down.
The shock discontinuity injects anisotropies of indefinitely high order and additional terms are needed in the CR distribution function:

p
pp
f ðr; pÞ ¼ f0 ðr; pÞ þ f 1 ðr; pÞ: þ f 2 ðr; pÞ :
þ '''
p
pp

ð9Þ

where p ¼ jpj. Bell et al. [21] solved the CR transport equation by
expanding the distribution function in spherical harmonics to orders as high as 15. They considered shock velocities in the range
c=30 6 us 6 c=3 as observed in very young SNR. The inclusion of
non-diffusive terms (f 2 etc.) makes little difference at strictly parallel shocks but makes a significant difference at oblique shocks over
a range of shock obliquities. As expected from the above discussion
of perpendicular shocks the extra terms make a very strong difference at quasi-perpendicular shocks with h > 70 ( 80) . The strength
of the effect depends on the shock velocity and the ratio of the CR
scattering mean free path to the CR Larmor radius. The breakdown
of the diffusive approximation shows itself as a deviation of the CR
spectrum from p(4 .

67

Two opposing effects lead respectively to either a steepening or
a flattening of the CR power-law spectrum:
(1) The first effect is seen at shocks which are nearly perpendicular. It takes effect when the CR motion is similar to that plotted
in Fig. 6(b) and results in the CR density profile plotted in
Fig. 7(c). CR gyration smooths out the CR density over a Larmor
radius. The change in CR density across the shock therefore consists of a ramp extending both upstream and downstream of the
shock. The crucial factor is that the CR number density at the
shock is smaller than the number density far downstream. Consequently the rate at which CR cross and re-cross the shock is
reduced relative to the rate at which CR advect away downstream. Fewer CR make a large number of shock crossings leading to a steepening in the CR energy spectrum.
(2) The second effect applies to oblique shocks which are closer
to parallel but still sufficiently oblique that CR notice the
change in direction of the magnetic field on crossing the shock.
The parallel component of the magnetic field is continuous
across the shock, but the perpendicular component is compressed and increases by a factor of four at a strong shock.
Hence a CR passing from upstream to downstream encounters
an increased magnetic field that acts as a barrier and produces
a pile-up of CR at the shock as seen in Fig. 7(b). The spike in the
CR density at the shock leads to an increase in the rate at which
CR cross and re-cross shock compared with the rate at which
they advect away downstream. In contrast to the perpendicular
case, on average CR cross the shock a greater number of times
gaining more energy and leading to a flattening in the CR energy
spectrum. Similar spiked profiles at the shock had been seen
previously in simulations by Ellison et al. [40].
The essential quantity determining the flattening or steepening
of the CR distribution is the ratio of the CR density at the shock to
the CR density far downstream. This controls the relative rates at
which CR cross the shock gaining energy and are lost from the system by advection downstream. The momentum spectrum p(c has a
spectral index given by

c * 3 þ 3ðn1 =ns Þ=ðr ( 1Þ

ð10Þ

where ns and n1 are the CR number densities at the shock and far
downstream respectively. If ns ¼ n1 as in the diffusive limit of
low-velocity or parallel shocks the spectral index is the standard

Fig. 7. Spatial profiles of components of the CR distribution function around shocks which are parallel (h ¼ 0) ), oblique (h ¼ 60) ) and perpendicular (h ¼ 90) ). f00 is the
isotropic component, f10 is the CR drift along the shock normal, and Rff11 g and Iff11 g are proportional to the CR drifts in the plane of the shock. In the oblique case, the spike in
the CR density at the shock produces an excess in the number of CR being accelerated in comparison with the number escaping downstream, thereby flattening the CR
spectrum. In the perpendicular case, the smaller number of CR at the shock reduces the acceleration rate and steepens the spectrum. The shock velocity is c=10 and the CR
scattering frequency is 0.1 times the CR Larmor radius. The spatial distance x from the shock at x ¼ 0 is measured in CR Larmor radii. The vertical axis is scaled such that f00 ¼ 1
at the shock. Figure reproduced from Bell et al. [21] where more detail can be found.
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Fig. 8. Plots of CR spectral index p"c and synchrotron spectral index m"a for three shock velocities us ¼ c=5; c=10 and c=30, four ratios of the CR scattering frequency to the
Larmor frequency m=xg ¼ 0:03; 0:1; 0:3 and 1:0, and shock obliquities between cos h ¼ 0 (perpendicular shock) and cos h ¼ 1 (parallel shock). The spectra are steep for
quasi-perpendicular shocks and flat for quasi-parallel shocks. The deviations from the diffusive limit (c ¼ 4; a ¼ 0:5) are greater at high shock velocity and low collisionality.
Figure reproduced from Bell et al. [21] where more detail can be found.

c ¼ 4. At perpendicular shocks ns < n1 and the spectrum is steepened. At oblique shocks where ns > n1 the spectrum is flattened.
Numerical results for the spectral index are shown in Fig. 8.
They show that even for shock velocities as low as c=30 the spectral
index can deviate significantly from c ¼ 4. This may explain why
the Galactic CR spectrum and many radio spectra are steeper than
expected for standard CR shock acceleration. The Galactic CR spectrum is remarkably well-fitted by a power law but the spectrum is
E"ð2:6"2:7Þ over many orders of magnitude in energy. The steeper
spectrum is probably due in part to energy-dependent escape from
the Galaxy, but Gaisser et al. [48] and Hillas [56] show that losses
can only account for part of the steepening. Electron spectra steeper than E"2 are also inferred from the radio spectra of young SNR.
The radio synchrotron spectral index of the historical SNR (Tycho,
Cas A, Kepler) is a % 0:6 " 0:8 corresponding to an electron energy
spectral s % 2:2 " 2:6 since a ¼ ðs " 1Þ=2 where nðEÞ / E"s . Radio
spectra of recent SN in external galaxies are also steeper, even
exceeding a % 1:0; s % 3:0. In contrast the synchrotron spectra of
SNR in the Sedov phase are usually flatter and approximately consistent with a E"2 CR electron energy spectrum. The overall observational picture is that SNR spectra are steep in the first decades
following the SN explosion and then flatten with time towards
the standard E"2 spectrum expected from diffusive acceleration
by a strong shock. This trend has been observed during the lifetimes of Cas A and SN1987A. One explanation might be that shocks
in young SNR propagate at high velocity into magnetic fields that
are predominantly perpendicular rather than parallel either (i) because the SNR expands into a magnetic field frozen into a presupernova wind in the form of a Parker spiral or (ii) because in
the NRH instability the jcr & B naturally stretches the field in a
direction perpendicular to the CR current and the shock normal.
The non-linear processes described in Section 5 might provide
an alternative explanation for steep SNR radio spectra where the
emitting electrons have relatively low energy, but they would have
difficulty accounting for the steepness of the Galactic CR spectrum
because of the straightness and lack of concavity in the spectrum
over many orders of magnitude in energy.
Deviations from a p"4 spectrum in Sedov-phase SNR are unlikely
to be caused by shock obliquity since the shock velocities are far below c=30. Some older SNR have relatively flat spectra and this may
be the result of additional second order Fermi acceleration [80].
8. Other limits to the diffusion model
In the previous section it was shown that the CR spectrum is expected to deviate from the standard p"4 spectrum at non-parallel

high velocity shocks. Here we outline other ways in which the
standard diffusive model might break down.
The diffusive model breaks down if constrictions in magnetic
field lines form a ‘magnetic bottle’. CR drifting along a field line
and encountering a region of high field can be reflected back along
the field line. The high field represents a blockage in accordance
with conservation of the first adiabatic moment for charged particles. A CR particle can be caught in a magnetic bottle and carried
through the shock with a low probability of return from the shock,
thus terminating the acceleration of that CR particle. This could reduce the fraction of CR reaching high energies and steepen the
spectrum.
Sub-diffusion and super-diffusion [37] may also cause deviations from standard diffusive behaviour. This occurs when CR
propagate along wandering field lines. CR execute random walks
along the field lines which in turn execute a random walk in space.
The combination of the two random walks invalidates the treatment of CR transport as diffusion in a direction parallel to the
shock normal. Wandering field lines can trap CR in the equivalent
of a magnetic bottle if a field line crosses the shock in more than
one place. Kirk et al. [63] showed that sub- and super-diffusion
can change the CR spectrum.
At relativistic shocks the diffusion approximation irretrievably
breaks down and a treatment is needed that allows for strong
anisotropy (e.g. [64,12,1,41]). The Alfven Mach number of the
shock and the orientation of the magnetic field are particularly crucial in relativistic shocks [98]. Relativistic shocks are beyond the
scope of the present review.
9. Future prospects
Progress in observation and theory over the past decade offers
support for the general view that SNR are effective accelerators
of cosmic rays to PeV energies. The detection of TeV gamma-rays
proves conclusively that particles of some variety are accelerated
to at least TeV energies in SNR, and well-resolved X-ray observations prove that TeV electrons and amplified magnetic field are
to be found at the outer shocks of SNR. However, showing that
SNR shocks accelerate some particles to TeV energies is not the
same as proving beyond reasonable doubt that SNR are responsible
for all, or nearly all, Galactic cosmic rays at energies up to the knee.
There are many outstanding questions that go beyond mere detail
in the overall picture.
A particularly outstanding need is for solid observational evidence that protons as well as electrons are accelerated to TeV energies and that the proton spectrum extends to the knee. Gamma-ray
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telescopes promise to answer the question by measuring the full
gamma-ray spectrum from MeV to 100 TeV. A positive answer to
this question, if indeed it is positive, will provide a foundational result for the theory of CR origins. If the sensitivity of Cherenkov
techniques can be increased in the 100 TeV range we can hope to
discern which SNR at which stage of evolution produce the Galactic
cosmic ray population up to the knee.
If PeV cosmic rays are accelerated by relatively young SNR we
need to confront the difficult question of how CR escape their parent SNR into the interstellar medium [29,36]. SNR in the pre-Sedov
phase have the potential to accelerate CR to high energies because
of their high shock velocity and their consequent ability to generate large magnetic field, but CR can only contribute to the Galactic
population if they escape the SNR at the time of acceleration. Very
few CR escape upstream if the maximum CR energy is limited by
timescales as discussed in Section 3. In some detailed analyses of
the turnover of the CR spectrum [26,87,29] the acceleration of
the highest energy CR is instead terminated by their escape upstream in which case they contribute to the Galactic population
without significant adiabatic loss. The fate of the highest energy
CR is difficult to determine theoretically and here again observations will be determinative, especially if escaping CR can be detected as they encounter dense clouds outside the SNR.
The shape of the high energy Galactic spectrum in the TeV to
PeV range may prove to be governed as much by escape as acceleration [36]. As explained above, the maximum CR energy may
drop during the Sedov phase in which case SNR may feed successively lower energy CR into the interstellar medium as the expansion velocity decreases. If it transpires that the high energy part of
the Galactic spectrum is set by CR escape and evolution in the maximum CR energy and the low energy part of the spectrum is set by
the acceleration process, then we would need to explain why the
Galactic CR spectrum follows a single power law from GeV to
PeV energies. These issues are far from resolution at the present
time.
Our understanding of the Galactic CR spectrum below 1 PeV is
incomplete, but the gaps in our understanding of the origin of CR
above 1 PeV are considerably greater. The extragalactic origin
and the composition of the very highest energy CR is a matter of
intense current investigation, but even in the intermediate 1–
100 PeV energy range CR origins are very uncertain. Until the possibility of magnetic field amplification was appreciated it was difficult enough theoretically to explain how SNR could accelerate CR
to a few PeV. Field amplification probably accounts for acceleration
to the knee, but it is difficult to see how the historical SNR, or SNR
in the Sedov phase, can accelerate protons beyond the knee. Berezhko and Völk [23] explain the Galactic component above the
knee predominantly in terms of progressively higher Z ions with
a Galactic origin that have knee energies proportional to Z, while
Hillas [56] argues that some CR above the knee must be Galactic
protons. If indeed the Galactic proton spectrum extends beyond
1 PeV then this poses a serious challenge to existing theory. One
possibility is that the protons are accelerated in the early years following a supernova explosion as the outer SNR shock expands at
high velocity into a dense circumstellar medium [20,113,96]. The
high circumstellar density and the high shock velocity might allow
very strong field amplification [47,31] that more than compensates
for the small radius of the shock and boosts the maximum CR energy above 1 PeV. With sufficient circumstellar mass resulting
from a dense pre-supernova wind, the energy processed through
the shock may be sufficient to produce large numbers of high energy CR. CR acceleration during the very early stages of SNR evolution is an important topic for future study which is theoretically
demanding and for which observational data are presently limited.
Cosmic ray research can be presented as a work in progress.
Remarkable progress has been made in the past decade and we
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can hope that future observations, particularly with gamma-ray
telescopes, accompanied by supporting theory and simulation will
spearhead further remarkable decades of progress.
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a b s t r a c t
The recent galactic plane surveys with space- and ground-based detectors revealed a number of high and
very-high energy c-ray sources associated with young and middle-aged supernova remnants (SNRs).
These results imply effective production of relativistic particles, most likely through the process of diffusive shock acceleration. The interpretation of c-ray data from several prominent representatives of young
SNRs within the so-called ‘hadronic models’ demands hard proton spectra extending to 100 TeV, and total
energy released in accelerated protons and ions W CR P 1050 erg. This can be treated as a support of the
SNR paradigm of galactic cosmic rays. However, the hadronic models are not free of pitfalls, and pose in
fact non-trivial challenges. Moreover, in many cases c-ray data can be successfully explained also by the
inverse Compton scattering of directly accelerated electrons. Future deep spectroscopic and morphological studies of SNRs with the planned Cherenkov Telescope Array (CTA) over four decades in energy, from
approximately 30 GeV to 300 TeV, promise a breakthrough regarding the identification of radiation
mechanisms. The extension of studies beyond the shells of SNRs will be another important objective
aimed at the extraction of information about the highest energy particles which have left remnants at
the early epochs of their evolution. These particles, which potentially carry an answer to a key question
whether SNRs operate as PeVatrons, can be traced via c-ray emission outside the remnants. Finally, the
expected significant increase of the number of c-ray emitting SNRs by CTA should allow compelling population studies – a key issue for the proof of the SNR origin of galactic cosmic rays.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction: SNRs and origin of cosmic rays
Young supernova remnants are generally believed to be the major sites where the bulk of galactic cosmic rays (CRs) are produced.
If so, the acceleration of protons and nuclei in these objects should
proceed effectively up to the so-called ‘‘knee, a distinct spectral
feature around 1015 eV. The principal phenomenological argument
in support of this hypothesis is based on the production rate of
_ CR ! ð0:3 # 1Þ % 1041 erg=s, which can be be supplied
galactic CRs W
by SNRs, if approximately 10% of the kinetic energy of explosion of
galactic SNe is released in cosmic rays (see e.g. Refs. [1–3]). The
second argument has more theoretical motivation linked to the diffusive shock acceleration (DSA) mechanism which allows effective
conversion of the kinetic energy of bulk motion to relativistic electrons, protons and nuclei.
Independent of the acceleration mechanisms and the nature of
the accelerators themselves, the main contributors to galactic CRs
during certain stages of their lifetime should operate as ‘PeVatrons’. On the other hand, it has been recognized that the maximum energy of accelerated particles, within the standard DSA
⇑ Address: Max Planck Institut für Kernphysik, Saupfercheckweg 1, 69117
Heidelberg, Germany.
E-mail address: Felix.Aharonian@mpi-hd.mpg.de.
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.08.007

model applied to young SNRs, cannot exceed 100 TeV [4]. For decades, this has been a caveat for the SNR paradigm of galactic CRs.
The situation has been changed after the realization that the magnetic field upstream the shock can be strongly amplified due to
instabilities driven by cosmic rays themselves [5]. This effect, combined with the conditions when (i) the shock speed exceeds several
thousand km/s and (ii) the particle diffusion proceeds in the extreme Bohm regime, helps to boost the energy of CRs to 1 PeV/n.
It is remarkable that in the nonlinear regime (for a review, see
Ref. [6]), when the shock is modified by the pressure of relativistic
particles, up to 50% of the shock’s kinetic energy can be released in
accelerated particles (see e.g. Ref. [7]). This makes the link between
SNRs and galactic CRs energetically more feasible, given that not all
SN explosions can create favorable conditions for effective particle
acceleration. Yet, despite the recent encouraging observational and
theoretical results, the SNR paradigm of galactic CRs is still waiting
for the decisive breakthrough. Currently it remains a likely hypothesis with attractive features, but not free from ‘nasty problems’ (for
a comprehensive critical overview of DSA in the context of origin of
galactic CRs see Ref. [8]). The direct measurements of the composition and energy spectra of electronic and hadronic components of
cosmic rays are very important, but they alone cannot address all
outstanding issues related, in particular, to the localization of the
CR production sites. Instead, it is becoming more and more evident
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that c-ray astronomy is going to play crucial role in the solution of
this long-standing problem. Over the last decade, the space- and
ground-based c-ray observations have already contributed significantly to the localization and identification of particle accelerators.
This supports the early predictions on the potential of the field,
although many questions remain unanswered – to a large extent
because of the limited performance of the current detectors. In this
regard special hopes are assigned to the future major c-ray observatory, the Cherenkov Telescope Array (CTA) [9].

2. Gamma-ray signatures of SNRs
The acceleration of cosmic ray protons and nuclei in SNRs
makes them potential sources of GeV and TeV c-rays resulting
from decays of secondary p0 -mesons produced in hadronic interactions. Thus, the detection and identification of hadronic c-rays – directly from young remnants [10] and/or from dense clouds
overtaken by the expanding shells [11] – would be a straightforward test of acceleration of protons and nuclei in SNRs.
The DSA provides robust observational predictions. Its distinct
feature in the non-linear regime is the concave shape of energy distribution of accelerated particles. While at low energies it is relatively steep with differential spectral index larger than 2, at
highest energies the spectrum becomes significantly harder. In
the extreme case of strongly modified shocks, the proton spectrum,
just before the high energy cutoff, can be as hard as E!1:5 (see Ref.
[6]). These features are reflected in the energy spectrum of resulting c-rays [12–15], although the energy-dependent propagation effects may introduce significant modifications of the initial
(acceleration) spectrum of protons, and, consequently, in the spectrum of secondary gamma-rays, in particular in the dense regions
where the major fraction of c-rays is produced. This effect can be
realized in massive molecular clouds located outside the middleaged remnants [16,17], as well as in dense compact condensations
inside the shells of young SNRs [15].
Presently seven shell type SNRs are identified as TeV c-ray emitters: Cas A [19–21], Tycho [22], SN 1006 [23], RX J1713.7-3946
[24,25], RX J0852-4622 [26], RCW 86 [27], and G353.6-0.7 [28].
While the first six sources are well established young SNRs, the
object G353.6-0.7 is the first supernova remnant discovered by
gamma-ray observations. It has been found serendipitously in
TeV c-rays, and only later confirmed by radio and X-ray observations [28]. This is a hint indicating that we might expect larger
number of detectable (by CTA) supernova remnants compared to
conservative predictions based on the current SNR catalogs.
While observations of TeV c-rays from young SNRs unambiguously testify an effective acceleration of particles, electrons and/
or protons, to multi-TeV energies, the relative contributions of protons and electrons to the reported c-ray fluxes remain quite uncertain. The problem is that the ratio of c-rays produced by
accelerated protons interacting with the surrounding gas and by
electrons upscattering the 2.7 K microwave background radiation
(MBR), is very sensitive to model parameters, in particular to the
gas density and the magnetic field of the ambient medium, which
in many cases are highly unknown. The process of inverse Compton (IC) scattering is very efficient at TeV energies. Up to
Ee " 100 TeV, the latter proceeds in the Thompson regime, there1=2
fore the cooling time tIC
cool / 1=Ee / 1=Ec ). It is interesting to compare the typical production times of 1 TeV c-rays by an electron
and a proton of the same characteristic energy of about 20 TeV:
# 5 $ 104 years and 5 $ 107 ðn=1cm!3 Þ!1 years, respectively (see
e.g. Ref. [31]). Correspondingly, at the fixed energy of the secondary c-ray photon of 1 TeV, the ratio of production rates of IC c-rays
to p0 -decay c-rays, is approximately 103 ðW e =W p Þðn=1cm!3 Þ!1 ,
where W e and W e are the total energies contained in 20 TeV elec-

trons and protons, respectively. Thus even for a very small initial
(at the stage of acceleration) electron-to-proton ratio, e=p ¼ 10!3 ,
the IC component will dominate over the p0 decay c-rays (for a
typical gas density of the shell, n 6 1 cm!3 ), unless the magnetic
field significantly exceeds B ¼ 10 lG. Otherwise, the relativistic
electrons are cooled predominantly via synchrotron channel, and
therefore only a small fraction, wMBR =wB # 0:1ðB=10lGÞ!2 , is released in IC c-rays.1 Alternatively, the proton-to-electron acceleration ratio should be unusually large, p=e P 103 , which however
cannot be excluded given the outstanding issues related to one the
poorly understood aspects of DSA, to the so-called ‘‘injection problem’’ (see e.g. Ref. [6]).
Young SNRs are less prominent c-ray emitters at low energies.
So far, only Cas A [32], Tycho [33], RX J1713.7-3946 [34], and RX
J0852-4622 [35] have been detected by Fermi. Remarkably, all
these active particle accelerators are characterized by modest
GeV c-ray fluxes. On the other hand, strong GeV c-ray emission
has been reported from a number of middle-aged SNRs (see
Fig. 1), in particular from W28 [36,37], IC 433 [38,39] and W44
[40,29,30]. It should be noted that W28 [41] and IC 433 [42,43]
are TeV c-ray emitters as well. The c-ray images of these two objects are essentially different at GeV and TeV energies. This implies
that they are produced, most likely, by cosmic ray protons and nuclei which have already left their acceleration sites located in the
shell and interact with the nearby dense molecular clouds
[16,44], presumably within the scenario proposed in Ref. [45]. An
alternative interpretation which postulates a local origin of relatively low energy particles accelerated inside shock-compressed
clouds [46] is another viable scenario.
Within the DSA paradigm, acceleration and confinement of
multi-TeV particles in the shell cannot continue after a few thousand years of the SN explosion, when the shock speed drops below
1000 km=s and the magnetic field becomes significantly weaker.
Moreover, multi-TeV particles cannot be effectively confined in
old shells which however can contain low-energy, sub-TeV particles. Therefore MeV/GeV c-rays are expected not only from the regions outside the remnant, but also from the shell itself. This seems
to be the case of W44; gamma-rays have been detected not only
from the supernova remnant itself [40,30] (see Fig. 1b) but also
from the surrounding molecular cloud complex [29]. The apparent
correlation of gamma-ray maps with the synchrotron radio maps
at GHz frequencies indicates that c-ray emission from SNR W44
is likely to produced in dense radio-emitting filaments inside the
remnant. The c-ray spectrum reported in the 0.05–10 GeV energy
interval, hardly can be explained by bremsstrahlung or inverse
Compton scattering of electrons, but it agrees quite well (see
Fig. 2) with the spectrum of c-rays from pp interactions with a
characteristic maximum in the SED around 1 GeV [30]. Also, the
steep, E!3 type differential gamma-ray spectrum at higher energies
[40] is also in a good match with expectations; in the case of energy-dependent escape, the proton spectrum in this middle-aged
SNR should be modified and become steeper, e.g. in the case of
Bohm diffusion (t esc / E!1 ), from the E!2 type acceleration spectrum to E!3 .
The detection of gamma-rays from dense molecular clouds surrounding the SNR W44 (see Fig. 2) is a very important result which,
together with the direct c-ray emission from the shell, allows a
comprehensive study of the processes of particle acceleration and
escape [15]. The two bright large scale c-ray features symmetri-

1
Formally, the emissivity of the IC component of radiation on 2.7 K MBR depends
only on the number of relativistic electrons, N e , but not on the magnetic field. On the
other hand, the synchrotron emissivity of same electrons is proportional to N e B2 .
Thus, for the given synchrotron flux, the number of electrons N e / B!2 ; correspondingly the IC gamma-ray flux is also inversely proportional to the square of the
magnetic field.
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Fig. 1. Gamma-ray images of four middle-aged SNRs in the energy interval 2–10 GeV reported by the Fermi LAT collaboration: (a) W51C; (b) W44; (c) IC443; and (d) W28.
Superposed are the VLA radio maps (from Ref. [18]).

Fig. 2. Left panel: Gamma-ray image of the dense molecule gas complex surrounding the SNR W44. Green contours show the CO emission map tracing the molecular gas.
Magenta contours present the synchrotron radio map of the remnant of W44. The galactic plane is shown by the dashed line. Right panel: Energy spectra of gamma-rays from
the remnant (gray [40] and black [29] points) and the surrounding gas outside the remnant (red points). The spectral points reported by the AGILE collaboration below 1 GeV
from the remnant of SNR W44 [30] are shown by open points. The spectra from two (a and b) bright regions symmetrically located on two sides of the remnant are presented
separately. The p0 -decay (dashed curves) and bremsstrahlung (dotted curves) c-ray spectra calculated for the remnant of W44, are also shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

cally located on two sides of the supernova shell are, most likely,
the result of interactions of the escaped protons and nuclei outside
the shell. The information about the density of the molecular gas
based on CO observations allow an estimate of the total kinetic
energy carried by particles that escaped the remnant: W esc !
1050 erg. Within the uncertainties (up to a factor of few) related
to the specifics of diffusion of particles, including its anisotropy,

and the surrounding gas density, this estimate is in good agreement with the total energy expected to be released in the form
of CRs.
Hopefully, observations with Fermi LAT and AGILE telescopes
will result in separation of c-ray components produced in the shell
and in nearby clouds of some other similar objects which would
provide an important insight into the understanding of CR acceler-
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVatrons. Generally, within the DSA paradigm, no TeV c-rays are expected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpretation of c-ray observations.
In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays originate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.
3. TeV emission of young SNRs
Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation properties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.
3.1. RX J1713.7-3946 – an atypical SNR
While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radiation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recognizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].
The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0 -decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the onezone leptonic model fails to explain the GeV fluxes reported by Fermi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) appears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the forward and inverse shocks in which the magnetic fields are essentially different [15].
The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum predicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spectrum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).
The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is determined only by the reported c-ray fluxes, W e ’ 3 " 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, W p ’ 1050 ðn=1cm!3 Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadronic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0 -decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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with the dense cores of molecular clouds embedded in the shell
[54]. The corresponding gamma-emission may exceed the gamma-emission from the shell by a factor that is the ratio of the total
mass of clouds to the mass swept up by the forward shock. Thus, in
the scenario with very low gas density of the shell, in addition to
the IC radiation by electrons, one may expect significant contribution of hadronic c-rays produced in dense gas condensations [15],
provided that all particles freely enter the dense clouds. This however could not be the case, especially for the low energy particles.
Because of slow diffusion, the penetration of low energy particles
into the dense cores of these condensations can take longer than
the age of the SNR. Correspondingly, the low energy c-ray emission
can be suppressed. This effect offers a possible explanation
[15,54,55] for the hard c-ray spectrum below 100 GeV reported
by the Fermi collaboration from RX J1713.7-3946 [34].
The production of c-rays at pp interactions in dense gas condensations embedded in the low density shell is an interesting scenario
which keeps the hadronic origin of radiation as a viable option
with several attractive features. The increase of photon statistics
in future observations with Fermi and HESS should help, but hardly
could be be sufficient to distinguish unambiguously the contributions of leptonic and hadronic interactions to different bands of
the c-ray spectrum. In this regard, CTA has a great role to play. This
concerns, first of all, to the precise measurements of the energy
spectrum below 1 TeV down to tens of GeV and above 10 TeV up
to 100 TeV. The morphological studies provide an independent
and complementary information about the radiation mechanism.
The low magnetic field, which is a key element of any IC model, allows the multi-TeV electrons to propagate to large distances, and
fill a quite large volume. Because of homogeneous distribution of
the target photon fields, the spatial distribution of resulting IC
c-ray appears quite broad. The hadronic model predicts narrower
and sharper spatial distribution, mainly due to the enhanced emission in the compressed region of the shock, as it is seen in Fig. 4.
However, because of limited angular resolution of c-ray telescopes,
the radial distributions predicted by two models cannot be distinguished. It is demonstrated in Fig. 4 where the radial profiles are
smoothed with a typical for the current Cherenkov Telescope Arrays point spread function of dw ¼ 3 arcmin. Both smoothed profiles reasonably agree with the reported angular distribution of
TeV c-rays. For decisive conclusions about the sharpness of the
shell emission, and therefore on the nature of parent particles,
the detector’s PSF should be around 1–2 arcmin. This seems to be

Fig. 4. Radial profiles of 1 TeV c-rays calculated for the hadronic and electronic
scenarios [15] in the uniform medium (solid) and for the leptonic scenario with the
unmodified forward shock (dashed). The profiles smoothed with a Gaussian point
spread function with r ¼ 0:05( are also shown (thin lines). The triangles correspond
to the azimuthally averaged TeV c-ray radial profile as observed by HESS.
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at the edge of capability of the atmospheric Cherenkov imaging
technique [56], but its practical realization by CTA, especially at
multi-TeV energies, would greatly contribute to the understanding
of the role of SNRs in the origin of galactic CRs.
Independent of the ability of the leptonic and hadronic models
to describe the spectral and morphological features of c-ray emission of RX J1713.7-3946, it is likely that we deal with a unique SNR,
thus the conclusions derived for this object cannot be generalized
for the entire source population. In this regard, other SNRs, in particular Tycho and SN 1006, seem to be more typical representatives
of young SNRs.
3.2. SN1006 and Tycho – classical shell type supernova remnants
SN 1006 was the first SNR from which the nonthermal component of X-rays had been unambiguously identified with synchrotron radiation of multi-TeV electrons. Like the X-ray image, c-ray
emission is concentrated in two extended regions in North-East
and South-West (see Fig. 5a). In this object we deal with a quite
homogeneous environment, therefore such a morphology indicates
the sites of concentration of highest energy particles. It has been
argued that a possible reason for the bipolar picture could be the
dependence of efficiency of injection of suprathermal particles on
the angle between the ambient magnetic field and the shock normal [57]. Although in general this sounds a reasonable explanation,
the particle injection is a complex problem which can be understood only through deep theoretical studies.
The c-ray emission of SN 1006 is very weak; the integral flux
above 1 TeV is of the order of 1% of the Crab flux. The energy spectra of the NE and SW regions are similar and compatible with a
power law distribution, FðEÞ / E$C ; C % 2:3 (see Fig. 5b), i.e. significantly different from the energy spectrum of RX J1713.7-3946
which is flatter around 1 TeV (C ’ 2) and steeper above 10 TeV
(C ’ 3). This might imply that in this case we have stronger evidence of hadronic origin of c-rays than for RX J1713.7-3946. Indeed, the relatively hard power-law spectrum of SN 1006
extending over two decades, from 0.2 TeV to 20 TeV, significantly
deviates from general predictions of IC models. The so called onezone model which assumes a common region of production of
the IC and synchrotron components of radiation, satisfactorily explains the c-ray flux around 1 TeV (for a reasonable magnetic field
of order of 30 lG), but fails to explain the hard power-law spectrum at multi-TeV energies [23]. However, the one zone-model is
a simplification [51] which cannot be realized in SNRs. Indeed,
the difference of the magnetic field in the upstream and downstream regions results in the positional shift of production regions
of synchrotron X-rays and IC c-rays. While X-rays are predominantly produced in the downstream region, IC c-rays are contributed by both the downstream and upstream regions, with a
strong dominance of the latter at multi-TeV energies (see Figs. 4
and 5 of Ref. [58]). This leads to a shift of the overall c-ray spectrum
towards higher energies. Whether this would be sufficient to explain the hard power-law c-ray spectrum of SN 1006, is an issue
which should be addressed by extension of spectral measurements
beyond 10 TeV, as well as by detailed imaging of the c-ray production region with PSF of order of 1 arcmin.
Alternatively, the current c-ray data can be explained by interactions of accelerated protons with a power-law distribution E$2:3
between 1 and 100 TeV. Below 1 TeV, the proton spectrum should
be harder with spectral index a 6 2. Note that this is a robust conclusion opposed by the available energy budget, given that for the
ambient gas density n & 0:1 cm$3 , the required acceleration efficiency of protons in the energy interval 1–100 TeV already exceeds
20% of the total mechanical energy of the SN explosion,
ESN ¼ 1:4 ' 1051 erg [23]. The proton spectrum can be described,
for example, by a power low E$2:3 with a break below 1 TeV, and
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Fig. 5. The spatial and spectral distributions of VHE gamma-rays in SN 1006. (a) (right panel): the TeV c-ray image from [23]. The white contours correspond to the X-ray
intensity derived from the XMM-Newton flux map and smoothed to the HESS PSF. (b) Differential energy spectra characterizing the NE and SW regions (from Ref. [23]).

a high energy cutoff at E ! 100 TeV. This is an interesting option
because it requires effective acceleration of protons to extremely
high energies, formally to 1 PeV. However, there is an alternative
option when the proton spectrum is described by a flat E"2 type
spectrum with an exponential cutoff at E ’ 80 TeV [23]. It is clear
that only the extension of c-ray measurements by CTA to energies
well beyond 10 TeV would allow us to distinguish between these
two realizations, and thus to answer to the most important question as whether SN 1006 acts as a PeVatron, or the particle acceleration extends only up to 100 TeV.
Gamma-ray signals have been reported, both at high and very
high energies, from another prominent object, the Type Ia supernova remnant Tycho [33,22] (see Fig. 6). The Fermi data between
0.4 to 100 GeV can be described by a power-law with a photon index CGeV # 2:3, but the spectrum reported by the VERITAS collaboration between 1 and 10 TeV is somewhat harder, CTeV # 2, just
opposite to the case of RX J1713.7-3946. However, because of large
statistical uncertainties of both data sets, the energy spectrum over
4 decades can be described by a broad range of functions, in particularly by a single power-law with a photon index CGeV—TeV # 2:1"
2:2. Within the uncertainties of the ambient gas density and the
distance to the source, the reported fluxes at both GeV and TeV
energies agree with the early phenomenological predictions [10],
as well as with the recent theoretical studies [59,60] of production
of hadronic c-rays in Tycho. The flat c-ray spectrum up to 10 TeV
implies that the corresponding spectrum of parent protons contin-

Fig. 6. The reported c-ray emission of Tycho from GeV [33] to TeV [22] energies.
The expected contributions from the pp-interactions, (dot–dashed line), relativistic
bremsstrahlung (dot–dot–dashed) and Inverse Compton scattering (on three
different radiation fields) are also shown (from Ref. [60]).

ues without a significant steepening or a cutoff to at least several
hundred TeV [61]. The extension of the flat c-ray spectrum up to
30 TeV would be just sufficient to claim the source as a PeVatron.
Such observations also would robustly exclude the IC origin of
radiation. Note that although the present data give a preference
to the hadronic origin of VHE c-rays [60] (see Fig. 6), yet a specifically designed two-zone leptonic model cannot be discarded as a
possible scenario for explanation of the current c-ray data from
Tycho [62].
3.3. Cas A – a unique SNR
The shell type supernova remnant Cas A is one of the most pronounced and best studied nonthermal sources in our Galaxy. Its
general features are common for young SNRs, but Cas A is a rather
unique representative of the remnants of recent supernovae explosions. The synchrotron emission of Cas A spans from radio to hard
X-rays indicating the presence of relativistic electrons from subGeV to multi-TeV energies. For any reasonable assumption on the
nebular magnetic field, this object contains enormous total energy
in the form of relativistic electrons, W e ’ 3 $ 1048 erg [63], more
than in any other SNR. The average rate of accumulation of this energy over a short time period, tacc 6 t age % 300 years, is even more
_ e ¼ W e =t acc # 3 $ 1038 erg=s. It is larger, by at least an
striking, W
order of magnitude, than the electron production rate in any other
supernova remnant. On the other hand, the content of protons in
this object could be relatively modest. The amount of relativistic
protons and nuclei is constrained by c-ray fluxes detected in the
GeV and TeV energy bands, W p 6 3 $ 1049 ðn=10 cm"3 Þ"1 erg [32].
This constitutes less than 2% of the total explosion energy, if c-rays
are produced in the reverse shock where the plasma could be quite
dense, n P 10 cm"3 . In this case, the ratio of relativistic protons to
electrons in Cas A is less than 10, i.e. an order of magnitude below
the level observed in cosmic rays. This is in sharp contrast to the
hadronic models of c-radiation of other SNRs, e.g. SN 1006 and
RX J1713.7-3946, which require p=e P 103 . However, if the reported GeV and TeV c-rays are produced at hadronic interactions
in the forward shock, which propagates through a low density circumstellar medium, the total energy in accelerated protons can be
as large as 1050 erg.
Another unique feature of this object is the reported c-ray [64]
and X-ray [65] emission lines which associate with 44Ti. This radiation component provides direct information about the ejected
mass of radioactive titanium, M 44Ti # 2 $ 10"4 M) . The unusually
high content of relativistic electrons in Cas A could have a link to
the ejection of large amount of radioactive material, first of all
44
Ti and 56Ni. The decay products of these nuclei provide a vast
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pool of suprathermal positrons and electrons which can be further
accelerated, by both the reverse and forward shocks, to multi-TeV
energies.[66]
The energy spectrum reported by Fermi in the energy interval
between 0.3 GeV to 30 GeV (see Fig. 7) is quite flat with a photon
index close to C = 2.0–2.2 [32]. The VHE c-ray signal from Cas A
has been discovered in the 1–10 TeV energy interval by the HEGRA
group [19], and later confirmed by the MAGIC collaboration [20].
The VERITAS group [21] recently extended the spectral measurements towards low (sub-TeV) energies (see Fig. 7). The fluxes reported by three groups are in good agreement with each other
and show relatively steep spectrum; it is compatible with power
low, dN=dE / E!C with a photon index C ¼ 2:6 and total flux above
1 TeV F c ðP 1 TeVÞ ¼ 7:7 % 10!13 ph=cm2 s [21]. The GeV and TeV
electrons which are responsible for the broad-band synchrotron
radiation of Cas A, inevitably produce also c-rays – through bremsstrahlung and inverse Compton scattering. The calculations of
c-ray fluxes based on the radio data are straightforward, but
strongly depend on the distributions of gas and magnetic field in
the nebula. Since the average magnetic field in Cas A cannot be significantly less than 0.3 mG (otherwise the contribution of bremsstrahlung would lead to overproduction of low-energy c-rays),
the TeV c-ray emission of IC origin its expected to be very low,
unless one invokes regions with low magnetic field but yet with
adequate conditions for effective acceleration of electrons to multi-TeV energies [63]. Although at first glance this sounds a rather
superficial assumption, the regions with very low magnetic field
in SNRs cannot be excluded. Moreover, in the case of Cas A this
can be realized in a quite natural way, through the operation of
the reverse shock.
On the other hand, the overall GeV–TeV c-ray spectrum can be
readily explained by interactions of accelerated protons and nuclei with the ambient gas, assuming a power-law spectrum of
protons extending to 100 TeV with a power-law index a ¼ 2:3,
or by a harder spectrum with a ¼ 2:1 but suffering an exponential
cutoff at 10 TeV [32] (see Fig. 7). This ambiguity, which is a result
of large statistical uncertainties of TeV c-ray fluxes, leaves open
the question whether Cas A accelerate particles to PeV energies.
As discussed before, this is true also for other SNRs. Meanwhile,
without a clear answer to this question, we cannot be sure that
SNRs are the major contributors to the galactic cosmic rays

Fig. 7. The differential energy spectra of c-rays reported from Cas A by the Fermi,
MAGIC and VERITAS collaborations (from [32]. Two curves correspond to calculations of theoretical c-ray spectra from pp interactions assuming for protons (i) a
single power low distribution with an index a ¼ 2:3 (red line) (ii) a power-law
distribution with a ¼ 2:1 an exponential cutoff at E0 ¼ 10 TeV. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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up to the ‘‘knee’’ around 1 PeV. The‘‘hunt’’ for galactic PeVatrons
continues.

4. Searching for galactic proton PeVatrons
The most straightforward search for galactic PeVatrons can be
conducted by ground-based c-ray detectors designed for operation
in the energy regime between 10 and 100 TeV. In SNR shocks with
relatively low acceleration rate, the synchrotron losses prevent
acceleration of electrons to energies beyond 100 TeV. Also, at such
high energies the contribution of the IC component is suppressed
because of the Klein–Nishina effect. Therefore, the contribution
of the IC c-rays to the radiation above 10 TeV should gradually fade
out. Thus, in the case of detection of c-rays up to 100 TeV, the
hadronic origin of radiation would be unambiguously established.
In this regard, the search for gamma-ray emitting cosmic ray PeVatrons undoubtedly will be one of the major objectives of CTA.
Fig. 8 shows the X-ray and c-ray luminosities from a 1000 year
old proton PeVatron calculated for three different distributions of
accelerated protons. Both radiation components are initiated by
interactions of relativistic protons for the ambient gas density
n ¼ 1 cm!3 and magnetic field B ¼ 300 lG. While c-rays arise directly from decays of p0 -mesons, X-rays are result of synchrotron
radiation of electrons and positrons, the secondary products of
p& -decays. The lifetime of electrons producing X-rays, tsynch ’
!1=2
1:5B!3=2
years, is very short (6 50 years) compared
mG ðEX =1 keVÞ
to the age of the source. Therefore, X-rays could be treated as a
‘‘prompt’’ radiation emitted simultaneously with c-rays.
For the given ambient gas density and the distance to the
source, the X- and c-ray fluxes depend only on the present content
of total energy of relativistic protons accumulated in the source
over the history of their acceleration and escape. Although approximately similar fractions of energy of parent protons are transferred to secondary electrons and c-rays, the energy of sub-TeV
electrons is not radiated away immediately, therefore the direct
(p0 -decay) c-ray luminosity exceeds the synchrotron luminosity.
The ratio LX =Lc depends on the proton spectrum as well as on the
particle injection history; typically it does not exceed 1/5–1/3.
The spectrum of highest energy c-rays contains very important
information about the shape of the proton spectrum around and
beyond the cutoff energy E0 which is crucial for identification of
acceleration mechanisms in SNRs, as well as for understanding of
the role of different processes responsible for the formation of the
knee in the CR spectrum. The X- and c-ray luminosities in Fig. 8
are calculated for a proton accelerator operating during 103 years
with a constant rate Lp ¼ 1039 erg=s. In calculations the escape of
particles is ignored, thus the total accumulated energy in protons
is W p ’ Lp ' T ’ 3 % 1049 erg. To estimate the X-and c-ray energy
fluxes (in units of erg=cm2 s) from an arbitrary PeVatron, one
should multiply the luminosities in Fig. 8 to the factor of A (
10!44 ðnW p =3 % 1049 erg=cm3 Þðd=1 kpcÞ!2 . Thus, all galactic PeVatrons up to distances of 10 kpc and with nWp P 1049 erg=cm3 ,
can be probed by CTA, the sensitivity of which above 10 TeV is expected to be better than 10!13 erg=cm2 s [9]. However, because of
tiny c-ray fluxes, detailed spectroscopic measurements in the cutoff
region could be possible only for powerful and/or nearby objects.
Note that the extension of the proton spectrum to 1 PeV is crucial
for effective production of neutrinos in the 10 to 100 TeV range,
the most optimal energy interval for the TeV neutrino detectors like
IceCube or KM3NeT [67]. However, the sensitivity of neutrino
detectors is quite limited, and even the brightest in c-rays SNRs
can be only marginally detected by these instruments.
Fortunately, the synchrotron X-radiation of secondary
(p& -decay) electrons and positrons offers an alternative, and
perhaps more powerful tool for the search and study of cosmic

78

F.A. Aharonian / Astroparticle Physics 43 (2013) 71–80

Fig. 8. Broad-bad radiation of a proton PeVatron initiated by interactions of protons with the ambient gas for three different distributions of accelerated protons: (1,2) –
‘‘power-law with an exponential cutoff’’, E$a expð$E=E0 Þb with a ¼ 2; E0 ¼ 3 PeV, and b ¼ 1 (solid curve), b ¼ 1=3 (dashed curve), and (3) – ‘‘broken power-law’’ when the
spectral index is changed at E ¼ 1 PeV from a ¼ 2 to a ¼ 3. The time-independent production rate of protons in all three cases is assumed Lp ¼ 1039 erg/s. The gas density
n ¼ 1 cm$3 , magnetic field B ¼ 300 lG, and the age of the source t ¼ 103 years.

PeVatrons [31]. In principle, Chandra and XMM-Newton X-ray
satellites do have sufficient sensitivity to perform such studies.
However, the effective energy interval of operation of these instruments limited by 6 10 keV is not optimal for detection of synchrotron radiation of secondary electrons. Indeed the major challenge
of this method is the extraction of the ‘‘hadronic’’ component of
X-rays from the synchrotron radiation of directly accelerated electrons. These two components can be separated if the average magnetic field in the SNR exceeds 100 lG and the proton spectrum
extends to 1 PeV. These two conditions are, in fact, connected since
the acceleration of protons in SNRs to PeV energies is possible only
at the presence of large magnetic fields. The second key condition
for operation of SNRs as PeVatrons is the diffusion of particles in
the Bohm limit. In this case, the proton cutoff energy is proportional to the strength of the magnetic field. Thus, the corresponding energy in the spectrum of secondary synchrotron radiation
hm / BE20 / B3 . On the other hand, in the Bohm diffusion regime
the position of the synchrotron cutoff of directly accelerated electrons does not depend on the magnetic field, and typically, for
young SNRs with shock speed of several thousand km/s, appears
in the soft X-ray domain, hm 6 1 keV (see e.g. [51]). Thus, if the
spectrum of synchrotron radiation of secondary electrons extends
well beyond 10 keV (which should be the case of proton PeVatrons
– see Fig. 8), the background caused by the synchrotron radiation
of directly accelerated electrons is dramatically reduced.
The spectrum of the secondary synchrotron radiation in the cutoff region is smoother and broader than the c-ray spectrum around
the cutoff. For the proton spectrum presented in a general form
ðdN=dEÞp / exp½$ðE=E0 Þbp %, the distributions of secondary c-rays
and electrons in the cutoff region is ðdN=dEÞc;e / exp
½$ðE=E0;c;e Þbc;e %, with bc;e & 0:5bp [61]. The spectrum of the synchrotron radiation in the cutoff region is described by a function
proportional to exp½$ðe=e0 Þbs %, with bs ¼ be =ð2 þ be Þ [58]. For example, in the Bohm diffusion regime, bp ¼ 1, thus in the cutoff region
the distribution of c-rays is proportional to exp½$ðEc =Ec=e Þ1=2 %,
while the spectrum of the secondary synchrotron radiation behaves as exp½$ðe=e0 Þ1=5 %. Thus, the secondary synchrotron radiation
can effectively continue with a relatively hard energy spectrum
over several decades beyond the cutoff energy. This is seen in
Fig. 8 where the broad-band spectra of radiation initiated by pp
interactions are shown for three different distributions of accelerated protons. Even in the case of the parent proton distribution

with an exponential cutoff, for the chosen model parameters, in
particular E0 ¼ 3 PeV and B ¼ 100 eV, the X-ray spectrum of secondary electrons effectively extends up 100 keV and beyond (see
Fig. 8). This is an important feature which should allow detailed
studies of the spectra of accelerated protons in the region of the
cutoff energy with the planned hard X-ray imagers of the NuSTAR
and ASTRO-H X-ray satellites.
5. Gamma-ray echo emission from nearby molecular clouds
As discussed above, the c-ray emission from several famous
representatives of young SNRs can be interpreted, although not
unambiguously, by interactions of shock accelerated protons and
nuclei with the ambient gas. While quite encouraging, this cannot
be taken as a proof of the major contribution of SNRs to the production of galactic CRs because the data can be explained also by
the competing leptonic processes. Moreover, within the hadronic
models, we do not yet have strong evidence of accelerations of protons up to the 1 PeV. In fact, in the case of the brightest c-ray SNR,
RX J1713.7-3946, the observed cutoff in the c-ray spectrum is located below 10 TeV which implies lack of PeV protons in the remnant. A natural reason for the deficit of such energetic particles
could be their leakage from the shell [15,68] Indeed, the acceleration and confinement of highest energy particles in the remnants
can last less than several hundred years after the explosion [15],
so one should be lucky to ‘‘catch’’ the supernova remnants while
they are emitting c-rays beyond 10 TeV.
On the other hand, the c-ray ‘‘echo’’ of the faded out accelerators still can be detected, even ten thousand years after the Sedov
phase when all particles already have left the remnant. The protons, after they escape the SNR shell, interact with the surrounding
atomic and molecular gas. Before being fully diffused away and
integrated into the ‘‘sea’’ of galactic CRs, these particles produce
c-rays the spectrum of which can significantly differ from both
the radiation of the SNR itself and the diffuse galactic c-ray emission [45]. The massive molecular clouds (MCs) located in the vicinity of SNRs, provide dense targets for hadronic interactions, and
thus dramatically increase the chances of tracing the run-away
protons via the secondary c-rays. For parameters of a typical’
SNR at a distance of 1 kpc, a molecular cloud of mass 104 M) can
emit multi-TeV c-rays at a detectable level, if the cloud is located
within a few 100 pc from the SNR [16].
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The location of MCs close to SNRs could be accidental, but in
general there is a deep link between SNRs and MCs, especially in
the star-forming regions [69]. Depending on the location of massive clouds, the time history of particle injection into the interstellar medium, as well as on the diffusion coefficient that
characterizes the propagation of these particles in the interstellar
medium, we might expect a broad variety of energy distributions
of c-rays – from very hard spectra (much harder than the c-ray
spectrum of the SNR itself) to very steep ones [45]. Correspondingly, the ratio of GeV to TeV c-ray fluxes can significantly vary
from site to site. Thus the fluxes detected by the Fermi and AGILE
satellites can correlate as well as anticorrelate with fluxes detected
at TeV energies by ground-based detectors. The recent results from
the ground-based and space-borne instruments support such a picture. For example, while some clouds located close to the mid age
(approximately 104 year old) supernova remnant W28 have been
discovered as c-ray emitters both in TeV [41] and GeV [36,37]
bands, in the case of another SNR-MC interacting system, IC 443,
the GeV [38,39] and TeV [42,43] c-ray images are shifted from each
other. Remarkably, good fits to the broad-band c-ray spectra and
the absolute fluxes of both sources can be achieved assuming an
order of magnitude slower diffusion close to SNRs compared to
the CR diffusion in the galactic plane [37,44]. This seems quite reasonable given the higher turbulence of plasma in the vicinity of
SNRs.
One should note that the role of giant molecular clouds is not
limited by SNR studies. These massive objects are intimately connected with the star formation regions that are strongly believed
to be most probable sites of CR production (with or without SNRs)
in our Galaxy. They serve also as a unique ‘‘barometers’’ for measurements of the energy density of cosmic rays in remote parts
of the Galaxy [70]. It is generally believed that the local CR flux directly measured at the Earth, gives a correct estimate for the level
of the ‘‘sea’’ of galactic CRs. However, one cannot exclude a priori
that the flux of local CRs could be significantly contributed by a single or a few local sources, especially given that the Solar system is
located in a rather extraordinary region - inside active star formation complexes which constitute the so-called Gould Belt.
Finally, the recent anomalies discovered in cosmic rays, such as
very high content of positrons in the leptonic component of cosmic
rays [71], or the significant differences between energy spectra of
protons and alpha particles [72], tell us that the generally adopted
picture of homogeneously distributed galactic CRs contributed by a
single class of accelerators (SNRs) could be an oversimplification.
In fact, we may deal with a diverse variety of cosmic ray ‘‘factories’’. The fortunate location of giant molecular clouds in the vicinity of these accelerators provides us with a unique tool to probe
CRs in the environments harboring these mysterious objects.
6. Summary
Despite the remarkable advances of recent years, we do not
have yet a robust evidence of acceleration of nucleonic component
of cosmic rays in supernova remnants. It is expected that explorations of these objects with the major future ground-based c-ray
detector, the Cherenkov Telescope Array (CTA), with significantly
improved performance regarding the minimum detectable flux,
the angular resolution, and broader (almost five decades!) energy
coverage, will remove, to a large extent, many current uncertainties and ambiguities concerning the origin of c-rays from SNRs. A
breakthrough in this regard is expected in the unexplored energy
region well beyond 10 TeV where the contribution of the inverse
Compton component of radiation by directly accelerated electrons
is expected to fade out. These energetic c-rays contain direct
information about protons accelerated to 1 PeV. The detection
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and identification of the cosmic PeVatrons, the main contributors
to the galactic cosmic rays, can be considered as the highest priority objective, at least in the context of the origin of galactic cosmic
rays.
The galactic PeVatrons are ‘‘well designed’’ for effective production of neutrinos in the 10 to 100 TeV interval, the most optimal
energy range for registration by the km3 scale detectors like IceCube and KM3NeT. Unfortunately, because of the limited sensitivity, even the most promising young SNRs suspected to be the
brightest neutrino sources in our Galaxy in the multi-TeV band,
can be robustly detected only after 5 to 10 years of continuous
exposure.
Together with studies of ultrahigh energy c-rays and neutrinos,
the future hard X-ray imaging detectors like NuSTAR and ASTRO-H
should be able to conduct an effective search for the currently active PeVatrons through the synchrotron radiation of secondary
electrons produced in hadronic interactions. Finally, the coverage
of the GeV energy domain by the Fermi LAT and AGILE is very
important for the search of ‘smoking guns’ of former PeVatrons,
as well as for exploration of the environments which harbor these
most powerful cosmic accelerators in our Galaxy.
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a b s t r a c t
The observational progress in the c-ray astronomy in the last few years has led to the discovery of more
than a thousand sources at GeV energies and more than a hundred sources at TeV energies. A few different classes of compact objects in the Galaxy have been established. They show many unexpected features
at high energies the physics of which remains mainly unknown. At present it is clear that detailed investigation of these new phenomena can be performed only with the technical equipment which offer an
order of magnitude better sensitivity, and a few times better energy, angular and time resolution in
the broad energy range staring from a few tens of GeV up to a few hundreds TeV. Such facilities can
be realized by the next generation of instruments such as the planned Cherenkov Telescope Array (CTA).
The aim of this report is to summarize up to date observational results on the compact galactic sources
in the GeV–TeV c-ray energy range, discuss their theoretical implications, and indicate which hypothesis
considered at present might be verified with the next generation of telescopes. We point out which of the
observational features of the c-ray sources are important to investigate with special care with the
planned CTA in order to throw new light on physical processes involved. Their knowledge should finally
allow us to answer the question on the origin of energetic particles in our Galaxy.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
It is widely believed that relativistic, charged particles are accelerated in the Galaxy up to at least !1017 eV. Such particles are confined within the galactic disk since their Larmor radius is smaller
than the thickness of the galactic disk. However, which types of
the observed sources are responsible for the acceleration processes
(maybe a few?) is at present not quite clear. The best candidates
seem to be sources containing compact objects such as rotating
neutron stars (NSs), solar mass black holes, massive stars, or maybe
also White Dwarfs (WDs). They can either form separate systems
which energize their surrounding (e.g. Pulsar Wind Nebulae) or occur close to concentrations of matter within the Galaxy (Globular
and Open Clusters) or be companions of normal stars (binary
systems).
During the last few years our knowledge on the compact sources
of cosmic accelerators in the Galaxy has experienced a major breakthrough. Thanks to the development of a new satellite and onground telescopes, a few hundred of discrete c-ray sources at energies above 100 MeV have been discovered in the galactic plane by
the Large Area Telescope on board of Fermi satellite (Fermi-LAT)
[29], and a few tens of sources above !100 GeV have been discovered by the Cherenkov telescopes (see for the reviews, e.g.
E-mail address: bednar@uni.lodz.pl
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.05.001

[182,47,119]). Some of these sources have showed unexpected
emission features which put new light on the particle acceleration
and radiation processes occurring in them.
One of the purposes of this paper is to present up-to-date knowledge (both observational and theoretical) on the emission features
of at present very well established c-ray sources such as: different
types of pulsars, Pulsar Wind Nebulae (PWNe), Globular Clusters
(GCs) and binary systems containing either two massive stars, a
WD, a pulsar, or a solar mass black hole. We also mention other potential compact c-ray sources in the Galaxy such as: isolated massive stars and WDs, or accreting NSs and WDs. They are expected
to emit c-rays based on the theoretical analysis of the conditions
within them which seem to be suitable for acceleration of particles
and subsequent production of high energy radiation. We will consider how our knowledge of high energy processes in the galactic
sources can profit from the construction of the next generation telescopes able to observe c-rays with energies above !30 GeV (such as
the Cherenkov Telescope Array – CTA, the High Altitude Water
Cherenkov Experiment – HAWC, or the Water Cherenkov Detector
Array (WCDA) of the Large Altitude Air Shower Observatory – LHAASO). For example, CTA is planning to reach 50 h sensitivity (5r
detection) on the level of 1% Crab flux units (CU) at !30 GeV and
above !30 TeV, and 0.1% CU in the range from 100 GeV to 3 TeV
[30]. This will be about an order of magnitude better than achieved
with the present telescope systems. The angular resolution of CTA is
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expected to be at least a factor of 2–3 better than that of the presently operating HESS Array. On the other hand, HAWC will provide
all sky monitoring with 15 times better sensitivity than the Milagro
Observatory (see HAWC c-ray Observatory web page: http://hawc.umd.edu). It is expected that instruments with such sensitivities
will finally allow us: to answer the question about the acceleration
sites of particles with energies at most !1015 eV, to conclude about
their acceleration mechanism, and provide constraints on the physics of these high energy sources. These new instruments are also expected to discover new types of sources, maybe some of them
mentioned in this review.
2. Isolated rotating neutron stars
Isolated rotating neutron stars (pulsars) produce winds and
radiation that prevents accretion of matter onto their surfaces.
They are at present one of the best known and defined astrophysical objects observed in the broad energy range, from radio up to
!100 GeV. Their parameters can be precisely measured (period,
period derivative) making it possible to estimate their basic physical quantities in terms of the rotating dipole model such as: the
age, the surface magnetic field strength, the rotational energy loss
rate. These characteristics allow us at present to distinguish three
basic types of pulsars: (1) classical pulsars (CPs) with the surface
magnetic field close to a few !1012 G and rotational periods between several milliseconds and a few seconds; (2) millisecond pulsars (MSPs) with the surface magnetic fields close to a few 108 G
and periods of a few milliseconds; and (3) anomalous X-ray pulsars
(AXPs) and soft c-ray repeaters (SGRs) interpreted in terms of the
magnetar model in which a slowly rotating neutron star (period
of a few to several seconds) has a superstrong surface magnetic
field of the order of !1014 G. These specific classes of pulsars are
not well separated. Objects with intermediate parameters are also
observed. Their existence can tell us a lot about the origin of specific classes, especially in the case of the nature of AXPs and SGRs
since their magnetar interpretation has sometimes been questioned. Recent discoveries of the pulsed c-ray emission at energies
>100 MeV from the high field magnetic radio pulsars, such as PSR
B1509-28 [11], the pulsar in CTA 1 [3] and PSR J1119-6127 [238],
with the features similar to CPs have strengthened the magnetar
hypothesis.
Due to different parameters of these types of pulsars we consider below their possible high energy processes separately. For a
recent review of the basic properties of these pulsars see [209].

(above a few GeV). A fit to the whole pulsed c-ray spectrum by
an exponential function does not reproduce correctly the data at
the highest detected energies. The third famous pulsar, Geminga,
shows many similarities to the previous two pulsars, although up
to now no radio emission has been observed from it. Geminga
shows c-ray emission at all phases which is consistent with c-ray
production at regions close to the light cylinder [15]. Another
interesting pulsar with quite strong surface magnetic field, PSR
B1509-58, has been originally detected only by the COMPTEL telescope [200]. Now, the pulsed emission is also observed by the
AGILE and Fermi-LAT at energies below !1 GeV [235,11]. The cray spectrum shows a sharp break at a few tens of MeV, a feature
not observed up to now in any other pulsar.
The whole population of pulsars detected by the Fermi-LAT
shows a variety of light curves. These light curves can be divided
into three main groups: those with two peaks well separated (by
!0.4–0.5), with two close peaks (separated by only !0.2) and those
with a single broad peak [12]. The differential spectra are well described by the power law functions with spectral indices close to
1.5 and exponential cut-offs at a few GeV. At present it is difficult
to conclude what is the conversion efficiency of the rotational energy loss rate to the c-ray power due to the unknown geometry of
the c-ray emission and uncertain estimates of distances to the
pulsars.
2.1.2. Unexpected detections of the Crab above several GeV
Pulsars have become interesting targets for the presently operating Cherenkov telescopes even before launching the Fermi-LAT
detector. For the first time, the Crab pulsar was detected at energies above !25 GeV by the MAGIC Collaboration, using the special
pulsar trigger [60]. Some evidence of the signal at energies above
!60 GeV has been also reported from this pulsar [53]. The lack of
a sharp cut-off in the pulsed Crab spectrum at a few GeV has been
also confirmed by the Fermi-LAT observations up to a few tens of
GeV [74]. Further observations with the MAGIC and VERITAS telescopes allowed the groups to measure the pulsed c-ray spectrum
from the Crab pulsar up to !400 GeV [62,57,260]. This total pulsed
c-ray spectrum is well described by a simple power law extending
from the last Fermi-LAT point (see Fig. 1). The c-ray pulses become
narrower for larger energies. The ratio of the height of the first
pulse (P1) to that of the second pulse (P2) in the Crab decreases
with energy.

2.1. Classical pulsars
With the launch of the Fermi and AGILE satellites, the number
of known classical c-ray pulsars has increased by more than an order of magnitude from 6 (discovered by EGRET telescope) to almost !100 [12] within only 2–3 years. The excellent sensitivity
and timing of the Fermi-LAT allowed this collaboration to detect
several pulsars in blind periodicity searches [4] for the first time.
2.1.1. New results on old c-ray pulsars
Studies of the strongest pulsars (detected already by EGRET)
showed a variety of interesting details. For example the two peak
structure observed in the Crab pulsar in the radio and c-rays are
slightly shifted by !0.3 ms [13]. The Crab pulsar light curve shows
interpulse emission which has clearly harder spectrum than that
coming from the peak regions. In the case of the Vela pulsar, the
c-ray baseline emission extends through 80% of the light curve,
showing an intriguing third peak, more evident at higher energies
[5,14]. The first peak in the light curve of Vela dominates at low
energies, but it disappears completely at the highest energies

Fig. 1. The pulsed c-ray spectrum of the Crab pulsar (both peaks together) observed
with the Fermi, MAGIC and VERITAS telescopes. Specific measurements are
described in the legend within the figure. From [58], reproduced by permission of
the A&A.

W. Bednarek / Astroparticle Physics 43 (2013) 81–102

No other pulsed emission above a few tens of GeV has been reported up to by the modern telescope groups (e.g. [44,52,67]). The
pulsar spectra measured by Fermi-LAT seem to be consistent with
exponential cut-offs at a few GeV [12].
2.1.3. Recent observations versus pulsar models
The c-ray production in pulsars is interpreted in terms of a few
general models locating the acceleration and c-ray emission regions in different parts of the inner magnetosphere. Polar cap models [257,141] assume that acceleration occurs close to the polar
regions of the NS surface. c-rays are then produced by curvature
radiation [141] or resonant/non-resonant Inverse Compton Scattering (ICS) of thermal radiation from the NS surface [291]. The
spectra are expected to show super-exponential cut-off at a few
GeV due to the c-ray absorption in a strong magnetic field. In a
more recent version of this model, the so called pair starved polar
cap (e.g. [297]), particles are accelerated to large distances from
the NS surface since the electric field is not saturated by inefficient
production of e! pairs in the cascades. In such a case, c-rays can be
produced at larger distances from the NS surface, not suffering
strong absorption in the magnetic field. Polar cap model can also
be extended to the region close to the last open magnetic field lines
up to the light cylinder where the curvature of magnetic field lines
prevents production of the next generation of e! pairs along them
[70,175]. A technical realization of this model has been successfully applied to a detailed modelling of a number of pulsar c-ray
light curves and spectra (the so-called two-pole caustic model
[157]). In this model the c-ray light curves are explained as the
contributions from the regions of the two magnetic poles.
The acceleration of particles and c-ray production can also occur in the outer pulsar magnetosphere in the region limited by
the null surface and the light cylinder, according to the so called
outer gap model [130,131,251]. The two versions of the model differ in the origin of the e! pairs which limit the extension of the outer gap. In the Cheng et al. model, e! pairs are produced by the
primary TeV c-rays which collide with the synchrotron radiation
from the outer gap. In the Romani model, the e! pairs are produced
in collisions of primary curvature c-rays with thermal X-rays from
the NS surface. In fact, the outer gap models predicted the existence of the low level, pulsed hard c-ray spectrum extending up
to TeV energies as a result of the comptonization of the synchrotron radiation by primary e! pairs. At present it is not clear
whether this component might be responsible for the sub-TeV
pulsed emission from the Crab pulsar. Detailed calculations of
the expected c-ray spectra and the light curves in this model are
complicated since they require a three-dimensional treatment
(see e.g. [278,174,183]). Depending on the parameters of the pulsars, c-ray spectra are formed in the outer gap model either by synchrotron and curvature processes or, in the case of very young
pulsars, also by the IC process [132,277]. The above considered
models are based on simple pulsar magnetosphere structure
(approximated by the vacuum dipole magnetic model). Recent
numerical studies of rotating force-free pulsar magnetospheres enable one to determine a magnetic field structure in the outer magnetosphere and, as a result, a more detailed calculations of c-ray
emission patterns (the so-called separatrix Layer model [75]).
Based on these calculations, it is concluded that the two-pole caustic and the outer gap models are not able to reproduce the observed pulse structures in the c-ray pulsar light curves.
Recent c-ray observations made for the first time possible to put
strong constraints on the c-ray emission region within the pulsar
magnetosphere, locating it at least a few stellar radii from the neutron star surface (closer in, the c-rays would be absorbed in the
magnetic field and converted to e! pairs [78]). This actually eliminated the popular scenario for the c-ray origin close to the stellar
surface by the curvature radiation mechanism, the so-called polar

83

cap model. However, these observations are still consistent with
the pulsar models in which most of the c-rays are produced far
away from the neutron star surface, i.e. the slot gap and the outer
gap models.
In the context of the recent discovery of the sub-TeV emission
from the Crab pulsar, a production of c-rays by the secondary cascade e! pairs in the IC scattering of the synchrotron UV–X-ray radiation from the gap was considered by Lyutikov et al. [212] and the
detailed calculations along such model were performed by Hirotani [184], see also the comparison with the observations in [57].
The pulsed sub-TeV component might also appear as a result of
comptonization of the magnetospheric soft radiation by e! pairs in
the relativistic pulsar wind above the light cylinder [108]. By tuning the distance of the emission region from the light cylinder and
the Lorentz factor of the wind the emission was obtained in the
sub-TeV region. The present observations allow us to put constraints on the wind formation region in the Crab Nebula based
on the last model. The pulsed c-ray emission was also proposed
to originate in the pulsar wind region in terms of the striped wind
model [196,241]. The peaks of c-ray emission appear as a result of
comptonization of the background radiation by electrons moving
radially outside the light cylinder with the Doppler factor of the
striped wind.
2.1.4. Interesting problems to be studied with CTA
The features of the Crab pulsar spectrum at sub-TeV energies
were not predicted by any detailed model and appeared as a surprise for the pulsar community. Present observations suggest that
the pulsed c-ray spectrum from the Crab pulsar show a smooth
transition between the GeV to sub-TeV energy range (above a
break at a few GeV). The question appears whether the sub-TeV
pulsed emission means a new component in the spectrum (another
emission process as expected in some models?) or it is a continuation of the spectrum from the GeV energy range? Detailed observations of the transition between these two components with the
next generation telescope systems (e.g. CTA) should solve this
problem (i.e. whether two distinct components are present in the
sub-TeV spectrum or where is the transition between these components?). It is also very important to establish the end of the
TeV component in the pulsed Crab spectrum in order to constrain
the maximum energies of emitting e! pairs and conclude about the
exact mechanism of the c-ray production. Are these c-ray produced in the scattering process of the soft synchrotron radiation
from the outer gap or the thermal component from the NS surface
or maybe in the curvature process of particles accelerated close to
the light cylinder?
Other pulsars discovered by the Fermi-LAT seem to have c-ray
spectra consistent with the exponential cut-offs as expected in
the curvature radiation process. However, they were not observed
with the Cherenkov telescopes up to now. One of the main tasks of
CTA should be an extensive investigation of the large population of
the c-ray pulsars in order to determine which of them (maybe all?)
show some level of sub-TeV emission? It is supposed, in terms of
the outer gap model, that only very young pulsars with the Crablike magnetospheres (and two well separated peaks) can produce
sub-TeV emission. Observation of other classes of pulsars (Velatype, Geminga-type or single pulsed) with CTA should significantly
constrain the emission models.
CTA should also be able to investigate in detail additional emission features (third peaks, shifts in localizations of peaks observed
in different energies) in the pulsar light curves as observed in different energy ranges (starting from radio up to sub-TeV). This
information will allow us to constrain relative location of different
emission regions within the pulsar magnetosphere. Note that some
theoreticians postulate the existence of a few emission regions
(acceleration gaps) which might be responsible for the production
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of different parts of the pulsed spectrum. There is some evidence of
the existence of the third peak in the pulsar’s light curve, e.g. the
case of Vela pulsar [14], see also some features in the Crab light
curve at sub-TeV energies [62,57,260]. Possible discovery of such
other components by the CTA will put in trouble present general
models for c-ray emission.
The localization of the acceleration and radiation regions within
the pulsar magnetospheres (thanks to the precise sub-TeV measurements) will make possible a more precise modelling of the
e! pair cascade processes and the e! pair content in the inner pulsar magnetosphere. Note that the present models are not even able
to give satisfactory predictions of the numbers of e! pairs escaping
through the pulsar light cylinder into the PWNe. The calculations
of e! pair multiplicities in the inner pulsar magnetospheres [181]
are at least an order of magnitude lower than their estimates based
on the radiation output from their parent PWNe [118]. Sub-TeV cray observations of the pulsed emission are also expected to constrain a possible role of ions in the pulsar magnetospheres (by limiting the regions of electron acceleration) which are expected to
carry the currents necessary to support the pulsar acceleration
and radiation mechanism.
It will be also very interesting to study the stability of the subTeV pulsed component over long periods of time. Are the radiation
processes responsible for the c-ray emission related in some way
to the pulsar glitches or the giant radio pulses? The stability of
sub-TeV emission and its possible relation to the variability observed in the radio will require investigation of the c-ray emission
on short time scales. Therefore an instrument with an order of
magnitude better sensitivity (like CTA) is very welcome.
2.2. Millisecond pulsars
Millisecond pulsars had not been widely expected to produce
observable pulsed c-ray emission due to a much lower number
of them observed in radio, their relatively low energy loss rates
(much older objects, with weak surface magnetic field), preferable
occurrence in binary systems, and theoretical predictions. Therefore, the discovery of a large number of MSPs by Fermi-LAT was
rather a surprise. Before launching of the Fermi and AGILE telescopes [201] pulsed c-rays were reported from only one MSP,
PSR J0218+4232.
2.2.1. Discovery of the MSP population
At first, 8 MSPs were discovered by using radio ephemeris [6].
Since MSPs are relatively close objects, many of them were expected to be found at high galactic latitudes. In fact, radio searches
revealed several more MSPs in the Fermi-LAT error boxes of
sources outside the galactic disk. They show spectral properties
typical for classical pulsars (i.e. the characteristic cut-off at a few
GeV). The c-ray emission features of the MSPs resemble very much
those observed in the case of CPs what suggests a common mechanism for c-ray production. In spite of significant general differences between these populations of pulsars (mentioned above),
some other basic properties, e.g. the strength of the magnetic field
close to the light cylinder, are very similar. This supports arguments that the emission region in MSPs is also located far away
from the pulsar surface and the radiation process is similar.
Some of the discovered MSPs are in binary systems containing
underluminos companions (the so called Black Widow pulsars)
or typical low mass companions (e.g. [138,193,248]). Many MSPs
have also been discovered within Globular Clusters (GCs). Their
cumulative emission is probably responsible for the observed cray emission from several GCs (as discussed in more detail in Section 4). In fact, in the case of one MSP within GC, PSR J1824-2452 in
M28, the pulsed c-ray emission has been already reported [235].

2.2.2. c-ray production models: expectations and observations
In the past, MSPs were expected to be better sites for production of c-rays with energies detectable by Cherenkov telescopes
than classical pulsars due to significantly weaker surface magnetic
fields and the resulting smaller c-ray absorption [122,313,173].
The models discussed in those papers have predicted curvature
c-ray spectra extending up to a few tens of GeV, and also a much
weaker separate IC component extending up to "1 TeV, produced
by a comptonization of the thermal X-ray emission from the NS
surface. The expectation of the curvature emission extending up
to a few tens of GeV have not been confirmed by the Fermi-LAT
observations.
The calculations of the c-ray spectra from MSPs, performed in
terms of other models, showed breaks at lower energies (e.g.
[294]). This is due to the farther location of the c-ray production
region from the surface of the neutron star. These results are more
consistent with the present Fermi-LAT observations. Recently, calculations of the c-ray light curves observed from MSPs were made
in terms of a few different models by Venter et al. [296]. It is concluded that most MSPs require a location of the emission region in
the outer magnetosphere, what is consistent with the prediction of
the outer gap and slot gap models. This conclusion is similar to that
reached from the analysis of the emission models of the CPs, thus
opening the possibility of a detection of sub-TeV emission also
from the MSPs.
2.2.3. Future CTA observations
It is expected that the next generation Cherenkov telescopes
will be able to establish possible sub-TeV c-ray emission from
MSPs. Such second c-ray component in the pulsed spectrum, produced in the IC process, will be interesting to be investigated with
the present and future Cherenkov telescopes. Does this emission
extends with a simple power law after the peak at a few GeV (as
seems to be observed already in the Crab pulsar), or is it a new separate component as expected in the earlier models for the MSP cray emission? Note that due to the large differences in the location
of the light cylinder radius in CPs and MSPs, the thermal radiation
from the NS surface of the latter might be of much greater importance. In case of a positive detection, comparative studies of the
sub-TeV c-ray emission features of CPs and MSPs (such as c-ray
light curves, synchronization of the sub-TeV emission with emission in other energy ranges, cut-offs in the energy spectra), will
provide stringent constraints on the location of high energy processes in the pulsar magnetospheres with different magnetic fields
and rotation periods.
2.3. Magnetars
Magnetars (AXPs and SGRs) are rotating neutron stars with the
surface magnetic field about two orders of magnitude larger than
that observed in classical pulsars [156]. On the other hand, their
rotational periods are much longer being in the range 2–16 s. It
is expected that about 20% of all neutron stars have been born as
magnetars. Since their X-ray luminosity is clearly larger than the
rotational energy loss rate, it has been proposed that these sources
are powered by the decay of the super-strong magnetic fields in
contrast to the MSPs and CPs powered by the rotational energy
losses. Magnetars are relatively young objects, with the age comparable to the observed classical c-ray pulsars, i.e. 103 –105 years.
2.3.1. Expectations of pulsed c-ray emission from magnetars
The processes occurring within the magnetospheres of magnetars are expected to show general similarities to those occurring in
the classical pulsars in spite of large differences in the surface magnetic fields. In fact, the values of the magnetic field strength close to
the light cylinder in magnetars are of the same order as those in CPs.
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Therefore, the radiation models developed for CPs (especially their
outer atmosphere versions) have been applied also for magnetars.
The calculations performed in terms of the outer gap model
[134,312] show that magnetars are likely sources of GeV c-rays
detectable by the Fermi-LAT telescope. These theoretical expectations were recently confirmed by independent calculations [286].
However, recent observations of a few magnetars do not confirm these predictions. The upper limits are clearly below predictions at least in the case of some magnetars (see [262,16]). This
requires either a re-consideration of the applicability of the outer
gap model for the magnetar magnetospheres or a consideration
of another scenarios for the magnetar phenomenon. A way to
understand the problem is the model of twisted magnetar atmospheres [101,100]. In this model e! pairs are copiously produced
already close to the surface of the neutron star as a result of magnetic e! pair production by c-rays very close to their production
place. These pairs limit the available potentials within the magnetosphere to "109 V. In such case, only hard X-rays to soft c-rays
(with very hard spectrum) can be produced by leptons which scatter resonantly thermal X-ray photons (in consistence with the
observations [202,169,160]).
Note however, that there seems to be a continuum transition of
properties between typical magnetars (B > 1014 G) and CPs. Recently, GeV c-ray emission was discovered from a strongly magnetized, rotation powered pulsar (PSR J1119-6127) with the surface
magnetic field 4:1 # 1013 G, i.e. very close to the critical value
Bcr ¼ 4:4 # 1013 G when the electron cyclotron energy equals to
its rest mass [238]. In this case, quantum effects have to be taken
into account when considering radiation processes close to the
NS surface. This may significantly influence the possible development of cascades in the pulsar magnetosphere (see e.g.
[176,264]). However, the c-ray emission from PSR J1119-6127
has features similar to those observed in CPs, again arguing for
its origin in the outer magnetosphere where the magnetic field is
relatively weak.
Halzen et al. [172] tried to estimate the fluxes of TeV c-rays and
neutrinos by simple extrapolation from the hard-X-ray emission
observed from magnetars. The c-ray fluxes predicted in these calculations are clearly above the present observational limit reported
by the VERITAS Collaboration for two magnetars [170]. Note that
the magnetic field strength close to the light cylinder in magnetars,
classical and millisecond pulsars is comparable. Therefore, it makes
sense to expect pulsed c-ray signals also from magnetars. This
pulsed emission, if originated in the outer magnetosphere, could
extend up to sub-TeV energies as recently discovered in the case
of the Crab pulsar.
2.3.2. Can CTA detect c-ray emission from magnetars?
Since the magnetic field strengths at the light cylinder in different types of rotating neutron stars are similar, it makes sense to
search for pulsed sub-TeV emission also from magnetars. The old
arguments about the saturation of the electric field in the inner
magnetosphere of the magnetar as a result of c-ray absorption in
a strong magnetic field may not be so convincing, as it was previously expected, due to the formation of the positronium stage by
the c-ray photons [264].
The rotational periods of magnetars were likely much shorter at
birth than observed at present. As classical pulsars, they probably
produce relativistic winds which terminate producing shock
waves. Therefore, magnetars might also be surrounded by nebulae
filled with relativistic particles as observed in the case of young
pulsars. In fact, first extended TeV c-ray source has been recently
discovered in the direction of the well known magnetar SGR
1806-20 [256]. A confirmation of the association of this TeV emission with magnetar by CTA would be of great importance for comparative studies of the properties of the relativistic winds from
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magnetars and classical pulsars and for the constraints of the multiplicity of e! pairs produced around NSs under very different conditions. Note that the nebulae around magnetars are expected to be
more extended due to a larger energy output at the early time after
their formation. They should be characterized by weaker magnetic
fields in comparison to the nebulae around classical pulsars. Therefore, they might resemble more the unidentified TeV sources
which are easier to discover in the TeV c-rays than in the X-ray
or radio observations.
3. Pulsar wind nebulae
The nebulae around energetic rotation powered pulsars have
been suspected as sites of particle acceleration and c-ray emission
since their discovery (e.g. [168,250]). The high energy emission
from these objects is expected to be produced by extremely energetic electrons interacting with the magnetic field and background
radiation within the nebulae. Up to now, several such nebulae have
been reported to emit TeV c-rays. A variety of their spectral and
morphological features have been discovered. At present, however,
they can not be investigated in enough detail due to the limited sensitivity, angular and energy resolution of the present telescopes.
3.1. Observations of the Crab Nebula
The Crab Nebula was the first object of this type which was
established as a TeV c-ray source about 20 years ago [303]. Its multiwavelength spectrum is composed of two broad bumps wildly
interpreted as the effect of the synchrotron and IC radiation of electrons with energies up to a few 1015 eV (e.g. [143,72]). The spectrum showed an amazing stability within a few percents in most
energy ranges. Therefore, the Crab Nebula has been considered as
a standard source in the c-ray astronomy [220]. However, some
variability at the end of the synchrotron spectrum (in the c-ray
range) on a time scale of a few months was mentioned based on
the EGRET and COMPTEL observations [226,144]. Apart from these
observations, the broadband spectrum of the Crab Nebula seemed
to be well known and steady except the energy range above a few
TeV where some differences might be noted resulting probably
from the lack of statistics, see observations by the HEGRA [32],
HESS [38], and MAGIC telescopes [59]. The Crab Nebula spectrum
reported by Milagro in the energy range 1–100 TeV is generally
consistent with the previous HERGA measurement [23]. For a collection of these high energy observations see Fig. 2. Note that recently a long time scale, low level variability of the hard X-ray
emission from the Crab nebula was reported (e.g. [307]).
It came as a big surprise when at first the AGILE team [283] and
next the Fermi-LAT team [21] reported the discovery of two large
flares (flux increase by a factor of 4–6) lasting for several days at
energies above 100 MeV from the Crab Nebula (see Fig. 3). More
detailed analysis of the September 2010 flare shows separate
spikes on a half-day time scale [76]. Even more drastic flare from
the Crab Nebula was observed in April 2011 (see Fig. 4, the details
reported in [120,272]). During this flare the emission increased by
a factor of "30 on an hour time scale. The averaged spectrum of
this flare has been well described by a power law with the spectral
index 1.6 and the exponential break at "580 MeV [120]. Moreover,
no accompanying variability in the other energy ranges have been
observed, except the report on a simultaneous enhancement of the
signal at "1 TeV by the ARGO-YBJ Collaboration [50], not confirmed by MAGIC [216], VERITAS [232] or MILAGRO [117].
3.1.1. Interpretation of the variable c-ray emission from the Crab
Nebula
These observations pose serious problems for the popular
mechanism of particle acceleration at the pulsar wind shock since
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Fig. 2. Compilation of the TeV c-ray measurements of the steady emission from the Crab Nebula. Note the localization of the maximum in the spectrum (cumulative MAGIC
and Fermi data) and the uncertainties in its shape above a few TeV. From [308], reproduced by permission of the authors.

Fig. 3. The time structure of the flare observed in 2011 above !100 MeV [120]. Note the sub-day time scale variability of the c-ray emission. Reproduced by permission of the
AAS.

they seem to violate the constraints on the maximum energy of
accelerated particles, obtained by assuming diffusive shock acceleration or any mechanism connected to acceleration in a magnetic
field on a timescale longer than the gyration timescale. Note that
this limitation can be overcome in the case of the magnetosonic
wave interaction with the termination shock [213]. Moreover,
the emission region is expected to move relativistically towards
the observer (as considered in [93]) and/or the acceleration of particles can occur in other acceleration mechanism such as e.g.,
reconnection of the magnetic field in the pulsar wind [93,293] or
in the large scale electric field generated by the rotating pulsar
[21]. In another model, a variable synchrotron emission is proposed to be produced due to stochastic variations of the magnetic
field in the reconnection region [123]. The acceleration site (the
place of the flare origin) is also enigmatic. It has to be very compact, i.e. much smaller than the travel time of light across the shock

region. It has to be identified with a small region within the pulsar
wind, e.g. inner knot? (see [198]).
This surprising phenomenon will certainly reach much attention of the CTA, HAWC and other Cherenkov telescope projects.
The Crab Nebula monitoring at multi-TeV energies by the water
Cherenkov detectors seems to be of great importance since the flaring synchrotron component is expected to be produced by the
!PeV leptons which might eventually also produce flaring Inverse
Compton emission at multi-TeV energies. This can only occur when
some specific conditions are fulfilled, i.e. leptons can cool on the
ICS on the time scale of the flare. This process can become efficient
in the case of a significant Doppler boosting of the acceleration region of leptons [93]. On the other hand, a possible discovery of variable multi-TeV emission from the Crab Nebula with the next
generation instruments would allow us to estimate the maximum
energy of the accelerated leptons and thus constrain the emission
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Fig. 4. The spectra of flaring c-ray emission (see Fig. 3) from the Crab Nebula during
the development of the flare in 2011(from [120]). Note the behaviour of variable
synchrotron spectrum observed at different moments of the flare and the maximum
of the spectrum extending up to !1 GeV. Reproduced by permission of the AAS.

region of the flaring component. Such variability would be in contradiction with the model [123].
3.1.2. Observations of other PWNe and their interpretation
Observations of other PWNe at high energies show a variety of
morphological and spectral features. In general, it is not so surprising since pulsars responsible for the PWNe are expected to be born
with different initial parameters (period, surface magnetic field,
velocity), sometimes in an inhomogeneous dense medium still
present around them due to relatively short evolution time of their
progenitor stars. The parameters of a newly born pulsar determine
the total energy content of the future nebula, the magnetic field inside it and also (likely) the maximum energy of the accelerated
particles. On the other hand, the surrounding medium determines
the size of the nebula, its morphology, and maybe also the dominant type of c-ray radiation mechanisms (e.g. in some cases bremsstrahlung from electrons and pion decay from hadronic
interactions). Recent observations, mainly in the radio, X-ray and
TeV energy ranges, reveal this variety of features. However, the
sensitivity and angular resolution of the present TeV c-ray telescopes do not allow us to investigate of the details of the spectral
and morphological features in a large population of objects (only
in exceptional objects energy dependent morphological studies
have been performed). Therefore, robust conclusions about their
physics can not be reached at present. Below we will review the
most interesting features observed in some specific objects.
"
"
A very extended TeV nebula (! 0:5 # 1:5 ), Vela X, has been
discovered in the vicinity of the well known Vela pulsar. It is
clearly shifted with respect to the pulsar location. The spectrum
of the Vela X nebula is flat peaking at a few TeVs, atypical in comparison to other PWNe [39]. On the other hand, recently discovered
GeV emission from the direction of Vela X [17,236] is much more
extended, showing a spectrum with completely different features
(see Fig. 5). The emission from a more compact TeV nebula (cocoon) was modelled assuming its hadronic [186] or leptonic origin
[203]. The complicated structure of the Vela nebula in different energy ranges was explained as due to the two populations of electrons injected by the pulsar at present and in the past [145].
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Fig. 5. Compilation of spectral measurements of different regions (upper panel –
Halo and lower panel – Cocoon) in Vela-X pulsar wind nebula collected from
different instruments (for details see [17], reproduced by permission of the AAS).
Note large differences in the spectral shape between the Cocoon (produced by fresh
particles from the Vela pulsar) and the Halo (produced by old, lower energy
particles).

Other PWNe, observed in the GeV and TeV energies, also show
spectra with clear discontinuities suggesting an existence of two
populations of particles, e.g. HESS J1640-465 [40,271]. In the case
of young objects this might be a result of the acceleration of particles within the PWNa itself and also on the supernova shell, sometimes visible in the so called composite PWNe. The two component
spectra are not characteristic for all nebulae. For example, the nebula MSH 15-52 shows the GeV–TeV spectrum nicely described by
the IC emission from a single population of electrons, and the radio
to X-ray spectrum – by the synchrotron process from this same
population of electrons [261,33]. As in the case of the Crab Nebula,
the GeV spectra of other PWNe seem to be clearly harder than the
TeV spectra (e.g. MSH 15-52 or PSR J1023-5746/HESS J1023-575
[263,25]). They are produced by electrons with lower energies
characterized by long cooling time scale within the nebula. Their
investigation should provide information about the injection rate
of electrons in the early age of the nebula. Therefore, precise measurements of the relative emission from nebulae in the GeV and
TeV energy ranges should allow us to estimate the total power in
relativistic particles and so to constrain the initial parameters of
the parent pulsars (see e.g. [146]).
The morphological features of PWNe in the TeV and X-ray energies make possible to distinguish two groups which differ in the
age. Young PWNe show compact (X-ray and TeV) nebulae with
the pulsar more or less in the middle. On the other hand, older
PWNe are extended with the pulsars not located centrally. They
are clearly more compact in X-rays than in TeV c-rays. This feature
has been expected since synchrotron X-ray emission is produced
by electrons with larger energies in the regions closer to the pulsar
where the magnetic field is stronger. On the other hand, the TeV
emission comes from the electron IC scattering on the background
radiation in the vicinity of the PWNa (such as the Cosmic Microwave Background (CMB) and the infrared-optical background in
the galactic disk). These general features are consistent with the recent measurements of the structure of the PWNa, HESS J1825-137,
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showing a softening of the TeV spectrum with the increasing distance from the pulsar [41].
The complex structure of the PWNe may be a consequence of its
interaction with the asymmetric reverse shock of the supernova
remnant [106]. This can result in a displacement of the nebula with
respect to the pulsar as frequently observed in TeV energies. Also
the high velocity pulsars can result in a formation of asymmetric
PWNe. What influences the morphology of a specific nebula requires an investigation of its detailed structure in the c-rays with
a sensitive instrument and also measurements of the pulsar velocity and the PWNa surroundings. For example, in the case of the
Vela PWNa, the asymmetric structure of the nebula with respect
to the location of the pulsar is likely due to the interaction with
the reverse shock since the pulsar moves in a completely different
direction than the largest extent of the nebula [150].
The structure of the PWNa may not only be determined by its
background soft radiation content and the surrounding medium
(including supernova remnant) but also it should depend on the
geometrical structure of particle injection. It is well known from
X-ray observations (e.g. [180]) and MHD simulations (e.g.
[109,301]) that the acceleration process of electrons is likely to occur highly anisotropically (e.g. the presence of the equatorial pulsar wind shock, jets, etc.). Probably we are in touch with such a
case in the nebula MSH 15-52 around the pulsar PSR 1509-58,
where the TeV nebula is aligned with the direction of the X-ray
jet [33].
Possible presence of dense clouds in the PWNa vicinity might
result in additional components in the GeV–TeV spectrum due to
the interaction of electrons with matter (bremmstrahlung process)
or possible interaction of hadrons (pion production). Such interacting PWNe might be good indicators of the acceleration of hadrons
by the PWNe [79]. Detailed spectral and morphological studies
with CTA and in other energy ranges should answer the question
whether such objects exist at all, what is the relative contribution
to the high energy range from the PWNa, supernova shell, and particles which escaped from the PWNa and the supernova shell.
3.1.3. How CTA can help to understand PWNe?
Even in the case of the best studied objects, such as the Crab
Nebula, CTA with its angular and spectral resolution can answer
some new enigmas. CTA is expected to contribute to the problem
of the extent of the TeV source in the Crab Nebula. Is it really a
point like source (with a dimension corresponding to the pulsar
wind shock) or is it comparable to the extent of the whole nebula
(2–3 arc min) or maybe even larger? Is it possible to constrain energy dependent dimension of the Crab Nebula emission? Very
important question is related to the variability of the Crab Nebula
multiwavelength spectrum. Can the whole spectrum above several
GeV (Inverse Compton origin) vary on a long time scale as recently
discovered in the X-rays? It would be very important to establish
the spectral features at the highest energy end of the Crab Nebula
spectrum (i.e. at !10 TeV). Is there any evidence of a contribution
from an other radiation process (not IC) as postulated by some hadronic models (e.g. [97,64,91])? This part of the spectrum could
also change on short time scale in accordance to the variable emission above !100 MeV since both are expected to be produced by
electrons with energies of a few hundred TeV. A determination of
the end of IC c-ray spectrum from the Crab Nebula by CTA would
also allow us to constrain the magnetic field strength in the inner
nebula since the location of the cut-off in the TeV region should
also depend on the relative efficiency of the lepton cooling on
the synchrotron and IC processes.
The very large angular dimensions of some nearby PWNe (even
of the order of a few degrees) will require an instrument with a
very large field of view. CTA, with a field of view even larger than
that of the present HESS field of view and an order of magnitude

better sensitivity, will make possible detailed studies of fine structures within PWNe. Note that old close nebulae are expected to
contain pulsars which produce bow shocks due to their fast motion
through the interstellar medium. On such bow shocks electrons
might be accelerated up to the TeV energies. A few of such bow
shocks have been observed up to now in the X-rays (e.g. around
PSR J1747-2958, [165]) or around Geminga (e.g. [239]). The low level TeV emission from the bow shock, together with the large scale
emission from the PWNa, produced by older electrons injected in
the vicinity of this same pulsar, would enable us to make comparative studies of the two c-ray objects created by the same pulsar.
Detection of such PWNe with CTA would provide stringent constraints on evolution models of the PWNa and on the pulsar wind
content.
Detailed investigation of energy dependent morphology of such
composite PWNe with the future CTA will certainly allow to conclude on the location of the dominant particle acceleration site
within such nebulae. In the case of such nebulae particles can be
accelerated not only in the vicinity of the pulsar (pulsar wind
shock, bow shock) but also by the supernova shocks (forward
and reverse) appearing as a result of their interaction with the
inhomogeneous surrounding medium.
It will be very interesting to study the spectral and morphological features of the Vela nebula from sub-TeV up to multi-TeV energies in order to find out whether the c-ray emission has actually
either a two component origin or it is due to a single component
which changes continuously its properties with the distance from
the center of the nebula. Only a telescope with the sensitivity
and angular resolution of CTA can put new light on this problem.
What factors are responsible for the variety of the spectral features observed in PWNe remains a mystery. This problem can be
answered with accurate observations with CTA provided that it
has good sensitivity already at !20–30 GeV and also above
!30 TeV. The good sensitivity at large energies should allow us
to constrain the maximum energies of accelerated particles. The
information on the end of the electrons spectrum and on the end
of synchrotron spectrum (expected in the hard X-ray – soft c-ray
energy range) will allow us to independently constrain the magnetic field strength within the PWNe.
The radiation efficiencies of the PWNe are estimated in the
range of a few up to ! 30%. They constrain the so-called sigma
parameter describing the ratio of energies injected into the nebula
in the form of the magnetic field and relativistic particles. The
knowledge of this value and its evolution with the pulsar age is
the basic factor limiting the multiplicity of pairs injected from
the inner pulsar magnetosphere and the acceleration processes
occurring in the pulsar wind region and/or the pulsar wind shock.
Therefore, reliable measurement of the radiation efficiency in the
large population of PWNe with CTA will be very important for constraining the pulsar models determining those of the PWNe.
CTA should also have a possibility to resolve fine structures (e.g.
peaks?) in the TeV c-ray spectrum which might be due to direct
comptonization of the soft radiation by leptons in the relativistic
pulsar wind [108]. Their discovery with CTA would indicate to
the region of the relativistic wind formation and help to determine
its Lorentz factor. We may wonder whether this Lorentz factor
scale in a simple way with the basic parameters of pulsars and
how it depends on the evolutionary stage of the PWNa.

4. Globular Clusters
Globular Clusters (GCs) are concentrations of 105 –106 old stars
(with the age > 10 Gyrs) contained within a spherical volume of a
few pc. About 150 clusters, discovered up to now, create a spherical
halo around the Galaxy with typical radius of !10 kpc [177]. GCs
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also contain plenty of compact objects, millisecond pulsars (MSPs),
Cataclysmic Variables (CVs) and Low Mass X-ray binaries (LMXBs).
Up to now, about !140 MSPs have been discovered in GCs
[124,163], and thousands of X-ray sources are observed. They are
expected to belong to the class of CVs (e.g. [298]). It is argued that
the numbers of these compact sources (MSPs, CVs, LMXBs) in a
specific GC correlate with the so called encounter rate which is
the combination of the core density and the core radius of GC
[245,246,18].
4.1. c-Ray observations
Several Globular Clusters have been recently established as
sources of GeV c-rays in the observations with the Fermi-LAT telescope [7,199]. They are characterized by differential spectral indices in the range 0:7 " 1:4 and exponential cut-offs at 1:0 " 2:6 GeV.
The c-ray power of various GCs differ by an order of magnitude.
Energy spectra of GCs show features very similar to those recently
observed in the population of the MSPs [18]. However these features may not be common for all GCs since some of the recently
discovered objects show spectra extending above !10 GeV, without clear evidence of cut-offs [275]. Therefore, the origin of c-rays
may not be only related to processes occurring within the inner
magnetospheres of MSPs.
The TeV emission has been searched from GCs already with the
Whipple telescope (see the upper limits for M13 and M15
[171,206]). More stringent upper limits, at the level of present theoretical predictions, were obtained by modern Cherenkov telescopes for M13 [65], M5, M13 and M 15 [218] and Tuc 47 [49].
Only one TeV c-ray source was discovered close to the GC, Ter 5
[24]. Ter 5 contains the largest number of the MSPs (33 objects).
The observed c-ray flux (1.5% of the Crab Units) is at the level expected from the models but the source is clearly shifted from the
position of Ter 5. On the other hand, the position of the TeV cray source is consistent with the location of the diffuse nonthermal
X-ray source [158] and the radio source [137]. However, why is the
source shifted from the position of Ter 5 is at present unknown.
The energy spectra observed from the direction of Ter 5 in the
GeV and TeV energies can not be connected smoothly (see
Fig. 6). They seem to constitute two independent components. This
suggests their origin by different radiation mechanisms in different
locations, e.g. GeV emission from the GC itself and the TeV emission from a completely different type of source, maybe even not directly related to the GC itself.
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The c-ray emission from GCs shows some interesting correlations with the GC content. For example, Abdo et al. [6] and Hui
et al. [187] find a clear correlation of the observed GeV c-ray luminosity with the stellar encounter rate which determines the number of MSPs and Cataclysmic Variables within the specific GC. It is
believed that the encounter rate determines the formation rate of
compact binaries which are responsible for the origin of the MSPs
inside GCs. The encounter rate can be estimated from the observed
density of stars in the core of GC and the core radius [166]. Moreover, Hui et al. [187] report the positive correlation of the c-ray
luminosity with the metallicity [Fe/H] of the GC. They also find a
tendency of the correlation of the c-ray flux with the energy density of soft photon field at the GC location.
The GCs identified with the Fermi-LAT c-ray sources differ in
their GeV c-ray power by an order of magnitude [18]. Based on
the observed c-ray luminosity of a specific GC, the average energy
loss rate of MSP (adopted for MSPs observed in Tuc 47 [6]), and the
average spin-down to c-ray luminosity conversion efficiency [6,18]
allows one to estimate the number of MSPs in specific GC. The populations of MSPs in specific GCs derived by Abdo et al. [11] are in
good agreement with the estimates of the number of MSPs obtained with the help of other methods (see the estimates for Ter
5 in [164,199]).
4.2. Theoretical predictions and confrontation with observations
Since Globular Clusters contain many MSPs, it was expected
that their cumulative GeV–TeV c-ray emission might be above
the sensitivity of the c-ray telescopes. A few estimates of the cray fluxes from MSPs in Globular Clusters were published already
before the launching the Fermi Observatory. Based on the pair
starved polar cap model Harding et al. [173] predicted the c-ray
fluxes from Tuc 47 near the EGRET upper limits. Venter and de Jager [295], applying the modern version of the polar cap model (general relativistic effects included), also predicted c-ray spectra well
above the sensitivity of the Fermi-LAT telescope. However, there
are at present some doubts concerning the validity of the polar
cap model as a likely scenario for the c-ray emission from the pulsar inner magnetospheres (see Section 2).
The presence of a very dense radiation field within the clusters,
produced by normal stars (2–3 orders of magnitude larger than the
energy density of the CMB), suggests that relativistic particles injected by MSPs (and other compact sources) should efficiently produce TeV c-rays in the Inverse Compton Scattering process. Such

Fig. 6. The c-ray spectra observed from the Globular Cluster Ter 5 in the GeV energy range (left figure from [18], reproduced with permission of A&A) and in the TeV energy
range (right figure from [24], reproduced by permission of the A&A). Note that the TeV component has likely different origin than the GeV component since the spectrum
index, estimated from the two last points of the Fermi spectrum, is much steeper than the spectral index observed in the TeV energy range.
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general scenario was considered for the first time by Bednarek and
Sitarek [98]. In this model, it is assumed that leptons are accelerated either in the millisecond pulsar winds or shocks produced
by such winds (as a result of their collisions with the stellar winds
or collisions of the two pulsar winds between themselves) or they
are injected directly from the inner pulsar magnetospheres. These
energetic leptons diffuse through the volume of the GC and interact at the same time with its soft radiation, i.e with the optical photons from the stars and the CMB. Due to the lack of detailed
knowledge about the spectral features of leptons injected by the
MSPs, a few different models for electron injection are considered
with the limitations expected from a comparison with the classical
pulsar population. The basic properties of the c-ray spectra calculated in the case of mono-energetic injection of leptons into the
soft radiation field dominated by soft photons from the stellar population within the cluster and the CMB are shown in [98]. In terms
of such a model, the c-ray spectra were calculated for selected
Globular Clusters assuming different spectra of injected leptons
[98]. A comparison of the predicted spectra with the observations
of specific GCs allowed the authors to put the upper limits on the
product of the number of MPSs within GC and their lepton injection rate.
Similar models were also considered in [296,133]. In the first
paper it is assumed that leptons are injected from the inner magnetospheres of the millisecond pulsars through the light cylinder
in the pulsar polar cap model [295]. In such a case, the injection
rate of leptons is directly linked to the pulsed c-ray emission from
the MSPs observed in the GeV energies. The TeV emission expected
in this work is quite similar to that predicted by Bednarek and Sitarek. On the other hand, Cheng et al. [133] consider a production of
c-rays in the IC scattering on the galactic infrared and optical background by leptons in the pulsar winds. They predict an appearance
of a relatively narrow second bump in the c-ray spectrum from GCs
at energies below !100 GeV. However, the abrupt cut-off in this
spectrum above 100 GeV seems to be in contradiction with the
observations of the TeV emission from Ter 5, provided that this
emission comes from the GC itself.
It has also been suggested that a significant part of the TeV
emission observed from GCs may also come from other sources
within the GC. For example, Bednarek [90] notes that a typical
GC should contain several thousands of WDs (with a significant
fraction with the surface magnetic field of the order of 108—9 G)
which might be able to accelerate electrons to TeV energies (for
more details see Section 9.3). On the other hand, Domainko [151]
and Abramowski et al. [24] propose that a recent type Ia supernova
explosion or a short c-ray burst can accelerate hadrons which
could produce c-rays in the interactions with matter within or
around the GC Ter 5.
4.3. Future studies of GCs with CTA
Sensitive observations of GCs in the sub-TeV energies (below
!100 GeV) will be very important for a determination of a relation
between the observed spectra of the Fermi-LAT sources and the
predicted TeV emission. Do GCs really emit TeV c-rays produced
by the leptons accelerated by the relativistic winds of the MSP
population?
The next generation of Cherenkov telescopes should clarify the
origin of the TeV source in the vicinity of Ter 5. Are there any morphological signatures of the relation of this source to Ter 5? This
problem could be answered by the energy dependent morphological studies of the HESS source towards Ter 5. For example, the closer geometrical connection between the HESS TeV source and the
center of Ter 5 in the multi-TeV energies than in the sub-TeV energies will suggest that the relativistic particles originate within this
GC. Detailed investigations of spectral and morphological features

might also allow us to assign this source to the already known classes of the TeV sources (SNRs, PWNe, binary systems)?
Detection of sub-TeV pulsed emission from specific MSPs within the GCs would make possible to estimate relative contributions
to observed GeV emission, with respect to the total, of separate
MSPs and that from the more extended component produced by
relativistic leptons escaping from their magnetospheres or perhaps
also from magnetized WDs. This will allow to put additional constraints on the parameters of the supposed relativistic winds from
the MSPs since they propagate in a well defined background radiation within the GCs.
Another problem to be answered is related to the types of
sources are potentially able to produce c-rays. Are the c-ray spectra of GCs similar to each other or do they differ significantly forming separate classes? At present it can not be excluded that the
contribution to the observed c-ray emission from specific GCs is
dominated by different objects expected to produce c-rays such
as: MSPs, magnetized WDs, Low Mass X-ray binaries (LMXBs), type
Ia supernova remnants or novae. There is also some evidence that
the soft radiation content of several GCs can vary significantly
[188]. It will be interesting to find out which of the two general
types of GCs (centrally collapsed and extended) correlate in any
way with their possible TeV emission. Only CTA with an order of
magnitude better sensitivity can clarify these problems.
5. Pulsars within binary systems
For a long time X-ray binary systems have been suspected as
sites of high energy processes which can lead to a production of
c-rays. However, the first claims of the TeV–PeV c-ray detection
from these sources were not confirmed by the more reliable observations with the Whipple Cherenkov telescope [302]. In the GeV
energies, a few X-ray binary systems were detected in the large error boxes of the EGRET telescope (LS 5039 [237], Cyg X-3 [223], LSI
61 303 [284], Cen X-3 [299]). These associations were not conclusive since the c-ray signals did not show any evidence of the expected modulation with the orbital period of the binary systems.
5.1. Recent observations in the GeV–TeV energy range
An observational breakthrough has come with the next generation of the Cherenkov telescopes, which were able to discover clear
TeV c-ray signals from three massive binary systems, LS2883/
PSR1259-63 [34], LS5039 [35], and LSI 61 303 [51]. The signal in
the first system was detected close to the periastron passage of
the compact object which orbit around the massive star has well
known parameters [34,22]. The observations of LS2883/PSR125963 with the Fermi-LAT telescope show quite unexpected features
such as the brightening of GeV emission about a month after the
periastron passage [276]. This GeV emission seems not to be directly correlated with that in TeV since its maximum appears at
latter period (see Fig. 7 for a collection of the observations close
to the periastron of X-rays, GeV and TeV c-rays). LS5039 and LSI
61 303 showed clear modulation of the TeV signal with the periods
of the binaries. The maximum emission corresponded to the location of the compact objects in front of the massive stars [54,42].
The c-ray spectrum of LSI 61 303 is well described by a single
power law without evidence of a spectral cut-off [51]. On the other
hand, the spectrum of LS5039 is described by a single power law at
the low state but by the power law with an exponential cut-off at
the high state [42]. A clear correlation of the TeV and X-ray emission from the TeV c-ray binaries have been reported, thus supporting their production by the same population of electrons, e.g. LSI 61
303 [66], LS 5039 [273], and also HESS J0632+057 [111]. These
binaries have been also detected in the GeV c-rays showing clear
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Fig. 7. The observations of the binary system PSR1259-63/SS2883 in the X-rays, GeV and TeV c-rays close to the periastron passage (from [276], reproduced by permission of
the AAS). Note that the GeV emission (with the maximum at about a month after periastron) seems not to be correlated with the X-ray or the TeV emission.

anticorrelation with the TeV light curve [8,9]. It is know at present
that the TeV emission, at least from LSI 61 303, shows a long time
scale variability during which the light curve changes significantly
its shape (see Fig. 8 on the right [27,190]). A comparison of the
spectra measured from LS5039 and LSI 61 303 in the GeV and
TeV energy ranges shows two distinct components, the first
extending above and the second below !10–100 GeV (see Fig. 8
on the left [8,9]). Such a feature was not expected by any theoretical model. Recently, two additional massive binary systems, HESS
J0632+057 detected in the TeV energies [46,26] and 1FGL J1018.65856 detected in the GeV energies [28], show modulation of the cray signal with the periods of their binary systems.
5.2. Present understanding of the c-ray emission from binary systems
The X-ray emission observed from the TeV binaries is atypically weak with respect to their c-ray emission, in contrast to

the observations of other accreting X-ray binaries. Moreover,
their radio morphologies suggest that the compact objects in
these binaries are rotation powered pulsars [152]. Therefore,
the most popular scenario, which tries to explain the emission
features from these objects, assumes an existence of a young
energetic pulsar as already observed in the case of the binary
system LS2883/PSR1259-63. The interaction of the pulsar wind
with the strong wind from the massive star is responsible in
this scenario for the formation of the shock wave within the
binary system. Particles can be accelerated at this shock to at
least TeV energies. Alternatively, they can be injected from the
inner pulsar magnetosphere or accelerated in the pulsar wind
region as expected in the case of isolated pulsars (see Section 2
and 3).
Recently, a magnetar-like X-ray burst was observed from the
direction of LS I 61 303, suggesting that the pulsar can be characterized by a very strong surface magnetic field [289]. In fact, it
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Fig. 8. On the left: energy spectrum of LS I 61 303 (Abdo et al. [9], reproduced by permission of the AAS). Note the clear deficiency of the c-ray emission at energies between
"10–100 GeV. On the right: Light curves of LS I 61 303 reported by different Cherenkov telescopes (from [27], reproduced by permission of the AAS). There is no detection of
the TeV emission at phases "0.6–0.8 by VERITAS in 2008–2010.

was shown that particles could be accelerated to TeV energies also
in such accreting magnetar scenario [87,289].
5.2.1. Leptonic models
In the most popular scenario, c-rays in TeV binaries are produced by relativistic electrons which comptonize the thermal radiation from the massive companion (e.g. [215]). In fact, the optical
depths within the massive binaries are clearly above unity for electrons with energies above a few tens of GeV. Thus, high energy crays are expected to be produced with large efficiency (e.g.
[247,224]). However, in such a case their absorption becomes also
important. The optical depths were calculated for the massive stars
in LS 5039 and LSI 61 303 by e.g. [83,149,153]. Due to large values
of the c-ray optical depths, it is expected that the c-ray spectra
from these binaries are formed in the IC e! pair cascades propagating in the anisotropic radiation field of the massive star as already
considered some time ago by Bednarek [80]. The calculations of the
spectra produced in the IC e! pair cascade model, which escape
from these binaries, have been performed in several papers, see
e.g. [84,85,43,268]. These models predict clear anticorrelation of
the GeV and TeV emission (e.g. [83]). This general feature has been
later confirmed by the GeV–TeV observations of LS5039 and LSI 61
303. However, the basic conditions for the cascade process within
the binary system are not well known. For example, the energy
losses of the primary electrons and the secondary e! pairs in the
cascade on the synchrotron radiation can play an important role
(see [80,92,113,194]). It was shown in these studies that, if the
magnetic field in the cascade region is above "1 G, a significant energy is transferred from leptons to synchrotron radiation. As a result, IC e! pair cascade starts to be inefficient especially at TeV
energies when the IC cross section in the Klein–Nishina regime
drops significantly. By comparing the energy loss rates of electrons
on the synchrotron and the IC processes, we can estimate the limit
on the stellar magnetic field strength below which the IC losses
start to dominate. When the ICS occurs in the Thomson regime,
it is simply given by the condition B < 40T 24 G, where T ¼ 104 T 4 K
is the surface temperature of the companion star [80]. For typical
surface temperatures of stars in these binaries, of the order of
3 $ 104 K, this critical value of the magnetic field is equal to
" 400 G. Note however, that the energy density of magnetic field
around the star drops in the interesting range of distances as
U B / R%4 , whereas the energy density of stellar radiation drops
only according to U B / R%2 . Therefore, we conclude that the region,

where the synchrotron losses of electrons dominate over their IC
losses, should be confined to that relatively close to the companion
star. Provided that the cascade process does not occur deep in the
Klein–Nishina regime, the synchrotron energy losses do not affect
it strongly when the compact object is close to the apastron (the
phase of the maximum of TeV emission), i.e. at the distance of 4–
15 stellar radii. At these distances from the companion star, the
magnetic fields is likely to be of the order of "1 G, in accordance
with the calculations in [80,113,194].
The magnetic field of a massive star can also change the directions of the primary and the secondary leptons resulting in different cascade scenarios. The following cases can be distinguished: (1)
linear cascade in which particles (c-rays and leptons) follow the
direction of the primary electron (e.g. [126]); (2) completely locally
isotropized cascade in which the secondary leptons are isotropized
by the local magnetic field in their place of birth [84,85,43]; and
the most general case (3) magnetically driven cascade in which
the secondary leptons are driven by the local magnetic field with
a certain structure [266]. Each of the above case predicts different
angular distribution of the escaping c-ray photons on the sky, thus
resulting in different light curves. Note that all these cascade scenarios can in principle be realized in different parts of the same
binary system.
Another important factor affecting on the escaping c-rays may
be a variable, asymmetric, and clumpy wind from the massive star.
A change of the stellar wind pressure should result in the change of
the location of the shock within the binary system. Thus, the conditions for the acceleration of electrons and the development of the
IC e! pair cascade may change significantly, influencing the c-ray
light curve. An aspherical wind, with its slow and dense equatorial
part but fast and low density polar part, may result in a drastic
change of the location of the shock with respect to the companion
star at different phases of the compact object. This may strongly affect the conditions for the scattering of the soft radiation by electrons and the development of the IC e! pair cascade
[267,269,110]. Note that also the pulsar wind is expected to be
aspherical (e.g. [107]). Therefore, the geometry of the c-ray production in the IC e! pair cascades initiated by electrons in the
vicinity of the massive star may be very complicated.
The winds of the massive stars in TeV binaries are expected to
be clumpy. Such dense clumps provide the medium for the propagation of relativistic particles with very different properties (e.g.
magnetic field strength, density of matter). This might result in a
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more complicated shape of the observed c-ray spectrum [310].
Moreover, the c-ray light curve of the binary system can be also
influenced by the relativistic flow of the plasma along the cometary tail of the pulsar on its orbit around the companion star
[154]. This effect is not expected to be very strong due to a rather
slow pulsar wind behind the shock (velocities of the order of
0:3 ! 0:5 of the velocity of light). The complicated shapes of the
GeV–TeV spectra observed from LS 5039 and LSI 61 303 suggest
the existence of two populations of electrons or two different emission mechanisms. In fact, an essential part of the GeV component
could come from the inner pulsar magnetosphere. On the contrary,
the TeV component might be produced by electrons accelerated in
the pulsar wind region [287]. In another scenario, the two populations of relativistic electrons can be produced within the binary
system as a result of the acceleration of particles on the two shock
structure separated by a contact discontinuity. Such two shocks
appear in the winds from of the pulsar and stellar side [89]. The
conditions at both shocks can differ significantly (magnetic field
strength, acceleration efficiency) resulting in different acceleration
efficiencies of particles and their energy loss rates. It has been
shown that electrons accelerated on both shocks can reach different maximum energies saturating at "10 GeV at the shock from
the side of the massive star and up to several TeV at the shock from
the pulsar side [89]. In summary, it is not surprising that precise
predictions of the behaviour of the c-ray light curves from the massive binaries are very difficult and they are not well described by
the present models. The light curves and spectra may change in
time due to not well known conditions within the binary systems
discussed above. They depend on many parameters which at present are not constrained with enough precision.
5.2.2. Hadronic models
The production of c-rays in the massive binaries in the hadronic
processes seems to be less likely due to a relatively long energy
loss time scale of relativistic hadrons in the hadronic collisions
with the matter of the stellar wind (for the expected wind mass
loss rate of the order of a few 10!7 M# yr!1) with respect to their
escape time scale with the plasma flowing from the binary system
along the shock structure. However, such models have also been
considered (e.g. [253,254,192,135]). Definitive answer to the question of the importance of hadronic c-ray production in TeV binaries
will come from observations with large scale neutrino telescopes
by which the predicted neutrino rates might be detectable (e.g.
[136,288,228]).
5.3. Binaries with pulsars – prime targets for CTA
Unexpected features of the c-ray emission from the TeV binaries have been already well documented by the present Cherenkov
and satellite observations. The next generation of the Cherenkov
arrays should be after all able to establish whether the presently
observed TeV binary systems are persistent sources of the modulated c-ray signal. If also TeV binaries other than LS I 61 303 show
long time variability, what features determine the high level of the
c-ray emission? Are these effects related in some way to the conditions created by the companion stars, e.g. similar to the long
term activity observed in the Sun (e.g. the change of the stellar
wind parameters – density, velocity, magnetic field – stellar cycles)? This problem could be answered by the multiwavelength
observations in the high energy domain together with the observations in the radio to optical range. A precise determination of the cray light curves and the measurement of the c-ray spectra at least
in the Cherenkov energy range (sub- to multi-TeV) with an order of
magnitude better sensitivity of the CTA will allow them for a more
detailed testing of different cascade scenarios for the c-ray production mentioned in Section 5.2.
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CTA should also be able to measure shapes of the c-ray spectra
at a few tens GeVs, i.e. in the region of the dip separating the high
energy and very high energy components. Such detailed spectra at
the sub-TeV energies should enable theoretical studies of the origin of this feature (is it due to the presence of different components
or other phenomena such as e.g., the absorption effects of c-rays in
the UV–X-ray radiation?). CTA will be able to make precise measurements of the phase dependent spectra from a much larger
sample of the TeV binaries. Thus, it will allow us to investigate of
the acceleration processes of particles at different conditions at
the shock region.
The TeV spectra, reported from the c-ray binaries, extend up to
at least a few TeV without any evidence of the final cut-off. A
detection of such cut-offs would allow us to constrain maximum
energies of the accelerated particles. If these maximum energies
extend up to a hundred TeV then the production of c-rays by hadrons is preferable since electrons in the environment of the binary
system (strong magnetic and radiation fields) would have problems with overcoming the radiation energy losses. Therefore, the
measurements of the high energy cut-offs in the c-ray spectra of
these binaries with CTA would be of great importance for constraining the model parameters.
The models of c-ray production in the pulsar winds predict the
existence of a very hard c-ray component (spikes) being as a result
of the comptonization of the external radiation field by leptons in
the relativistic pulsar wind (e.g. [108,77,195]). More recently,
Cerutti et al. [125] compared the c-ray emission expected in the
case of LSI 61+303 and LS 5039 to the TeV observations of these
two sources. It was concluded that the energies of e$ pairs in the
pulsar winds cannot exceed 10–100 GeV. Future searches of such
features in the spectra of TeV binaries (maybe only in some specific
phases of the binary system?) with CTA (much better energy resolution and sensitivity in broader energy range) should enable unique determination of the basic parameters of the pulsar wind
such as, e.g. its Lorentz factor, or the number of relativistic e$ pairs.
Sensitive observations of the binary systems at sub-TeV energies with the next generation CTA might also make possible a
detection of the pulsed component originating in the inner magnetospheres of the binary pulsars as observed in the case of the
Crab pulsar. In the extremely compact binaries, containing a pulsar
and the WR type star, this pulsed c-ray emission could be additionally modulated with the period of the binary system due to geometrical effects in the IC scattering process. Therefore, searches
for new TeV binaries, containing energetic pulsars and WR type
stars, such as that present in Cyg X-3, will be of great importance.
A comparison of the emission features of different objects will enable a determination of the crucial parameters determining the cray emission from these sources.
Stellar and pulsar winds from c-ray binaries should produce
large scale nebulae around the massive binary systems, filled with
energetic particles accumulated during the lifetime of the pulsar.
In addition to the observed c-ray emission modulated with the
period of the binary, such nebulae could also produce a steady
low level c-ray emission [115]. Detection of this low level persistent TeV emission with CTA will be of great importance allowing
us to constrain the history of the activity of this type of sources.
It is difficult to reach clear conclusions on the number of c-ray
emitting binaries within the Galaxy based only on the evolutionary
studies due to unknown role of the energy output form the pulsar
on the evolution of the companion star. Let us hope that the CTA
will discover much more such objects during its scans of the galactic plane enabling population studies of the TeV binary systems in
the future.
In the case of extended binaries, of the LS2883/PSR1259-63
type, a detection of the persistent and pulsed c-ray emission at
phases farther from the periastron passage would allow us to
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investigate the direct role of the pulsar in the emission process
when it is also close to the companion star. Therefore, CTA should
try to measure sub-TeV emission from PSR1259-63 when it is far
away from the massive star. It will be interesting to find out
whether the flaring GeV component, discovered recently by Fermi-LAT about a month after the periastron passage, has persistent
nature and similar features at different passages of the pulsar. A
discovery of an accompanying sub-TeV component by CTA at these
phases would make possible to constrain the particle spectra
responsible for this component and put some limits on the emission region within the binary system (e.g. constrain the possible
shock extension to regions very close to the companion star surface
as predicted at some phases of the binary by Sierpowska-Bartosik
and Bednarek [267]). This would provide new information about
the nature of this surprising emission – whether it is due to an
instantaneous state of the medium around the companion star or
rather it is related to the properties of the pulsar and its wind,
e.g. due to the geometrical effects in the collimation of the wind
at specific directions?

object is in front of the companion star. Up to now, the TeV c-ray
emission has not been discovered from Cyg X-3, in spite of the
extensive observations with the MAGIC telescope [55]. However
these observations start to constrain the c-ray spectra observed
at low energies (see Fig. 10).
In the case of another microquasar, within the massive binary
system Cyg X-1, there is also evidence of a transient GeV–TeV
emission [52,258]. A flare of the TeV emission from Cyg X-1 occurred close to one of the flares in the hard X-rays observed within
the 3 day flaring episode (e.g. [214]). It lasted for less than an hour
when the compact object was behind the massive companion. The
significance of this flare is rather low (below 5r). Also a separate
flare above 100 MeV, on a time scale of 1–2 days, was reported recently by the AGILE Team [258]. The GeV flares seem to be rather
exceptional during the 300 day observation period with the AGILE
telescope [147]. Unfortunately, the GeV flare has not been detected
by Fermi-LAT telescope during this same period. The c-ray emission from microquasars in the low mass binary systems have not
been discovered up to now in spite of extensive observations, see
e.g. GRS 1915+105 [29,259] or SS433 [36,178,259].

6. Microquasars
6.2. Theoretical modelling and expectations
The matter accreting onto a compact object such as neutron star
or a black hole is expected to form an accretion disk. In the case of
the accreting NS a part of the matter from the disk can be expelled
forming a jet which can move with relativistic velocities. A similar
jet is expected when the accretion occurs onto a rotating Black
Hole (BH). Then, the rotating BH is expected to provide efficient
mechanisms for energy extraction [105,210,104]. Jets are also expected to be accelerated and collimated hydromagnetically in the
inner parts of the accretion disks [208]. An important consequence
of these processes is the production of jets which moving relativistically in the direction perpendicular to the plane of the accretion
disk. In fact, the large scale radio jets, some of them also showing
features of the superluminal motion, were discovered in the galactic X-ray binaries [221,222,285,185]. Up to now, several such objects have been classified as microquasars in analogy to the
quasar phenomenon observed around supermassive BHs in the nuclei of massive galaxies. Due to this analogy and also the evidence
of the non-thermal radio to X-ray emission, indicating the presence
of TeV electrons (see e.g. observation of X-ray synchrotron radiation at parsec distances [139,140]), microquasars have been suspected to be sites of acceleration of particles able to produce crays in the GeV–TeV energy range.

It is generally expected that the high energy c-ray emission in
the previously discussed two microquasars is related to the presence of a massive star close to a mildly relativistic jet. A few different sites within the massive binary systems have been discussed as
responsible for the origin of c-rays. Close to the base of the jet,
where the magnetic field strength is expected to be large, nuclei
are preferentially accelerated to energies enabling the GeV–TeV
c-ray production. However, electron acceleration is expected to
be saturated there at relatively low values (GeV range) due to
the synchrotron energy losses, thus preventing the TeV c-ray production. On the other hand, the acceleration of nuclei should not be
strongly influenced by their energy losses allowing them to reach
even PeV energies. Nuclei with such energies may interact efficiently with the X-ray photons of the inner parts of the accretion
disk producing c-rays and neutrinos (e.g. [207]). At intermediate
distances from the accretion disk, its radiation field is still strong
enough for an efficient disintegration of nuclei but it is too weak

6.1. Observations of c-rays from microquasars
The possible detection of the c-ray emission from the well
known binary system Cyg X-3, belonging to the microquasar class,
were already claimed in data from the past satellite telescopes
[204,223], but see [179]. Only recently, the GeV emission was reported in [282,10]. The observed c-ray emission is clearly transient
[282,10,121]. It appears close to the quenched radio state just before the major radio flares observed in this system. The spectrum
above 100 MeV is well described by a single power law with the
differential spectral index !2:7 " 0:05ðstatÞ " 0:20ðsystÞ and the
peak flux % 2 & 10!6 photon cm!2 s!1 in the case of Fermi-LAT
telescope [10] and by the spectral index !2:02 " 0:28 in the case
of AGILE telescope [121]. The emission shows clear modulation
with the orbital period of the binary system, with the maximum
close to the location of the compact object behind the companion
star [10]. This is also the case of the TeV binaries. The c-ray light
curve is clearly anticorrelated with the X-ray light curve (see for
details Fig. 9) Due to these similarities, it might be supposed that
Cyg X-3 should also emit TeV c-rays at phases when the compact

Fig. 9. Fermi c-ray light curve (during the outburst) and the RXTE ASM X-ray light
curve (entire lifetime of RXTE) observed from Cyg X-3 binary system [10],
reproduced by permission of the AAAS). Note the anticorrelation between the
GeV and X-ray emission.

W. Bednarek / Astroparticle Physics 43 (2013) 81–102

Fig. 10. The c-ray spectrum from Cyg X-3 measured by Fermi [10], AGILE (from
[121] and the upper limits from MAGIC [55], reproduced by permission of the AAS).
Note that the upper limits from MAGIC start to constrain Cyg X-3 spectrum at TeV
energies.

for the pion production in collisions with photons [82]. In this case,
neutrons released from the nuclei, can outshine the accretion disk
producing c-rays and neutrinos in collisions with the matter of the
disk (see e.g. [227]). At larger distances from the disk, the radiation
field of the companion star starts to dominate over the radiation
field of the accretion disk. Then, neutrons from the disintegration
of nuclei outshine mainly the massive companion producing neutrinos and c-rays in collisions with the stellar atmosphere [82].
At these distances the synchrotron energy losses of accelerated
electrons become low enough, allowing them to be accelerated
to TeV energies. Therefore, electrons can efficiently produce c-rays
by the inverse Compton scattering of the stellar radiation (e.g.
[167,252]), and recently [311]. The outer regions of the jet (which
are still within the binary system) seem to be likely sites for the
production of GeV–TeV emission which fulfills the observational
characteristics obtained from the observation of the Cyg X-3 binary
system, i.e. the modulation of the GeV signal with the period of the
binary system. However, c-ray production in the interaction of particles with the radiation and matter of the accretion disk can also
be an important mechanism, provided that the observed low level
of modulation of the c-ray signal is due to other effects, e.g. the
precession of the disk and/or the jet with the period of the binary
system.
The high energy c-rays produced in the compact binary systems, containing massive stars (such as Cyg X-1 and Cyg X-3),
should also suffer from the strong absorption in the radiation field
of the star (e.g. [224]). As a result, the spectra of the escaping c-rays
are formed in the IC e! pair cascade, developing in the anisotropic
radiation field of the massive companion (as in the case of TeV
binaries, see Section 5.2.1). The detailed calculations of the optical
depths of the massive star environments in the binary systems Cyg
X-1 and Cyg X-3, show that the escape of TeV c-rays depends
strongly on the phase of the binary system, see e.g. [92] for Cyg
X-1 and [88] for Cyg X-3. It was shown that the strong TeV c-ray
emission from Cyg X-1 at the phase reported by the MAGIC observations i.e. at the location when the compact object is behind the
massive star [52], is rather unlikely [92]. The injection spectrum
of electrons in this case should be very hard, as shown in [309].
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Due to the very strong c-ray absorption close to the hot WR type
stars, it is also rather unlikely to expect the present Cherenkov
Telescopes to detect any emission from Cyg X-3 [88]. In principle,
the c-ray emission observed from Cyg X-3 might originate also as a
result of the ICS of the disk radiation by relativistic electrons in the
inner jet [127]. Detailed calculations of the c-ray spectra along
such general scenario, which include the development of the anisotropic IC e! pair cascade in the disk radiation, has been recently
made by Sitarek and Bednarek [270]. It is concluded that the observed c-ray spectrum from Cyg X-3 can be explained provided
that the emission region in the jet is at the distance up to 100–
300 inner radii from the accretion disk. In this case, the observer
should be located at a relatively small angle to the jet axis.
Relativistic particles may appear in the binary system due to
acceleration on the shock waves being a result of the interaction
of the jet with a dense, clumpy wind from the massive star (e.g.
[240,255,155]). In such scenario c-rays might be produced in hadronic collisions, as considered by e.g. [69,233]. The c-ray fluxes
strongly depend on the properties of the stellar wind (density,
velocity) which are at present not well known. Also the interaction
of the jet in its termination region (on a parsec scale) may result in
the production of a steady, high energy c-ray emission with an
intensity difficult to determine reliably, e.g. [73,112]. However, a
discovery of such a persistent GeV–TeV c-ray emission would provide important constraints on the content and energetics of the
microquasar jets.
Originally, the TeV c-ray binaries (see Chapter. 5) have been
considered to belong to the microquasar class and their early modelling postulated the injection of relativistic particles along the jet
(e.g. [149,85]). However, now the hypothesis of the presence of
energetic pulsars in these systems is more widely accepted.
6.3. Open questions to be answered by CTA
Interesting questions concerning the acceleration of particles,
their propagation and radiation process in microquasars may be
put in new light with an order of magnitude more sensitive observations above a few tens of GeV. Long term monitoring at sub-TeV
energies should confirm the observed relation of the c-ray emission only to the major radio flares of Cyg X-3. However, the question also appears whether lower level c-ray emission is produced
also in the quiescent radio stages? In the case of the high mass
microquasars, such as Cyg X-3 and Cyg X-1, the localization of
the emission region within the binary system is of crucial importance. An observation of a break in the c-ray spectrum at a few tens
of GeV would be consistent with the absorption by the stellar radiation in the system. However, the predicted fluxes on the level of
" 1% CU at 20–30 GeV and 0:1% CU above 100 GeV [88] would
be probably difficult to detect even with CTA particularly that
the emission has a transient nature with the duty time of the order
of a few days. A cut-off in the spectrum at even lower energies
might suggest c-ray absorption by the radiation of the hot inner
accretion disk, indicating the localization of the emission region
in the inner jet. It will be interesting to search with CTA for an anticorrelation of GeV and (possible) sub-TeV fluxes as observed in the
case of TeV binaries. Their discovery would show an importance of
the c-ray absorption and a formation of ‘‘escaping’’ c-ray spectra in
the cascading processes. A confirmation of the detection of the TeV
emission from Cyg X-1 would be of great importance since stars in
Cyg X-1 binary system have much larger separation than those in
Cyg X-3. Thus, the escape conditions for the TeV c-rays produced
in the binary system are much less restrictive.
CTA should be able to conclude whether microquasars in the
low mass X-ray binaries (LMXBs) can also produce c-rays. The
acceleration of particles to TeV energies in LMXBs is expected to
occur also efficiently as concluded from the observations of syn-
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chrotron radiation in the X-ray energy range (e.g. [139,140]). This
process is expected to be determined rather by the jet properties
than by the companion star. The upper limits (or low level detections) of the GeV–TeV photons with CTA would allow us to answer
the question on the importance of a massive star in the microquasar for high energy processes. For example, in the LMXBs c-rays
might be produced in another mechanism than that expected in
the HMXBs, e.g. the Synchrotron Self-Compton process might
dominate.

whether any emission comes from the Westerlund 2 or from the
nearby PWNa [25]. Such PWNa is probably associated with the cray pulsar recently detected by the Fermi-LAT [263]. The upper
limits on the TeV emission from other massive binary systems,
containing WR type stars such as WR 146 and WR 147, have been
reported recently by the MAGIC Collaboration [61]. They are on the
level below the theoretical predictions allowing one to constrain
the parameter space of some models for their origin [249].
7.2. Models for c-ray emission

7. Massive stars in the close binary systems
Strong winds of massive stars (O and WR type) may collide producing a double shock structure separated by a contact discontinuity. These winds are characterized by large energies, large
velocities and strong magnetic fields (due to the strong surface
magnetic fields of the companion stars). It is expected that these
shocks accelerate particles (electrons and hadrons) to energies
allowing them to produce GeV–TeV c-rays. These systems seem
to be unique laboratories for the investigation of the mechanisms
of particle acceleration (shock acceleration or reconnection of magnetic fields) due to the well defined target for the relativistic particles within the binary system (density of matter, soft radiation
field).
7.1. High energy observations of massive binaries
Up to now only one massive binary system, Eta Carinae, has
been found in the direction of the Fermi-LAT source at energies below !100 GeV [282,20,161]. The high energy emission of this
source is characterized by an intriguing two-component spectrum
which can be approximated by two power laws, the first one with
an exponential cut-off at a few GeV and the second extending up to
at least !100 GeV (see Fig. 11). Recently, it was shown that the
high energy part of this emission must be associated with the Eta
Carinae [162]. Whether this second component extends through
the TeV energy range or cuts off earlier is at present unknown.
It is also possible that a part of the TeV emission from the direction of the open cluster Westerlund 2 might originate in the massive binary system, WR 20a [45]. However, it is not yet clear

Fig. 11. The c-ray spectrum observed from the direction of Eta Carinae binary
system. Two spectral components are clearly observed, the soft one, showing
exponential cut-off at a few GeV and the hard one, extending up to !100 GeV (from
[162], reproduced by permission of the A&A).

The high energy radiation, expected in terms of the wind collision model, was considered in more detail in several papers
[159,102,81,249,243,162,96]. In general, the acceleration process
of electrons and hadrons can be saturated by the radiative energy
losses or by particle escape from the binary system. In the case of
electrons, the synchrotron process and the Inverse Compton scattering on the stellar radiation play the dominant role. Electron
acceleration can be saturated by the synchrotron losses at TeV
energies. However, electron acceleration can be also saturated by
IC energy losses at much lower maximum energies, of the order
of several GeV (for detailed formulae see e.g. [96]). The above mentioned values are typical for binary systems containing two massive stars. Which of these saturation scenarios is realized in
particular binary system, depends on the magnetic field and the
radiation field of the massive star. On the other hand, acceleration
of hadrons can be saturated either by energy losses in hadronic collisions with the wind matter or due to the escape from the binary
system along the shock. The maximum energies of hadrons determined by hadronic interactions were estimated as a few hundred
TeV (see, e.g. [96]). On the other hand, the maximum energies of
hadrons, if their escape from the binary system is important, are
expected to be of the order of a few PeV. It is clear that depending
on the conditions at the shock, the acceleration of electrons and/or
hadrons is saturated at very different maximum energies. This may
lead to a variety of radiation scenarios depending on the phase of
the binary system. They can be significantly different depending
on the conditions in the binary systems. In order to put some light
on the possible high energy processes occurring in the binary systems and on the acceleration mechanism of particles, only long
term sensitive observations of these systems at high energies,
simultaneous with those at other parts of the electromagnetic
spectrum, are required.
A few binary systems have been considered in more detail as
possible c-ray emitters (e.g. WR 140, WR 146, WR 147, WR 20a,
Eta Carinae). In general, the models postulating the acceleration
of electrons do not predict c-ray emission at energies clearly above
!100 GeV due to a saturation of the electron acceleration by radiative energy losses (e.g. [249,243]). On the other hand, hadronic
models predict c-ray emission which in principle can extend up
to PeV energies [102,81,162,96]. However, this emission, if produced in the binary system, should be strongly influenced by the
absorption in the thermal radiation of the stars [82,249,96]. Moreover, c-rays with TeV energies can be produced also by hadrons
escaping from the binary system into the relatively dense nebulae
surrounding it (e.g. [231]). This emission should be steady in contrast to the c-ray emission coming from the binary system which is
expected to be modulated with the binary period due to the eccentric orbits of the stars and geometry dependent absorption of crays with energies above !100 GeV. Therefore, various c-ray emission features are expected from massive binary systems.
7.3. Future studies with CTA
A variety of the emission features predicted by different scenarios can only be tested by more sensitive instruments such as CTA.
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CTA will be able to provide spectral information in the whole range
of the binary phases i.e. at different conditions in the acceleration
region. No detection of any c-ray signal above !100 GeV would
support their leptonic origin in the binary systems. However, a
detection of c-rays above !100 GeV, modulated with the binary
period, would support the acceleration of hadrons within the
binary.
It would be interesting to determine whether the acceleration
of electrons and/or hadrons occurs only at specific phases, depending on the conditions at the shock. Such investigations should
throw new light on the conditions for acceleration of electrons or
hadrons at shock waves. On the other hand, CTA could also discover a weaker steady c-ray component from the surroundings of
the binary systems containing two massive stars, thus enabling
studies of the particle diffusion. This will put additional constraints
on the acceleration process of particles at the shocks with different
conditions.

although expected to be rather rare (the rate between 0.5–5 yr"1 in
the Galaxy [211]), have a chance to be detected by CTA. Such detections will put important constraints on the shock acceleration
model at the conditions met in the symbiotic binaries and on the
c-ray radiation mechanisms.
Recently, c-ray emission from binary systems containing accreting WDs was studied in [219,95]. In these models, it is proposed
that the turbulent transition region between the rotating magnetosphere of the WD and the accreting matter can provide good conditions for the acceleration of particles (the propeller stage). These
particles might be able to produce even TeV c-rays in some systems, expected to be detectable by Cherenkov telescopes. However, accelerated electrons are probably not able to produce crays with energies above !10 GeV due to the saturation of their
acceleration by the synchrotron radiation.

8. Accreting White Dwarfs

The high energy processes in other galactic objects have also
been analyzed in terms of the leptonic and hadronic models. These
objects, e.g. isolated massive stars, White Dwarfs or Young Stellar
Objects and accreting compact neutron stars (LMXBs) and White
Dwarfs, have been predicted to emit the c-ray fluxes on the level
detectable by the future Cherenkov telescopes.

Accreting magnetized White Dwarfs can provide a variety of
conditions for acceleration of particles either in the inner, turbulent part of the accretion disk (the accretor or propeller phase) or
in the thermonuclear explosions occurring on the surface of the
WDs. Thermonuclear explosions may occur from time to time in
the matter accumulated on the WD surface. The expelled matter
creates a shock able to accelerate particles.
Fermi-LAT has recently discovered c-ray emission from the
symbiotic binary, V407 Cyg, containing a WD orbiting a red giant.
The c-ray flare is correlated with the optical Nova [19]. The observed spectrum is hard below !1 GeV showing an exponential
cut-off at larger energies (see Fig. 12). An extrapolation of the spectrum (from the two last points with a simple power law) is above
the 5 h sensitivity of the planned CTA at energies above !100 GeV
[30].
The mechanism of this c-ray production (leptonic or hadronic)
is at present unknown. The observed c-rays are believed to be produced either by decay of pions produced by hadrons interacting
with a dense wind of the red giant or by electrons which IC scatter
the soft photons from the red giant. If it is leptonic, then additional
high energy component in the spectrum could be present due to
the accelerated hadrons. We conclude that future Nova explosions,

9. Other objects expected to emit TeV c-rays

9.1. Winds of the classical massive stars
Strong winds, produced by the early type stars (Be, O, WR), are
expected to be non-stationary, containing smaller scale shocks. It
has been argued that these shocks can accelerate particles either
close to the stars [304,244] or at the terminal shocks of the stellar
winds (e.g. [300,128]). Electrons accelerated in such shocks have
energies allowing them to produce of GeV c-rays in the bremsstrahlung process [244]. On the other hand, hadrons accelerated
to !100 GeV could produce c-rays via decay of pions (e.g. [305]).
The predicted fluxes seemed to be within the sensitivity of the
EGRET telescope but no source of this type had been reported at
that time. Massive stars usually stay close to their birth places
which are within massive stellar associations. They are also expected to be sources of c-rays due the presence of large scale
shocks produced by an accumulation of stellar winds.
In fact, the TeV emission was detected from the directions of a
few open stellar clusters: Cyg OB2 [31], Westerlund 2 [45,25] and
Westerlund 1 [230]. Its origin is still debated. It is not excluded
that a part of this emission comes from isolated massive stars.
However, it will be rather difficult to identify the TeV emission
from specific massive stars within the open clusters even with
the CTA angular resolution and sensitivity due to a large number
of potential sources (several massive WR type stars, pulsars, supernova remnants, etc.). However, O and WR type stars, which are
sometimes well outside clusters, can become interesting targets
for the observations with CTA. Their possible detection will enable
studies of the high energy processes occurring in the winds not far
from stellar surfaces, constraining the structure and strength of the
wind magnetic fields and high energy flaring activity in the magnetospheres of massive stars.
9.2. Young stellar objects

Fig. 12. c-ray spectrum from the direction of the symbiotic binary V407 Cyg
containing a White Dwarf on an orbit around the red giant (from [19], reproduced
by permission of the AAAS). Note that the spectrum seems to cut-off exponentially
above !1 GeV.

An other promising candidates are the massive young stellar
objects (YSO) which create asymmetric outflows (jets) propagating
up to the distances of a fraction of pc [217]. These jets may collide
with dense molecular clouds forming bow shocks. If a YSO is located within a molecular cloud (e.g. IRAS 16547-4247 or HH80),
then hadrons, interacting with the distributed matter, could pro-
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duce TeV c-ray fluxes observable by CTA [68,114]. The non-thermal
radio emission, detected from the field of YSO BD+433654 [103],
indicates the importance of non-thermal processes in these types
of sources. A modelling of such emission predicts the production
of TeV c-rays above the sensitivity limit of CTA.
A transient acceleration of hadrons to TeV energies is also expected to occur in the magnetospheres of the accretion disks of
low mass young stellar objects such as T Tauri stars [148]. These
particles, colliding with matter, may produce c-rays which, after
absorption in the stellar and disk radiation, can escape only with
energies below !100 GeV. Although, the expected c-ray luminosities are relatively low, T Tauri stars can be promising targets for the
next generation Cherenkov telescopes. The transient nature of their
c-ray emission may however lower the detection probability. Note
that there seems to exist a correlation between the c-ray objects in
the Fermi-LAT catalogue and those in the catalogue of known YSO
[225].
Efforts to study massive young stellar objects and the T Tauri
stars should be certainly undertaken with the sensitivity of CTA.
These objects represent different conditions for possible acceleration of particles (e.g. low velocity jets but relatively dense medium). Their possible detection will provide interesting constraints
on the acceleration processes of particles and formation of jets in
conditions significantly different from those expected in the
sources with relativistic jets.
9.3. Isolated White Dwarfs
The processes for the high energy c-ray production in the inner
magnetospheres of rotating neutron stars (discussed in Section 2)
may in principle operate also in the vicinity of the fast rotating
White Dwarfs (WDs). Strongly magnetized, fast rotating WDs are
expected to be a final stage of the evolution of the Ap and Bp type
stars or as a result of mergers of WDs in the binary systems. In fact,
strong magnetic fields have been discovered in the case of a few
percent of isolated WDs and !25% of WDs in the Cataclysmic Variables [306].
The possibility that magnetized WDs can lose large amounts of
the rotational energy on the generation of electromagnetic waves
and acceleration of particles was considered in the context of
two binary systems: 1E 2259+586 [234,292] and AE Aquarii
[142,189]. It is expected that magnetized WDs are able to inject
relativistic electrons with energies allowing them to produce TeV
c-rays in the IC process (see e.g. [191]). In fact, a transient TeV
emission from the binary system AE Aqr, containing fast rotating
WD, was reported in the past [116,129]. These reports were not
confirmed by more recent observations [205,265]. However, due
to its likely transient nature, the lack of confirmation does not exclude possible emission of c-rays by such type of objects. Systematic observations of magnetized WDs with arrays of the next
generation Cherenkov telescope might result in the detection of
magnetospheric c-ray emission from WDs. These c-rays could be
produced as a result of ICS of thermal radiation from the hot stellar
surfaces of the WDs. Note that due to the significantly weaker
magnetic field in the inner magnetospheres of the rotating WDs,
such pulsed c-ray emission should extend to larger energies
(GeV–TeV range) than those observed in c-ray pulsars. Moreover,
steady TeV c-ray emission, produced by leptons escaping from inner magnetospheres, could also appear as a result of the comptonization of the CMB or the infrared to optical photons produced in
the Globular Clusters containing hundreds to thousands of magnetized WDs [90].
The sensitivity of CTA gives a chance to detect c-rays from the
nearby fast rotating magnetized WDs at distances up to ! 300 pc
(assuming typical period of 100 s, the surface magnetic field of
108 G and the efficiency for c-ray emission of 10%) [90].

9.4. Accreting neutron stars (LMXBs)
Old NSs in binary systems have usually lost most of their rotational energy. Due to the long rotational periods, they are not able
to create winds strong enough to push out the matter outside their
light cylinder radii. They accrete matter from the companion star in
the two basic regimes, the so-called propeller and accretor stages.
In the propeller stage, the compact object accretes matter only up
to a certain distance from its surface, where the magnetic pressure
of the rotating magnetosphere balances the pressure of the accreting matter. Such scenario was discussed in the past in the context
of possible high energy processes in the so-called hidden pulsar
model [279,281] and in the cauldron model [99,290]. More recently
c-ray emission from binary systems containing accreting NSs was
considered in [86]. It was concluded that the turbulent transition
region between the rotating magnetosphere of the compact object
(propeller stage) and the accreting matter could provide good conditions for the acceleration of particles. In some systems, the particles might be able to produce even TeV c-rays detectable by the
Cherenkov telescopes.
In the case of the accreting objects in compact Low Mass X-ray
Binaries (LMXBs), huge gravitational energy of accreting matter is
converted mainly into X-ray emission. It has been suspected that
some of this power might also go to c-rays. Therefore, LMXBs have
been considered as potential targets for c-ray telescopes. X-rays
produced close to the accreting object or in the accretion disk
can heat the nearby companion star to a temperature significantly
above that obtained from nuclear burning. Therefore, it is likely
that the irradiated stars produce soft radiation fields for relativistic
electrons comparable to those observed in the massive TeV c-ray
binaries (see [94]). Up to now, none of the LMXBs have been detected by the modern Cherenkov telescopes (see e.g. [56]). However, the first object belonging to the class of compact Low Mass
X-ray Binaries might be already detected in the GeV energies by
the Fermi-LAT telescope [274]. These objects remain interesting
targets for the future instruments with good sensitivity above a
few tens GeV such as CTA.

9.5. Binary systems containing MSPs
A significant part of the millisecond pulsars (MSPs) are also
found in the compact binary systems. As discussed above for
classical pulsars, also MSPs can produce winds which interact
with winds of companion stars producing shocks able to accelerate electrons to GeV–TeV energies (e.g. [197,242,71,280]).
The c-ray fluxes from such binary systems are expected to be
low due to much weaker radiation fields of the companion stars
in these systems. The soft radiation field from the surface of the
companion star can be larger than that produced in nuclear
burning in the case of a strong illumination of the stellar surface
by X-rays from the pulsar. Then, the companion star may be
heated to significantly larger temperatures than those expected
from the pure nuclear burning mechanism (e.g. [94]). Relativistic
electrons from MSPs, interacting with this enhanced stellar radiation, would produce c-rays as a result of IC scattering. Detailed
c-ray light curves from such binaries are expected to differ significantly from those observed in the TeV c-ray binaries due to
the anisotropic emission of thermal radiation by the companion
star.
Some of the binary systems containing MSPs can be completely
surrounded by the stellar winds creating the so called ‘‘hidden’’
MSPs [279]. In principle, such MSP binaries can also contribute to
the c-ray emission observed from individual objects or from Globular Clusters.
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10. Prospects for detection/identification of the galactic c-ray
sources with CTA
About a few hundred GeV c-ray sources in the galactic plane
[229] and several TeV c-ray sources (see TeVCat Catalogue and also
[48]) have no clear associations with known objects in the Galaxy.
Many of these sources observed in GeV energies are probably pulsars
and in the TeV energies the PWNe surrounding them. In fact, out of
the 25 PWNe in the TeVCat Catalogue, 16 have associations with the
2nd Fermi Catalogue [229]. Many of the TeV unidentified sources
show some angular extension what strengthen the hypothesis of
their relation to PWNe or SNRs. On the other hand, out of the unidentified TeV sources, 17 are associated with the 2nd Fermi Catalogue
sources. The lack of clear objects, seen in radio or X-rays, in the directions of these TeV sources puts strong constraints on the c-ray radiation mechanism (leptonic, hadronic?), and also on the transport
process of particles in the sources and on their evolution. Therefore,
detailed investigation of this broad class of unidentified GeV–TeV cray objects, with an order of magnitude more sensitive instrument
and with the better angular resolution (CTA), will provide important
constraints on the sites of particle acceleration in the Galaxy.
Significant amount of the unassociated GeV sources tend to
group in the directions to regions in the Galaxy with bright diffuse
c-ray emission. These sources often show curved spectra (about
28% [229]) suggesting that their TeV emission may be on a much
lower level. One of the main tasks of CTA will be to provide information on the shape of the c-ray spectra at sub-TeV energies of
these sources in order to conclude on the spectral behaviour: Do
they really cut-off or do they show a second high energy spectral
component? For this purpose, the future instrument should have
a low energy threshold in order to obtain good quality spectra at
energies clearly below !100 GeV. The CTA superior sensitivity
and good angular resolution should enable finding associations of
these c-ray sources with the objects known in other parts of electromagnetic spectrum or with already known classes of the c-ray
sources (e.g. SNRs, PWNe, binaries, etc.).
The large field of view of the CTA would make galactic plane
scans possible with an order of magnitude better sensitivity than
it has been done up to now by the HESS collaboration [37,43] and
also in the case of the Cygnus region by the VERITAS Collaboration
[63]. Such scans should be done regularly in the same parts of the
galactic plane in order to have a chance to discover variable and
periodic c-ray sources. Up to now, a number of such variable known
sources is relatively small probably due to the limited sensitivity of
the present Cherenkov telescopes. Frequent scanning of the same
regions of the galactic disk with CTA should result in discovery of
new classes of variable TeV c-ray sources not observed up to now.
CTA should also have the power to investigate fine structures of
the much extended sources of the type recently reported by the
MILAGRO detector (e.g. MGRO J2019+37, MGRO J2031+41, C3, or
C4 [1,2]). An investigation of the specific parts of these sources
(spectral information, possible variability?) would allow us to conclude whether these TeV sources are due to either the composition
of a few nearby different types of sources (e.g. in the Cygnus region) or they represent separate parts of a nearby source (e.g.
source C3 coincident with Geminga pulsar?). With the present
ARGO-YBJ and the planned construction of the next generation of
the water tank Cherenkov detectors (HAWC and LHAASO), the
number of such extended sources will certainly increase being a
very interesting class of objects to be studied with CTA.

11. Conclusion
The important role of the high energy processes in a few types
of compact galactic sources have been recently undoubtedly estab-
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lished with the discovery of a few hundred GeV and a few tens of
TeV c-ray sources. Many surprising emission features have been already discovered. Their detailed investigation will certainly put a
new light on the origin of the high energy particles in the Galaxy.
The nature of the high energy processes resulting in the production
of the high energy c-rays remains mostly unknown and is at present debated. The appearance of the c-ray emission in the case of
some sources have not been expected by theoretical modelling.
In order to understand these high energy phenomena, extensive
deep studies with the next generation of the TeV telescopes are required. In fact, the scientific community realized these needs initiating new instrumental projects in the high energy c-ray
astronomy such as CTA, HAWC, or LHAASO. They will be able to
study the already discovered classes of objects with an order of
magnitude better sensitivity. The main tasks of the future TeV
observations will be:
" Enlarge the number of sources in specific classes of c-ray
objects in order to enable comparative studies.
" Discover new types of sources. The importance of high energy
processes, leading to the c-ray production, is still expected in
specific objects based on their theoretical modelling.
" Perform multiwavelength observations of the known types of
sources (mainly in radio, X-ray, GeV and TeV c-rays) in order
to get complementary information on their high energy
features.
" Perform morphological studies of the extended sources through
the sub-TeV (! 30 GeV) to multi-TeV (>30 TeV) energies in
order to determine the sites of particle acceleration, their propagation conditions within the sources and their surroundings,
and answer the question whether the specific parts of the
extended sources have common origin (single source of relativistic particles and/or radiation mechanism) or appear by chance
as a result of overlapping of different (types of) sources. For
example, in the case of the open clusters: pulsars, supernova
remnants, binary systems and microquasars can contribute
simultaneously to the observed c-ray flux.
" Try to determine the highest energy end in the TeV c-ray spectra of the sources in order to get constraints on the maximum
energies of accelerated particles and on the acceleration
process.
" Establish the shortest possible variability time scale of the TeV
c-ray emission in known (and new) types of sources in order
to obtain constraints on the acceleration and cooling time scales
of relativistic particles and perhaps answer the question on
their production mechanism (hadronic or leptonic?).
" Study the spectral properties of the periodic c-ray sources in
order to investigate the acceleration of particles and their radiation processes at different conditions at the source (magnetic
field strength, density of matter and radiation fields).
" Study the long term variability of periodic sources (pulsars, binary systems) and try to link these features to the conditions at
the source derived from other observations (e.g. variability in
the radio light curve of pulsars or their giant flares, or stellar
cycles (similar to Solar cycles) resulting in the change of stellar
wind properties?).
" Establish a relation between the c-ray sources observed in the
GeV energy range (by Fermi-LAT and AGILE) to their properties
in the TeV energy range (investigate spectral and morphological
features). This should make possible to put constraints on the
radiation processes engaged in the specific sources (importance
of the absorption at the source and cascading processes?) and
determine the main production process (hadronic versus
leptonic?).
" Study a relation of the variable c-ray components in the sources
(produced by particles accelerated recently) to the possible
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lower level steady components (produced in the source or
around it by particles accelerated in the past) in order to constrain evolutionary properties of these sources.
The outcome of the investigations summarized above will provide conclusive information on the physics of sources discussed
here (such as the particle acceleration processes, properties of relativistic magnetized plasma, structure of rotating magnetospheres,
formation of relativistic jets, propagation of particles, etc. . . .). It is
hoped that, with the next generation of instruments, the basic
question on the origin of energetic particles in the Galaxy will be
finally answered. At least the author of this paper is convinced that
this will happen.
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a b s t r a c t
In this paper, we review the prospects for studies of active galactic nuclei (AGN) using the envisioned
future Cherenkov Telescope Array (CTA). This review focuses on jetted AGN, which constitute the vast
majority of AGN detected at gamma-ray energies. Future progress will be driven by the planned lower
energy threshold for very high energy (VHE) gamma-ray detections to !10 GeV and improved flux sensitivity compared to current-generation Cherenkov Telescope facilities. We argue that CTA will enable
substantial progress on gamma-ray population studies by deepening existing surveys both through
increased flux sensitivity and by improving the chances of detecting a larger number of low-frequency
peaked blazars because of the lower energy threshold. More detailed studies of the VHE gamma-ray spectral shape and variability might furthermore yield insight into unsolved questions concerning jet formation and composition, the acceleration of particles within relativistic jets, and the microphysics of the
radiation mechanisms leading to the observable high-energy emission. The broad energy range covered
by CTA includes energies where gamma-rays are unaffected from absorption while propagating in the
extragalactic background light (EBL), and extends to an energy regime where VHE spectra are strongly
distorted. This will help to reduce systematic effects in the spectra from different instruments, leading
to a more reliable EBL determination, and hence will make it possible to constrain blazar models up to
the highest energies with less ambiguity.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
Active galactic nuclei (AGN) are extragalactic sources of enhanced activity that are powered by the release of gravitational energy from a supermassive central black hole. Energy linked to the
black hole spin (e.g. [32]) or rotating accretion disks (e.g. [33])
may be instrumental for forming prominent jets which transport
material from the innermost region of the AGN to kpc-, sometimes
even Mpc-scale distances with relativistic speed. Such jets are usually identified through the detection of bright non-thermal radio
emission as observed in radio-loud AGN. Only a small percentage
(!10%) of all AGN are known to be radio-loud.1 In the vicinity of
the central region of an AGN matter is accreted from a disk onto
the black hole, line-emitting clouds of material (the so-called
broad-line region, BLR, and narrow line region, NLR) swirl at pc to
kpc distances from the central engine, dusty material surrounding
the accretion disk may imprint thermal signatures in the infrared
part of the AGN spectrum, and the prominent jets of material in case

of radio-loud AGN dominate the non-thermal radiative power in
such systems (see Fig. 1).
The radiation from material
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃwhich moves relativistically with
speed bC c (with C ¼ 1= 1 # b2C being the bulk Lorentz factor)
along the jet axis is beamed into an angle !1/C around the direction of propagation. Because of this beaming effect mostly those
AGN whose jet axes are close to alignment with our line of sight
(i.e., blazars) are favourably detected as sources of high-energy
(gamma-ray) emission. However, also some mis-aligned AGN
(i.e., radio galaxies) can be detected, if they are sufficiently nearby.
Blazars therefore offer an excellent opportunity to study jet physics
of massive black hole systems, and through population studies also
their evolution over cosmic time. Because the bolometric radiative
energy output of AGN jets is often dominated by the gamma-ray
regime,2 the observed peak flux ðmF m Þpk in this band, together with
a knowledge of the bulk Lorentz factor C, provides a robust lower
limit for the overall jet energetics constrained by the total radiative
power, Ljet > Lrad , with
2

⇑ Corresponding author. Tel.: +43 512 507 6074; fax: +43 512 507 2919.

E-mail addresses: anita.reimer@uibk.ac.at (A. Reimer), boettchm@ohio.edu (M.
Böttcher).
1
Radio-loud AGN are conventionally characterized with a radio-to-optical flux
ratio S5GHz =S440nm > 10.
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.05.011

Lrad &
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C2

ðmF m Þpk ;

ð1Þ

2
We note that the apparent dominance of gamma rays in the overall blazar budget
was recently shown to be affected by selection effects ([67]).
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2. CTA and the population of AGN

Fig. 1. Sketch illustrating the constituents and geometry of a radio-loud AGN [102,
from].

where dL is the luminosity distance. Such limit is not only crucial for
constraining jet formation scenarios and the overall particle and
field content of a jet including its impact for searches for the sources
of the ultrahigh energy cosmic rays, but also for, e.g. investigating
the jet’s feedback on its environment. Comparing disk and jet energetics may give important clues on the physical connection between disk accretion and jetted outflows. Because these jets form
in the vicinity of the strong gravitational fields of massive, probably
rotating, black holes, studying events occuring close to the central
engine may contribute to understanding jet formation. Size scales
of the emission region of the order of the Schwarzschild radius
are implied by extreme variability observed e.g. down to a few minutes time scales at TeV energies ([15,19]), in a few radio-loud AGN,
and this might imply a location of the emission region very close to
the central black hole. On the other hand, the observation of systematic variations of the optical polarization over several days associated with a gamma-ray flare ([6, e.g.,]), and distinct gamma-ray
flares coinciding with the peak polarization of the mm-core ([68])
seem to favour rather pc-scale distances of the emission region relative to the central engine. This highlights the current debate
regarding the location of the emission region. Studying the gamma
rays from jets within the multifrequency context offers a view towards the global structure and composition of magnetized relativistic outflows, which provide constraints on the dominant
radiation mechanisms. Monitoring the transition from flaring
events to the quiescent phases together with the estimates on the
overall flaring duty cycles may provide hints on the origin of
variability.
Gamma rays probe the highest energy particles present in these
jets, and therefore are relevant for our understanding of how
charged particles are accelerated in jet plasmas, e.g. via shocks,
and/or turbulence and/or magnetic reconnection. This may also
have implications for our understanding of the origin of ultrahigh
energy cosmic rays.
In this article, we review the prospects of CTA to facilitate progress in our understanding of the AGN phenomenon and its related
physics including the large-scale impact of the associated jets.

According to the unification scheme of radio-loud AGN (e.g.
[102]), flat spectrum radio-quasars (FSRQs) and BL Lac objects
(commonly referred to as ‘‘blazars’’) are sources which are observed under a small viewing angle with respect to the jet axis.
Those observed at large viewing angles are classified as Fanaroff Riley I and II radio galaxies ([57]). Hence, they are commonly considered as the parent populations of blazars.3 Jetted AGN are oberved
as sources of radiation across the electromagnetic spectrum, from
the radio band up to very-high energy (VHE: E > 100 GeV) gamma-ray energies. The blazar class is subdivided into observationally
weak-lined AGNs, identified as BL Lac objects, and strong-lined ones,
called flat-spectrum radio quasars (FSRQs) [70]. The latter show signatures of a bright accretion disk (e.g. a ‘‘blue bump’’) and strong
emission lines, whereas the former are lacking such features. However, the lack of thermal (accretion disk) and emission line features
in the spectra of objects typically classified as BL Lac objects may
be—at least in some cases—due to the bright non-thermal continuum
of jet emission outshining those features rather than their actual absence [67].
The spectral energy distributions (SEDs) of jetted AGN consist
generally of two broad components (see, e.g. Fig. 7). The low-energy component is commonly attributed to synchrotron radiation
from relativistic electrons, and possibly positrons, in a relativistically moving emission region (‘‘blob’’) in the jet. The origin of the
high-energy emission is still a matter of debate, depending
strongly on the overall jet composition (see below). Spectrally, blazars can be classified according to the frequency of the synchrotron
peak in their broadband SED, independent of the optical emissionline based characterization of being a BL Lac object or a quasar [3].
Low-synchrotron-peaked (LSP) blazars have their low-energy peak
at ms;peak < 1014 Hz, intermediate-synchrotron-peaked (ISP) blazars
at 1014 6 ms;peak 6 1015 Hz, and high-synchrotron-peaked (HSP)
blazars at ms;peak > 1015 Hz. Considering the BL Lac population only,
we shall distinguish low-frequency-peaked BL Lacs (LBLs), intermediate-frequency-peaked BL Lacs (IBLs) and high-frequencypeaked BL Lacs (HBLs), correspondingly.
The census of gamma-ray detected blazars has recently experienced a dramatic increase from less than 100 blazars detected by
the EGRET instrument onboard the Compton Gamma-Ray Observatory and Cherenkov telescopes to nearly 103 high-latitude objects
detected by the Large Area Telescope (LAT) on board the Fermi
Gamma-Ray Space Telescope [12], that have been associated with
AGN. Only a few non-blazar AGN are detected at gamma-ray energies to date: nearly a dozen radio galaxies, a few Narrow-Line Seyfert 1 (NLS1) galaxies and a few unusual sources that escaped a
convincing identification so far [12].
Until now, there is no convincing case of a gamma-ray detection
of a ‘‘classical’’ radio-quiet Seyfert galaxy. An upper limit for the
GeV luminosity of hard X-ray selected radio-quiet Seyferts as a
class is currently probing the level of about 1% of their bolometric
luminosity, corresponding to a few 10!9 ph cm!2 s!1 in the 0.1–
10 GeV band [13]. With CTA at its predicted sensitivity at low energies it will be possible to extend this energy range to several tens to
hundreds of GeV at a comparable energy flux level. This would
probe whether there exists a smooth extension of radio-loud
low-luminosity AGN towards the Seyfert population4 both spec-

3
The recently proposed scenario of [67] considers high-excitation (HERG) and lowexcitation (LERG) radio galaxies as the parent populations of blazars. Nearly all FRIs,
however, are LERGs, and FRIIs are mostly HERGs except for a small FRII LERG
population.
4
We note that the conventional definition of a radio-loud AGN may allow
accretion-dominated HSPs and/or AGN with a comparably weak non-thermal
emission component be possibly classified as radio-quiet.
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Fig. 2. Redshift distribution of Fermi-LAT detected blazars (from [12]).

trally as well as regarding their luminosity function, or whether
those are distinct source classes.
The low number ratio of FR II to FR I radio galaxies detected at
gamma-ray energies to date is surprising in the framework of the
unification scheme. Though the doubling of the Fermi survey time
from one to two years has increased the overall number of detected gamma-ray emitting AGN by !50%, the relative number of
LAT FSRQs to LAT BL Lacs has decreased from !0.9 to !0.8.5 The
number of gamma-ray detected misaligned AGN has not changed
significantly, and neither has the FR II to FR I number ratio [12].
Three of the four radio galaxies detected at VHE gamma-ray energies
(M87, Cen A, NGC 1275) belong to the FR I class [the fourth one, IC
310, is of unknown class, possibly a head-tail radio galaxy: 21]. A
deeper survey of FR I and FR II radio galaxies with CTA at energies
> 10 GeV is expected to increase the sample of VHE gamma-ray
emitting radio galaxies and may lead to the detection of a few FR
II radio galaxies. This might facilitate the determination of the ratio
of VHE gamma-ray emitting FR II to FR I sources over a broader energy range. Such studies might reveal whether the less prominent
gamma-ray emission from FR IIs is indicative of less efficient particle
acceleration in their jets, a difference in jet structure (e.g. [42]) and/

5
This discrepancy may be even larger due to the many non-associated BL Lacs
because of either the poor signal-to-noise ratio in the lines measurements or
incomplete cataloguing at the southern hemisphere.

or beaming pattern between FR Is/BL Lacs and FR IIs/FSRQs (e.g.
[50]), whether possibly cc absorption in the dense nuclear radiation
fields of these generally more powerful sources [89,72,97,83,93,94]
plays a role in suppressing observable gamma-ray emission, or
whether FRII/HERGs are intrinsically less numerous as a consequence of being located at the high-luminosity end of an overall
radio galaxy luminosity function [67].
Among the LAT-detected BL Lacs the high-synchrotron peaked
sources (HSPs) are the largest subclass, which is also the AGN subclass that is mostly detected in the VHE-regime by current Atmospheric Cherenkov Telescope (ACT) instruments. The (nearly
permanent) survey observation mode of Fermi-LAT has triggered
many follow-up observations of selected flaring AGN also with
H.E.S.S., MAGIC and VERITAS. Until a few years ago, almost all
AGNs detected by ground-based Cherenkov telescopes were HSPs,
primarily because of their harder GeV gamma-ray spectra (see
Fig. 3), indicating higher gamma-ray peak frequencies than other
blazar subclasses. However, due to their permanently improving
flux sensitivity and decreasing threshold energies, more than 40
blazars of all subtypes (FSRQs, all types of BL Lac objects: LBLs, IBLs,
HBLs) have meanwhile been detected in VHE gamma-rays, covering the redshift range 0.03 to at least 0.536, thereby nearly doubling the census of VHE blazars during the past couple of years.6
6

See http://www.mpp.mpg.de/rwagner/sources/ or http://tevcat.uchicago.edu/.
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Fig. 3. Synchrotron peak frequency vs. Fermi-LAT spectral index for Fermi detected blazars [12, from]. Red = FSRQs; green = LBLs; light blue = IBLs; dark blue = HBLs. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

This may indicate that with CTA it will be possible to significantly
expand the population of low-frequency peaked VHE AGN, both
FSRQs and BL Lac objects, in addition to the HSP population. A systematic unbiased study may reveal then the required environment
and jet properties that allows particles and photons to reach high
energies. In particular, future observation of a larger number of BL
Lac–FSRQ transition objects in the VHE gamma-ray band, accompanied by multifrequency coverage, may provide more insight in this
regard. So far only few (e.g. 3C 279 whose thermal components
may be overwhelmed by a strong non-thermal flux in a bright state
[79]; or the BL Lac prototype, BL Lacertae, which shows occasionally
broad lines [43]) of such objects have been detected at VHEs when
they reached an elevated flaring state [18,39,20]. E.g. while monitoring 3C 279 in 2006 in a dedicated multifrequency campaign
([38][see Fig. 4]) this source transitioned to an overall high state observed in the optical as well as at X-rays. During this state, in February 2006, a VHE signal from 3C 279 was detected by the MAGIC
telescope [18]. The observations of a larger sample of such objects
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with CTA might uncover a particular spectral and/or variability pattern with possible relations to other frequency bands that may help
to finally reveal the conditions in the jet that allows charged particles to reach extreme energies. A similar consideration can be applied to LBL–HBL transition AGN. Broadband studies of such
objects, including the important VHE regime, may shed light on
the physical origin of such behaviour, and will help to determine
to what extent LBLs and HBLs are fundamentally different AGNs.
Both the expected increased sensitivity of CTA and extension of
the available energy range towards tens of GeV will also facilitate
studies of the AGN population at VHE gamma-rays to very large
redshifts. The so far highest-redshift source detected at VHEs is
3C 279 at z = 0.537. The redshift range of AGNs covered by FermiLAT extends to z < 3:1 (unchanged from the first to the second year
of Fermi exposure; see Fig. 2), above !20 GeV it is z < 3 ([12]),
while FSRQs are known to exist up to z ! 5:5 (e.g. Q
0906 + 6930: [92]).
With CTA, a new quality of the study of AGN evolution over cosmic time will be possible. The VHE range is important as it provides
an undiluted view on the pure jet. Proposed cosmological evolution
scenarios [37,44] consider a gradual depletion of the circum-nuclear matter and radiation fields over cosmic time thereby turning
highly-accreting into pure non-thermal jet systems. This would
suggest a transition from external-Compton to synchrotron-selfCompton dominated high-energy emission in the framework of
leptonic emission scenarios or from photo-pion dominated to proton-synchrotron dominated high-energy emission in the framework of hadronic emission scenarios (see Section 4). If this
scenario is correct, a systematic study of the sub-GeV–TeV spectra
of the various subclasses of blazars should therefore reveal a gradual transition from multi-component gamma-ray emission in
accretion-dominated blazars to featureless single-component
gamma-ray emission in pure jet sources.
For the first time, it will be possible to build large, well-defined,
statistically complete7 and unbiased8 samples at VHEs which allow

25

10

Fig. 4. Broadband spectral energy distribution of FSRQ 3C 279 during the June 1991
and February 2006 flaring state in comparison to 1992/1993 and 2003 observations
where the source was in a quiescent state [39].

7
A completely identified sample of sources where all are detectable above its
statistical limits is generally referred to as a complete sample.
8
We refer to a sample above its statistical limits as unbiased with respect to prespecified parameters if the process that selects the sample sources does not favour or
disfavour any objects with particular values of the considered parameters.
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us to derive population properties like the VHE Log (N)-Log (S) distribution for the various types of AGN, the luminosity function at
VHE gamma rays and compared to other wavelengths, and to study
their cosmological evolution. This will extend our knowledge on the
origin of the extragalactic gamma-ray background (e.g. [5]) up to the
highest photon energies, and its impact on the evolution of the intergalactic medium and structure formation [86].
As the AGN population detected at VHE gamma rays will penetrate to larger redshifts, predominantly the high luminosity tail of
this population will be detected. In particular, verifying the existence or non-existence of a high-luminosity HSP population and
its broadband spectral properties will be interesting as this would
contradict the traditional understanding of the blazar sequence
[59].9 According to this picture, a sequence of blazar subclasses
has been proposed to be linked to their bolometric luminosity, black
hole mass, accretion disk luminosity and accretion mode (e.g. [64]).
It has been suggested that FSRQ activity is powered by accretion at a
_ M
_ Edd J 10"2 Þ, which might be related to
high Eddington ratio ðM=
dense circum-nuclear environments. The corresponding dense circum-nuclear radiation fields are expected to leave their imprints in
two-component gamma-ray spectra as well as potentially cc absorption features, if the gamma-ray production zone is located within the
broad-line region of the AGN ([83]). At the same time, efficient radiative cooling of relativistic particles in these dense radiation fields
might then impede their acceleration to very high energies, resulting
in SED peaks at low frequencies. On the other hand, BL Lac objects
are suspected to be powered by radiatively inefficient accretion at
_ M
_ Edd $ 10"2 Þ, possibly—at least in part—due to larger
low rates ðM=
_ Edd ). If the jet power correlates
black-hole masses (and hence larger M
positively with the accretion rate (e.g. [87]), this implies a lower
power in the jets produced in these objects, compared to FSRQs. At
the same time, the circum-nuclear radiation fields are expected to
be very dilute, with only minor impact on the formation of the
high-energy (gamma-ray) emission. The search for high-luminosity
(high-redshift) BL Lac objects with high synchrotron and gammaray peak frequencies with CTA, in combination with on-going monitoring by Fermi-LAT promises progress in verifying the existence of
and understanding the origin of the blazar sequence, or whether the
peak energy is intrinsically unrelated to the blazar luminosity [67].
The redshift of these objects, if lacking as argued by Giommi et al.
[67], could be constrained using UV-to-NIR photometry [88], or limits inferred from the shape of the de-absorbed spectrum if the extragalactic background light (EBL) and its evolution were known [e.g.,
1,84].

3. The extragalactic background light and blazar spectra
VHE gamma-rays from sources at cosmological distances will be
attenuated through cc absorption on the extragalactic background
light (EBL; e.g. [53,99,60,66,58]). The SED of the EBL has two maxima: one at %1 lm due to star light from cool stars, and one at
%100 lm due to cool dust (see Fig. 5). A direct measurement of this
background is extremely difficult because of bright foreground
emissions (both within our solar system and our Galaxy). The recent measurements of unexpectedly hard VHE gamma-ray spectra
from blazars at relatively high redshifts (see, e.g. Fig. 6) has led to
the conclusion that the intensity of the EBL must be near the lower
limit set by direct galaxy counts (e.g. [14,4]), or that the gammaray signal might be contaminated by ultra-high energy cosmic
ray-induced photons (e.g. [56]). A more exotic alternative explana-

9
However, selection effects and other sample biases may impact the physical
existence and significance of this proposed sequence (for a review, see [82]).

107

Fig. 5. Spectral energy distribution of the extragalactic background light. From [58].

tion that has been proposed is that VHE c-ray photons may be converted to axion-like particles when interacting with magnetic
fields either in the vicinity of the blazar or in intergalactic space.
Those particles would be able to travel to Earth unaffected by the
EBL, and may be re-converted to c-rays in interactions with Galactic magnetic fields [47,96]. Even assuming that EBL absorption is
not circumvented, details of the spectral shape and, in particular,
the cosmological evolution of the EBL are still uncertain.
Indirectly, the EBL and its cosmological evolution can be studied
by analyzing simultaneous broadband SEDs of VHE gamma-ray
blazars at various known redshifts. In particular, simultaneous Fermi-LAT and ground-based VHE gamma-ray spectra are crucial for
such an analysis. However, this requires an a priori knowledge of
the source-intrinsic SED throughout the GeV–TeV energy range.
The uncertainties and ambiguities in blazar jet models (see Section 4) currently preclude definite conclusions about the EBL based
on blazar SED modeling alone. An observational challenge in such
studies lies in the often vastly different integration times over
which gamma-ray spectra in the Fermi-LAT energy range are measured (typically several weeks), compared to VHE gamma-ray
spectra, often extracted from a few hours of good data from
ground-based ACTs. This often leads to mis-matches in the spectral
shapes and flux normalizations, which complicates or impedes any
meaningful theoretical interpretation.
With the reduced energy threshold of CTA, down to %10 GeV, it
will be possible to determine the shape of the gamma-ray spectrum from energies at which EBL absorption is negligible (typically
below a few tens of GeV) out to > 100 GeV energies where the
spectrum might be significantly affected by EBL absorption,
depending on redshift. The significant overlap with Fermi-LAT
could then potentially also allow for a more reliable cross-calibration between LAT and ground-based ACTs. Given the often very
moderate variability of the gamma-ray spectral indices of many
LAT-detected blazars [2], the cross-calibration with CTA might
then allow for the construction of reliable, truly simultaneous gamma-ray SEDs through the LAT and VHE gamma-ray energy ranges.
Note that limited correlated flux variability between the GeV and
TeV energy range of prominent TeV-blazars has been observed so
far (e.g. during intensive campaigns performed on Mkn 501 [10],
Mkn 421 [9], or PKS 2155–304 [17]). Simultaneous multiwavelength data sets at lower wavelengths may then be used to constrain SED models for a meaningful study of EBL absorption
effects at the highest energies. We caution, however, that the overlap between the operations of the LAT and CTA could be extremely
limited which leads to a correspondingly lower scientific return in
this regard.
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Fig. 6. VHE gamma-ray spectra of eight blazars at various redshifts, corrected for EBL absorption using the model of [58].

jets and the conversion of jet power into radiative power is poorly
understood (for a review of the current status of the field, see, e.g.
[41]. The observed links (see Section 1) between enhanced emission at high photon energies and changes in the polarization properties in the emission region may indicate an important impact of
the magnetic field topology and strength on the broadband spectral variability behaviour of jetted AGN and possibly on the intrinsic acceleration of jet knots (e.g. by magnetic driving: [103]). As we
will outline below, studies of the SEDs and variability of blazars
with CTA, Fermi-LAT, and co-ordinated observations at lower frequencies will be crucial to gain insight into these issues.
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Fig. 7. Spectral energy distribution of the intermediate BL Lac Object 3C66A during
its bright gamma-ray flare in 2008 October ([7, from]). Red = leptonic SSC + EC fit;
green = hadronic model fit. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

4. The physics of extragalactic jets
Active galactic nuclei are thought to be systems that are powered by the release of gravitational energy. How, where and in
which form this energy is released, and especially the physics governing to the formation, acceleration and collimation of relativistic

4.1. Radiative processes in extragalactic jets
Depending on the jet’s relativistic matter composition two
types of emission models have emerged during the last decade.
Leptonic models consider relativistic electrons and positrons as
the dominating emitting relativistic particle population, while in
hadronic10 emission models the relativistic jet material is composed
of relativistic protons and electrons (for a recent review of blazar
emission models, see [40,90]. In both scenarios, cold (i.e., non-relativistic) pairs and/or protons may exist as well, allowing charge neutrality to be fulfilled. There is meanwhile mounting evidence that
jets of powerful AGN have to be energetically and dynamically dom10
So-called lepto-hadronic emission models follow the same physics as hadronic
emission models.
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inated by protons and/or ions (see e.g. [45]), albeit little is known
about their spectral distribution (cold, relativistic) and number density with respect to the electrons.
In both leptonic and hadronic models, the low-frequency emission is produced as synchrotron radiation of relativistic electrons in
magnetic fields in the emission region, which is moving with relativistic speed corresponding to a bulk Lorentz factor C along the
jet. For ease of computation, the magnetic field is typically assumed to be tangled (i.e., randomly oriented), and the electron distribution is assumed to be isotropic in the co-moving frame of the
emission region.
In leptonic models, the high-energy emission is produced via
Compton upscattering of soft photons off the same ultra-relativistic electrons which are producing the synchrotron emission. Both
the synchrotron photons produced within the jet (the SSC process:
[75,74,35]), and external photons (the EC process) can serve as target photons for Compton scattering. Possible sources of external
seed photons include the accretion disk radiation (e.g. [48,49]),
reprocessed optical–UV emission from circumnuclear material
(e.g. the BLR: [95,51]), infrared emission from warm dust [34], or
synchrotron emission from other (faster/slower) regions of the
jet itself [61,63].
Relativistic Doppler boosting allows one to choose model parameters in a way that the cc absorption opacity of the emission region
is low throughout most of the high-energy spectrum (i.e., low compactness). However, at the highest photon energies, this effect may
make a non-negligible contribution to the formation of the emerging spectrum [16] and re-process some of the radiated power to
lower frequencies. The resulting VHE gamma-ray cut-off or spectral
break, and associated MeV–GeV emission features may be revealed
by high-resolution, simultaneous Fermi and CTA observations.
Hadronic models consider a significant ultra-relativistic proton
component in addition to primary ultra-relativistic electrons, to be
present in the AGN jet. The charged particles interact with magnetic and photon fields. In heavy jet models the interaction of protons/ions with matter (via e.g. relativistic blast waves [80], star/
cloud-jet interaction [31,28,23], jet-red giant interaction: [26])
may dominate. However, such models [91] do often not predict rapid flux variability. Particle-photon interaction processes in hadronic models include photomeson production, Bethe–Heitler pair
production for protons, and inverse Compton scattering of pairs.
An inevitable by-product of hadronic interactions is the production
of neutrinos. The target photon fields for such processes include
internal jet synchrotron photon fields [73,77,78], and fields external to the jet such as direct accretion disk radiation [30], jet or
accretion disk radiation reprocessed in the BLR [24], the radiation
field of a massive star in the vicinity of the jet [29] or infrared radiation by warm dust (e.g. [52]). The secondary particles and photons
from interactions of ultra-relativistic hadrons in general initiate
synchrotron and/or Compton-supported pair cascades which redistribute the power from very high to lower energies (e.g. [78]). For
high magnetic field strengths, any IC component is in general
strongly suppressed, leaving the proton-initiated radiation as the
dominating high energy emission component.
Fig. 7 compares a steady-state leptonic (SSC & EC) fit to a corresponding hadronic fit of the SED of the IBL 3C66A detected in VHE
gamma-rays by VERITAS in 2008 [11,7]. Both leptonic and hadronic
models provide excellent fits to the simultaneous SEDs obtained
during the prominent 2008 October gamma-ray flare, with plausible physical parameters.
Because hadronic interactions convert some protons into neutrons11 via charge exchange, collimated neutron beams may form

11
E.g. in hadronic pc-interactions 30%–70% of the initial protons are converted into
neutrons [76].
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Fig. 8. Rapid VHE gamma-ray variability of the HBL PKS 2155–304 observed by
H.E.S.S. in 2006 [15].

[54,24] which can transport a significant portion of the initial energy
to large distances from the black hole. When such powerful jets
interact with the intergalactic medium, large amounts of their power
and momentum are expected to be deposited into the surroundings
as huge lobes. The good angular resolution of CTA may permit the
imaging of such extended emission, and will provide valuable information about the total power stored in jets, which in turn may constrain jet formation scenarios and jet composition.
Because of the suppression of the Compton cross section in the
Klein-Nishina regime12 and efficient radiative (synchrotron + Compton) cooling, leptonic models are typically hard-pressed to explain
hard (energy spectral index a K 1, where F m / m!a ) gamma-ray spectra extending to E J 1 TeV after correction for cc absorption by the
EBL (e.g. [14]). Detailed spectral measurements in the GeV–TeV regime through simultaneous observations by Fermi-LAT and CTA are
expected to reveal the signatures of radiative cooling of leptons
and/or Klein-Nishina effects in leptonic models, or of proton-synchrotron emission and ultra-high-energy induced pair cascades in
hadronic models. These might therefore distinguish between leptonic and hadronic models.
Simultaneous multi-wavelength coverage will be crucial to put
meaningful constraints on models. In this context, e.g. [39] have
demonstrated that the extension of the gamma-ray emission of
the FSRQ 3C 279 into the VHE regime ([18]) poses severe problems
for homogeneous, leptonic one-zone models, and may favor hadronic models, or multi-zone models. The lowered energy threshold of
CTA compared to current ACTs promises the detection of VHE gamma-ray emission from a larger number of low-frequency peaked
blazars (including FSRQs), which will allow for similar studies on
a larger sample of LSP blazars.
The radiative cooling time scales are generally expected to be
much shorter for leptons than for hadrons. Therefore, measurements of rapid variability (e.g. [15,19], see also Fig. 8]) might be
an indication for a leptonic origin of (at least parts of) the gamma-ray emission from blazars exhibiting variability on sub-hour
time scales. Variability on a few minutes time scale has been observed at VHEs from few blazars both of HSP and LSP type (e.g.
PKS 2155–304 [15], Mkn 501 [19], PKS 1222 + 216 [22]) so far. This
implies extremely large bulk Doppler factors if interpreted within a
homogeneous emission model, or TeV emitting sub-structures
within the jet such as filaments, reconnection zones [65], etc. For
example, the spine-sheath picture [62] of a jet envisions an ultrafast spine surrounded by a slower sheath. If the jet points almost
towards the observer, radiation from the strongly beamed fast
12
!c J 1, where ! ¼ hm=½me c2 $ is the dimenionless photon energy and gamma the
electron Lorentz factor.
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spine dominates the observed spectrum, while the radiation from
the sheath contributes only weakly. In AGN where the jet is more
inclined to the sight line the spine appears as a dim source while
the radiation from the slower sheath becomes dominant. In order
to test this behaviour a larger sample of rapidly varying sources,
both blazars and radio galaxies, at VHEs is required. With current
technology, only the brightest of such sources can be detected,
and only in extreme flaring states. The increased sensitivity of
CTA compared to present-generation ACT facilities will allow for
the extension of the study of rapid gamma-ray variability to a large
sample of sources and to more quiescent states. Variability information in addition to high resolution spectra is particularly important for unambiguously constraining the parameter space im
emission models since in many cases (see, e.g. Fig. 7), pure snapshot SED modeling is unable to distinguish between a leptonic
and a hadronic origin of the gamma-ray emission.

4.2. Probing particle acceleration using CTA
Both the SED shape and multi-wavelength variability patterns
in blazar emission can provide constraints on the mode of particle
acceleration in the jets of AGN. The shape of the high-energy end of
the particle spectrum—which will be directly reflected in the shape
of the high-energy end of the gamma-ray emission—will provide
valuable information about the competition between radiative
(and possibly adiabatic) losses, escape, and energy gain at those
energies (e.g. [85]). The decreased energy threshold and improved
sensitivity of CTA over current ACTs will enable detailed studies of
the shape of the high-energy cut-offs of blazar spectra (including
LSP blazars) and, in particular, trace the cutoff in sources not yet
detected at VHEs.
Different particle acceleration scenarios (e.g. diffusive shock
acceleration at relativistic shocks, first-order Fermi acceleration,
perpendicular vs. oblique shocks, diffusive acceleration in shear
layers) and different magnetic field topologies predict characteristically different spectral indices in the resulting particle spectra
(e.g. [81,98,55,100], see also Fig. 9]). These will be directly reflected
in the spectral indices of the non-thermal synchrotron and gamma-ray emission of blazars. E.g. some HBLs at low fluxes possess
very hard photon spectral indices (see Fig. 3) in the LAT energy
range, implying hard particle spectra of the accelerated particle
population. CTA might probe the required acceleration conditions

in a systematic way. Simultaneous multiwavelength observations,
including at the highest energies, will be helpful to probe potential
mis-matches between the low-energy (synchrotron) and high-energy (gamma-ray) SEDs. In leptonic models, such spectral-index
mis-matches typically require multi-component gamma-ray emission scenarios, if they can be re-conciled with these models at all.
In hadronic models, they might be explained through different
acceleration modes (and hence, different particle spectral indices)
for electrons and protons.
In addition to simultaneous snap-shot SEDs, spectral variability
can provide crucial insight into the particle acceleration and cooling mechanisms in AGN jets (e.g. [69,46,71,36]). Detailed measurements of spectral variability have so far been restricted to lowerenergy observations (e.g. X-rays: [101]), or to the brightest gamma-ray AGN only (e.g. 3C 454.3 at LAT-energies: [8]). The improved
sensitivity of CTA in the > 100 GeV regime might enable the study
of precision spectral variability and persistent long-term variability
patterns in this energy range for a large sample of sources. In particular, this will provide a probe of the dynamics of the highest-energy particles in LSP blazars in which the high-energy end of the
synchrotron component is often not observationally accessible because it is (a) located in the UV/ soft X-ray regime, which is notoriously difficult to observe, and (b) overlapping with (and often
overwhelmed by) the low-energy end of the high-energy emission.
5. Concluding remarks
This surely incomplete list of topics discussed above reveals the
potential of CTA for significant progress in the field of AGN research. Improvements in sensitivity and energy coverage will allow
for the study of a much larger population of AGN, although we caution that the here important GeV energy range as is currently provided by the Fermi-LAT instrument may be available at the time of
CTA operations only to an extremely limited extent. This will enable to tackle a large range of topics from population studies and
questions of cosmological evolution of AGN via studies of the formation and composition of extragalactic jets and the microphysics
of the production of high energy emission in relativistic jets, to
studies of the Extragalactic Background Light, which will shed light
on the broader issues of cosmological galaxy evolution and structure formation. Most exciting, as CTA will enlarge the dynamical
flux range and explore the high-redshift universe at VHEs, unexpected, possibly surprising, phenomena may challenge current theoretical concepts, and trigger to deepen our understanding of the
extragalactic sky. This review might provide some insight into possible ways that observations by CTA—coordinated with simultaneous observations at other wavelengths—might lead to progress
in the study of some of the most pressing questions of the VHE sky.
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a b s t r a c t
The extragalactic background light (EBL) is one of the fundamental observational quantities in cosmology.
All energy releases from resolved and unresolved extragalactic sources, and the light from any truly diffuse background, excluding the cosmic microwave background (CMB), contribute to its intensity and
spectral energy distribution. It therefore plays a crucial role in cosmological tests for the formation
and evolution of stellar objects and galaxies, and for setting limits on exotic energy releases in the universe. The EBL also plays an important role in the propagation of very high energy c-rays which are attenuated en route to Earth by pair producing c–c interactions with the EBL and CMB. The EBL affects the
spectrum of the sources, predominantly blazars, in the !10 GeV–10 TeV energy regime. Knowledge of
the EBL intensity and spectrum will allow the determination of the intrinsic blazar spectrum in a crucial
energy regime that can be used to test particle acceleration mechanisms and very high energy (VHE)
c-ray production models. Conversely, knowledge of the intrinsic c-ray spectrum and the detection of
blazars at increasingly higher redshifts will set strong limits on the EBL and its evolution. This paper
reviews the latest developments in the determination of the EBL and its impact on the current understanding of the origin and production mechanisms of c-rays in blazars, and on energy releases in the universe. The review concludes with a summary and future directions in Cherenkov Telescope Array
techniques and in infrared ground-based and space observatories that will greatly improve our knowledge of the EBL and the origin and production of very high energy c-rays.
Published by Elsevier B.V.

1. Introduction
The extragalactic background light (EBL), defined here as the
emission in the 0.1–1000 lm wavelength region, is one of the fundamental observational quantities in cosmology. It comprises the
integrated light from resolved and unresolved extragalactic
sources, and the light from any truly diffuse background, excluding
the cosmic microwave background (CMB). It is therefore the repository of all energy released by nuclear and gravitational processes
since the epoch of recombination. A significant fraction of this radiation is shifted by cosmic expansion and by absorption and reradiation by dust into infrared (IR) wavelengths. Consequently, its
intensity and spectral shape hold key information about the formation and evolution of galaxies and their stellar and interstellar contents throughout cosmic history. A strict lower limit on the EBL
intensity is provided by the integrated light from resolved galaxies,
hereafter referred to as the integrated galaxy light (IGL).
The EBL plays also an important role in the propagation of high
energy c-ray rays that are predominantly emitted by blazars, a
⇑ Corresponding author.
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subgroup of active galaxies hosting active galactic nuclei (AGN),
whose relativistic jet is pointed towards the Earth. High energy
photons emitted by blazars are attenuated by photon–photon
interactions with the EBL, a process that can be used to set important limits on both, the intrinsic spectra of blazars and the intensity
of the EBL in select energy and wavelength regions where these
interactions are most prominent.
The EBL is intimately connected to the diffuse X-ray, radio, and
supernova neutrino backgrounds. Deep X-ray surveys have resolved the X-ray background into point sources, most of which
are dust enshrouded AGNs [186]. Up to 90% of the X-ray energy
produced in individual AGN can be degraded and reradiated predominantly at mid-IR wavelengths (e.g. [106,47]). Consequently,
the X-ray background can be used to predict the EBL intensity at
at these wavelengths. Current estimates show that about 15% of
the 24 lm EBL intensity is powered by AGN activity ([233,219]
and references therein). Conversely, the connection between
mid-IR bright sources and AGN can be used to estimate the contribution of obscured AGN to the X-ray background ([112,219] and
references therein).
Massive stars that power the IR emission also emit radio
free-free emission during the main sequence phase, and radio
synchrotron emission during the supernova remnant phase of their
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evolution. The IR emission from star-forming galaxies is therefore
correlated with the radio emission [164,75]. This correlation can
be used to estimate the contribution of star-forming galaxies to
the cosmic radio background [120,89,200].
Most of the EBL intensity is powered by massive stars that end
their life as core collapse supernovae. The total EBL intensity can
therefore be used to derive an estimate of the supernova rate and
the resulting flux of supernova neutrinos [132,48]. The detectability
of these neutrinos can be greatly enhanced by the proposed introduction of gadolinium in existing large water Cherenkov detectors
(such as Super-Kamiokande) [49]. Gadolinium has a very high cap!e þ p ! eþ þ n, reacture cross section for neutrons generated in m
tions, and can be introduced in the form of soluble trichloride
(GdCl3). Following the neutron capture, the Gd emits an 8 MeV
c-ray which produces relativistic electrons by Compton scattering.
The Cherenkov radiation from these electrons is more easily detected than that produced in the cascade of the 2.2 MeV c-ray generated by the capture of neutrons by free protons.
Several reviews have appeared in the literature, presenting a
historical overview of the importance of the EBL, early estimates
of its intensity, the quests for its detection, and its many astrophysical implications [124,137,156]. Since these reviews were written,
significant advances have been made in studies of the EBL with
the launch of UV (Galex) and IR space observatories (Spitzer, Herschel, and Akari). These observatories, together with ground-based
telescopes, such as 2MASS, have provided new limits on the EBL
ranging from UV to submillimeter wavelengths. Deeper galaxy
number counts and new data analysis techniques of stacking astronomical images have narrowed the gap between the contribution
of resolved galaxies and the true intensity of the EBL.
The Fermi Gamma-Ray Space Telescope, operating between
200 MeV and 300 GeV, and ground-based air Cherenkov detectors
(H.E.S.S., MAGIC, and VERITAS) operating in the "50 GeV–
100 TeV range have broadened the energy window for the studies
of c-ray sources. These advances have led to the detection of new
GeV and TeV c-ray sources and provided new data for determining
their intrinsic spectra. Reviews of these subjects were presented by
Weekes [237] and Hinton and Hofmann [129]. More recently, Dermer [77] presented a review of the Fermi catalog of c-ray sources
and the physics of the production of relativistic particles and c-rays
from these sources. Table 1 presents a glossary to the acronyms of
the observatories and instruments referred to in this review.
These developments provide the main impetus for this review.
We first present, in Section 2, the basic formulae describing the
attenuation of photons by pair producing interactions with other
photons. We then show how this attenuation will affect c rays traversing a radiation field characterized first by a pure black body,
representing the stellar emission component of the EBL, and then
by a more realistic EBL that includes the dust emission component.
This attenuation can, in principle, be used to determine the intensity of the attenuating radiation field if the intrinsic source spectrum is known. In Section 3 we survey the type of c-ray sources
that are used in these studies, their spectral characteristics, the
physical mechanisms for generating their spectra, and constraints
on their spectral shape imposed by general physical principles. In
Section 4 we summarize measurements and limits on the EBL
intensity determined by direct measurements and by adding the
light from resolved galaxies. Models for the EBL intensity and its
evolution with redshift are summarized in Section 5. In Section 6
we summarize the constraints on the EBL intensity derived from
c-ray observations of blazars, emphasizing the different assumptions made on the intrinsic blazar spectra to derive these limits.
EBL models predict the c-ray opacity of the universe at different
energies, and in Section 7 we compare these model predictions
with blazar observation. Throughout this review it was tacitly assumed that the production of c-rays takes place exclusively in
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Table 1
Glossary of abbreviations of spacecrafts,a telescopes, and instruments.
Abbreviation

Full name

Akari
BLAST
COBE
DIRBE
FIRAS
CTIO
GALEX
Herschel
PACS
SPIRE
HST
WFPC2
NICMOS
IRTS
ISO
ISOCAM
JCMT
SCUBA
NTT
Spitzer
IRAC
MIPS
Subaru
Pioneer
WMAP
2MASS

Infrared imaging satellite (ASTRO-F)
Balloon-borne Large-Aperture Submillimeter Telescope
Cosmic Background Explorer
Diffuse Infrared Background Experiment
Far Infrared Absolute Photometer
Cerro Tololo Inter-American Observatory
Galaxy Evolution Explorer
Herschel Space Observatory
Photodetector Array Camera
Spectral and Photometric Imaging Receiver
Hubble Space Telescope
Wide Field Planetary Camera
Near IR Camera and Multi-Object Spectrometer
Infrared Telescope in Space
Infrared Space Observatory
ISO Camera
James Clerk Maxwell Telescope
Submillimeter Common User Bolometer Array
New Technology Telescope
Spitzer Space Telescope
Infrared Array Camera
Multiband Imaging Photometer
Optical, near-IR telescope
Interplanetary spacecraft
Wilkinson Microwave Anisotropy Probe
Two Micron All Sky Survey

CTA
Fermi
H.E.S.S.
IACT
MAGIC

Cherenkov Telescope Array
Fermi Gamma-Ray Space Telescope
High Energy Stereoscopic System
Imaging Air Cherenkov Telescope
Major Atmospheric Gamma-Ray Imaging Cherenkov
Telescope
Gamma-ray and cosmic-ray telescope
Very Energetic Radiation Imaging Telescope Array System

Milagro
VERITAS
a

Spacecraft names are presented in italics, and their instruments are indented.

the sources. In Section 8 we consider alternative scenarios of
c-ray production that could have important implications for EBL
limits, namely, that a significant fraction of the observed c-rays
could be produced en route to Earth. The role of the EBL in setting
limits on exotic energy releases in the universe is briefly discussed
in Section 9. A summary and future prospects for the fields of c-ray
and EBL research is given in Section 10.
2. The EBL and the attenuation of gamma-ray photons
2.1. The EBL
The differential specific flux at wavelength k0 , dF m ðk0 Þ, received
from radiative sources within a comoving volume element dV c ðzÞ
at redshift z at wavelength k is given by (e.g. [185]):

dF m ðk0 Þ ¼ ð1 þ zÞ

Lm ðk; zÞ dV c ðzÞ
4p dL ðzÞ2

ð1Þ

where Lm ðk; zÞ is the comoving specific luminosity density of the
sources, dL is their luminosity distance, and the ð1 þ zÞ factor arises
from the decrease in energy of the emitted photons due to the redshift, and k0 ¼ ð1 þ zÞk.
The specific comoving intensity of the EBL per unit solid angle,
dX, at redshift z0 and wavelength k0 is given by an integral over all
energy releases over cosmic history:

Z

Lm ðk; zÞ dV c ðzÞ
4p dL ðzÞ2 dX
#
#
! "Z 1
#c dt #
1
#dz
¼
Lm ðk; zÞ ##
4p z0
dz #

Im ðk0 ; z0 Þ ¼

1

z0

ð1 þ zÞ

ð2Þ
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where cjdt=dzj is given by (e.g. [185]):

! !
! dt !
RH
c!! !! ¼
;
dz
ð1 þ zÞEðzÞ

RH %

c
H0

ð3Þ

h
i1=2
EðzÞ % XR ð1 þ zÞ4 þ Xm ð1 þ zÞ3 þ Xk ð1 þ zÞ2 þ XK
h
i1=2
¼ ð1 þ zÞ2 ðXm z þ 1Þ & zð2 þ zÞXK
h
i1=2
¼ Xm ð1 þ zÞ3 þ XK

th

ð4Þ

H0 is the Hubble constant, and XR Xm ; Xk and XK are the dimensionless density parameters of the radiation, matter, the curvature, and
the cosmological constant K, obeying the relation: XR þ Xm þ Xk þ
XK ¼ 1. The second expression for EðzÞ is for a matter dominated
(XR ' 1) universe, and the third is for one that is matter dominated
and flat (Xk ¼ 0). In the concordance cosmology model:
H0 ¼ 70 km s&1 Mpc&1; Xm ¼ 0:27, and XK ¼ 0:73 [128].
2.2. Gamma-ray attenuation by pair production
The interaction between two photons with energies Ec and !b ,
will lead to the creation of a particle anti-particle pair when the total c-ray energy in the center of momentum of the system exceeds
the rest frame energy of the two particles. The threshold for the
creation of an eþ þ e& pair is given by:

!th ðEc ; l; zÞ ¼

2 ðme c2 Þ2
Ec ð1 & lÞ

ð5Þ

where l % cos h, and h is the angle between the two photons, as
illustrated in Fig. 1.
The cross-section for the c–c interaction is given by:
$
"
#%
3r
1 þ bÞ
rcc ðEc ; !; l; zÞ ¼ T ð1 & b2 Þ 2b ðb2 & 2Þ þ ð3 & b4 Þ ln
ð1 & bÞ
16

ð6Þ

where

s"
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
#ﬃ
!th
b%
1&

ð7Þ

!

Fig. 2 (left panel) depicts the cross section as a function of b. The
cross section peaks at a value of b ¼ 0:70, providing a relation between the energies Ec and ! (or wavelength k) at the peak, given
by:

Ec ðTeVÞ ¼

1:07

!ðeVÞ ð1 & lÞ

¼

0:86 kðlmÞ
ð1 & lÞ

ð8Þ

The right panel of the figure depicts the cross section as a function
of b % 2ðmc2 Þ2 =Ec ! for different values of the angle h. When the photons are moving in the same direction (h ¼ 0), the cross section collapses to a delta-function at b ¼ 0, and the energy threshold
becomes infinite.
2.3. The attenuation of c-rays from cosmological sources
En route to Earth, c-rays from cosmological sources have to pass
through the radiation field of the EBL, resulting in their attenuation

γ

e

θ
e

+

γ

by pair producing interactions. The optical depth of a c-ray photon
at an observed energy Ec , emitted by a source at redshift z due to
this process is given by:
Z
Z
Z z
d‘ 1
1&l 1
scc ðEc ; zÞ ¼ dz0 0
dl
d! n! ð!; z0 Þð1 þ z0 Þ3 rcc ðb0 ; z0 Þ ð9Þ
2
dz &1
!0
0

Fig. 1. Schematic illustration of the c–c pair production reaction, showing the
definition of the angle h between the interacting photons.

where n! ð!; zÞ % dnð!; zÞ=d! is the specific comoving number density
(cm&3 eV&1) of background photons with energy ! at redshift z, and
the ð1 þ zÞ3 term represents its conversion to a proper number density. The pair-production threshold energy is !0th ¼ 2ðme c2 Þ2 =
Ec ð1 & lÞð1 þ zÞ, where the ð1 þ zÞ factor takes into account that
the observed c-ray photon had a higher energy at the redshift of
the
interaction.
The
parameter
b0 ¼ ð1 & !0th =!Þ1=2 ,
and
d‘=dz ¼ cjdt=dzj, where ‘ is the proper distance.
Calculating the EBL opacity to c-rays from cosmological distant
sources requires knowledge of the evolution of the comoving specific photon number density n! ð!; zÞ as a function of redshift. The
specific number density of photons with energy ! at redshift z is related to the specific EBL intensity at a given redshift z by:

!2 n! ð!; zÞ ¼

4p
m Im ðm; zÞ ¼ 2:62 ( 10&4 m Im ðm; zÞ
c

ð10Þ

where ! ¼ hm, Im ðm; zÞ is given by Eq. (2), and the coefficient in the
second line was calculated for ! in eV, n! in cm&3 eV&1, and m Im in
nW m&2 sr&1.
Finally, we point out that the c–c cross section is wide, so that
in calculating the c-ray opacity, strong variations in the EBL spectrum are smoothed out over a wide range of c-ray energies. The
EBL intensity at a given wavelength is therefore effecting scc over
a wide range of c-ray energies around the peak given by Eq. (8).
2.4. A simple example: an EBL given by a diluted blackbody spectrum
Of particular interest is the behavior of scc for a background
radiation field that is represented by a diluted blackbody. Fig. 3
(upper left panel) depicts a local EBL characterized by a Planck
function, normalized to an intensity of 10 nW m&2 sr&1 at 1 lm.
The upper right panel of the figure depicts the photon number density. The bottom left panel shows the c-ray opacity at redshift
z ¼ 0:2, assuming a non-evolving EBL, and the right panel shows
the source attenuation as a function of c-ray energies. Also shown
in the figure are the energy regimes in which substantial changes
in the slope of the opacity occur (dashed lines).
The rapid rise in the EBL spectrum between 0.5 and 1 lm results in a rise of the c-ray opacity, and the onset of substantial
source attenuation in the 10–500 GeV energy region. This sudden
increase in the GeV attenuation creates a break, CGeV , in the spectrum, defined as the difference in power law index between the
unattenuated and the attenuated region of the spectrum (see
Fig. 5 in this paper). At higher c-ray energies, the spectrum of a blazar characterized by an intrinsic power law will exhibit a second
spectral break around )1 TeV. For an evolving EBL, the magnitude
and location of this spectral break are expected to evolve with redshift. The substantial decrease in the attenuation at a few TeV is a
consequence of the particular choice of the EBL spectrum, which
decreases rapidly at wavelengths beyond )2 lm.
2.5. A more realistic example: an EBL that includes dust emission
Fig. 4 depicts a more realistic presentation of the current EBL
spectrum (left panel) and the c-ray opacity for different redshifts
(right panel), taken from model calculations of [99]. At wavelengths shortwards of )5 lm the spectrum represents the stellar
and AGN contributions to the EBL. At longer wavelengths the spectrum represents the AGN and starlight energy that was absorbed
and reradiated by the dust. The right panel shows the energy
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Fig. 2. The cross section for the c–c interaction. Left panel: its dependence on b (Eq. (7)). Right panel: its dependence on b for different angles of incidence.

Fig. 3. Top left: a diluted black body representation of the stellar emission component of the EBL. Top right: the corresponding proper photon number density versus energy.
Bottom left: the c-ray opacity versus energy, Ec . Bottom right: the c-ray attenuation. The figure illustrates the dramatic change in the attenuation at the c-ray energy that
corresponds to the wavelength at which the slope of the EBL spectrum changes. The different slopes are depicted as dashed lines in the figure.

dependence of the c-ray opacity for sources at different redshifts.
The opacity calculations took into account the evolution of the
EBL with redshift. The figure illustrates the relation between the
EBL spectrum and the energy dependence of the c-ray opacity.
The initial rise of the EBL intensity at UV–optical wavelengths
causes an increase in the c–c opacity between 10 and 500 GeV.
The decline in the EBL intensity between !1 and 15 lm causes
scc to rise less rapidly between 1 and 10 TeV. The slope of scc in this
region reflects the ratio of the !1–15 lm intensities of the EBL. The
rise in scc beyond 10 TeV reflects the rise in the EBL towards the
peak of the dust emission at !100–200 lm.
The energy dependence of scc will give rise to several breaks in
the spectrum of c-ray sources that reflect the changes in the slope
of the opacity. The first spectral break, DCGeV occurs between 10
and 500 GeV. The second, DCTeV around 1 TeV, and the third around
10 TeV.
To date, the first break has been used to determine the EBL intensity using various assumptions on the intrinsic source spectra. The
second break has been most recently explored in the analysis of Orr
et al. [192]. A review of studies that utilize the first and second

break for constraining the EBL is presented in Section 6. A break
at !10 TeV has yet to be discovered. Starburst galaxies, which have
a hard c-ray spectrum, are the most promising subject for such
analysis.
3. The types and spectra of extragalactic GeV/TeV sources
Determination of the EBL intensity from GeV–TeV c-ray observations requires knowledge of the intrinsic spectrum of the
sources. Here we list the different sources, their spectral characteristics, the different proposed mechanisms for their c-ray production, and the physical limits on their spectral energy distribution
at very high energies.
3.1. The types of extragalactic GeV/TeV sources
The currently available GeV–TeV c-ray sources that are being
used to derive limits and constraints on the EBL are listed in
Table 2. They include the accretion-powered relativistic jets of
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Fig. 4. Left panel: calculated EBL intensity versus wavelength at z ¼ 0. Right panel: the c-ray opacity versus energy for sources at different redshift (see labels). The figure
illustrates the correlation between the changes in the slope of the EBL intensity with those in scc . Model calculations by Finke et al. [99]. Details in Section 2.5 of the text.

active galactic nuclei (AGNs), namely BL Lacertae objects (BL Lacs),
flat spectrum radio quasars (FSRQs) and a few radio galaxies. The
list is complemented by the recent detections of two nearby starburst (SB) galaxies. In contrast to AGNs, their c-ray spectrum is
generated by the cumulative effects of cosmic-ray acceleration in
shocks generated by a large number of supernova remnants [235].
Blazars: To date, the most numerous sources used in EBL studies
are blazars. Historically, they have been divided into two sub-classes based on their optical properties: FSRQs, characterized by
strong emission lines; and BL Lacs, characterized by weak or lack
of emission lines. Because of the weakness of their emission lines,
the redshift determination of BL Lac blazars has proven difficult or
even impossible in many cases. The status of blazars as bright GeV
and TeV sources arises from the fact that their relativistic jets are
closely aligned with the observers line of sight. Consequently, the
luminosity of a c-ray emission region moving relativistically along
the jet axis in the direction of the observer is strongly beamed, enabling its detection at cosmological distances. Occasional strong
flaring activity renders the following BL Lacs: PKS 2155-304 [30];
Mrk 501 [70,3], and Mrk 421 [111,16,39], the brightest TeV
sources; and the following FSRQs: 3C 454.3 [82], and 3C 279
[238], the brightest GeV emitters in the sky. The flaring has provided high quality c-ray spectra and has led to their detection at
redshifts as far as z ! 0:5 at TeV energies with IACTs, and as far
as z ! 3:2 at "10 GeV energies with Fermi.
The combined GeV–TeV observations of blazars make it possible to study their spectra over a larger range of redshifts, thereby
enabling the studies of the EBL over a wider range of wavelengths.
GeV photons interact mainly with UV/optical photons, whereas
TeV photons probe mainly the near- to mid-IR region of the EBL.
Since the intensity of the EBL is much lower at UV energies, the
universe is transparent to c-rays below 10 GeV, becoming essentially opaque for TeV sources at redshifts of z > 0:5. The Fermi
Gamma-Ray Space Telescope provides important probes of the
UV region of the EBL, and the GeV transparency can be used to test
evolutionary models of the EBL to relatively large redshifts (z > 1).
Radio galaxies: The jets in radio galaxies are significantly misaligned with respect to the observer’s viewing direction, and thereby provide no relativistic Doppler boosting. This limits the
detection of radio galaxies with current generation c-ray
telescopes to the local group and the Perseus galaxy cluster. Deep
c-ray observations of radio galaxies with CTA combined with spatially resolved studies in the radio, optical and X-ray will play an
important role in understanding the physics of relativistic jets.
These observations are likely to yield spectra up to !10s TeV which
will provide useful constraints on the EBL in the mid- and far-IR
wavelength regions ([18] for the VERITAS Collaboration, the VLBA
43 GHz M 87 Monitoring Team, the H.E.S.S. Collaboration, and
the MAGIC Collaboration).

With sufficiently high spatial resolution, the c-rays produced by
IC scattering of CMB and EBL photons off the relativistic electrons
of the lobes of radio galaxies can be used to set limits on their energy density in the immediate vicinity of these objects ([115], see
Section 6 below).
Starburst galaxies: The detection of starburst galaxies M82
[13,4] and NGC 253 [23], potentially opened a new wavelength
regime for studying the EBL. The c-rays in starburst galaxies are
generated by cosmic rays that are accelerated by a large number
of supernova remnants, giving rise to hard c-ray spectra that
extend to energies of 10s of TeV. The "10 TeV opacity to nearby
starburst galaxies is quite small, and about unity at energies of
"50–100 TeV. Nearby starbursts are therefore important probes
of the EBL at far-IR ("100 lm) wavelengths that cannot be probed
by other c-ray sources because of the relative softness of their
spectra compared to those of SB galaxies.
3.2. The spectra of extragalactic GeV/TeV sources
Over a sufficiently small energy range the blazar spectrum can
be characterized by a power law, dN=dE / E#C , with different indices, CGeV and CTeV , at GeV and TeV energies, respectively. An important characteristic of the observed spectra is the presence of a
break, defined as DCGeV $ CGeV # CTeV , occurring between GeV
and TeV energies, the exact location depends on the source’s redshift. A source with an intrinsic spectrum characterized by a single
power law out to TeV energies will have a value of DCGeV ¼ 0.
Without any intergalactic absorption this value will remain constant with redshift.
The spectral index CGeV is obtained from a power law fit to the
"1–10 GeV region of the spectrum which is unaffected by EBL
absorption. If the intrinsic blazar spectrum is an extension of this
power law to energies of "1 TeV, then any spectral break
(CTeV > CGeV ) in the observed spectrum can be regarded as evidence for EBL absorption.
A spectral break analysis of the amount of EBL absorption provides therefore a powerful method for studying the EBL. It is a differential method that replaces knowledge of the intrinsic blazar
spectrum with a weaker requirement, namely that the power law
representing the intrinsic blazar spectrum at GeV energies can be
extended to TeV energies as well.
Table 2 lists the values of CGeV and CTeV and the redshifts for all
GeV and TeV detected blazars. Almost all sources exhibit a spectral
break (DCGeV < 0) at energies between 10 GeV and 1 TeV. Fig. 5
depicts the dependence of DCGeV on redshift. The figure shows a
clear trend of increasing jDCGeV j with redshift, strongly suggesting
that the break is the consequence of the attenuation of the source
spectrum by the EBL. As the optical depth increases with redshift,
the observed c-ray spectrum becomes softer, the position of the
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Table 2
Extragalactic c-ray sources with GeV and TeV spectral information.

M
|
w
k

Name

Class

Redshift

CGeV

CTeV

Range [TeV]

References

Centaurus A
M82
NGC253
M87
NGC 1275
IC 310
Markarian 421
Markarian 501
1ES 2344+514
Markarian 180
1ES 1959+650
AP Lib⁄
BL Lacertae
PKS 2005-489
W Comae
PKS 2155-304
B3 2247+381
RGB J0710+591
H 1426+428
1ES 1215+303
1ES 0806+524
1RXS J101015.9-311909
1ES 1440+122
H 2356-309
VER J0648+152
1ES 1218+304
1ES 1101-232
RBS 0413
PKS-0447-439
1ES 1011+496
1ES 0414+009
S5 0716+714
1ES 0502+675
4C 21.35
3C 66A
3C 279

Radio
SB
SB
Radio
Radio
Radio
HBL
HBL
HBL
HBL
HBL
LBL
LBL
HBL
IBL
HBL
HBL
HBL
HBL
IBL
HBL
HBL
IBL
HBL
HBL
HBL
HBL
HBL
HBL
HBL
HBL
LBL
HBL
FSRQ
IBL
FSRQ

0.0008
0.00085
0.00093
0.0036
0.018
0.0188
0.031
0.034
0.044
0.046
0.047
0.048
0.069
0.071
0.103
0.116
0.119
0.125
0.129
0.13k
0.137
0.143
0.163
0.165
0.179
0.184
0.186
0.19
0.205
0.212
0.287
0.31
0.416|
0.43
0.44|
0.536

2.76 ± 0.05
2.2 ± 0.2
1.95 ± 0.4
2.17 ± 0.07
2.00 ± 0.02
2.10 ± 0.19
1.77 ± 0.01
1.74 ± 0.03
1.72 ± 0.08
1.74 ± 0.08
1.94 ± 0.03
2.05 ± 0.04
2.11 ± 0.04
1.78 ± 0.05
2.02 ± 0.03
1.84 ± 0.02
1.84 ± 0.11
1.53 ± 0.12
1.32 ± 0.12
2.02 ± 0.02
1.94 ± 0.06
2.24 ± 0.14
1.41 ± 0.18
1.89 ± 0.17
1.74 ± 0.11
1.71 ± 0.07
1.80 ± 0.21
1.55 ± 0.11
1.86 ± 0.02
1.72 ± 0.04
1.98 ± 0.16
2.01 ± 0.02
1.49 ± 0.07
2.12 ± 0.02
1.85 ± 0.02
2.22 ± 0.02

2.7 ± 0.5
2.5 ± 0.6
2.24 ± 0.14
2.5 ± 0.2
3.96 ± 0.37
2.0 ± 0.14
2.48 ± 0.03w
2.51 ± 0.05M
2.78 ± 0.09M
3.3 ± 0.70
2.72 ± 0.14
2.5 ± 0.2
3.6 ± 0.5
4.0 ± 0.4
3.81 ± 0.35
3.53 ± 0.05
3.2 ± 0.5
2.69 ± 0.26
3.50 ± 0.35
2.99 ± 0.15
3.6 ± 1.0
3.14 ± 0.53
3.3 ± 0.7
3.09 ± 0.24
4.4 ± 0.8
3.07 ± 0.09
2.88 ± 0.17
3.18 ± 0.68
4.36 ± 0.49
4.0 ± 0.50
3.44 ± 0.27
3.45 ± 0.54
3.92 ± 0.35
3.75 ± 0.27
4.1 ± 0.4
3.03 ± 0.9

0.2–5
0.7–4
0.3–50
0.2–10
0.1–0.3
0.1–7
0.1–5
0.1–10
0.3–2
0.2–1
0.2–2
0.3–2
0.2–1
0.2–2
0.3–1
0.4–5
0.2–1
0.3–4.6
0.3–10
0.1–1
0.3–0.7
0.3–1
0.3–1
0.3–2
0.3–0.8
0.2–2
0.16–3.3
0.25–1
0.25–1
0.25–0.6
0.25–1.2
0.25–1.2
0.25–1
0.07–0.4
0.22–0.45
0.1–0.35

[1,25]
[6,13]
[6], [10, for the H.E.S.S. Collaboration]
[24,52,15,32]
[4,127]
[188,41,24]
[8]
[3]
[24,17]
[24,35]
[24,36]
[24,71]
[24,37]
[24,26]
[24,22]
[24,30]
[24,53]
[24,14]
[24,198]
[24,74]
[24,12]
[24,71]
[24,50]
[24,31]
[24,95]
[24,21]
[24,31]
[24,68]
[24,243]
[24,38]
[24,236]
[24,44]
[24,51]
[24,42]
[24,19]
[24,43]

Spectrum shows variations.
Redshift uncertain.
Spectrum is not well fit by a powerlaw.
Redshift recently given by Abdo et al. <ArXiV:1108.1420v1>, different redshift was considered viable by Colin et al. [74].

break moves to lower energies, and DCGeV becomes more negative.
The detailed redshift dependence of DCGeV reflects the evolution of
the spectrum and proper photon number density of the EBL with
redshift (see Section 7).
Fig. 5 also shows that there is significant scatter in DCGeV at any
given redshift. This suggests that some sources have considerable
intrinsic hardening/softening in their spectra. Indeed, observations
show that sources exhibit a wide range of spectral trends, i.e., spectral softening (3C 279, PKS 1510-08) and spectral hardening (1ES
0502+675) in the GeV regime [5], while the spectra of other blazars
(Mrk 421 [8] and Mrk 501 [3]) extend without any cutoff to
300 GeV [6], or multi-TeV energies [145], depending on the flaring
state of the source. A lower limit in the scatter of DCGeV at a given
redshift may suggest the combined effects of intrinsic spectral softening of the source spectrum and the effects of EBL absorption. An
upper limit in the scatter may simply indicate that the break in the
spectral index is only created by EBL attenuation.
Disentangling intrinsic spectral softening from the effects
caused by the EBL is complicated, and requires a clear understanding of the physical processes that cause the intrinsic softening or
hardening (which is very rare) between the GeV and TeV energy regions of the source spectrum.
Multiwavelength observations are required to solve this
problem. Such observations will provide conclusive tests of nonthermal c-ray emission models, and constitute an important step
towards achieving the ultimate goal of using the radio–optical–
X-ray and low energy c-ray spectra as a predictor for the TeV

spectrum. The application of this approach to different source classes, i.e., blazars, radio galaxies and starburst galaxies could provide
additional redundancy to help constrain the EBL.
The current constraints on the UV/optical to mid-IR regions of
the EBL have come predominantly from studies of blazars, since
the vast majority of the extragalactic GeV/TeV c-ray sources are
FSRQs and BL Lacs. AGN population studies with Fermi reveal only
a small number of non-blazar AGNs [24]. Consequently, we will focus in the following sections on EBL limits that were derived from
studies of blazar spectra, which have already provided important
limits on the near- to mid-IR spectra of the EBL.

3.3. Phenomenology of blazar spectra and models for TeV c-ray
production
The non-thermal emission spectra of blazars generally exhibit
two emission peaks in mF m , the power emitted per unit logarithmic
photon energy (see Fig. 6, [8]). The peak in the radio–UV–X-ray
waveband is unequivocally attributed to synchrotron radiation
that is produced by ultra-relativistic electrons. The second peak, located at X-rays or c-ray energies, is commonly believed to stem
from soft photons that were upscattered by the inverse Compton
process to X- and c-ray energies by the very same electrons
responsible for the synchrotron emission. This mechanism for
creating the second peak is often referred to as the synchrotronself-Compton (SSC) mechanism. If the second peak includes
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Fig. 5. The difference between CGeV , the spectral index at GeV (Fermi) energies, and
CTeV , the energy spectral index in the TeV regime (H.E.S.S, MAGIC, VERITAS) is
shown as a function of their redshift. Red squares (radio galaxies), red stars
(starburst galaxies), empty circles (HBLs, high-frequency peaked BL Lacs), blue
downward triangles (intermediate-frequency peaked BL Lacs), filled circles (LBLs,
low-frequency peaked BL Lacs), red upward triangles (FSRQs, flat spectrum radio
quasars) indicate the different types of c-ray sources. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. The SED of Mrk 421 depicts the synchrotron peak at X-ray energies, and the
inverse Compton peak at TeV energies. The figure was taken from Abdo et al. [8,
Fig. 11].

upscattered photons drawn from other ambient radiation fields the
mechanism is called the external-Compton (EC) mechanism.
Alternatively, the second emission peak can be produced by a
hadronic jet containing a significant amount of energy in ultrahigh-energy (UHE) protons that subsequently interact with soft
photons via p þ c ! p0 ; p" ; . . . interactions. The pions decay giving
rise to c-rays, electrons, muons, and neutrinos. The strong magnetic fields required to collimate the hadronic jets also lead to
the generation of considerable synchrotron radiation by protons
and charged leptons in the pair cascade. The electrons from the
pair cascade contribute to the lower energy synchrotron peak,
whereas the muons together with the secondary photons from
neutral pion decay contribute to the higher energy c-ray peak.
For a recent review of blazar models see [64,77].

BL Lacs are classified loosely by their synchrotron peak position.
They are referred to as low-frequency peaked BL Lacs (LBLs) if their
synchrotron peak is at 1013 6 mpeak 6 1014 Hz; as intermediate-frequency peaked BL Lacs (IBLs) if 1015 6 mpeak 6 1016 Hz; and as
high-frequency peaked BL Lacs (HBLs) if mpeak P 1017 Hz [189].
The corresponding c-ray peak follows a similar pattern, with the
peak energy progressively shifting towards higher energy as the
synchrotron peak shifts to higher frequencies. LBLs peak at a few
GeV (similar to FSQRs), IBLs in the tens of GeV, and HBLs generally
peak beyond 100 GeV.
As the c-ray peak is found at increasingly higher energy, its
luminosity also decreases relative to that of the synchrotron peak,
a trend often referred to as the Fossati blazar sequence, [105]. As a
result, the multiwavelength spectra of FSRQs and LBLs exhibit a
prominent and large c-ray luminosity, whereas in IBLs and in particularly HBLs, the c-ray peak is typically dwarfed by the synchrotron emission. This makes both FSRQs and BL Lacs very useful and
complementary for EBL studies. FSRQs are extremely bright in the
GeV regime and despite their low peak energy, some are still
detectable in the sub-TeV regime with atmospheric Cherenkov
telescopes. They are thus becoming increasingly useful for EBL constraints in the UV/optical/near-IR. HBLs are at the other extreme,
their c-ray peak can extend well into the multi-TeV regime, while
their c-ray to synchrotron luminosity ratio is much smaller. However, during strong flares some HBLs have been found to show a cray dominated spectral energy distribution. They are therefore useful for constraining the EBL at near- to mid-IR wavelengths.
In general, HBLs can be well described by basic SSC models
where the ultrarelativistic electrons and their target photons are
closely linked via synchrotron radiation. IBLs are better described
by external Compton (EC) models, that include a strong ambient
photon field external to the blazar jet, thereby providing additional
target photons for IC scattering [20]. FSRQs, such as 3C 279, are difficult to fit with either model and may require the addition of a hadronic component.
The detailed fitting of blazar spectra with models requires
extensive multiwavelength monitoring including optical, X-ray,
and c-rays. Results from such multi-wavelength campaigns carry
the potential to reduce the spread in the DCGeV ðzÞ relation in
Fig. 5. While numerous successful multiwavelength campaigns
have been reported in the literature [3,8,40,104,11], the unequivocal interpretation of the spectral energy distributions with a clear
prediction for the intrinsic TeV spectrum has not been possible.
In spite of the fact that blazar spectra are complex, it is possible
to set limits on the behavior of their GeV/TeV spectra that are
based on fundamental physical limits imposed by energy losses
in the particle acceleration and radiation processes. The most
prominent limitation is the maximum hardness of the c-ray spectrum which provides an important constraint on the EBL. The energy spectrum of electrons produced in models of diffusive shock
acceleration in blazar jets [168], strongly constrains the hardness
of the resulting c-ray spectra produced in SSC and EC models, limiting their power law index to values larger than C % 1:5.
Even spectra that obey this limit are difficult to produce at higher energies where the Klein–Nishina effect softens the energy spectra substantially. The detection of relatively hard TeV spectra of
blazars with redshift %0.1–0.2 therefore came as a surprise, since
the absorption corrected spectra are already reaching the C % 1:5
limit for the minimal EBL imposed by the IGL [31,161,146,24,2].
To which extent a problem of hard TeV spectra persists depends
on the theoretical scenarios invoked to explain these spectra. A
solution to the problem was proposed by Katarzyński et al. [140].
In their model, a high low-energy cutoff in the electron distribution
could give the appearance of a hard c-ray spectrum for a given energy regime. Other ideas by Aharonian et al. [34] show that c–c
absorption in the source due to narrow band emission from the
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AGN could lead to unusually hard TeV spectra. The emission produced by proton synchrotron radiation [28,242] combined with
internal absorption at lower energies has been shown to produce
spectra that exceed the hardness achievable by diffusive shock
acceleration. Other explanations avoid substantial EBL absorption
by introducing axion-like particles that couple with photons in
intergalactic magnetic fields thus reducing the c-ray opacity of
the universe substantially [210]. Mechanisms that would substantially weaken EBL limits derived from c-ray observations are discussed in Section 8.
3.4. Unphysical blazar spectra
In spite of the difficulties and the complexity associated with
modeling the intrinsic c-ray spectra of blazars, models generally
predict a common feature of blazar spectra: they follow a power
law with curvature and/or exponential cutoff and overall can be
described by a concave shape (curvature in energy flux is downward rather than upward). This means that any absorption corrected c-ray spectrum showing an exponential rise cannot
represent a physical source spectrum, and must have its origin in
an over-correction for EBL absorption.1
The relation between the intrinsic, ðdN=dEÞint , and observed,
ðdN=dEÞobs , blazar spectrum is given by:

! "
! "
dN
dN
¼
escc ðEc ;zÞ
dE int
dE obs

ð11Þ

The equation illustrates that an overestimate of the c–c opacity will
lead to an exponential rise in the inferred intrinsic spectrum of the
blazar. Such exponential rise is unphysical. It runs contrary to our basic understanding of blazar models, and is absent in the c-ray spectra
of blazars at energies below 10 GeV [2]. This behavior can therefore
be used to exclude EBL models with optical depths that will result
in an exponential rise in the corrected blazar spectrum [119,90].
Similarly, EBL scenarios can lead to an absorption correction for
which the reconstructed intrinsic spectra follow a power law with
an extremely hard spectral slope. Additional constraints can be derived from the spectral slope itself, however these are model
dependent. EBL models leading to slopes of C < 1:5 for the intrinsic
spectrum, have been rejected by Aharonian et al. [31] on the basis
of the diffuse shock acceleration model. Caveats to this approach
have
been
extensively
discussed
in
the
literature
[225,140,65,34,146,158,242], and while some extreme blazars
may exhibit harder spectra with C < 1:5, most GeV energy spectra
of blazars obey the C ¼ 1:5 limit, with few exceptions [24].
These general constraints on the hardness of the intrinsic blazar
spectra have been used to derive constraints on the EBL by using
few individual objects [90,31], and by using samples of blazars
[180,182,192].
4. The extragalactic background light I: measurements and
limits
4.1. Spectral measurements and limits
The specific intensity of the EBL is usually presented in units of
nW m$2 sr$1. The conversion between these units and others that
are sometimes used in the literature is given by:
1

This assumes that no other external effects such as pileups due to pair halos are
playing a major role in the modification of blazar spectra. The production of pair halos
would require a magnetic field intensity between 10$7 and 10$12 G, sufficiently large
so that electrons are isotropized, and sufficiently small so that IC losses exceed
synchrotron losses. Instead of a power law with a curvature term, a power law with
an exponential cutoff, or a broken power law are also consistent with the above
statement.

m Im ðkÞ ½nW m$2 sr$1 & ¼

3000
Im ðkÞ ½MJy sr$1 &
k ðlmÞ

ð12Þ

The EBL intensity can be determined in several ways. The first
consists of direct measurements, a method that poses considerable
technical and astronomical challenges. Technically, it requires the
absolute calibration of the instruments, and the understanding
and removal of all measurement uncertainties. Astronomically, it
requires the removal of strong foreground emission from interplanetary dust particles (the zodiacal light, ZL) and from stellar
and interstellar emission components in the Milky Way. A thorough review of the challenges in determining the EBL was presented by Hauser and Dwek [124].
A strict lower limit to the EBL intensity can be obtained by adding the light emitted by resolved galaxies. In principle, the integrated galaxy light (IGL) can converge to the total intensity of
the EBL. A necessary condition for convergence is that the spectral
index a of the differential galaxy number count versus flux S,
dN=dS ' S$a , becomes smaller than 2 at lower fluxes, so that the
R
total integrated intensity, S2 ðdN=dSÞ dS, is finite. At short wavelengths the intensity of the IGL is limited by the sensitivity of
the survey. However, even in deep surveys the convergence of
the IGL does not ensure the measurement of the total EBL intensity, since the low surface brightness regions of galaxies may be
missed in standard aperture photometry [55,161]. Furthermore, a
truly diffuse background will always remain undetected in such
surveys.
At longer wavelengths and large beam sizes, unresolved galaxies become a source of confusion, limiting the depth of the survey.
Below a certain flux (the confusion limiting flux) individual sources
become indistinguishable from the variation in the sky brightness
caused by statistical fluctuations in the number of faint resolved or
unresolved sources ([80] and references therein). These limitations
can be partially circumvented by stacking analysis. Stacking of
astronomical images of sources detected at one wavelength enhances their signal relative to the random background fluctuations
at some other wavelength (e.g. [79]). The integrated light obtained
by this method is thus closer to the EBL intensity than that obtained by integration down to the confusion limit.
Finally, given a model for dN=dS, one can extrapolate the differential source count to very faint fluxes, and evaluate the sensitivity
of the integrated intensity to the lower flux limit and functional
shape of the extrapolation.
Tables 3–5 list measurements and limits on the EBL intensity
derived by the different methods described above with the different satellites, balloons, and ground observatories. Select measurements were used to define the gray area in Fig. 7. Absolute
measurements and their 1r uncertainties were used to define
the upper limits on the EBL. The integrated light from resolved galaxies and their 1r uncertainty was used to define the lower limit
on the EBL. Lower limits derived from stacking analysis were used
when available. At 140 lm the DIRBE detection with the FIRAS calibration [123], and at longer wavelengths the FIRAS detections by
Fixsen et al. [101] were used to define the limits on the EBL. The
measurements used to define the upper and lower limits on the
EBL are shown as bold entries in Tables 3–5. The figure shows that
the EBL is poorly determined in the '5–60 lm wavelength region,
where the foreground emission from the interplanetary dust cloud
is strongest [142].
4.2. Integral constraints on the EBL intensity
The total EBL intensity per unit solid angle is given by:

IEBL ¼

% %
# c $Z 1
% dt % dz
LðzÞ%% %%
4p 0
dz 1 þ z

ð13Þ
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Table 3
Limits and detection of the extragalactic background light (EBL).a
k (lm)

0.1530
0.1595
0.2
0.2310
0.2365
0.30
0.36
0.40
0.44
0.45
0.5115
0.55
0.61
0.64
0.67
0.81
0.814
1.1
1.25

m Im (nW m'2 sr'1)
IGL

EXT

0:68 ( 0:10
3:75 ( 1:25
0:6
0:99 ( 0:15

1:03 ( 0:15

2:7 ( 0:3

3:7 ( 0:7

3:6þ0:7
'0:5

2:9þ0:6
'0:4
4:6þ0:7
'0:5

2.12
2.2

Reference

Galex
HST/STIS
FOCA/balloon
Galex
HST/WFPC2

[240]
[113]
[184]
[240]
[113]

18 ( 12

HST/WFPC2
HST+ground
HST+ground

[54]
[232]
[167]

< 36 ð26 ( 10)
7:9 ( 4:0

dark cloud
Pioneer 10/11
HST+ground

[178,159]
[176]
[167]

HST+ground
ground
HST/WFPC2
HST+ground
Pioneer 10/11
HST+ground

[232]
[84,159]
[54]
[232]
[176]
[167]

2:25 ( 0:32

4:4 ( 0:4

6:1 ( 1:8

6:0 ( 0:6

7:4 ( 1:5

þ1:3
6:7'0:9

< 39 ð30 ( 9Þ
55 ( 27
7:7 ( 5:8

HST+ground

[167]

HST+ground
HST/WFPC2
HST+ground

[232]
[54]
[167]

21 ( 15
54 ( 17

COBE/DIRBE
COBE/DIRBE
HST+ground
Subaru

[162]
[69]
[232]
[141]

#60–15

IRTS
HST+ground

[174]
[167]

11:5þ4:5
'1:5

Subaru

[141]

Subaru

[141]

þ2:0
7:9'1:2
8:3 ( 0:8

HST+ground

[167]

20 ( 6
28 ( 7
13:3 ( 2:8
13:8 ( 3a

HST+ground
COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
Spitzer/IRAC
Spitzer/IRAC

[232]
[162]
[69]
[162]
[86]
[96]
[161]

22 ( 12

Spitzer/IRAC
COBE/DIRBE
Spitzer/IRAC
Spitzer/IRAC

[96]
[45]
[96]
[96]

þ1:6
8:0'0:9
8:1 ( 0:8

9:3 ( 1:6

þ3:0
9:7'1:9

10:9 ( 1:1
1.4–4
1.6

Comment
ABS

11:7þ5:6
'2:6

11:5 ( 1:3

þ2:6
9:0'1:7

57 ( 32

10:0þ2:8
'0:8

9:0 ( 1:2

3.5
3.6

5.4

4.5
4.9
5.8
8.0

3.5

þ1:7
9:0'0:9

3.6
2.6

ABS = absolute measurement; IGL = integrated galactic light; STK = lower limits from stacking analysis; EXT = extrapolated intensity from dN=dS.
a
Calculated for a 2.2 lm intensity of 20.0 nW m'2 sr'1 and the Kelsall et al. [142] ZL model.

where LðzÞ is the luminosity
density in a comoving volume element
!dt !
! is given by Eq. (3).
at redshift z, and !dz
The comoving luminosity density is dominated by the radiative
output from stars. On a galactic scale, an AGN can dominate the
optical to IR output of a galaxy, however, on a global scale AGN
make only a small contribution to the total energy releases in the
universe. AGN make up most of the X-ray background [186,83],
and a significant fraction of the cosmic radio background [89].
However, they make only a small contribution to the total IR background. Accretion onto a central black hole releases about 10% of
the rest mass energy of the accreted matter, significantly more
than the 0.7% released in nuclear processes. However, the mass
locked up in BH is only #0.6% of that in stellar objects. Rest frame
color–color diagrams generated from Spitzer IRAC and MIPS observations covering the 3.6, 4.5, 5.8, 8.0, 24, and 70 lm bands, of
radio-detected submillimeter-selected galaxies with spectroscopic
redshifts show that AGN constitute a small fraction, between 13%
and 19%, of the sample dominating its mid-IR spectrum [122]. So
with these limits in mind, the total comoving luminosity density
can be considered a direct measure of the cosmic star formation
rate (CSFR) at a given redshift.

Fig. 8 presents the redshift dependence of the CSFR, W(z), as
determined from UV–optical emission lines, [O II], [O III], Lya, Ha,
Hb, and from mid-IR, submillimeter, and radio observations
[166,130,183]. The data in the figure were taken from the compilation of Michałowski et al. [183], who used the standard KCDM
parameters to calculate volume densities and the Kennicutt [143]
law with a Salpeter stellar initial mass function (IMF) to convert
luminosity densities to star formation rates. The two red lines represent a broken power law approximation to the upper and lower
limits lines of the observations. For consistency with the observational determination of the CSFR, the CSFR was converted to a bolometric intensity using the Salpeter IMF and a starburst age of
100 Myr: Lbol ¼ 7:5 % 109 W M& yr'1 [93]. The integrated intensity
of the CSFR is then bounded by:

IEBL ¼ 21—66 nW m'2 sr'1

ð14Þ

Table 6 presents the current limits on the EBL intensity,
separated into its stellar and dust components, and compares
them to those predicted by the various EBL models presented
in Section 5.
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Table 4
Limits and detection of the extragalactic background light (EBL).
k (lm)

m Im (nW m$2 sr$1)
IGL

STK

EXT

Comment

Reference

ABS

15

2:4 % 0:5
2:7 % 0:6
1:9 % 0:5

ISO/ISOCAM
ISO/ISOCAM
Akari

[94]
[181]
[131]

16

2:2 % 0:2

Spitzer

[230]

Spitzer/MIPS

[194]

Spitzer/MIPS
Spitzer/MIPS

[72]
[58]

24

1:9 % 0:6

2:7þ1:1
$0:7
2:0 % 0:2

1:8 % 0:2
2:29 % 0:09

2:86þ0:19
$0:16

60

28:1 % 1:8 % 7

COBE/DIRBE

[97]

65

12:5 % 1:4 % 9:2

Akari

[177]

Spitzer/MIPS
Herschel/PACS
Spitzer/MIPS

[108]
[79]
[58]

Herschel/PACS

[57]

22:3 % 1:7 % 4:7

Akari

[177]

< 34 ð22 % 6Þ
12:5 % 5
24:6 % 2:5 % 8
23:4 % 6:3
14:4 % 6:0

COBE/DIRBE (D, KZL)
COBE/DIRBE (D, WZL)
COBE/DIRBE
COBE/DIRBE (D, KZL)
DIRBE (F, WZL)
Herschel/PACS
Spitzer/MIPS

[123]
[239]
[97]
[154]
[79]
[56]
[197]

70
5:4 % 0:4

7:1 % 1:0

4:52 % 1:18

7:4 % 1:9
6:6þ0:7
$0:6

90
100

8:35 % 0:95

9:4 % 1:1

140

4.3. Constraints on the EBL from fluctuation measurements
Most of the EBL is generated by discrete galactic or primordial
stellar sources. Fluctuations in their number and their clustering
properties will give rise to spatial fluctuations in the EBL intensity.
Studies of the optical region of the EBL via the fluctuations method
were first conducted by Shectman [216,217], and of the near-IR region using the COBE/DIRBE data by Kashlinsky et al. [139]. The fluctuations do not provide a direct measurement of the EBL intensity.
The derivation of the EBL intensity from these measurements will
require detailed knowledge of the galaxy source counts, their luminosity function, and their clustering properties as a function of redshift. However, spatial fluctuations in the EBL provide a different
means of setting limits on its intensity. Fluctuation measurements
of the EBL do not require absolute measurements of its intensity,
since the removal of foreground emission components is done on
the basis of their distinct spatial properties rather than their absolute intensities. At IR wavelengths, these fluctuations can have a
spatial signal that is distinctly different from that generated by
the interplanetary dust cloud or by interstellar dust. After the removal of all known resolved sources, any residual fluctuations will
measure the EBL contribution from sources that may represent a
yet unknown or unresolved population of stars or galaxies. Recent
fluctuation measurements in the Spitzer 3.6 and 4.5 lm bands
[138] show that they are in excess of those that can be attributed
to known galaxy populations [126], suggesting an origin in a very
faint, yet unknown, population of highly clustered sources. More
details and references on the use of fluctuations analysis to constrain the EBL intensity can be found in [124,137].

6:6 % 1:8 % 2:1
25:0 % 6:9
15:0 % 5:9
32 % 13
24:2 % 11:6
22 % 7
20:1 % 3:4 % 1:1
12:4 % 6:9
12:6 % 6:0

COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
Akari
COBE/DIRBE
COBE/FIRAS

(D, KZL)
(F, KZL)
(D, KZL)
(D, WZL)
(F, WZL)

[123]
[190]
[213]
[154]
[239]
[177]
[79]
[101]

EBL fluctuations at far-IR wavelengths were detected at 170 lm
([155], ISO data), at 160 lm ([152], Spitzer data) and by Shang et al.
[215], using the Planck data. Fluctuation measurements and EBL
colors have been used by Pénin et al. [197] to derive limits on
the EBL at 100 and 160 lm (see Tables 4 and 5).

5. The extragalactic background light II: models
The EBL intensity only provides an integral constraint on all the
radiative energy releases over cosmic time. In a dust-free universe,
it represents the cumulative intrinsic stellar and AGN spectra. The
EBL intensity and spectral shape depends then on the star formation history, the stellar initial mass function, the evolution of metallicity, the energy released by AGN, and the relative importance of
energy releases by nuclear and gravitational processes. In a dusty
universe, the comoving luminosity density, LðzÞ, and total EBL
intensity, IEBL remain unchanged, however the energy is redistributed by absorption and reemission processes over a large spectral
range. The resulting spectrum depends on many factors, ranging
from the size distribution, composition, and optical properties of
the dust grains, the evolution of their abundance and properties
over time, and on the morphology of the galaxy which determines
the spatial distribution of the dust relative to the radiative sources.
Several distinct approaches have been used to model the intensity and spectral distribution of the EBL at z ¼ 0. They all represent
different approaches for calculating the evolution of Lm ðk; zÞ with
redshift (see Eq. (2)). Backward evolution models start from the
local determination of Lm ðk; z ¼ 0Þ, evolving it with redshift using
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Table 5
Limits and detection of the extragalactic background light (EBL).
k (lm)

m Im (nW m#2 sr#1)
IGL

160

240

11:4 $ 0:7

þ7:1
14:6#2:9

19:1 $ 5:6 $ 5:3

250
0:24þ0:18
#0:13
1:73 $ 0:33
1:55 $ 0:30
350
þ0:05
0:06#0:04
0:63 $ 0:18
0:77 $ 0:16

500
þ0:01
0:01#0:01
0:15 $ 0:07
0:14 $ 0:03

850

EXT

13:4 $ 1:7
9:49 $ 0:59
8:9 $ 1:1

170

STK

8:6 $ 0:6

Reference

13:7 $ 3:9 $ 0:8

Herschel/PACS
Akari
Herschel/PACS
Spitzer/MIPS

[79]
[177]
[56]
[58]

14:4 $ 0:8 $ 2:3
13:7 $ 6:1

Spitzer/MIPS
COBE/FIRAS

[197]
[101]

13:6 $ 2:5
13 $ 2:5
12:7 $ 1:6
17 $ 4
11:0 $ 6:9
12:3 $ 2:5
10:9 $ 4:3

COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
COBE/DIRBE
COBE/FIRAS

þ2:5
5:0#2:6

7:40 $ 1:42

þ2:60
10:13#2:33

4:93 $ 0:34

10:3 $ 4:0

þ1:8
2:8#2:0

4:50 $ 0:90

þ1:74
6:46#1:57

2:27 $ 0:20

5:6 $ 2:1

þ2:1
1:4#1:3

1:54 $ 0:34

2:80þ0:93
#0:81

0:12 $ 0:03
0:24 $ 0:03

200–1000
a

Comment
ABS

a ¼ ð1:3$ ¼ 0:4Þ ' 10#5 ; k ¼ 0:64 $ 0:12; T ¼ ð18:5 $ 1:2Þ K; k0 ¼ 100 lm.

Fig. 7. Limits on the EBL intensity. Lower limits (blue squares) are determined by
the intensity of the IGL. Upper limits (red circles) are determined by absolute
measurements of the EBL. The data used in the figure are listed in Tables 3–5 in
bold. The shaded area depicts the range of the allowed EBL intensity as determined
by UV to sub millimeter observations. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

observed galaxy number counts at different wavelengths. Forward
evolution models use the CSFR to determine Lm ðk; zÞ as a function
of redshift, and population synthesis and radiative transfer models

2:4 $ 0:9

0:5 $ 0:21
a

!k "k
0

k

mBm ðTÞ a

ISOPHOT

[135]
(D, KZL)
(D, WZL)
(F, KZL)
(D, KZL)
(F, WZL)

[123]
[239]
[190]
[213]
[154]
[79]
[101]

BLAST
BLAST

[173]
[59]

Herschel/SPIRE
Herschel/SPIRE

[191]
[60]

FIRAS

[101]

BLAST
BLAST

[173]
[59]

Herschel/SPIRE
Herschel/SPIRE

[191]
[60]

FIRAS

[101]

BLAST
BLAST

[173]
[59]

Herschel/SPIRE
Herschel/SPIRE

[191]
[60]

FIRAS

[101]

SCUBA
SCUBA
COBE/FIRAS

[76]
[244]
[101]

FIRAS

[101]

Fig. 8. A compilation of the cosmic star formation rate as inferred from UV, Ha, midIR, submillimeter, radio, and Lya observations. Lower limits were excluded from the
figure. The red curves are analytical approximations representing the upper and
lower limits to the CSFR. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

to determine the distribution of the energy over wavelengths.
Cosmic chemical evolution models are similar to previous models,
except that their system is the universe as a whole. Semi-analytic
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Table 6
Total EBL intensity of different models (nW m&2 sr&1).

a
b
c
d

Model

Starsa

Dustb

Total

Franceschini et al. [107]
Domínguez et al. [81]
Gilmore et al. [117]
Mazin and Raue [180]
Finke et al. [99]
Stecker et al. [228]
Observationsc
From CSFRd

25
25
25
30
27
61
23–93
–

40
44
23
26
20
35
20–110
–

65
69
48
56
47
96
42–202
21–66

Integrated intensity from 0.1 to 10 lm.
Integrated in tensity from 10 to 1000 lm.
From limits and detections of the EBL (Fig. 7).
Total integrated intensity inferred from the CSFR (Fig. 8).

models calculate Lm ðk; zÞ by including the appropriate physical processes in a more general model for the formation and evolution of
structure in the universe. In the following we discuss these different models in somewhat more detail. For a more extensive discussion and description we refer the reader to the review by Hauser
and Dwek [124].
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Evolution in the LF can also be modeled by evolving the relative
number of the different type galaxies: quiescent star forming
galaxies, starbursts, AGNs, and ellipticals with redshift
[206,207,153,81], or by simply evolving the relative number of
ultraluminous infrared galaxies (ULIRGs), characterized by IR
luminosities in excess of $1012 L%, relative to the rest of the galaxy
population (e.g. [73]). Having determined the evolution of the
spectral luminosity density with redshift, the EBL is obtained by
a simple integration of Lm ðk; zÞ over redshift.
Helgason and Kashlinsky [125] adopted a more empirical approach than standard BE models, using number-count derived
luminosity functions at UV (0.1 lm) to mid-IR (25 lm) bands, to
construct the luminosity density, Lm ðk; zÞ, as a function of redshift.
BE models are relatively simple, and their predictions can be
easily compared to observed galaxy number counts, their magnitude-color and magnitude number density relations, and their redshift distribution. They are only loosely constrained by physical
processes. The predicted dependence of the comoving bolometric
luminosity density with redshift should be consistent with that inferred from limits and observations of the cosmic star formation
rate.

5.1. Backward evolution (BE) models
5.2. Forward evolution (FE) models
BE models start with the construction of a library of the galactic
spectral energy distributions (SEDs) representing those of galaxies
in the local universe and evolve them back in time in order to fit
observed number counts. The EBL intensity and spectral shape is
used as an integral constraints on their evolution. The galaxies in
such library should represent the range of observed galactic morphologies (spiral elliptical, irregular) and activities (AGN, normal,
starburst, mergers) in the local universe. The SEDs of the galaxies
comprising such library should also satisfy observed statistical
properties of the ensemble of local galaxies, such as: the trend of
increasing S(60 lm)/S(100 lm) and decreasing S(12 lm)/
S(25 lm) flux ratios with increasing IR luminosities [220]; and
the number density of galaxies in the L þ dL luminosity interval,
represented by the luminosity function (LF), UðLÞdL.
Many functional forms have been adopted to characterize the
local LF. The most commonly one used at optical and near-IR wavelengths is the [212] LF. At wavelengths above $10 lm the galaxies’
SED is dominated by thermal emission from dust, and their LF cannot be adequately represented by the Schechter LF. Several distinct
functional forms have been used to characterize the LF in the different IR wavebands. They are usually characterized by three
parameters: a normalization parameter, UH , a characteristic luminosity, LH , that determined the transition point between the low
and high luminosity behavior of the L; and a power law index, a
that determines the behavior of the LF at low luminosities. A list
of references to the functional forms derived from the IRAS survey
can be found in [124]. Of those, the parameters of the Saunders
et al. [211] LF have been recently updated to fit the differential
24 lm number counts obtained by deep Spitzer surveys [205].
If neither the galaxies’ SED nor their comoving number density
evolved with time, the spectral luminosity density, Lm ðk; zÞ would
be independent of redshift. However, the recent deep surveys with
the Spitzer and Herschel satellites show strong evolution in number
counts, compared to predictions made with no evolution models
[156,205]. Evolution in the LF or, equivalently, the spectral luminosity density can be inferred directly from observations if the redshift of the sources is known, and their number counts are
complete (e.g. [205,85]). Alternatively, evolution in the LF can be
introduced by adding a redshift dependence, usually of the form
ð1 þ zÞc , to the basic parameters, UH , LH , and a, that characterize
the LF. The value of c is then derived by fitting model prediction
to the observed galaxy number counts in a given waveband.

FE models use the redshift dependence of the cosmic star formation rate (CSFR), inferred from a variety of wavebands and line
observation [166,130], as a starting point in their calculations. The
CSFR is determined from the UV–optical line and continuum, and
IR and radio emission in the various wavebands using statistically
determined conversion factors derived from galaxies in the local
universe [143,121]. Determination of the CSFR is complicated by
extinction effects at UV and optical wavelengths, and by the implicit assumption that the IR luminosity is powered by stars and representative of the total bolometric luminosity of the galaxies. Even
if the total bolometric luminosity of a given galaxy is determined,
its conversion to a star formation rate requires knowledge of the
stellar IMF, a poorly determined quantity at high redshifts, and
the duration of the starburst activity at each redshift. Once the
CSFR is determined, FE models use population synthesis models
such as PÉGASE [100], Starburst99 [160,67] or [172] to calculate
the stellar bolometric and spectral luminosity density as a function
of redshift.
The most difficult part of this approach is determining the fraction of starlight that is absorbed by dust, and the spectrum of the
reradiated IR emission. The SED of a galaxy can be determined with
radiative transfer models, such as GRASIL [218], DIRTY [118], or
DUSTY [187]. Alternatively, one can use a parametric approach in
which the fraction of UV–optical light absorbed by the dust, and
the reradiated infrared spectrum are statistically determined from
observations. EBL spectra derived from FE evolution models were
presented by Dwek et al. [87], Razzaque et al. [203], and Finke
et al. [99].
Population synthesis models, combined with simple radiative
transfer calculations, are useful for determining the UV to radio
SED of individual galaxies. However, the cosmological application
of such models assumes that star formation is a monolithic process, in which in all galaxies star formation commenced at the
same redshift and evolved quiescently until the current epoch.
The models do not allow for galaxy interactions, stochastic star
formation histories associated with merger events, or any morphological evolution of galaxies. Any discrepancies between
model predictions and galaxy number counts must be introduced in an ad hoc fashion by evolving the stellar IMF, or by
introducing a new population of galaxies at the appropriate
redshifts.
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5.3. Cosmic chemical evolution (CCE) models

5.5. Comparison of model predictions with observations

CCE models treat the universe as a closed system in which all
galaxies within a large comoving volume element are represented
by their basic ingredients: stars, interstellar gas, metallicity, and
radiation. Chemical evolution equations, analogous to those used
to follow the chemical evolution of the Galaxy (e.g.[46,231,193]),
are used to follow the evolution of the average stellar, gaseous,
and radiative contents in each comoving volume in a self consistent manner. CCE models were pioneered by Pei and Fall [195],
and most recently updated by Pei et al. [196]. Inputs parameters
for their model are the mean rest frame UV luminosity density as
a function of redshift, and the mass of the ISM gas as determined
from H I column densities derived from studies of quasar absorption lines through damped Lya systems. The decrease in the ISM
gas with redshift and the UV luminosity density were used to derive a solution for the evolution of the CSFR with redshift which
is consistent with that determined from the extinction-corrected
Ha, and with SCUBA 850 and ISO 15 lm surveys. Similar to FE models, population synthesis models were then used to calculate the
stellar SED at each redshift, and an LMC extinction law was
adopted to calculate the fraction of starlight absorbed by the dust.
A power-law distribution in dust temperature was used to calculate the spectrum of the reradiated IR emission. The model reproduced various observational constraints, including the comoving
rest-frame 0.44, 1.0, and 2.2 lm spectral luminosity densities in
the !0–2 redshift interval, the 12, 25, 60, and 100 lm local luminosity densities; and the mean abundance of metals in damped
Lya systems in the !0.4–3.5 redshift interval.

A detailed comparison of all model types with EBL limits and
observations was presented by Hauser and Dwek [124]. Here we
will represent mostly the models that have been developed since
then: BE models by Stecker and Scully [229], Franceschini et al.
[107], and Domínguez et al. [81]; The FE model of Finke et al.
[99]; and the SA model of Gilmore et al. [117]. Fig. 9 compares
the various models to the current limits and observations of the
EBL. In general, all models, except for the BE models of Stecker
et al. provide adequate fits to the EBL.

5.4. Semi-analytical (SA) models
SA models follow the formation and evolution of galaxies in a
cold dark matter Lambda dominated (KCDM) universe using the
cosmological parameters derived from the 5-year Wilkinson Microwave Anisotropy Probe (WMAP5) observations [128] as the initial
conditions. SA models then follow the growth and merger of dark
matter halos, and the emergence of galaxies which form as baryonic matter falls into the potential wells of these halos. The fate
of the infalling gas is determined by many different processes:
the formation of stars in a multiphase interstellar medium, AGN
and supernovae feedback processes that quench their formation,
the evolution of the stellar radiation field, the heating and cooling
of the interstellar medium and its chemical enrichment, the exchange of material with the intergalactic medium through infall
and galactic winds, and the growth of the central black hole. A
description of recent developments and references to previous
work can be found in [222]. Model prediction are compared to a
basic set of observational constraints such as the observed characteristics of galaxies: their morphology, colors, and spectral energy
distribution, and morphology; and their integrated cosmological
properties: their number counts and luminosity function in different wavebands and redshifts, their mass function, the cosmic star
formation rate, and the EBL generated by them. As in all EBL models, determination of the galaxies’ SED is complicated by the detailed microscopic and large scale parameters needed to calculate
the amount of starlight that is absorbed by dust, and the spectrum
of the reradiated emission. Recent SA models have combined the
models for galaxy formation with radiative transfer models to
determine the galaxies’ SED [103,102,222,241].
SA models are inherently complex, incorporating a large number of physical processes, some poorly known, to derive galaxy
properties. However, they are the most physically motivated models, and quite successful in reproducing a large number of observational constraints.

6. EBL constraints from c-ray observations of blazars
The attenuation of c-rays by the EBL can in principle be used to
determine the EBL intensity at wavelengths corresponding to the
c-ray observations. Neglecting the possible scattering or production of second generation c-ray photons along the line of sight to
the blazar, the intrinsic c-ray flux from the blazar, F Int ðEc Þ, can be
related to the observed one, F obs ðEc Þ by:

F obs ðEc Þ ¼ F Int ðEc Þ exp½&scc ðEc Þ'

ð15Þ

where the optical depth, scc , is given by Eq. (9). Determination of
the EBL assumes that all the attenuation is caused by interaction
with the EBL, instead of photons in or around the vicinity of the blazar. Furthermore, it requires knowledge of the intrinsic blazar spectrum. Assuming that all the attenuation is attributed to the EBL,
several upper limits have been derived on the EBL intensity by making various assumptions on the intrinsic blazar spectrum. The c-ray
derived EBL limits are compared to those derived from UV to sub
millimeter observations in Fig. 10, and described below.
Fixed power law: Early observations of the blazars Mrk 421 and
3C 279 suggested that their !GeV–TeV spectrum could be approximated by a single power law ([201,227], respectively). If so, then
any deviations of the observations from the extrapolated power
law to higher energies should be attributed to EBL attenuation.
Stecker and de Jager [226] derived an upper limits at 1–5 lm of
10 nW m&2 sr&1, assuming that a straight power law extrapolation
of the spectrum of Mrk 421 from GeV energies obtained from the
EGRET [163] with an index of C ¼ 1:96 ( 0:14 holds up to the
TeV regime, where the index was measured by the Whipple Collaboration to be C ¼ 2:25 ( 0:19. Biller et al. [61] included the statistical uncertainties of the GeV spectrum, and demonstrated vastly
different extrapolations with significantly higher upper limits,
thereby yielding conservative upper limit to the EBL in the
mid-IR at 10 lm.

Fig. 9. Models of the EBL are compared to observational limits on the EBL.
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Fig. 10. Limits on the EBL as determined from c-ray observations of blazars. Details
in text.

Strong flaring activity of Mrk 501 provided a well measured TeV
spectrum from 0.2 to 24 TeV [29,209,78]. Stanev and Franceschini
[224] calculated limits by fitting the energy spectrum of Mrk 501,
with a range of possible absorption scenarios assuming intrinsic
power law spectra and varying levels of EBL intensity by scaling
the lower limits from galaxy counts. This provided strong EBL limits in the near- and mid-IR. Funk et al. [110] followed a similar approach, except that they used an EBL model by MacMinn and
Primack [165] as the basis for scaling the EBL intensity, yielding
similar results in the mid-IR. Mannheim [171] argued that the
observed spectra would deviate from a power law, if the primary
c-ray spectrum were substantially attenuated by the EBL. An upper
limit in the mid-IR, based on this hypothesis and on an energy
spectrum of Mrk 501 from the HEGRA Collaboration, is also shown
in Fig. 10. Later on, Vassiliev [234] demonstrated that the absence
of deviations from a power law does not preclude the presence of
substantial absorption in the observed spectra.
The obvious drawback of the method is that the assumption of a
single power law for the intrinsic blazar spectrum does not hold
true over a wide range in energy. Blazar spectra generally exhibit
a concave c-ray peak over a sufficiently large energy range. Most
blazar spectra measured by Fermi or by Cherenkov telescopes can
be represented by a power law over the energy range covered by
the instrument.
Synchrotron self-Compton (SSC) spectrum: The SSC model is a
popular model explaining the existence of the two peaks in the blazar spectrum: the synchrotron peak at radio–UV–X-ray energies
and the inverse Compton (IC) peak at c-ray energies. The spectrum
of the IC peak can be modeled using parameters that produce the
synchrotron peak and the unabsorbed part (E < 10 GeV) of the IC
spectrum (see review by Dermer [77]).
Such models for the intrinsic blazar spectrum have been used
by Guy et al. [119] to determine the intensity of the EBL in the
1–5 lm and 20–80 lm wavelength region. They applied a multiwavelength fit to the X-ray and TeV data of Mrk 501 in the framework of a standard homogeneous SSC model to derive the level of
absorption present in the TeV spectrum. As a result, they obtained
an absolute upper limit on the EBL of 60 nW m!2 sr!1 and a most
likely value of 20 nW m!2 sr!1 at 1 lm. They also pointed out that
the lack of an absorption signature in the spectrum of Mrk 501, as
suggested by the HEGRA telescopes, does not necessarily imply a
lack of EBL absorption. They emphasized that in the transition region from the near-IR to the mid-IR EBL, the opacity could be
nearly constant. This is a consequence of the large width of c–c
cross section (see Fig. 2). So when rcc is convolved with the
number density of background photons, any strong wavelength
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variations in the EBL are smoothed out. As a result, the observed
TeV spectrum at 1–10 TeV would corresponds to the intrinsic blazar spectrum since the observed spectrum is now described by
ðdN=dEÞint $ es with s a slowly varying function of energy.
The drawback of using c-ray emission models to constrain the
EBL is the uncertainty in the many parameters that determine
the IC spectrum. Furthermore, while HBLs generally can be well
fit by SSC models, IBLs require the inclusion of additional
ambient radiation fields that make a contribution to the c-ray IC
component.
Additional complications arise from the fact that basic one-zone
SSC models are not applicable for sources exhibiting ‘‘orphan
flares’’, where only the TeV flux is enhanced while the synchrotron
emission remains unchanged [144]. Finally, the biggest challenge
for the SSC/multi-wavelength approach to constraining the EBL is
to get simultaneous measurements for large sets of blazars.
The C > 1:5 limit on the hardness of the blazar spectrum: A more
relaxed assumption on the intrinsic blazar spectrum is that it cannot produce too many hard photons, so that the c-ray spectrum,
expressed as dN=dE % E!C cannot be flatter than one with
C ¼ 1:5 [168]. In the spirit of this limit to the spectral index, Renault et al. [204] explored a range of EBL scenarios based on measurements with the minimal assumptions that the intrinsic power of
Mrk 501 is concave, effectively requiring a decreasing energy flux
distribution above 4 TeV (C > 2:0). They derived an upper limit
of 5 nW m!2 sr!1 at 10 lm.
The strict assumption of C > 1:5, was used by Aharonian et al.
[31] to derive upper limits on the 1–5 lm on the EBL which are
close to the lower limits determined by the IGL, suggesting that
the EBL has been largely resolved at these wavelengths. A comprehensive study by Mazin and Raue [180] is based on eleven blazars
over a redshift range from 0.03 to 0.18, and explores a large number (8 million) of hypothetical EBL scenarios to set upper limits on
the EBL, again with the requirement that the source spectra cannot
be harder than C ¼ 1:5 or C ¼ 2=3. The lower value arises from the
extreme scenario of a mono-energetic energy distribution of ultrarelativistic electrons in which the resulting IC c-ray spectrum could
be as hard as c ¼ 2=3, leading to two conditional upper limits. The
first condition yielded limits that are slightly above that of Aharonian et al. [31]. The second, more relaxed condition, yielded limits
that were higher by about 30%.
The theoretical validity of a strict hardness limit of C > 1:5 has
been discussed by a number of authors, with no unanimous verdict
[140,225,65,34,158,242]. Observational evidence, e.g. [161], have
provided lower EBL limits from galaxy counts that are higher than
previous ones derived by Madau and Pozzetti [167]. If these new
limits are correct, they imply c-ray spectra that are slightly harder
than C ¼ 1:5 [146].
Unphysical exponential rise of the blazar spectrum: Less model
dependent, and therefore more robust limits on the hardness of
the intrinsic blazar spectra arise from the notion that an exponential increase of their luminosity with energy is unphysical. All current blazar models produce a concave spectrum, rendering
intrinsic blazars spectra with an exponential rise in energy flux
theoretically unfeasible. The paradigm of concave intrinsic energy
spectra was used by Dwek and Krennrich [90] to reject many different realization of the EBL. Furthermore, Dwek et al. [91] ruled
out the extragalactic origin of the near-IR sky brightness observed
by Matsumoto et al. [175], since it would lead to an exponential
rise in the spectrum of the blazar PKS 2155-304, which is ruled
out by observations [27]. An EBL spectrum close to the IGL limits
yielded a blazar spectrum consistent with the SSC model, suggesting that the EBL was mostly resolved at near-IR wavelengths
[91,88].
Spectral break analysis due to EBL spectrum: Orr et al. [192]
developed a novel approach to set limits on the EBL intensity by
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studying the effects of the spectral shape of the EBL on the sub- to
multi-TeV spectra of blazars. The c-ray opacity around 1 TeV is
sensitive to the EBL intensity at !1 lm (see Fig. 3). Its subsequent
energy dependence hinges on the rate at which the stellar UV,
optical, and near-IR emission decreases towards mid-IR wavelengths. The near- to mid-IR intensity ratio of the EBL determines
the relative !1–10 TeV opacity. This is illustrated in Fig. 4 which
shows the energy dependence of scc . A large near- to mid-IR ratio
in the EBL intensity would cause the c-ray opacity to be relatively
flat in the !1–10 TeV region, resulting in a hard c-ray spectrum.
Conversely, a low near- to mid-IR ratio would result in an increase
in the !10 TeV opacity relative to that at !1 TeV, resulting in a
softer blazar spectrum.
The spectral shape of the EBL in the !1–15 lm region can be related to the break DCTeV " Cð< 1 TeVÞ % Cð> 1 TeVÞ in the blazar
spectra. A study of 12 blazars spanning a redshift range from
0.03 to 0.186, showed a trend of increasing jDCTeV j with redshift
with a statistical significance of 3.6r [192]. This strongly suggests
that the trend is caused by EBL absorption, providing strong constraint on the near-IR to mid-IR EBL intensity ratio. Combined with
c-ray-derived upper limits on the EBL, Orr et al. [192] derived correlated constraints between the near-IR and mid-IR intensity ratio
of the EBL and the EBL intensity at mid-IR wavelengths.
c-Ray inverse Compton emission from radio lobes: A new method
for determining the local EBL intensity was described by Georganopoulos et al. [115]. The method relies on the detection of c-rays
produced by IC scattering of CMB and EBL photons off the relativistic electrons of the lobes of radio galaxies. Since the lobes have to
be clearly resolved with the c-ray telescope, the method is presently limited to the nearby radio galaxy Fornax A. With the normalization and maximum electron energy in the lobes
determined by their synchrotron spectra (measured by WMAP),
the c-ray spectrum of the lobes is determined by the intensity of
the radiation field in the radio lobes, which is dominated by the
CMB and EBL. The resulting c-ray spectrum comprises distinct contributions by the CMB and EBL photons: The CMB contribution
peaks at energies !40 MeV, while that of the EBL appears as an excess above steeply dropping CMB contribution at higher energies.
This excess emission is relatively flat, and extends to energies of
!50 GeV. Its magnitude provides a direct measurement of the
EBL intensity at mid- and far-IR wavelengths.
Combined c-ray limits: Fig. 11 shows select limits on the 1 and
10 lm EBL intensity derived from TeV observations. All limits were
adjusted to a common Hubble constant of 70 km s%1 Mpc%1. Strict
convergence of the different limits is not expected, since each limit
was derived from different assumptions on the intrinsic blazar
spectra and the EBL spectrum. The bold horizontal lines and the
[192] result represent the most recent constraints on the EBL. It

is important to emphasize that different methods were used, i.e.,
the C > 1:5 limit on the hardness of the blazar spectrum and the
spectral break analysis due to EBL spectrum, yet they reached similar conclusions.
In general, much improved upper limits are now available from
the observations with the new generation of atmospheric Cherenkov telescopes (H.E.S.S., MAGIC, VERITAS). Both the near-IR and the
mid-IR intensity levels are now constrained to much lower values
than was possible with early results from the first few TeV blazars,
and make only minimal assumptions on the intrinsic blazar
spectra. Extreme EBL scenarios, with 70 nW m%2 sr%1 at 1.5 lm,
as suggested by Matsumoto et al. [175] are clearly ruled out. Minimal assumptions on the blazar spectra such as the absence of
exponential rises or applying the C > 1:5 limit, reject such high
EBL intensities in the near-IR [91,31].
Mazin and Raue [180] provide upper limits that are comparable
to the former two in the near-IR, while in the mid-IR their upper
limits are much higher. For this work the spectrum of 1ES
0229+200, a blazar with a redshift of z ¼ 0:14 and a spectrum up
to 10 TeV was not available, while it is the basis for strong midIR limits in [30,192]. This emphasizes the importance of extending
the TeV energy spectra of distant (z P 0:1) blazars into the multiTeV regime, where c-rays reach their maximum cross-section with
photons in the mid-IR. Furthermore, energy spectra between
100 GeV and 10 TeV are sensitive to the spectral shape of the
EBL, thereby linking the upper limits in the near- and mid-IR; a given mid-IR intensity level combined with the EBL spectral shape
limits the range of near-IR EBL intensities, i.e., by excluding EBL
intensities that are either too high or too low in the near-IR based
on the spectral shape constraint.
There are now on the order of 30 extragalactic objects with
redshifts up to z ' 0:5 available for constraining the EBL. Limits derived from the recent generation of experiments (H.E.S.S., MAGIC,
VERITAS) suggest a low mid-IR, such as the results from [30,192].
In summary, it should also be noted that all of the most recent
TeV constraints are well within the boundaries set by direct measurements and their uncertainties (see shaded area in Fig. 10).
However, given the debate about some of the assumptions about
the blazar spectra, namely, the C > 1:5 limit on the hardness of
the blazar spectrum, claims that the EBL has been resolved are
premature.
7. The c-ray opacity of the universe
With blazars being detected at increasingly large redshifts, it
becomes possible to use them to discriminate between different
EBL models. The c-ray opacity to a blazar at redshift z, is given by:

Fig. 11. The EBL constraints as derived from c-ray observations to the EBL are shown for 1 lm (left) and for 10 lm (right). The horizontal line represents the intensity of the
integrated galaxy light (IGL), which provides a strict lower limit on the EBL intensity. The most recent limits are represented by bold lines. The shaded area represents the 1r
uncertainty in the IGL intensity. References to the c-ray limits are: (0) [226]; (1) [224]; (2) [62]; (3) [119]; (4) [91]; (5) [214]; (6) [31]; (7) [180]; (8) [98]; (9) [192]; (10) [110];
(11) [171]; (12) [92]; (13) [204]; and (14) [28].
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!
"
FðEc ; zÞobs
scc ðEc ; zÞ ¼ $ log
FðEc Þint

ð16Þ

The opacity can be determined from models of the EBL if its evolution with redshift is known and, independently, from c-ray observations if the intrinsic blazar spectrum is known. Concordance
between these two independent determinations of scc can serve
as a test for the validity of the underlying assumptions in each
method.
Figs. 12 and 13 depict the evolution of the comoving intensity of
the EBL, the corresponding evolution of the proper number density
of background photons, the optical depth to blazars at various redshift, and the corresponding attenuation factor. Results are plotted
for the BE evolution model of Franceschini et al. [107] and the BE
evolution model of Domínguez et al. [81].
Determining the c-ray opacity from observations requires
knowledge of the intrinsic blazar spectrum. Differences between
the observed and expected flux at a given energy Ec would then
be simply attributed to EBL attenuation. Figs. 12 and 13 show that
the sharp drop of the EBL intensity at UV and shorter wavelengths
renders the universe almost transparent to GeV photons. Consequently, the observed %1–50 GeV spectrum is very likely the
intrinsic blazar spectrum. So instead of assuming a theoretical limit
on the spectral index, one can use the GeV – 10s of GeV energy
spectral slope from Fermi data as a proxy for the intrinsic spectra
at TeV energies.
Assuming that this power law can be extrapolated from GeV to
TeV energies, one can derive the TeV optical depth to the observed
blazar. This approach was used by Georganopoulos et al. [116] and
in method 1 in [192] to set firm upper limits on EBL models using
the GeV to TeV spectra of PKS 2155-304 (z ¼ 0:116) and 1ES
1218+304 (z ¼ 0:182). Assuming that the GeV spectrum is unattenuated by the EBL, [169] used optical, X-ray and GeV data to model
the TeV flux of PKS 2155-304 using a one-zone SSC model. Comparison of the model results with observations, they derived the
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TeV opacity to this blazar, and found it to be consistent with most
EBL models.
Fig. 14 compares the dependence of the optical depth derived
from EBL models (hatched curves) to that derived for select blazars: Mrk 501, 1ES 1218+304, and 3C 66A. Each hatched band
spans the range of optical depths predicted by the EBL models of
Franceschini et al. [107], Finke et al. [99], Domínguez et al. [81],
and Gilmore et al. [117]. The colored dots represent the optical
depths derived from the c-ray observations of the three blazars.
The intrinsic blazar spectrum was assumed to be a power law
determined by the observed flux at 1 GeV and the spectral index,
CGeV . The observed flux in the TeV range was assumed to be a
power law with a spectral index CTeV (see Table 2). The c-ray opacity in the TeV range was then derived from Eq. (11). The band of
opacities for each blazar was obtained by performing 100 Monte
Carlo simulations of the intrinsic and observed spectra using the
uncertainties in the spectral indices and c-ray energies into
account.
The figure shows that the c-ray derived optical depths of Mrk
501 and 1ES 1218-304 are in general agreement with model prediction. The discrepancy between the EBL and the c-ray derived
optical depth for 3C 66A is typical of most blazars listed in Table 2.
We note that the redshift to 3C 66A is still somewhat uncertain [9].
The convergence between observational limits on the EBL and
models suggests that the origin of the discrepancy can be mostly
attributed to our still incomplete knowledge of the intrinsic spectra of blazars.
The EBL not only affects the c-ray spectra of individual c-ray
sources, but also the spectrum of the extragalactic c-ray background (EGRB) which consists of the cumulative contribution of resolved and unresolved sources and a possible truly diffuse
emission component.
Recently, the Fermi Large Area Telescope (LAT) provided a new
measurement of the diffuse c-ray background (DGB) at energies
between 0.2 and 100 GeV [7], obtained by the subtraction of

Fig. 12. Basic EBL model results by Franceschini et al. [107]: Top left: the comoving EBL and CMB intensities versus wavelength for different redshifts. Top right: the proper
number density of EBL and CMB photons versus energy for the same grid of redshifts as the previous panel. Bottom left: the c-ray opacity versus energy, Ec for different
redshifts. Bottom right: the amount of attenuation versus energy for the same grid of redshifts as the previous panel. The figure illustrates the change in the slope of scc at
energies corresponding to the wavelength at which the slope of the EBL spectrum changes.
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Fig. 13. Same as Fig. 12 for the Gilmore et al. [117] model.

is characterized by a power law to energies of !10 GeV, after
which it exhibits a decline resulting from EBL absorption. However,
the observed Fermi–LAT spectrum does not exhibit such decline.
The lack of this absorption signature in the DGB spectrum therefore suggests that nearby c-ray sources or distant sources with
hard c-ray spectrum must be the major contributors to the DGB
at energies above !30 GeV.
The derived GRLRG spectrum was derived using a sample of
only 10 galaxies to calculate their c-ray LF. The model also contains
some additional free parameters that characterize their intrinsic
spectra and their overall contribution to the population of all radio
galaxies. Clearly more data are required to resolve the origin of the
DGB and detect any signature of EBL absorption in its spectrum.
8. Is the blazar spectrum determined in the source?

Fig. 14. Limits on the optical depth at z ¼ 0:1; 0:3; 0:5, and 1.0 as determined by the
EBL models are compared to observationally determined optical depths for select
blazars. The optical depth to 3C 66A is still uncertain. See Section 7 for more details.

resolved Fermi sources and theoretical estimates of the contribution of diffuse Galactic emission from the total sky intensity.
In a recent paper, Inoue [133] estimated the contribution of
unresolved c-ray-loud radio galaxies (GRLRG) to the GeV DGB.
Their contribution is given by an integral similar to that used for
calculating the EBL (see Eq. (2)), except that it requires the addition
of an opacity term which takes the propagation of the c-ray photons through the EBL into account.
Calculating the contribution of GRLRG to the DGB requires
knowledge of their intrinsic spectrum and c-ray-luminosity
function (LF). Using a sample of 10 radio galaxies from the Fermi
catalog, Inoue [133] derived a correlation between their 5 GHz
and 0.1–100 GeV luminosities. Using this correlation and the
5 GHz LF, he then derived the c-ray-LF for these objects.
The results show that GRLRG can account for about 25% of the
intensity of the DGB above 100 MeV. Their cumulative spectrum

In deriving upper limits on the EBL from TeV observations, it
was tacitly assumed that blazar spectra are produced in the
sources and attenuated en route to Earth. The detection of medium
redshift blazars at z ! 0:2 with hard c-ray spectra has revived
alternate models for the origin of their spectra. Since hard photons
from these redshifts are easily attenuated, one of these models proposes that the observed blazar spectra contain secondary photons
that are produced close to the observer, and therefore more likely
to survive.
High resolution optical spectra of the blazars PKS 0447-439 and
PMN J0630-24 obtained with the CTIO and NTT observatories show
a clear absorption line around 6280 Å which, when attributed to
the Mg II 2795.5 Å and 2802.7 Å doublet, places them at redshifts
z J 1:246 and z J 1:238, respectively [157]. PKS 0447-439 was detected as a very-high energy c-ray source with H.E.S.S., showing an
energy spectrum from 200 GeV to 1.5 TeV [243].
The optical depth of 1 TeV photons at such large redshift is
about 20 (see Figs. 12 and 13), so that any flux of !1 TeV photons
is attenuated by a factor of !10"9. This would suggest that the
intrinsic 1 TeV luminosity of this blazar is about 1010 larger than
that of Mrk 421! Any attempts to solve this problem by lowering
the c–c opacity of the intervening intergalactic medium will
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require the unrealistic reduction of the EBL intensity below the
lower limits determined by the IGL (see Fig. 7).
It is therefore unlikely that primary c-rays could have reached
the Earth from such distance, suggesting that most of the c-rays
from this object must be secondary photons created by the interaction of cosmic-ray protons at relatively close distances to the
observer [149,33]. The secondary photons are generated by the
interactions of the protons with the CMB and the EBL. For the secondary photons to be detected, they have to be produced within a
distance kc , the mean-free-path of the secondary c-rays, of the
Earth, and be deflected into the viewing angle of the telescope
(e.g. [223]). Their angular deviation from the primary source direction must therefore be smaller than the point spread function of
the telescope (!0.1!), requiring the protons to travel on a
‘‘straight’’ trajectory until the interaction region. This requires their
gyro-radius to be much larger than the source distance, which sets
a range !10"17–10"15 G on the line-of-sight intensity of the intergalactic magnetic field [33]. While this value is significantly smaller than commonly accepted upper limits for the intergalactic
magnetic field [147,148], weak fields are not ruled out.
Hadronic particle acceleration is at the heart of the cascade
model. This acceleration mechanism may hold the key to understanding blazar jets, and has far reaching consequences in high
energy astrophysics. Hadronic jet models were brought forward
by Mannheim [170] around the time of the first detection of TeV
photons from a blazar [201]. Protons at energies of 1018–1019 eV
are capable of reaching the threshold for photopion production.
The subsequent pion-induced cascade inside the jet generates primary c-ray photons which make a substantial contribution to the
blazer spectrum. An additional contribution to the c-ray spectrum
comes from proton synchrotron radiation, and the synchrotron
emission from the secondary pions and muons.
The viability of hadronic c-ray emission models has been questioned, since they seemed to require exceedingly large magnetic
fields to accelerate the protons and to confine them to the small
emission region inferred from the observations of short duration
TeV flares. However, hadronic c-ray emission models have been
put to test through TeV c-ray observations of nearby blazars for
which EBL absorption is negligible. The acceleration of UHE protons along relativistic jets requires large magnetic fields, typically
several 10 G. The emission of gamma rays through a hadron induced cascade has to occur within a small emission region because
of the observed variability of TeV flares. The first big flare reported
from Mrk 421 exhibited sub-hour scale flux variability [111].
Assuming a Doppler factor of 10, the short flux variations set a limit of 61013 m, in the comoving frame of the relativistic jet, on the
size of the gamma-ray emission region [111]. A magnetic field
strength of at least !50 G is required to prevent 1019 eV ions and
protons from escaping the small emission region [77]. Such large
magnetic fields are still consistent with the substantial, but plausible, power requirements for the magnetic field energy, which is
less than 0.1% of the Eddington luminosity. Consequently, the
observation of short duration TeV flares does not pose a major
obstacle to the viability of hadronic models.
Finally, hadronic jet emission models are also attractive for
explaining the origin of ultra-high energy (UHE: E P 1017 eV) cosmic rays that are detected by air shower arrays such as AUGER and
HiRes [136,221].
However, the need to resort to hadronic acceleration model to
specifically explain the observed flux of PKS 0447-439 is probably
premature. The redshift determination to this blazar has recently
been challenged by Fumagalli et al. [109] who independently obtained the PKS 0447-439 spectrum using the 6.5 m Magellan Telescopes with a high S=N ratio of !150 in the 6270–6300 Å region of
interest. They point out the existence of an atmospheric telluric
absorption line at the wavelength of the claimed Mg II absorption
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line, which they showed was also present in the spectrum of two
standard stars. [199] also called into question the redshift measurement of PKS 0447-439, providing clear evidence that the conclusions in [157] are incorrect. As a result, the redshift of PKS 0447439 is still undetermined.
Hadronic jet models can play an important role in explaining
the origin of the DGB. The featureless DGB power spectrum derived
from the Fermi–LAT observations [7] does not exhibit the EBL
absorption signature around J 30 GeV, that is expected from the
contribution of cosmologically distant c-ray sources such as
GRLRG, starburst, or active galaxies (for a discussion see
[133,134] and references therein). Hadron induced pair cascades
interacting with the CMB can generate secondary c-rays that will
contribute to the GeV DGB, filling in the ‘‘missing’’ flux at energies
J 30 GeV [33]. Further measurements extending the DGB to
!1 TeV will provide important constraints on the contribution of
secondary c-rays from blazars.
9. EBL limits on ‘‘exotic’’ energy releases in the universe
The intensity and spectral shape of the EBL contain the memory
of all energy releases in the universe since the epoch of recombination. The COBE/DIRBE limits on the UV to near-IR regions of the EBL
proved useful in ruling out various ‘‘exotic’’ sources of energy in
the early universe, such as decaying particles, exploding stars, or
very massive objects ([87] and references therein).
Primordial (Population III) stars were suggested by Salvaterra
and Ferrara [208] as the source of the excess 1–5 lm diffuse emission above the IGL intensity detected by Matsumoto et al. [175].
However, Dwek et al. [91] ruled out an extragalactic origin for
the excess emission, since it would have produced a physically
unrealistic intrinsic c-ray spectrum of the blazar PKS 2155-304.
Furthermore, Dwek et al. [88] showed that such origin would have
required a Pop III star formation rate and energy output to be significantly higher than that predicted by hierarchical models for
structure formation in a KCDM universe [66]. Using theoretical
limits on their formation rate, Dwek et al. [88] concluded that
Pop III stars can contribute only a fraction of the EBL intensity.
A more detailed study of the contribution of Pop III stars to the
EBL intensity was conducted by Raue et al. [202]. Using c-ray
derived constraints on the EBL intensity they set a limit of

Fig. 15. The contribution of dark stars to the EBL for two different Limits on the EBL
intensity. Lower limits (blue squares) are determined by the intensity of the IGL.
Upper limits (red circles) are determined by absolute measurements of the EBL. The
data used in the figure are listed in Tables 3–5 in bold. The shaded area depicts the
range of the allowed EBL intensity as determines by UV to sub millimeter
observations. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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0.3–3 M! Mpc"3 yr"1 on the formation rate of Pop III stars in the
z ¼ 7—14 redshift interval.
More recently, Maurer et al. [179] used EBL limits to constrain
the properties of dark stars (DS) in the early universe. Dark stars
are objects that have either accreted or captured weakly interacting massive particles (WIMPs, a dark matter candidate), which by
annihilating inject energy into the stars before their radiative output is dominated by standard nuclear fusion processes. The formation rate of these stars, their luminosity and spectrum, and their
effective lifetime are all free parameters of the model. Fig. 15 depicts the EBL, to which the contribution of dark stars was added
to the IGL intensity, for two different sets of parameters. The blue
curve represents the EBL with a contribution of 106 M! DS with a
surface temperature of 5000 K, and the red curve that with the
added contribution of 690 M! DS with a surface temperature of
7500 K. The colder dark stars are obviously ruled out, but the hotter ones are marginally consistent with current EBL limits, dominating the intensity of the IGL in the $2–10 lm wavelength region.
10. Summary and future direction
Very high energy c-rays emitted from extragalactic sources are
attenuated en route to earth by c–c interaction with EBL photons.
c-ray observations can therefore be used to set limits on the EBL
intensity, provided that the intrinsic c-ray spectrum of the sources
is known. Conversely, knowledge of the EBL can be used to determine the intrinsic c-ray spectrum of the different sources, thereby
provide important constraints on mechanisms for their production.
The main issues and results discussed in this review can be briefly
summarized as follows:
1. The EBL spectrum consists of two broad peaks, one at k % 1 lm,
representing the cumulative gravitational and nuclear energy
releases by stars and AGNs over cosmic history. Their energy
has been partially absorbed by dust and reradiated at IR wavelengths. This thermal dust emission component generates a second peak at $100–200 lm. Current limits and detections of the
EBL were presented in Fig. 7, and the partitioning of its total
intensity into the different emission components was presented
in Table 6;
2. The cross section for the c–c interaction is broad and peaks at
energies Ec ðTeVÞ % 0:86k ðlmÞ. Consequently, the energy
dependence of the c-ray opacity, a product of the cross-section
with the number density of EBL photons, reflects the spectral
variation in the EBL. We identified three potential breaks in
the spectrum of c-ray sources, one occurring between 10 and
500 GeV, a second break at 1 TeV and third at 10 TeV (see Figs. 3
and 4);
3. The spectral breaks at GeV and TeV energies have been used to
set limits on the EBL intensity at near-IR wavelengths, and on
the relative intensities of the peak of the stellar emission and
the trough between the stellar and dust emission components
of the EBL;
4. c-Ray derived limits on the EBL vary as different studies used
different assumptions on the intrinsic c-ray source spectra
(see Fig. 10). The strictest limits on the EBL are around the 1
and $10 lm wavelength regions of the EBL, with some
approaching the lower limit on the EBL intensity set by the
IGL (see Fig. 11);
5. Recent IR space and ground-based observations have resulted in
closer agreement between the EBL limits and detections derived
from measurements of the absolute sky brightness and lower
limits set by the integrated light from galaxies. A summary of
the recent observational status of the EBL is presented in Tables
3–5. The major gap in our knowledge of the EBL is in the

6.

7.

8.

9.

k % 10—70 lm wavelength region, where the thermal emission
from interplanetary dust (the zodiacal light) dominates the
brightness of the sky. This wavelength region is best probed
by nearby radio and starburst galaxies at energies J 10 TeV;
Models of the EBL, employing various methods for determining
the evolution of the galaxies’ spectral energy density with redshift seem to agree on the intensity and spectral shape of the UV
to near-IR component of the EBL. However, there are
considerable differences in their treatment of the redistribution
of the intrinsic stellar and AGN output at IR wavelengths (see
Fig. 9);
The discovery of TeV blazars with alleged redshifts z J 1 has
revived an alternative model for the creation of these high
energy photons. In this model hadronic jets produce a cascade
of $TeV c-ray photons en route to earth, circumventing the
attenuation problem from such high redshift sources (see Section 8). However, the redshift of these sources has been disputed, so the need to resort to such hadronic model is highly
premature;
Dark matter has been invoked to postulate the existence of a
new class of primordial stars, powered by dark matter annihilation, instead of nuclear fusion. The energy release from these
so-called dark stars could, in principle, lead to an observable
signature in the EBL spectrum (see Fig. 15); and finally
Observations suggest that the universe is essentially transparent to c-rays with energies [2 TeV up to z % 0:2, and energies
of [400 GeV up to z % 0:4 (see Fig. 14).

The future prospects of intensified EBL studies with c-rays are
promising, especially when considering the progress made over
the last 5 yr through the operation of Fermi and the current generation of atmospheric Cherenkov telescopes. These instrument
yielded combined energy spectra for at least 3 dozen extragalactic
sources that cover up to 5 orders of magnitude in energy. These
data have provided a first glimpse of the transition region from a
transparent universe at 1 GeV, to TeV energies at which the universe gradually turns opaque with increasing redshift.
Furthermore, Fermi detected a large set of blazars [24] including
310 FSRQs, 395 BL Lacertae objects and 156 candidate blazars, raising the specter for EBL studies with sizable source samples and different sources classes with CTA. Large samples of blazars have the
potential to constrain the EBL in the optical/near-IR and mid- IR
through a better understanding of the blazar subclasses (FSRQs,
LBL, IBL, HBL) and their intrinsic spectra, and better photon statistics for the measurement of the redshift dependence of any spectral feature attributable to the EBL.
Recent discoveries of TeV emission from nearby radio- and starburst galaxies also gives rise to future prospects of extending the
reach of c-ray constraints up to the far-IR through energy spectra
spanning a few GeV up to 100 TeV. These will be important to extend measurements of the c-ray opacity imposed by the EBL all the
way from UV/optical/near-IR/mid-IR to the far-IR and thus provide
additional constraints to the intensity ratios between the different
wavelength regimes of the EBL.
Limitations of precision EBL studies with c-rays arise from technical reasons, but are not unsurmountable. First, systematic uncertainties in the measurements of c-ray spectra with atmospheric
Cherenkov telescopes arise from uncertainties in modeling the
Earth’s atmosphere, which translates into uncertainties in the
attenuation of Cherenkov light from electromagnetic cascades. To
first order this affects the absolute energy scale of the measured
c-ray energies and is typically quoted at a level of 15% to 20%. Effects on the spectral index and shape are generally of second order
but require detailed studies. Additional uncertainties lie in the
absolute instrument calibration of Cherenkov telescopes, e.g., mirror reflectivity, light losses in the focal plane, and uncertainties in
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the quantum efficiency of the photodetectors, affecting the light
throughput and absolute energy scale. Uncertainties in the spectral
indices and spectral shape are typically quoted at the level of
DC ¼ 0:05 " 0:1 or better, and depend mostly on the c-ray selection efficiency derived from Monte Carlo simulations and detailed
detector modeling. Currently most energy spectra published (except for few flaring sources) are dominated by statistical uncertainties and leave much room for improvement through a more
sensitive instrument such as CTA with a collection area of #km2
for 100 GeV to a few TeV energies, and several km2 for higher energies. At the same time calibration techniques are continually
improving to provide a better handle on systematics as well.
Astrophysical challenges facing EBL studies with c-rays arise
from the fact that currently only 55% of all Fermi detected BL Lacs
have reliable redshift measurements [24]. Attempts to increase the
redshift identifications through dedicated optical follow-up observations of the host galaxies of Fermi detected blazars during low
flaring states are promising to increase the fraction of blazars with
known redshift. The redshift distribution for FSRQs detected by
Fermi peaks at z ¼ 1 extending to z ¼ 3:1, while BL Lacs peak at
z ¼ 0:2 reaching up to a redshift of z ¼ 1:5. As already indicated,
GeV/TeV detections of FSRQs are promising to allow constraints
to the EBL in the UV/optical. Furthermore, the first detection of
FSRQs by atmospheric Cherenkov telescopes out to redshifts of
z ¼ 0:5 provides the potential to complement EBL studies with a
different class of sources, with different intrinsic spectral properties than BL Lacs and, most importantly, whose redshifts are
known.
Detection and limits on the EBL have been obtained by direct
absolute measurements, and by galaxy number counts that provided lower limits on its intensity. Direct measurements are aided
by ground-based or space-based observations that resolve the foreground emission from Galactic stars. Future observations can considerably improve direct absolute measurement of the EBL by
determining the absolute brightness of the zodiacal light from high
resolution observations of reflected solar Fraunhofer lines, or by
making absolute sky measurements from the outer solar system,
thus effectively removing any foreground contribution from the
zodiacal cloud. Lower limits on the EBL can converge to the EBL itself with observations of sufficient depth and resolution to resolve
all the galaxies that contribute to its intensity.
The James Webb Space Telescope (JWST) is a large (6.6 m) IR
space observatory, passively cooled to temperatures below 50 K,
that will be launched into orbit at the second Earth–Sun Lagrange
point (L2). The wide band observations with NIRCam at 2–5 lm
and MIRI at 6–25 lm will fill in crucial gaps in our knowledge of
the EBL intensity at these wavelengths. NIRCam will cover a 100 2
field of view (FOV) and will resolve galaxies down to a 10r flux
limit of 11 nJy at 2 lm in 10,000 s, making it about 103 more sensitive than the Spitzer/IRAC 3.6 lm filter. With unparalleled resolution and sensitivity, the JWST [114] will resolve the EBL at
near-IR wavelengths. The MIRI instrument operating in its broadband imaging mode at 10 and 21 lm will have a smaller FOV of
#2.60 2, and sensitivities of 700 nJy and 9 lJy, respectively. It will
resolve galaxies down to the confusion limit which, because of
its large telescope size, will be significantly fainter than that of
the Spitzer/MIPS instrument at 24 lm.
Absolute measurements of solar absorption line profiles in the
zodiacal light, for example the Fraunhofer Mg I line at
1.182819 lm or the Si I line at 1.210354 lm can be used to determine and remove the contribution of the ZL to the total sky brightness in the J (1.25 lm) band [151,150]. High resolution
(R # 20,000) observations of these lines using the ground-based
spectrometer ZEFIR (Zodiacal Emission determination through Fraunhofer IR lines) will determine their equivalent width (EW) in the
ZL spectrum. The continuum contribution of the ZL in the J-band
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can then be determined from knowledge of the EW of these lines
in the solar spectrum. The DIRBE instrument provided absolute
measurements of the sky brightness in this band, and groundbased sky surveys (2MASS) have removed most of the contribution
of Galactic stellar emission from this band. Measurements of the
absolute brightness of the ZL will thus provide the absolute intensity of the EBL in the DIRBE 1.25 lm waveband. Similar measurement could also be made from the ground in the 2.2 lm band.
Finally, the contribution of the ZL to the observed sky brightness can be largely eliminated by mapping the absolute intensity
of the diffuse emission from the sky from beyond the zodiacal
cloud. A satellite mission conducting such EBL measurements from
the outer solar system will be an important step in that direction
[63].
The next decade will see significant improvement in c-ray technology, and measurements of the EBL, providing new insights into
the spectrum of the different c-ray sources and the mechanism
that generate them, and into the spectrum of the EBL which will
provide new constraints on the history of all nuclear and gravitational energy releases in the universe. The synergy between TeV
c-ray astronomy and EBL research will ensure that any development in each field will greatly benefit both.
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a b s t r a c t
Gamma-ray bursts have been detected at photon energies up to tens of GeV. We review some recent
developments in the X-ray to GeV photon phenomenology in the light of Swift and Fermi observations,
and some of the theoretical models developed to explain them, with a view towards implications for
C.T.A.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
Gamma-ray bursts (GRB) are brief events occurring at an average rate of a few per day throughout the universe, which for a period of seconds flood with their radiation an otherwise almost dark
gamma-ray sky. While they are on, they far outshine all other
sources of gamma-rays in the sky, including the Sun. In fact, they
are the most concentrated and brightest electromagnetic explosions in the Universe. Since the discovery in 1997 by the BeppoSAX satellite of GRB X-ray afterglows, which enabled ground-based
telescopes to detect their optical counterparts, we know that these
objects are at cosmological distances. Thanks mainly to the subsequent Swift satellite, we now have detailed multi-wavelength data
for many hundreds of bursts, and redshifts for over 150. In fact, the
GRB prompt electromagnetic energy output during tens of seconds
is comparable to that of the Sun over !few " 1010 years, or to that
of our entire Milky Way over a few years; and their X-ray afterglow
over the first day after the outburst can outshine the brightest Xray quasars.
The current interpretation of this spectacular phenomenon is
that about a solar rest mass worth of gravitational energy is released in a very short time (seconds or less) in a small region of
the order of tens of kilometers by a cataclysmic stellar event. The
latter, in some cases, is the collapse of the core of a massive star,
or in some cases may be the merger of two compact stellar
remnants, ultimately leading to a black hole. The mainstream
E-mail address: pmeszaros@astro.psu.edu
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.03.009

GRB scenario envisions that only a small fraction of this energy is
converted into electromagnetic radiation, through the dissipation
of the kinetic energy of a collimated relativistic outflow, a ‘‘fireball’’
with bulk Lorentz factors of C J 300, expanding out from the central engine powered by the gravitational accretion of surrounding
matter into the collapsed core or black hole.
The most often invoked mechanisms for generating the observed non-thermal photons are synchrotron radiation and/or inverse Compton (IC) scattering by relativistic electrons which
have been accelerated to a power-law distribution in the shocks
expected in the optically thin regions of the outflow. These may
be internal shocks, resulting in prompt c-ray emission, and also
external shocks at the termination of the relativistic outflow,
which can explain many of the properties of the afterglows. Other
mechanisms considered for the prompt emission are, e.g., magnetic
dissipation or reconnection in the outflow, jitter radiation in
shocks, or dissipative effects in the photosphere where the outflow
transitions to optical thinness.
More recently the LAT instrument onboard the Fermi spacecraft,
extending previous preliminary observations by EGRET on the
Compton CGRO satellite [6,8], has shown that a substantial fraction
of GRBs have photon spectra which extend at least to tens of GeV
[3,6,8]. These could be due either to leptonic mechanisms such as
mentioned above, or perhaps could be related to hadronic effects.
The uncertainty about the mechanism is, in part, due to lack of
knowledge about two important parameters of the outflow. These
are the baryon load of the outflow, and the magnetic ratio r between magnetic stresses and kinetic energy, which affect not only
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the bulk dynamics but also the possibility of accelerating protons
in the shocks or the dissipation region. Accelerated protons could
lead in principle to GRBs being as (or perhaps more) luminous in
cosmic rays and neutrinos than in the commonly observed subMeV electromagnetic channels, in addition to predicting significant
secondary GeV and TeV photon fluxes.

2. GRB phenomenology: MeV to multi-GeV
Soon after its launch in late 2008, Fermi started detecting GRBs
with both its instruments, the Large Area Telescope (LAT, 20 MeV
to >300 GeV) and the Gamma-ray Burst Monitor (GBM, 8 keV to
40 MeV), which together cover more than seven decades in energy.
While in its first 2.5 years the GBM has triggered on bursts at a rate
of about 250 yr!1, of which on average "205 are long bursts and
"45 are short bursts, the LAT detected "25 bursts in the same period at P100 MeV, i.e. "9 yr!1; or, in the same period at P1 GeV it
detected "12, i.e. "5 yr!1.
The brightest LAT bursts as of September 2011, GRB 080916C
[15], GRB 090510 [16,12], GRB 090902B [17], and GRB 090926A
[18], have yielded hundreds of J 100 MeV photons each, and together with the lower energy GBM observations have yielded
unprecedented broad-band spectra. An interesting and unexpected
behavior is that in many cases the GeV emission starts with a
noticeable delay after the MeV emission. E.g. in GRB 080916C,
the GeV emission appears only in a second pulse, delayed by
"4 s relative to the first pulse (visible only in MeV); see Fig. 1. Such
a delay is present also in short bursts, such as GRB 090510, where it
is a fraction of a second. This soft-to-hard spectral evolution is
clearly seen in all five of the bright LAT bursts above, and to various
degrees a similar behavior is seen in other weaker LAT bursts.
In some burst, such as GRB 080916C and several others [3], the
broad-band gamma-ray spectra consisted of simple Band-type broken power law function in all time bins (similar to spectrum in
time bin [a] of Fig. 2). In GRB 080916C the first pulse had a soft high
energy index disappearing at GeV, while the second and subsequent pulses had harder high energy indices reaching into the multi-GeV range. The absence of statistically significant evidence for a
distinct high energy spectral component in a number of the earlier
LAT bursts was puzzling, since such an extra component is naively
expected from inverse Compton or hadronic effects. Instead, in
each time bin a single broken power spectrum straddled the GBM
and (except for the earliest times) the LAT ranges. The peak energy
of the Band function evolved from soft to hard and back to soft, and
in GRB 080916C as well as in other LAT bursts, the GeV emission
persisted into the afterglow phase, typically lasting J 500–1000 s.
On the other hand, in some bursts, such as GRB090510 [16,12]
and GRB 090902B [17], a second hard spectral component extending
above 10 GeV without any obvious break appears in addition to common band spectral component dominant in the lower 8 keV–10 MeV
band. A similar second hard component is also present in GRB
090926A (Fig. 2), where in one time bin it shows a turnover around
a few GeV. Such a second component, if present in GRB 080916C and
GRB 110731A, was not significant enough to claim detection.
Furthermore, in some bursts such as GRB 090510 and GRB
090902B, the same 2nd power-law component that dominates
above "100 MeV also extends below the band component, and
dominates below "50 keV. This low energy power law extension
(i.e. flatter and lying below the band component) is also detected
in at least two other bright GBM short bursts, GRB 090227B and
GRB 090228, which have not been detected by the LAT [19].
An exciting discovery, unanticipated by EGRET, was the detection of high-energy emission from two short bursts (GRB
081024B [11] and GRB 090510 [12]), whose general behavior
(including a GeV delay) is qualitatively similar to that of long
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bursts. The ratio of short to long GRBs is "10–20%, both for objects
detected at P100 MeV and for those detected only at [1 MeV.
However, while the statistics on short GRBs are too small to draw
firm conclusions, so far, the ratio of the LAT fluence to the GBM fluence is >100% for the short bursts as compared to "5–60% for the
long bursts. Thus, although fewer in number, if the acquisition is
fast enough CTA might be able to detect short bursts.
It is also noteworthy that, for both long and short GRBs, the
P100 MeV emission lasts longer than the GBM emission in the
[1 MeV range. The flux of the long-lived LAT emission decays as
a power law with time, which is more reminiscent of the smooth
temporal decay of the afterglow X-ray and optical fluxes rather
than the variable temporal structure in the prompt keV–MeV flux.
This similarity in the smooth temporal evolution of the fluxes in
different wave bands has been detected most clearly from GRB
090510 [13,14], although this object also requires a separate
prompt component to the LAT emission [21]. This short burst
was at z = 0.9, and was jointly observed by the Fermi LAT, GBM
and by the Swift Burst Alert Telescope (BAT), the X-Ray Telescope
(XRT), and the UV and Optical Telescope (UVOT). The longest-lived
emission detected by the Fermi LAT is "130 minutes, from GRB
090328, longer than the EGRET observation of GRB 940217 [9]
without any earth occultation.
Interestingly, the LAT detected only [10% of the bursts triggered by the GBM which were in the common GBM–LAT field of
view. This may be related to the fact that the LAT-detected GRBs,
both long and short, are generally among the highest fluence
bursts, as well as being among the intrinsically most energetic
GRBs. For instance, GRB 080916C was at z = 4.35 and had an isotropic-equivalent energy of Ec,iso # 8.8 $ 1054 ergs in c rays, the largest ever measured from any burst [15]. The long LAT bursts GRB
090902B [17] at z = 1.82 had Ec,iso # 3.6 $ 1054 ergs, while GRB
090926A [18] at z = 2.10 had Ec,iso # 2.24 $ 1054 ergs. Even the
short burst GRB 090510 at z = 0.903 produced, within the first
2 s, an Ec,iso # 1.1 $ 1053 ergs [12].
3. Simple leptonic models
The standard internal and external shock models are the ones
most commonly used in interpreting the Fermi data on GRBs, as
was previously the case with Swift data. In the latter, the amount
and quality of data was so large and detailed that various extensions and refinements to the simpler standard model were considered, and the need for this is becoming apparent also for Fermi
analyses, even though, particularly for the LAT, the statistics are
only gradually building up.
Most of these models are leptonic, e.g. internal plus external
forward shock models were proposed for individual bursts, e.g.
[13,10], etc. Broader formulations have attempted to cover LAT
bursts in general, e.g. [26], based on the first three LAT bursts, argued that the GeV extended emission decays roughly as F / t!1.5,
with LAT spectra of approximate form FE / E!1 which did not
evolve strongly. This, they proposed, can be due to a radiative (fast
cooling) forward shock, where the Lorentz factor evolves as C
/ t!3/7 and the luminosity as L / T!10/7. To satisfy the fast cooling
(tcool 6 tdyn) condition in the long-lasting afterglow phase, they proposed that high energy photons back-scattered towards the source
would provide copious e± pairs, enhancing the cooling. Without
going into details, they argued that the external shock (GeV) emission would naturally start later than the prompt MeV emission
(presumably from internal shocks or similar origin).
Alternatively, assuming different power laws through the error
bars of the same burst data, an adiabatic forward shock may also
provide a fit [88,90]. In this scenario the rough similarity of the
spectra and decay slopes in several bursts might be due to the
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Fig. 1. Light curves of GRB080916C with the GBM (top two curves) and LAT (bottom three curves) [15].

GeV emission being above the characteristic synchrotron cooling
and peak energies Ec, Em, where the behavior is insensitive to the
initial C and to the external density n, leading to a decay F / t!1.2
typical of adiabatic forward shocks. These authors obtain a range of
external densities for which the external shock emission is not
dominated by the high energy extension of the prompt. Interestingly, these include solutions where the pre-shock magnetic field
need not be much greater than interstellar fields, Bext J 10 lG,
to yield after shock compression a synchrotron flux comparable
to that observed, provided the external densities are uncommonly
low, next [ 10!5 cm!3, which may be difficult (c.f. also [43,27]).
The inclusion of more detailed physics can explain some of the
departures from the simplest forward shock models seen in the
data. For instance [92] show that Klein–Nishina (KN) effects on
the SSC upscattering can alter the synchrotron source photon flux
in a time-dependent manner. The scattering Y-parameter is initially low at GeV energies due to KN effects, and weak at X-ray
energies, leading to strong GeV synchrotron and weak X-ray/optical emission. Later the KN effect weakens, Y increases and the GeV
synchrotron light curve decays more steeply than the t!1.2 of simple adiabatic shocks. Inclusion of these effects also shows [21] that
in GRB 090510 the GeV emission in the first 4–5 s must have an
origin other then the simple forward shock, probably being related
to the prompt emission.
The bulk Lorentz factors C obtained from cc pair production
opacity arguments in the prompt emission of bright LAT GRB

models such as the above turned out to be larger than previously
expected, 500 [ C [ 103) [15,12,17,18]. These constraints were
based on simple one-zone models, however, and the value depends
on model details (e.g. [4,23]), which are vague at present. Nonetheless, fairly general arguments lead to the conclusion [28] that for
the large luminosities Lc,iso J 1054 erg s!1 inferred in LAT GRBs,
photons of energy Ec J 10 GeV cannot emerge from radii much
smaller than rcc " 1015 cm (e.g. [24]). The two highest-energy (observer frame) photons of 13.2 GeV and 33.4 GeV, detected from
from GRB 080916C at z = 4.35 and GRB 090902B at z = 1.82, provide
through cc pair production opacity arguments the best constraints
so far [25] on models of Extragalactic Background Light (EBL) predicting a high optical-UV intensity.
Perhaps the most exciting, or exotic, consequence of the observed delays between the LAT GeV emission and the GBM MeV
emission is that it can be used to set robust constraints on effective
field theory formulations of quantum gravity. In particular it rules
out a first order dependence on (Ec/EPlanck) of any Lorentz invariance violating (LIV) terms, using GRB 090510 data [16].

4. More detailed leptonic models
Attempts at explaining the observed GeV–MeV time delays in
the context of simple one-zone leptonic Synchrotron-Self-Compton (SSC) mechanisms generally encounter difficulties, e.g.
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Fig. 2. Spectra of GRB090926A from Fermi at four different time intervals, a = [0.0–3.3 s], b = [3.3–9.7 s], c = [9.7–10.5 s], d = [10.5–21.6 s] [18].

[12,30]. This is the main observational motivation for considering
two- or multiple zone models, typically involving an inner softer
source whose photons are up-scattered by electrons in a different
region further out. One example [31] invokes upscattering of X-ray
photons from the GRB jet’s waste-heat cocoon by internal shock
electrons. The delayed photons arise from the high latitude brighter emission and since the cocoon Lorentz factor is much smaller
than that of the jet, the emission time from the cocoon is delayed
relative to that of the jet internal shock emission. This results in
two spectral components, but in some parameter ranges it can also
mimic a single band component.
Another source of soft photons may be the jet scattering photosphere, which in some models is thought to be responsible for the
Band (MeV) spectrum. Detailed numerical calculations of the keV–
MeV spectrum of GRB photospheres [94,24] show that a peak can
appear at MeV and a non-thermal tail extends into the multi-MeV
range. Then, upscattering of such photospheric photons by internal
shock electrons [32] can lead to an upscattered photospheric (UP)
component of GeV photons (see Fig. 3, where k = Usyn/Uup is the ratio of syncrotron to upscattered photospheric emission by the
internal shock, and x = Lup/Lph is ratio of upscattered photospheric
to photospheric emisson). This results in a broad-band spectrum
similar to that seen by the Fermi LAT/GBM (e.g. Fig. 2). Time dependent numerical simulations of jets (e.g. [93]) indicate the possibility of photosphere and internal shock parameters leading to either
an overlap of the photospheric and the UP component (appearing
as a simple Band spectrum), or to a separate and bright UP component, corresponding to the second spectral component seen in a
fraction of LAT GRBs [32].
Numerical calculations have been carried out [30] of the timedependent spectral changes expected in generic dissipation regions (e.g., internal shocks, magnetic dissipation, etc.), incorporating all leptonic processes, have shown that one-zone models are
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Fig. 3. Schematic broadband spectrum for a leptonic photospheric-internal shock
model of the MeV to GeV emission of GRB (see text) [32].

inadequate to reproduce the observed GeV–MeV delays. On the
other hand, a multi-zone model injecting different spectral components at various initial injection times and angles into a geometrically and physically separate scattering zone [30] provides GeV–
MeV time delays of the right magnitude. These could be, e.g. as
above, a photosphere providing a band spectrum plus a second dissipation zone further out which upscatters these photons.
5. Some issues about prompt emission
The simple leptonic synchrotron (plus inverse Compton) interpretation of the non-thermal aspect of GRB radiation is the most
straightforward, and is used in preference to others due to its
simplicity. However, a number of effects can modify the simple
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synchrotron spectrum. One is that the cooling could be rapid, i.e.
when!
the
comoving
synchrotron
cooling
time
"
t0sy ¼ 9m3e c5 =4e4 B02 ce " 7 # 108 =B02 ce s is less than the comoving
dynamic time t0dyn " r=2cC, the electrons cool down to
cc ¼ 6pme c=rT B02 t0dyn
and
the
spectrum
above
mc " Cð3=8pÞðeB0 =me cÞc2c is Fm / m&1/2 [62,63]. Also, the distribution
of observed low energy spectral indices b1 (where F m / mb1 below
the spectral peak) has a mean value b1 " 0, but for a fraction of
bursts this slope reaches positive values b1 > 1/3 which are incompatible with a simple synchrotron interpretation [64]. Possible
explanations include synchrotron self-absorption in the X-ray
[65] or in the optical range up-scattered to X-rays [66], low-pitch
angle scattering or jitter radiation [67,68], observational selection
biases [69] and/or time-dependent acceleration and radiation
[70] where low-pitch angle diffusion can also explain high energy
indices steeper than predicted by isotropic scattering. Other models invoke a photospheric component and pair formation [72], see
below.
Other recent alternatives to the simple leptonic prompt emission mechanisms have continued to be motivated by concerns
about the low radiative efficiency and fine-tuning needed to
achieve the right peak energy and spectrum in an internal shock
synchrotron interpretation. One proposal is based on a relativistic
turbulence model [74,73], which argues that relativistic eddies
with Lorentz factors cr " 10 in the comoving frame of the bulk
C J 300 outflow survive to undergo at least cr changes over a dynamic time, leading both to high variability and better efficiency.
Various constraints may however pose difficulties [75], while
numerical simulations [46] indicate that relativistic turbulence
would lead to shocks and thermalization, reducing it to non-relativistic. A different dissipation model, entitled ICMART [47] involves a hybrid magnetically dominated outflow leading to semirelativistic turbulent reconnection. Here a moderately magnetized
0
r = (B 2/4pq0 c2) [ 100 MHD outflow undergoes internal shocks as
r ? 1, leading to turbulence and reconnection which accelerates
electrons at radii r J 1015 cm. These involve fewer protons than
usual baryonic models, hence less conspicuous photospheres, and
have significant variability, and the efficiency and spectrum are argued to have advantages over the usual synchrotron internal
shocks (see also [37]). General issues of the acceleration of highr relativistic flows were considered by Lyutikov [77], while more
detailed models were discussed by Komissarov et al. [84] and
Granot et al. [78,79].

lead to GeV–MeV delays, e.g. in a model [33] where the prompt
MeV is electron synchrotron and the GeV is due to proton synchrotron, whose cooling time brings down the typical photon energy
into the GeV on the delay timescale, and the electron plus proton
synchrotron emission merge into a single band function. General
hadronic interpretations of GRB were discussed by Dermer and
Razzaque [34], and a specific leptonic–hadronic model for GRB
090510 is given by Razzaque [14].
Hadronic interactions can also have interesting implications for
GRB optical prompt flashes. E.g., as discussed in [36], besides the
usual Band MeV spectrum produced by conventional leptonic
mechanisms, the acceleration of hadrons leads to secondaries
whose radiation results not only in a high energy component but
also in a prompt bright optical emission from secondary synchrotron. This could, in principle, explain the observed ‘‘naked eye’’
5th magnitude flash of GRB 080319B, e.g. [95].
Hadronic binary collisions in baryon-loaded jets may also be
important, both for producing efficient kinetic energy dissipation
and for shaping the photon spectrum. This is because the baryons
will consist (largely) of both protons (p) and neutrons (n), especially if heavy elements are photo-dissociated. The protons are
coupled to the radiation during the acceleration phase but the neutrons are carried along only thanks to nuclear (p, n) elastic collisions, whose characteristic timescale at some point becomes
longer then the expansion time. At this point the p and n relative
drift velocity v approaches c, leading to the collisions becoming
inelastic, p + n ? p+, p0, in turn leading to positrons, gamma-rays
and neutrinos [96]. Such inelastic (p, n) collisions can also arise in
jets where the bulk Lorentz factor is transversely inhomogeneous
[71], e.g. going from large to small as the angle increases, as expected intuitively from a jet experiencing friction against the surrounding stellar envelope. In such cases, the neutrons from the
slower, outer jet regions can diffuse into the faster inner regions,
leading to inelastic (p, n) and (n, n) collisions resulting again in
pions. An interesting consequence of either radial or tangential
(n, p) drifts is that the decoupling generally occurs below the scattering photosphere, and the resulting positrons and gamma-rays
deposit a significant fraction of the relative kinetic energy into
the flow, reheating it [24]. Internal dissipation below the photosphere has been advocated, e.g. [42] to explain the MeV peaks as
quasi-thermal photospheric peaks [22,44], while having a large
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6. Hadronic GRB models
If GRB jets are baryon loaded, the charged baryons are likely to
be co-accelerated in shocks, reconnection zones, etc., and hadronic
processes would lead to both secondary high energy photons and
neutrinos. Monte Carlo codes have been developed to model hadronic effects in relativistic flows, including p, c cascades, Bethe–
Heitler interactions, etc. E.g., one such code [29,35] was used to
calculate the photon spectra in GRBs from secondary leptons
resulting from hadronic interactions following the acceleration of
protons in the same shocks that accelerate primary electrons.
The code uses an escape probability formulation to compute the
emerging spectra in a steady state, and provides a detailed quantification of the signatures of hadronic interactions, which can be
compared to those arising from purely leptonic acceleration. Spectral fits of the Fermi LAT observations of the short GRB 090510 were
modeled by Asano et al. [54] as electron synchrotron for the MeV
component and photohadronic cascade radiation for the GeV distinct power law component (Fig. 4).
Furthermore, since acceleration as well as cascade development
can take additional time, even one-zone models might in principle

γ
γ

ε

ε
Fig. 4. mFm spectra (bold curve) from a hadronic model of GRB 090510. The red curve
is for UB/Uc = 10&3 and Lp/Lc = 200, and the black curve is for UB/Uc = 10&1 and Lp/
Lc = 30. Fine red curves denote separately pair synchrotron and inverse Compton
from hadronic cascade secondaries, without absorption effects. The fine dashed
curve is the band component. The green dashed line is an approximate spectral
slope of the GeV photons. The vertical blue line denotes the energy of the 3.4 GeV
photon [54] (see also [37]). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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radiative efficiency [22,44]. Such internal dissipation is naturally
provided by (p, n) decoupling, and numerical simulations [24] indicate that a Band spectrum and a high efficiency is indeed obtained,
which remains the case even when the flow is magnetized up to
eB = 2 [45], while keeping the dynamics dominated by the baryons.
These numerical results were obtained for nominal cases based on
a specific radial (n, p) velocity difference, although the phenomenon is generic.

7. Magnetic GRB models
Magnetically dominated (or Poynting dominated) GRB jets fall
into two categories, one where baryons are absent or dynamically
negligible, at least initially, and another where the baryon load is
significant although dynamically sub-dominant relative to the
magnetic stresses.
The baryon-free Poynting jet models resemble pulsar wind
models, except for being jet-shaped, as in AGN baryon-poor models. The energy requirements of GRB (isotropic-equivalent luminosities Lc J 1052 erg s!1) require magnetic fields at the base in
excess of B " 1015 G, which can be produced by shear and instabilities in an accreting torus around the BH. The energy source can be
either the accretion energy, or via the magnetic coupling between
the disk and BH, extraction of angular momentum from the latter
occurring via the Blandford–Znajek mechanism [55]. The stresses
in this type of model are initially magnetic, involving also pairs
and photons, and just as in purely hydro baryon-loaded models
they lead to an initial Lorentz factor growth C / r up to a pair annihilation photosphere [39]. This provides a first radiation component, typically peaking in the hard X-ray to MeV, with
upscattering adding a high energy power law. Internal shocks are
not expected beyond this photosphere [48], but an external shock
provides another IC component, which reaches into the GeV–TeV
range. Such Poynting dominated models [48,83] may also be characteristic of Pop. III GRBs [1], whose X-ray and GeV spectra may
also be detectable [85]. Both the ‘prompt’ emission and the longer-lasting afterglows [85] of such Pop. III GRBs should be detectable with the BAT or XRT on Swift or the GBM on Fermi. On Swift,
image triggers may be the best way to detect them, and some constraints on their rate are provided by radio surveys. They are expected to have GeV extensions as well, but redshift
determinations need to rely on L-band or K-band spectroscopy.
The baryon-loaded magnetically dominated jets have a different
acceleration dynamics than the baryon-poor magnetic jets or the
baryon dominated hydrodynamic jets: whereas both the latter
accelerate initially as C / r and eventually achieve a coasting Lor_ 2 , the baryon-loaded magnetically domientz factor Cf " Lc =Mc
nated jets have a variety of possible acceleration behaviors,
generally less steep than the above. In the simplest treatment of
a homogeneous jet with transverse magnetic field which undergoes reconnection, the acceleration is C / r1/3 [56,2], while in inhomogeneous jets where the magnetic field and the rest mass varies
across the jet the average acceleration ranges from C / r1/3 to various other power laws intermediate between this and C / r
[49,97]. Few calculations have been made [98] of the expected
(leptonic) spectral signatures in the simpler magnetized outflows,
typically in a one-zone steady state approximation.
The photon spectral signatures of a magnetically dominated,
baryon loaded leptonic + hadronic GRB model involving nuclear
collisions has been calculated by [2]. This uses a realistic transverse
structure of a fast core-slow sheath. The analytical results indicate
that the transverse neutron collisions become most effective,
resulting in GeV photons at radii from which the observer-frame
time delay relative to the photospheric MeV photons is appropriate
to explain the observed Fermi time lags. The purely leptonic
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(SSC, EIC) time delays and spectral components of such a baryonloaded magnetic model, in the absence of drifts and transverse gradients, have been calculated by Bosnjak and Kumar [7], leading to
results in the range observed by Fermi.
8. High redshift GRBs
GRBs are being identified at increasingly large redshifts, e.g.
GRB080913 at z = 6.7 [82], GRB090423 at z = 8.2 [80,81] (through
spectroscopy), and GRB 090429B has been ascribed a photometric
redshift of z ’ 9.4 [87]. It is possible that even more distant objects
than these have already been detected in the gamma- and X-ray
detectors of Swift and Fermi, although in the absence of a specific
(optical/IR or other) redshift signature one cannot at present be
sure of it, redshift diagnostics being increasingly harder to obtain
in this range. The above discoveries do, however, indicate that
the prospect of eventually reaching into the realm of Pop. III objects is becoming increasingly realistic. Pop. III GRBs may arise
from very massive, metal-poor stars whose core collapses to a
100–500M# black hole [83]. The jets are likely to be Poynting-dominated, being powered by the Blandford–Znajek mechanism. The
expansion dynamics and the radiation arising from such very massive Poynting jet GRBs was discussed by Mészáros and Rees [1]. At
typical redshifts z " 20 this implies a ‘‘prompt’’ emission extending
to [1 day which should be detectable by Swift or Fermi, being most
prominent initially around 50 keV due to the jet pair photosphere,
followed after a similar time interval by an external shock synchrotron component at a few keV and an inverse Compton component
at J 70 GeV [32].
9. Non-photonic GRB signals
The two main non-photonic signals that may be expected from
GRBs are gravitational waves (GW) and high energy neutrinos (HENUs). The most likely GW emittors are short GRBs [113], if these
indeed arise from merging compact objects [108]. The rates in advanced LIGO and VIRGO may be at least several per year [114].
Long GRBs [53], more speculatively, might be detectable in GWs
if they go through a magnetar phase [115], or if the core collapse
breaks up into substantial blobs [116]; more detailed numerical
calculations of collapsar (long) GRBs lead to GW prospects which
range from pessimistic [117] to modest [118].
High energy neutrinos may be expected from baryon-loaded
GRBs if sufficient protons are co-accelerated in the shocks. The
most widely considered paradigm involves proton acceleration
and pc interactions in internal shocks, resulting in prompt
"100 TeV HENUs [119,120]. Other interaction regions considered
are external shocks, with pc interactions on reverse shock UV photons leading to EeV HENUs [121]; and pre-emerging or choked jets
in collapsars resulting in HENU precursors [122]. An EeV neutrino
flux is also expected from external shocks in very massive Pop. III
magnetically dominated GRBs [86]. Current IceCube observations
[123,124] are putting significant constraints on the internal shock
neutrino emission model, with data from the full array still to be
analyzed.
10. GRBs and CTA
Measurements by LAT have led to the conclusion that at least a
fraction of GRB are emitting (in their own rest frame) photons in
the energy range of at least up to 30–90 GeV. A list of Fermi LAT
detections [102] of maximum observer-frame photon energies
and corresponding redshifts (Ec,obs, z) is (13.2, 4.35), (7.5, 3.57),
(5.3, 0.74), (31.3, 0.90), (33.4, 1.82), (19.6, 2.10), (2.8, 0.897),
(4.3, 1.37). Two things emerge from this list: even z > 4 bursts can
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produce Ec > 10 GeV photons at the observer, and some z ! 1
bursts can produce Ec > 30 GeV photons at the observer. This is
highly encouraging for CTA, whether for a ‘baseline’ threshold of
25 GeV or for an ‘optimistic’ threshold of 10 GeV envisaged in recent CTA reviews [101]. The rate of detection by CTA is estimated
by Bouvier et al. [101] to be 0.7–1.6 per year, based on the rate
of Swift triggers (while GBM triggers on Fermi are more frequent,
their positional accuracy is poorer). This estimated CTA rate is
uncertain, since work continues on the evaluation of the actual
fraction of bursts which emit in the GeV range, relative to those
which are detected below 100 MeV [100,99]. As of February
2011, in 2.5 years, Fermi LAT detected 4 bursts at energies
>10 GeV (or 20 at >0.1 GeV) out of some 700 bursts detected by
Fermi GBM at E < 100 MeV. This very small fraction of the total
([1%) of course is in part due to the size constraints under which
space detectors must operate. The question is what is the real fraction of GRBs, whether long or short, which emits significantly at
J 10–20 GeV.
In the usual internal shock model of prompt emission, the intrasource cc absorption typically prevents photons in excess of a few
GeV to emerge [109,110], unless the bulk Lorentz factor is above
!700 [103]. For photospheric models of the prompt emission,
e.g. [24], photons in excess of 10 GeV can escape the source from
radii rcc ! 1015 cm, and such radii are also inferred phenomenologically from one-zone analyses of the Fermi data on GRB. For the
purposes of CTA, however, it is the afterglow, or extended, GeV
emission that is of most interest. In the standard external shock
scenario, the compactness parameter is smaller, and inverse Compton scattering is expected to lead to multi-GeV and TeV photons
[40,41], the details depending on the electron distribution slope
and the radiative regime (e.g. slow or fast cooling). This scenario
is thought to be responsible for the afterglows of GRB [38], and is
also thought to be responsible for the extended GeV emission observed by LAT so far [26,90,92,112], etc. Of course, propagation in
the intergalactic medium from high redshifts leads to additional
cc ? e± interaction with the extragalactic background light, or
EBL [104,106,105], the threshold for which depends on the photon
energy and the source redshift.
Thus, while TeV emission, if produced, is mainly expected to be
detectable from z [ 0.5, the 10–30 GeV emission should be detectable from higher redshifts, as verified by the measurements mentioned above. Therefore, in the GeV range the detectability is
dictated by the source physics, the source rate and the immediate
source environment. The source rate, based on MeV observations,
is well constrained [108], while the effects of the near-source environment can be reasonably parametrized (e.g. [107]). The source
physics, however, offers larger uncertainties. This is because in
an external shock model the simple synchrotron self-Compton
(SSC) model can be additionally complicated by the scattering of
photons arising at other locations, in particular well inside the
external shock, e.g. from the jet photosphere [32], or from an inner
region energized by continued central engine activity [111]. Similar uncertainties about the soft photon source and location would
affect hadronic cascade models. Observationally, in some cases the
GBM high energy spectral slopes are steep enough not to expect
much GeV emission from their extrapolation [102], while in other
cases the LAT spectrum shows a cutoff or turnover, e.g. in GRB
090926B [18]. Nontheless, with all things considered, the estimate
[101] of 0.7–1.6 CTA detections per year appears to be a conservative lower limit.
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a b s t r a c t
We discuss how future X-ray instruments which are under development can contribute to our understanding of the non-thermal Universe. Much progress has been made in the field of X-ray Astronomy
recently, thanks to the operation of modern X-ray telescopes such as Chandra, XMM-Newton, Suzaku,
and SWIFT, but more in-depth investigation awaits future missions. These future missions include ASTROSAT, NuSTAR, e-ROSITA, ASTRO-H and GEMS, which will be realized in the next decade, and also much larger projects such as Athena and LOFT, which have been proposed for the 2020’s. All of those are expected
to bring a variety of novel observational results regarding astrophysical sources of high-energy particles
and radiation, i.e. supernova remnants, neutron stars, stellar-mass black holes, active galaxies, and clusters of galaxies among others. The operation of the future X-ray instruments will proceed in parallel with
the operation of Fermi-LAT and the Cherenkov Telescope Array. We emphasize that the synergy between
the X-ray and c-ray observations is particularly important, and that the planned X-ray missions, when in
conjunction with the modern c-ray observatories, will indeed provide a qualitatively better insight into
the high-energy Universe.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
X-ray observations using space telescopes have revealed that
the Universe is full of high-temperature phenomena reaching 10
to 100 million degrees, which nobody had imagined before the advent of X-ray Astronomy. The X-ray band is capable of probing extreme conditions of the Universe such as the proximity of black
holes or the surface of neutron stars, as well as observing exclusively the emission from high-temperature gas and selectively
the emission from accelerated electrons. In recent years, Chandra,
XMM-Newton, Suzaku and other X-ray missions have made great
advances in X-ray Astronomy. We have obtained knowledge which
revolutionized our understanding of the high energy Universe and
learned that phenomena observed in the X-ray band are deeply
connected to those observed in other wavelengths from radio to
c-rays.
X-rays of synchrotron origin are of special interest because they
are generally produced in extreme cosmic accelerators, which can
accelerate particles up to and above 1012 eV energies. X-rays carry
information not only about the directly accelerated electrons, but
also about hadrons, through the synchrotron radiation of secondary e! pairs produced at interactions of accelerated protons and
⇑ Corresponding author at: Institute of Space and Astronautical Science, JAXA,
3-1-1 Yoshinodai, Chuo-ku, Sagamihara, Kanagawa 252-5210, Japan.
E-mail address: stawarz@astro.isas.jaxa.jp (Ł. Stawarz).
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.05.010

nuclei with ambient gas and radiation fields. The ASCA X-ray satellite and the first generation TeV telescopes demonstrated the close
relationship between X-rays and TeV c-rays from objects such as
‘‘high frequency peaked’’ blazars and young supernova remnants
[1,2]. Since then, tremendous achievements which show the link
between these two frequency bands have been done with the present X-ray satellites and the second generation TeV telescopes
including H.E.S.S., MAGIC, and VERITAS. Recently, hard X-ray observations are becoming more important, since this is the energy band
where non-thermal emission could overwhelm thermal X-ray
emission in sources like galaxy clusters and supernova remnants.
The hard X-ray emission, if detected, traces the sites of particle
acceleration in such objects, and gives important information
about the particle acceleration mechanisms involved. As discussed
below, the hard X-ray telescopes onboard ASTRO-H and NuSTAR,
with sensitivity two orders of magnitude better than the present
missions, are capable of solving various scientific questions to
understand the non-thermal Universe.
In order to study turbulence, magnetic fields, and relativistic
particles in various astrophysical systems, and to draw a more
complete picture of the high energy Universe, observations by a
spectrometer with an extremely high resolution capable of measuring the bulk plasma velocities and/or turbulence with a resolu#1
tion corresponding to a speed of "100 km s are desirable. In
galaxy clusters, X-ray hot gas is trapped in a gravitational potential
well and shocks and/or turbulence are produced as smaller
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substructures with their own hot gas halos fall into and merge with
the dominant cluster. Large scale shocks can also be produced as
gas from the intracluster medium falls into the gravitational potential of a cluster. The bulk motions and turbulences are in turn
responsible for acceleration of particles to very high energies,
which is manifested via non-thermal emission processes, best
studied with sensitive hard X-ray and c-ray measurements.
Understanding the non-thermal phenomena in the Universe is
one of the key goals of modern astrophysics. The origin of galactic
and extragalactic cosmic rays and their roles in the history of the
Universe still remain unsolved. In this paper, we will discuss contributions by future X-ray missions which are under development
in conjunction with possible synergy with the next-generation TeV
c-ray observatory, the Cherenkov Telescope Array (CTA).

2. Future X-ray missions
A number of new X-ray missions which are expected to revolutionize the current understanding of the high energy Universe are
being developed and planned. In the next decade, ASTROSAT [3],
NuSTAR [4], e-ROSITA [5], ASTRO-H [6] and GEMS [7] will be realized. Among them, the 6th Japanese X-ray satellite ASTRO-H, to
be launched in 2014, is the next major international X-ray mission
which will be operated as an observatory. Much larger missions,
such as Athena [8] and LOFT [9], have been proposed for the 2020’s.
ASTROSAT is a multi-wavelength astronomy mission carrying
four X-ray instruments, which will be placed in a 650 km, nearequatorial orbit. It will provide data mainly in the area of X-ray
timing and broadband spectroscopy covering the energy range
0.3–150 keV, with emphasis on hard X-rays. Diffuse UV studies
can also be carried out with an onboard UV telescope.
NuSTAR and ASTRO-H will carry the first focusing hard X-ray
telescopes with graded multilayer reflecting surfaces that operate
in an energy range of 5–80 keV. Imaging and especially focusing
instruments have two tremendous advantages. Firstly, the volume
of the focal plane detector can be made much smaller than for nonfocusing instruments, so reducing the absolute background level
since the background flux generally scales with the size of the
detector. Secondly, the residual background, often time-variable,
can be measured simultaneously with the source, and can be reliably subtracted.
As shown in Fig. 1, the sensitivity to be achieved by ASTRO-H
(and similarly NuSTAR) is about two orders of magnitude improved
compared to previous collimated or coded mask instruments that
have operated in this energy band (Fig. 2). This will bring a breakthrough in our understanding of hard X-ray spectra of celestial
sources in general. With this sensitivity, 30–50 % of the hard Xray cosmic background would be resolved. This will enable us to
track the evolution of active galaxies with accretion flows which
are heavily obscured, in order to accurately assess their contribution to the cosmic X-ray background over cosmic time. In addition,
simultaneous observations of blazar-type active galaxies with Fermi-LAT and the TeV c-ray telescopes are of vital importance to
study particle acceleration in relativistic jets (see Section 5).
In addition to the hard X-ray telescopes, ASTRO-H will carry two
Soft X-ray Telescopes, one with a micro-calorimeter spectrometer
array with excellent energy resolution (Soft X-ray Spectrometer;
SXS), and the other with a large area CCD in their respective focal
planes (Fig. 3). The spectroscopic capability of X-ray microcalorimeters is unique in X-ray astronomy, since no other spectrometers can achieve high energy resolution, high quantum
efficiency, and spectroscopy for spatially extended sources at the
same time. Imaging spectroscopy with an energy resolution
< 7 eV by the SXS of extended sources can reveal line broadening
and Doppler shifts due to turbulent or bulk velocities of the

Fig. 1. Differential sensitivities of different X-ray and c-ray instruments for an
isolated point source. Lines for the Chandra/ACIS-S, the Suzaku/HXD (PIN and GSO),
the INTEGRAL/IBIS (from the 2009 IBIS observer’s manual), and the ASTRO-H/
HXI,SGD are the 3r sensitivity curves for 100 ks exposures. A spectral bin with
DE=E ¼ 1 is assumed for Chandra and DE=E ¼ 0:5 for the other instruments. Note
that the XMM-Newton instruments have a slightly better sensitivity than Chandra
for 100 ks, while SWIFT/BAT is characterized by almost the same sensitivity limit as
IBIS/ISGRI within the range from 15 keV up to "300 keV. The sensitivities of the
COMPTEL and EGRET instruments correspond to the all-lifetime all-sky survey of
CGRO. The curve denoting Fermi-LAT is the pre-launch sensitivity evaluated for the
5r detection limit at high galactic latitudes with 1/4-decade ranges of energy in a
one-year dataset [10]. The curves depicting the MAGIC stereo system [11] and
H.E.S.S. are given for 5r detection with > 10 excess photons after 50 h exposure. The
simulated CTA configuration C sensitivity curve for 50 h exposure at a zenith angle
of 20 deg is taken from [12]. Red dashed line denotes the differential energy flux
corresponding to the mCrab unit in various energy ranges as adopted in the
literature.

Fig. 2. The IBIS/ISGRI significance mosaic of the galactic center region in the 20–
40 keV energy range [13] is shown in the top of the image. In the bottom of the
image the expected performance of hard X-ray observations of the same region
with NuSTAR is presented. The simulation does not include molecular clouds but
focuses on the population of X-ray binaries, with a depth of 12 ksec/pixel or 6 l
crab (courtesy of F.A. Harrison).

X-ray emitting plasma. This capability enables the determination
of the level of turbulent pressure support in clusters, supernova
ejecta dispersal patterns, the structure of active galactic and starburst winds, and the spatially dependent abundance pattern in
clusters and elliptical galaxies. The SXS can also measure the optical depths of resonance absorption lines, from which the degree
and spatial extent of turbulence can be inferred.
In combination with a high throughput X-ray telescope, the SXS
improves on the Chandra and XMM-Newton grating spectrometers
in two important ways. At E > 2 keV, the SXS is both more sensitive and has higher resolution (Fig. 4), especially in the Fe K band
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Fig. 3. Schematic view of the ASTRO-H satellite. The total mass at launch will be
!2700 kg. ASTRO-H will be launched into a circular orbit with altitude 500–600 km,
and inclination !31degrees [6].

where the SXS has 10 times the collecting area and much better energy resolution, giving a net improvement in sensitivity by a factor
of 30 over Chandra. In addition the SXS uniquely performs highresolution spectroscopy of extended sources. In contrast to a grating, the spectral resolution of the calorimeter is unaffected by
source’s angular size because it is non-dispersive.
In order to extend the energy coverage to the soft c-ray region
up to 600 keV, the Soft Gamma-ray Detector (SGD) will be implemented as a non-focusing detector onboard ASTRO-H. The SGD
measures soft c-rays via reconstruction of the Compton scattering
in the Compton camera, covering an energy range of 40–600 keV
with sensitivity at 300 keV of more than 10 times better than the
Suzaku Hard X-ray Detector. The SGD is capable of measuring the
polarization of celestial sources brighter than a few times 1/100
of the Crab Nebula and polarized above !10%. This capability is expected to yield polarization measurements in several celestial objects, providing new insights into properties of soft c-ray emission
processes.
The Gravity and Extreme Magnetism Small Explorer (GEMS) is
an astrophysical observatory dedicated to X-ray polarimetry (2–
10 keV) and is being developed for launch in 2014. GEMS will perform the first sensitive X-ray polarization survey of several classes
of X-ray emitting sources characterized by strong gravitational or
magnetic fields. It has been recognized for a long time that X-ray
polarization measurements can provide unique diagnosis of the
strong fields near compact objects. The prime scientific objectives
of GEMS are to determine the effects of the spin of black holes,
the configurations of the magnetic fields of magnetars, and the
structure of the supernova shocks which accelerate cosmic rays.
In the cases of both stellar black holes and supermassive black
holes, sensitivity to 1% polarization is needed to make diagnostic
measurements of the net polarizations predicted for probable
accretion disk and corona models. GEMS can reach this goal for several Seyfert galaxies and quasars and measure the polarizations of
representatives of a variety of other classes of X-ray sources, such
as rotation-powered and accretion-powered pulsars.
e-ROSITA will be the primary instrument onboard the Russian
‘‘Spectrum-Roentgen-Gamma’’ (SRG) satellite which will be
launched in 2013 and placed in an L2 orbit [5]. The e-ROSITA mission will perform the first imaging all-sky survey in the medium energy X-ray range up to 10 keV with an unprecedented spectral and
angular resolution. The e-ROSITA sensitivity during the all-sky survey for four years will be approximately 30 times ROSAT. In the allsky survey, the typical flux limit will be ! 10"14 erg cm"2 s"1 and
!3 # 10"13 erg cm"2 s"1 in the 0.5–2 keV and 2–10 keV energy
bands, respectively. At these fluxes the X-ray sky is dominated by
active galaxies and clusters, which can be separated with an angular resolution of 25–30 arcsec. The proposed survey will identify
50,000–100,000 clusters depending on the capabilities in disentangling moderately-low extended sources from active galaxies.
Concerning the number of active galaxies, the log N " log S measurement in moderately wide field surveys, like XMM-COSMOS,
can be used to predict detections of ð3 " 10Þ # 106 sources, up to
z ! 7 " 8, depending on the detection threshold.
3. Supernova remnants

Fig. 4. (a) Effective areas of high-resolution X-ray spectroscopy missions as
functions of X-ray energy. The curve for the ASTRO-H SXS is the present best
estimate for a point source. The two crosses show the mission requirements. The
XMM-Newton RGS effective area is a sum of first order of the two instruments (RGS1 and RGS-2). The effective areas of LETG, MEG and HEG onboard Chandra are sums
of first order dispersions in & directions. (b) Resolving power of the ASTRO-H SXS as
a function of X-ray energy for the two cases, 4 eV resolution (goal) and 7 eV
(requirement). The resolving power of high resolution instruments onboard
Chandra and XMM-Newton and typical resolving power of X-ray CCD cameras are
also shown for comparison [14].

3.1. X-ray study of supernova remnants
X-ray imaging and spectroscopic observations play an important role in understanding TeV c-ray emission from supernova
remnants (SNRs). Generally, SNRs are studied with X-ray instruments in the following contexts: (i) SNRs are believed to be the primary sources of galactic cosmic rays (CRs) up to the knee (at
!3 # 1015 eV in the all-particle CR spectrum) and possibly beyond
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it; (ii) SNRs are the best sites to study particle acceleration (particularly, diffusive shock acceleration, DSA) processes, which should
have wide applications in astrophysics; (iii) supernovae are important sources of chemical elements in the Universe; X-ray line spectroscopy of SNRs can probe nucleosynthesis taking place in the
interior of stars and during supernova explosions, being complementary to a late phase optical spectroscopy of supernovae; (iv)
SNRs are major sources of kinetic energy and turbulence of interstellar gas, thereby affecting the gas structures of our Galaxy and
also star formation. The synergies between X-ray and TeV observations of SNRs primarily lie in the areas of particle acceleration and
the origin of Galactic CRs.
In young SNRs, both nonthermal and thermal X-ray emissions
can be observed. Synchrotron radiation by TeV electrons accelerated at strong shock fronts, first identified with the ASCA satellite
[15], is currently the only established channel of nonthermal Xradiation in SNRs. Observations of synchrotron-emitting X-ray filaments provide key information about particle acceleration and
magnetic field amplification processes (see Sections 3.3 and 3.4).
For instance, a recent deep Chandra map of Tycho’s SNR has
revealed an interesting spatial feature, ‘‘stripes’’, of synchrotron
X-ray emission (see Fig. 5) which may be taken as signatures of
magnetic field amplification and associated acceleration of CR protons and nuclei up to !1015 eV [16].
Thermal components include the line and continuum (bremsstrahlung) emissions from shock-heated interstellar/circumstellar
medium and from the hot ejecta heated by reverse shocks. Dissipation at a shock occurs through wave-particle interactions and
shock-heating is inevitably connected with shock-acceleration. As
discussed below, X-ray diagnostics of shocked plasma in SNRs aids
in understanding of TeV c-ray emission. Line emissions come from
electron-collisional excited ions, dominated by alpha elements like
O, Ne, Mg, Si, and S, and the iron peak elements like Fe and Ni.
Shocked plasmas in young SNRs generally do not reach collisional
ionization equilibrium (CIE) and they are under-ionized. It takes
s " nt ! 1012 s cm#3 to reach CIE. Collisional heating of electrons
by ions is also a slow process and consequently electron–ion temperature equilibrium is not reached. The degree of electron–proton
temperature equilibration at the shock front is determined by collisionless heating via collective plasma processes, which are not
well understood. The analysis of Balmer-dominated optical spectra
of partially ionized shocks indicates a temperature ratio of
#1
T e =T p ¼ 0:05 # 0:1 for a high shock speed ðv > 1000 km s Þ [17].
On the other hand, ion temperatures at fully ionized shocks (dominant for young SNRs) have never been well determined. The excellent resolution of the ASTRO-H SXS offers an opportunity to
measure a temperature of shocked irons in young SNRs, a real

Fig. 5. Deep Chandra 4–6 keV image of Tycho’s SNR [16]. Bright features are due to
synchrotron radiation produced by multi-TeV electrons.
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breakthrough in understanding the physics of shock heating.
Fig. 6 presents simulated spectra of SXS observations of the central
portion of Tycho’s SNR. The spectra (black points) assume two
plasma blobs that are receding and approaching to us with
#1
'4000 km s [18] with the same parameters, an iron temperature
of kT Fe ¼ 3 MeV (mass-proportional heating), an electron temperature of kT e ¼ 5 keV, and an ionization parameter of s ¼ 0:9(
1010 s cm#3 . For a reference, a simulated spectrum with no thermal
Doppler broadening is also shown (green points).
Only thermal X-ray emission has been observed in evolved
SNRs (say, > 104 yr), usually from low temperature (kT e ! 0:1 keV)
CIE plasmas. Recently, X-ray emission from overionized (recombining) plasma [19] has been observed in Mixed Morphology SNRs
(MMSNRs) with the Suzaku satellite [20]. MMSNRs are mostly
strong GeV c-ray emitters [21]. X-ray observations can be used
to infer the dynamical evolution of such SNRs. Conducting sensitive searches for nonthermal bremsstrahlung in the hard X-ray
band by NuSTAR and ASTRO-H HXI will complement c-ray
measurements.

3.2. Synergy between X-ray and Gamma-ray Observations of SNRs
A supernova origin of CRs has long been a matter of active research since it was advocated by Baade and Zwicky in the 1930’s
[22]. The current sophisticated paradigm is that diffusive shock
acceleration (DSA) at collisionless shock waves of SNRs is responsible for the production of Galactic CRs up to the knee energy or
even beyond [23], transferring !10% of the explosion kinetic energy into the form of CR energy [24]. DSA is widely regarded as
the standard mechanism for producing relativistic particles at collisionless shocks in various astrophysical objects.
c-ray observations of SNRs provide the most straightforward
way of addressing the SNR paradigm for the origin of CRs through
the measurement of p0 -decay c-rays [25]. H.E.S.S. observations of
TeV c-ray emission from SNR RX J1713.7–3946 [26,27] have revealed a TeV c-ray morphology closely matching the synchrotron
X-ray map (see Fig. 7), providing a firm example of TeV c-ray emission from an SNR shell. SNRs constitute one of the most populated
classes of TeV sources in our Galaxy [28]. Given that the galactic
CRs are energetically dominated by protons and that DSA models

Fig. 6. Simulated ASTRO-H SXS spectrum (black points) around the iron K-shell
complex of Tycho’s SNR for an exposure of 100 ks (taken from ASTRO-H quick
reference
http://astro-h.isas.jaxa.jp/researchers/news/2010/
1119_e.html). For a reference, a simulated spectrum with no thermal Doppler
broadening is also shown (green points). Iron K lines from a blob that is receding are
red-shaded, while lines from an approaching blob are blue-shaded.
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Fig. 7. Chandra images of SNR RX J1713.7–3946 [33] in an energy interval of 1–2.5 keV (panels a and b) or 3.5–6 keV (panel c). In panel a, the H.E.S.S. contours (> 0:7 TeV) are
overlaid on the Chandra map. A sequence of X-ray observations in July 2000, July 2005 and May 2006 for a small box depicted in panel a are shown in panels b and c, which
demonstrates time variability of synchrotron X-ray emission.

usually presume a very high efficiency of proton acceleration, finding evidence for the p0 -decay c-rays is indispensable, but it has remained tantalizingly difficult mainly because radiation processes
involving relativistic electrons (the so-called leptonic components)
could explain the c-ray emission as well.
X-ray observations play an important role in constraining the
origin of TeV c-ray emission from shell-type SNRs. A synchrotron
X-ray spectrum is tightly coupled to the IC c-ray spectrum that is
produced by the same population of accelerated electrons. Moreover, X-ray measurements provide information about the hydrodynamic structure (e.g., shock speed, gas density) and the magnetic
field strength in a remnant, which are crucial to disentangle cray emission mechanisms.

strength can be estimated to be as large as !1 mG. On the other
hand, if the variability is due to intermittent turbulent magnetic
fields [34] (see Section 3.4), the time variability can be reconciled
with a weaker magnetic field (!0.1 mG).
Theoretically it has been proposed that a turbulent magnetic
field can be significantly amplified by a CR current driven instability (and other instabilities) in the shock precursor ahead of a shock
front [35]. Magnetic field amplification (MFA) is now considered to
be the key element in non-linear DSA theory [36]. Modeling of a
synchrotron component depends critically on MFA. Consequently,
any attempts to disentangle c-ray emission mechanisms depend
on our understanding of MFA, which in turn manifests in the synchrotron X-ray data.

3.3. Magnetic field amplification in young SNRs

3.4. Synchrotron X-ray emission as a probe of magnetic turbulence

High angular resolution observations of young SNRs with
Chandra suggest that strong shocks may be able to amplify the
interstellar magnetic field by large factors. The narrow widths of
synchrotron X-ray filaments [29] could be due to rapid synchrotron cooling in the postshock flow [30]. The magnetic field strength
inferred from the X-ray filaments is typically !0.1 mG [31]. An
alternative explanation for the narrowness of the filaments is a fast
magnetic field damping behind a shock [32]. This scenario also requires similarly strong magnetic fields. Evidence for the amplified
magnetic field comes also from the year-scale time variability of
synchrotron X-ray filaments (Fig. 7) [33]. If the variability timescale represents the synchrotron cooling time, the magnetic field

During the DSA process, energetic particles have to be efficiently scattered by magnetic fluctuations in the shock vicinity to
be accelerated to very high energies. In addition to the strength
of the magnetic field, a power spectrum of magnetic turbulences
is a key parameter in the DSA theory.
The turbulent magnetic fields, amplified possibly by CR current
driven instabilities, can be imprinted in synchrotron X-ray images
[34]. The synchrotron emissivity depends strongly on the local
magnetic field as BðCþ1Þ=2 (where C denotes the effective photon index). Therefore, localized non-steady magnetic field concentrations
contribute significantly to the synchrotron X-ray emission by the
highest energy electrons in the cut-off region of the electron

147

T. Takahashi et al. / Astroparticle Physics 43 (2013) 142–154

distribution [34]. Strong fluctuations of the magnetic fields result
in an intermittent, twinkling appearance of synchrotron X-ray
images even if the electron distribution is steady. This may explain
the variable filamentary and clumpy structures in the synchrotron
X-ray map of SNR RX J1713.7–3946 (Fig. 7). Indeed, Suzaku broadband X-ray observations have shown that the X-ray emission is
formed in the cut-off region of the electron distribution [37]. Since
the synchrotron filaments are expected to be more variable at
higher photon energies in this scenario, sensitive hard X-ray imaging with NuSTAR and ASTRO-H is particularly interesting. Hard
X-ray observations will allow the study of the power spectra of
magnetic fluctuations and the acceleration mechanisms of CRs.
The important aspect of measuring c-ray spectra with CTA will
be to gauge the maximum energy of CR particles, particularly that
of protons which, unlike electrons, do not suffer from radiative
losses in SNRs. Theoretically, the maximum proton energy is expected to be controlled mainly by MHD waves in the shock precursor. As discussed above, X-ray observations provide information
about such turbulent waves. The synchrotron X-ray stripes seen
in Tycho’s SNR (Fig. 5) are also intriguing in this regard; the pattern
of the stripes may reflect a turbulent wave spectrum [38]. In the
CTA era, a synergy between X-ray and TeV c-ray observations of
SNRs will be even greater.

4. Gamma-ray binaries
4.1. Gamma-ray Loud X-ray binaries
Detections of modulated TeV c-ray emission synchronized with
an orbital period from a few high-mass X-ray binaries have revealed the existence of c-ray loud X-ray binaries, so-called gamma-ray binaries. Examples include LS 5039 [39], PSR B1259–63
[40], and LS I þ 61" 303 [41], which have been well studied in the
X-ray and TeV bands. Recent GeV c-ray observations of three binaries [42–44] with the Fermi-LAT demonstrate that they are also
luminous GeV sources; the GeV c-ray energy flux exceeds both
the X-ray and TeV c-ray energy fluxes at least at some orbital
phase. Gamma-ray binaries can serve as an excellent laboratory
for the study of extreme particle acceleration in a periodically
changing environment in the vicinity of a massive star.
Two major competing models of nonthermal emission have
been discussed in the literature. The first one attributes the highenergy phenomena to the interactions of a young rotation-powered pulsar with the wind (or disk) of a companion star. Collisions
between the pulsar’s relativistic wind and the stellar wind lead to
the formation of a compactified pulsar wind nebula (CPWN), a
scaled-down version of pulsar wind nebulae [45]. Another model
invokes a microquasar; a relativistic jet ejected by an accreting
compact object accounts for the c-ray loudness in this case [46].
The emission from the PSR B1259–63 binary is powered by a
young non-accreting pulsar and this is a clear example of the
CPWN system. Cygnus X-3 has been known as a microquasar and
the GeV c-rays detected by the Fermi-LAT [47] and AGILE [48]
can be ascribed to the emission from a relativistic jet. However,
type classification is difficult in most cases (e.g., LS 5039). In what
follows, we discuss two TeV-c-ray-emitting binaries, PSR B1259–
63 and LS 5039.

HESS 2007
(> 1 TeV)

HESS 2004
(> 1 TeV)

Fermi 2010
(> 100 MeV)

2010
1997

Fig. 8. Lightcurves of the PSR B1259–63 system in the (a) TeV (H.E.S.S.), (b) GeV
(Fermi-LAT) (c) X-ray and (d) radio (2.4 GHz) bands [44]. X-ray fluxes are in units of
erg cm$2 s$1 .

B1259–63 system in the X-ray, GeV/TeV c-ray, and radio bands
[44].
The X-ray peaks of pre- and post-periastron are thought to arise
from the interactions between the pulsar wind and the equatorial
disk of the optical star. The narrow-band X-ray spectrum of the
system is characterized by a power law of highly variable photon
index C ’ 1:2—2:0 without any detectable line emission [50,51].
A spectral break around ebr % 5 keV was found by Suzaku during
the pulsar’s transit of the disk, which provides an important constraint on the models [51].
The electrons and positrons are presumably accelerated at an
inner shock front of the pulsar wind and adiabatically expand in
the relativistic flow of the pulsar cavity. Synchrotron radiation by
the accelerated electrons offers a reasonable explanation for the
observed X-ray emission. The TeV c-ray emission can be understood in terms of the anisotropic IC scattering on the intense stellar
photons of the same population of electrons and positrons that
produce the X-ray emission [52]. Future sensitive TeV observations
with CTA will allow detailed investigations of the X-ray and TeV
connection.
Recent Fermi-LAT observations have detected a remarkable GeV
flare from PSR B1259–63 about 10 days after the second X-ray peak
[44]. The GeV luminosity reaches a sizable fraction of the pulsar’s
spindown power, implying a very efficient (%100%) conversion of
the kinetic energy of the wind into c-radiation. An extrapolation
of the X-ray spectrum smoothly connects with the flare spectrum,
suggesting that the GeV c-ray emission might be a tail of the synchrotron spectrum. This requires extremely fast acceleration of
electrons and positrons, as in the case of the Crab Nebula’s GeV
flare. Alternatively, the GeV flare may be explained by Comptonization of the cold pulsar wind with a wind Lorentz factor of cw % 104
[53].

4.2. PSR B1259–63
4.3. LS 5039
PSR B1259–63 is a young radio pulsar (spin period 48 ms) orbiting a fast-rotating O-type star LS 2883 [49] in a highly eccentric
3.4 yr orbit. The spindown power of the pulsar is E_ p ’ 8#
1035 erg s$1 . Fig. 8 shows the orbital lightcurves of the PSR

LS 5039 is a high-mass X-ray binary with extended radio emission, comprised of a massive O-type star and a compact object
(either neutron star or black hole). A periodic TeV c-ray signal
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5. Active galaxies
The phenomenon of Active Galactic Nuclei (AGN) is related to
accreting supermassive black holes (SMBHs) hosted by massive
galaxies. The integrated radiative output of the accreting matter
in AGN dominates the extragalactic background light in the X-ray
band [58], while the non-thermal emission of the plasma outflowing from AGN in the form of relativistic jets is widely believed to
provide the bulk, or at least a substantial fraction of the extragalactic background photons at c-ray energies [59]. A multiwavelength
approach is required for a proper understanding of AGN physics,
with the X-ray and c-ray bands being particularly important regimes to explore.

5.1. Blazars

Fig. 9. Lightcurves at X-ray (Suzaku XIS), hard X-ray (Suzaku HXD), TeV (H.E.S.S.),
and GeV (Fermi-LAT) bands of LS 5039 as a function of orbital phase [54,42].

modulated with an orbital period of 3.906 days has been detected
by H.E.S.S. [39], as shown in Fig. 9.
Suzaku observations, which continuously covered more than
one orbital period, showed strong modulation of the X-ray emission at the orbital period [54]. In Fig. 9, the lightcurves obtained
with the Suzaku XIS and HXD are compared with the c-ray modulated curves. The X-ray spectrum measured up to 70 keV can be described by a simple power law with a phase-dependent photon
index of C ¼ 1:45—1:61. A remarkably stable X-ray modulation
over a long time span of "10 yr was revealed through a comparison with the measurements made by previous missions [55]. This
finding favors the CPWN nature of LS 5039.
The X-ray emission is likely due to synchrotron radiation, while
IC scattering on stellar photons by the same population of relativistic electrons is a viable mechanism of TeV c-ray production. The
intense stellar light has dual effects; it largely enhances anisotropic
IC emission but also introduces cc opacity due to pair production,
which can be used to constrain the emission site [56]. While the
orbital modulation of TeV c-ray emission is affected by cc absorption and anisotropic IC, X-rays are free of these effects so their
modulation contains fundamental information about the system
itself. For example, the X-ray lightcurve suggests the importance
of adiabatic losses. To simultaneously explain the X-ray/TeV data,
one needs to invoke the extremely efficient and rapid acceleration
process, allowing for acceleration of 10 TeV electrons on a timescale of seconds.
Unlike TeV c-rays, GeV photons are almost unaffected by cc
absorption, allowing us to probe particle acceleration in the direct
vicinity of a massive star. LS 5039 has been detected by the FermiLAT [42]. Fig. 9 shows the LAT light curve folded with the orbital
period. The LAT flux peaks near periastron, which is naturally expected in the IC model. Spectral modeling suggests the presence
of a second population of e# accelerated possibly in the shocked
stellar wind [57].
Future X-ray polarimetry with GEMS may be able to confirm the
synchrotron origin of the X-ray emission. Also, thermal X-ray emission from the shocked stellar wind, which constrains the properties
of the pulsar and stellar winds, could be detectable with the ASTRO-H SXS. Finally, thanks to CTA, ‘‘phase-resolved’’ c-ray spectra
will be obtained in the TeV range, which would allow for an identification of the cc absorption feature.

Some AGN produce jets, i.e., collimated streams of magnetized
plasma outflowing with relativistic bulk velocities from the immediate vicinities of SMBHs, and carrying huge amounts of energy far
beyond the host galaxies [60]. Jetted AGN observed at small viewing angles with respect to the jet axis (< 10 deg) are called blazars
[61]. A relatively diverse blazar family includes low-power sources
of the BL Lacertae type (BL Lacs) and powerful flat-spectrum radio
quasars (FSRQs).
What is common for all the blazars is that their broad-band spectra are dominated by the non-thermal jet emission produced at parsec and sub-parsec distances from the active centers. This emission,
strongly boosted in the observer rest frame due to the relativistic
bulk velocities of the emitting plasma, extends from radio up to very
high energy c-ray frequencies. This is in either the X-ray or the c-ray
regime where most of the radiatively dissipated power is released.
The other crucial characteristic of blazar emission is its variability,
ranging from minutes to years and decades, and involving flux
changes from a few percent up to a few orders of magnitude. All
of these findings point toward a highly non-stationary character
of AGN jets, and a very efficient and extremely rapid acceleration
of the jet particles to ultrarelativistic energies, typically ascribed
to Fermi-type processes at relativistic shocks.
About 100 blazars, mostly of the FSRQ type, have been associated with c-ray sources detected by EGRET onboard CGRO at GeV
photon energies [62]. Several BL Lacs have also been detected in
the TeV range by the previous generation of Cherenkov telescopes,
starting from Mrk 421 [63], however with a little overlap with the
EGRET catalog. After the first two years of the Fermi-LAT operation,
roughly 1,000 blazars have been identified as GeV emitters, with
an almost equal split between BL Lacs and FSRQs [64]. In addition,
the first cases of the detection of TeV flares from FSRQs were recently reported [65,66]. Still, the overwhelming majority of the
TeV blazars—the population which nowadays is growing quite rapidly due to the development and successful operation of the modern Cherenkov telescopes—are BL Lacs, mostly the ones selected
from X-ray surveys (see, e.g. [67]).
Fig. 10 presents the broad-band spectral energy distributions
(SEDs) of particularly bright examples of the main two types of blazars, namely of Mrk 421, which is a famous BL Lac object, and 3C
454.3, which is an archetypal FSRQ. The main feature to notice in
the figure is that the non-thermal continua consist of two highly
variable spectral components; this is a generic property of blazar
spectra. The low-energy component, peaking in the m $ mF m representation in infrared for 3C 454.3, and in X-rays for Mrk 421, is
established to be due to the synchrotron emission of ultrarelativistic electrons. The high-energy component, peaking in the c-ray regime in all cases, is most successfully modeled in terms of the
inverse-Compton (IC) emission of the same population of electrons
[72,73].
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Fig. 10. Two examples of different types of blazars detected at c-ray frequencies:
3C 454.3 (red circles) and Mrk 421 (black and gray squares). The broad-band
spectrum of Mrk 421 averaged over the observations taken during the 2009
multifrequency campaign and corresponding to the lower/average level of the
source activity, is denoted by black squares [68]. Gray squares illustrate the X-ray
and TeV variability of Mrk 421 during the 2008 higher active state [69]. The quasisimultaneous 2008 data for 3C 454.3 denoted by red filled circles are taken from
[70]. The simultaneous observations of 3C 454.3 during its flaring state (2009 Dec
3), plotted as red open circles, are analyzed and discussed by [71]. The thick cyan
curves represent the simulated continuum sensitivities of the ASTRO-H HXI and SGD
instruments for point sources and 100 ks exposures, as well as the CTA sensitivity
for 50 h exposure at a zenith angle of 20 deg with the candidate configuration C
[12].

An alternative interpretation of the high-energy blazar component, dealing with the interactions of ultrarelativistic protons with
background electromagnetic fields (photomeson production, proton synchrotron emission, and the related cascades of the secondary particles) remains however a formal possibility [74,75]. One of
the main scientific objectives of the modern Cherenkov telescopes
and Fermi-LAT is in fact to distinguish between the two scenarios
by providing conclusive evidence for the leptonic or hadronic origin of the detected c-rays.
Interestingly, crucial pieces of information in the debate on the
origin of the high-energy emission of blazars are gathered by
means of X-ray observations. In the case of BL Lacs, the X-ray domain probes the highest-energy electrons (Ee P 1 TeV) which, in
the framework of the leptonic scenario, also produce the TeV photons via the synchrotron self-Compton process [76]. The correlated
variability in the X-ray and TeV bands established for many BL Lacs

Fig. 11. Simultaneous optical (V band, bottom), X-ray (2–10 keV, middle) and TeV
c-ray (top) light curves for Mrk 421 for the March 18–25, 2001 period (from [78]).
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and Mrk 421 in particular [77,78,69], therefore provides strong
support for the IC origin of the observed c-rays (see Fig. 11). Yet
the exact correlation patterns emerging from detailed analysis revealed at the same time a picture which is much more complex
than that expected in the ‘‘standard’’ models, assuming a single
homogeneous emission zone and a simplified prescription for the
shock acceleration of the radiating particles.
Possibly the most surprising of all such results is related to the
BL Lac object PKS 2155–304, for which the Cherenkov telescope
H.E.S.S. detected order-of-magnitude flares at TeV energies with
doubling timescales as short as 200 s, accompanied by only modest
flux enhancement at X-ray photon energies [79]. This discovery
has led to many question regarding the structure of the blazar
emission zone and the particle acceleration processes involved
[80].
To understand the multiwavelength correlations as well as the
extremely short variability timescales characterizing BL Lacs, more
data and higher-quality data are needed, and these can be gathered
only by means of truly simultaneous, truly multiwavelength and
long-term campaigns which are focused not exclusively on flaring
activity of the targets, but also on their low-flux-level quiescent
states. Such campaigns were hardly possible in the past due to
the limited sensitivity of the previously available instruments. Recently, in the Fermi Era, the situation has improved [68,81], but still
not many BL Lacs are bright enough (especially during their quiescent states) for the currently operating high-energy instruments to
extract series of high-quality spectra in short multiple exposures.
The participation of X-ray telescopes providing detailed spectral
information in future monitoring programs involving CTA is crucial
because, as stated above, the X-ray domain carries information
regarding the electrons directly involved in shaping the c-ray properties of BL Lacs. Instruments such as HXI and SGD onboard ASTROH are expected to be particularly relevant, since these will enable
us, for the very first time, to track the spectral evolution of several
bright BL Lacs above 10 keV photon energies in !100 ks (or shorter) exposures. An exciting and unique possibility is the detection of
the polarization in hard X-rays by SGD during particularly strong
flaring states of the brightest BL Lacs, like that of Mrk 501 in
1997 when the synchrotron continuum of the source extended
up to the J 100 keV photon energy range [82].
A precise characterization of the X-ray spectra of TeV-emitting
BL Lacs is of importance also for another reason: the highest energy
c-ray photons emitted by cosmologically distant sources suffer
from the absorption by the extragalactic background light (EBL)
in the IR–to–UV band due to the photon-photon annihilation process [83]. The observed TeV blazar fluxes have to be therefore deabsorbed—with the correct number density of the EBL photons for
a given redshift of a target—before attempting any modeling. But
the exact spectral distribution of the EBL, which is shaped by the
cosmological evolution of galaxies, is not known precisely [84].
One of the main science goals of CTA is, in fact, to invert the problem and to constrain the evolution of the EBL by a precise characterization of the blazar spectra enabling reliable identification and
analysis of the EBL-related absorption features in the TeV range.
With no good-quality and simultaneous broad-band X-ray data,
on the other hand, disentangling the intrinsic curvatures and the
absorption features in the observed c-ray spectra of blazars relies
heavily on several assumptions regarding the energy distribution
of the emitting electrons [85]. Any more robust determination of
the intrinsic TeV properties of distant BL Lacs, and so any precise
determination of the EBL level, requires simultaneous high-quality
X-ray observations.
In the case of FSRQs the situation is different than in the case of
BL Lacs, since here the X-ray observations probe instead the lowenergy side of the high-energy emission component (see Fig. 10).
This high-energy component in the spectra of FSRQs dominates
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energetically over the synchrotron one, reaching apparent c-ray
luminosities as large as !1049 erg s"1 during the flaring states
[71]. FSRQs display in addition very flat X-ray continua, in many
cases characterized by photon indices CX < 1:5 within a broad energy range from below keV up to hundreds of keV [86].
In the framework of the leptonic models, the low-energy tail of
the high-energy emission components of FSRQs is produced via the
IC process involving the lowest-energy electrons, down to the
mildly-relativistic regime [87]. A large amount of such mildlyrelativistic leptons, outnumbering the ultrarelativistic electron
population and carrying the bulk of the total jet kinetic power,
should however manifest as a distinct steep-spectrum component
in soft X-rays. The fact that the X-ray continua of FSRQs are flat and
extend as such down to the lowest X-ray frequencies therefore has
important implications for the jet energetics: as demonstrated by
several authors (e.g. [88,89]) the lack of any pronounced soft Xray excess in the spectra of FSRQs excludes in particular the case
of particle-dominated purely leptonic jets, implying either significant amount of protons, or Poynting flux-dominated outflows.
A caution here is that the above conclusion is based on possibly
oversimplified emission models, which recently have been questioned to some extent by the aforementioned detections of short
TeV flares from several FSRQs (e.g. [90]). More extensive c-ray
monitoring of FSRQs with continuous coverage at X-ray photon
energies involving soft and hard X-ray instruments like SXS, HXI
and SGD onboard the ASTRO-H is therefore needed for a robust
determination of the jet energetics in the systems. We also note
that the hard X-ray regime is particularly well suited for studying
high-redshift FSRQs, which are of interest for understanding the
cosmological evolution of jetted AGN ([91]).
5.2. Radio galaxies
Radio galaxies (RGs), with their relativistic jets oriented at
intermediate and larger viewing angles with respect to the line
of sight, are believed to constitute the parent population of blazar
sources [61]. As a result of larger inclinations, the observed nonthermal emission produced within the innermost parts of the jets
in RGs is not amplified by relativistic beaming as dramatically as
in the case of blazars, and hence different emission components,
which are hardly observable in blazar spectra, may become prominent. For RGs oriented at particularly large inclinations, the radiative output of unresolved jets may be even strongly de-beamed in
the observer rest frame, and therefore bulk of the observed emission may originate at further distances from the nuclei where relativistic outflows decelerate substantially so that beaming effects
become less severe.
Before the launch of Fermi-LAT only one radio galaxy, Cen A, has
been firmly established as a source of the MeV–GeV photons by
CGRO [92]. At higher photon energies, longer exposure by the
Cherenkov telescope HEGRA allowed for the tentative detection
of another object, M 87 [93]. Both sources are low-power but particularly nearby systems. These two cases, when compared with
about 100 blazars detected by EGRET and the previous Cherenkov
telescopes, imply that RGs are relatively weak c-ray emitters. Yet
they are not ‘‘c-ray silent’’. Indeed, after two years of the FermiLAT operation and with the new generation of Cherenkov telescopes in hand, the sample of RGs detected at c-rays has increased
up to about 10 targets in the GeV range [94,64], and four objects at
TeV photon energies [95,96]. CTA will hopefully further enlarge the
population of non-blazar TeV-emitting AGN.
We also mention here that recently Fermi-LAT has resolved
giant (Mpc-scale) lobes surrounding the Cen A radio galaxy at
GeV energies [97], proving in this way that c-rays are being efficiently generated there, despite the advanced age and relaxed nature of the structure (see Fig. 12, and [98] for the case of the giant

Fig. 12. Adaptively smoothed Fermi-LAT c-ray (> 200 MeV) counts maps centered
on Cen A radio galaxy (from [97]), showing emission from the extend lobes in the
system.

radio galaxy NGC 6251). Probing the Cen A lobes at TeV and Xray photon energies awaits future observations.
Increasing the sample of ‘‘c-ray loud’’ RGs is important for several reasons. First, modeling of such sources provides an independent check of blazar models which are being developed, since, as
noted above, RGs should be considered as blazars observed at
larger viewing angles. Second, as also already emphasized, c-ray
observations of RGs may reveal some ‘‘exotic’’ or at least nonstandard processes possibly related to the production of high energy photons and particles within active nuclei ([99]), large-scale
jets [100] and extended lobes [101]. Third, increasing the sample
of c-ray RGs will enable us to understand the contribution of nearby non-blazar AGN to the extragalactic c-ray background [102].
And fourth, as discussed below in more detail, studying RGs at cray frequencies may shed some light on the still hardly understood
jet launching mechanisms in AGN. All of these research directions
require a multiwavelength approach, but the relevance of the joint
X-ray observations is particularly obvious in the latter case.
Similarly as in the case of blazars, the gathered X-ray data for
RGs offer, in principle, constraints on the highest-energy and lowest-energy segments of the population of the radiating nonthermal electrons (see Section 5.1). But unlike in blazar sources,
the observed X-ray emission of RGs is significantly contributed,
or sometimes even entirely dominated by the emission of the
accretion disks and disk coronae [103]. This constitutes an opportunity to investigate the jet-disk coupling, and hence the jet
launching processes, by means of joint X-ray and radio or c-ray
observations of RGs.
In Fig. 13 we plot the broad-band SEDs of two RGs detected at cray frequencies: the low-power system Cen A and the high-power
galaxy 3C 120. In the case of Cen A the multiwavelength spectrum
of the unresolved core seems to be dominated by the blazar-type
emission of a misaligned jet, and in particular the high-energy
emission component, extending up to the TeV range, seemingly
resembles the high-energy IC peak of blazar sources. The most recent but ‘‘standard’’ blazar-type modeling of this component,
although quite successful up to GeV frequencies, can however
hardly accommodate the observed TeV fluxes [104]. Hence a contribution from some other ‘‘exotic’’ processes at the highest photon
energies, or modification of the blazar modeling, are implied. To
make the situation more complex, there is an ongoing debate on
whether the X-ray continuum of the Cen A core is indeed entirely
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Fig. 13. Two examples of different types of radio galaxies detected at c-ray
frequencies: Cen A (black circles) and 3C 120 (red squares). The compiled historical
data corresponding to the unresolved core of a low-power but nearby galaxy Cen A,
including more recent LAT and H.E.S.S. detections, are taken from [104]. The archival
non-simultaneous data for the unresolved core of a high-power galaxy 3C 120,
including reanalyzed LAT fluxes (following [105]), are represented by red squares.
The sensitivity curves for different X-ray and c-ray instruments are the same as in
Fig. 10. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The observations of nearby RGs with future X-ray telescopes
such as GEMS, NuSTAR and ASTRO-H will enable the jet and the disk
contributions to the observed X-ray emission of the systems to be
disentangled by obtaining high-quality spectra with unprecedented energy resolution up to tens and hundreds of keV photon
energies. Such a rich and previously hardly available dataset, in
addition to providing important diagnostics regarding the accretion process in AGN, will also allow us to understand the origin
of c-ray emission of RGs.
3C 120 constitutes a particularly interesting case in this respect.
Here the entire X-ray emission was argued to be produced by the
accreting matter, with the possible exception of the soft X-ray band
[106]. Variable GeV emission of the source, on the other hand, tentatively detected by LAT, seems to be related to the pc-scale jet
[105]. Importantly, the long-term monitoring of 3C 120 at X-ray
and radio frequencies has revealed a nontrivial connection between the two bands, with the dips in the X-ray emission followed
by ejections of bright superluminal knots along the radio outflow
[107]. In this way a direct observational link between the accretion
and jet launching processes has been established for the very first
time in the case of an AGN. The proposed interpretation involved
X-ray dips due to the disappearance of the inner parts of the accretion disk leading to the ejection of the excess matter along the jet
axis, analogous to what is observed in the Galactic jet sources. The
possibility that the related phenomenon may be also observed at cray frequencies, with the c-ray flares following the dips in the
accretion-related X-ray emission, awaits the operation of CTA and
future X-ray missions.

6. Clusters of Galaxies

Fig. 14. High to very high-energy pectrum of the Coma cluster of galaxies (Abell
1656). Thick green curve illustrates the thermal emission of the cluster gas
(kT ’ 8:3 keV, L0:1##2:4keV ’ 3 $ 1044 erg s#1 ). Hard X-ray (20–80 keV) upper limit
denoted by dark green arrow is taken from [115]. Fermi-LAT upper limits within the
0.2–1, 1–10, and 10–100 GeV photon energy ranges corresponding to a point
source, to a King profile, and to the two-dimensional Gaussian with the 68%
contamination radius of 0.8 deg centered at the position of the cluster are denoted
by black, dark blue, and blue arrows, respectively [116]. Upper limits at 1, 5, and
10 TeV photon energies for the source region of interest with the radius of 0, 0.2 and
0.4 deg, as reported by the H.E.S.S. Collaboration [117], are denoted by red, magenta,
and pink arrows, respectively. The sensitivities for ASTRO-H and CTA (thick cyan
curves) are the same as in Fig. 10. The black and gray solid curves represent the
predictions regarding the non-thermal emission of primary and secondary electrons
accelerated by the magnetic turbulence within the Coma cluster for the central
magnetic field intensity 5 lG and 2 lG, respectively (from ([118])). The black and
gray dashed curves illustrate two exemplary models for the DM-induced emission
in the Coma cluster for the intermediate neutralino mass of 60 GeV (from ([119])).
The thick black line corresponds to the hadronic model of radio halo in the Coma
cluster by ([120]) normalized to the minimum flux prediction of [121] for the
spectral index 2.1.

due to the jet rather than the accretion flow, and what is the contribution of the extended structures in the source to the observed
TeV emission.

Merging processes leading to the formation of clusters of galaxies release huge amounts of gravitational energy ( J 1064 erg) on
timescales of the order of !Gyr [108]. While much of this energy
is contained in thermal plasma with temperatures kT K 10 keV
emitting X-ray photons via the bremsstrahlung process, part of it
may be channelled to accelerate a small fraction of particles from
the thermal pool to ultrarelativistic energies, and to form in this
way an energetically relevant population of cosmic rays (CRs)
within the intracluster medium (ICM). In addition to the thermal
and non-thermal baryonic particles, a large amount of dark matter
(DM) is believed to be present in massive clusters of galaxies.
Both DM and CRs are supposed to give observable signatures at
c-ray frequencies, due to DM annihilation or decay processes, and
due to interactions of hadronic CRs with the ambient gas [109,110].
There is an ongoing search for such signatures using currently
available c-ray instruments. Importantly, however, the production
of c-rays by DM and CRs should be accompanied by the production
of secondary e" pairs. The presence of such secondary leptons
should then result in observational signatures at lower frequencies,
and in particular in the radio and X-ray domains.
Non-thermal activity in the ICM manifests clearly in the phenomenon of giant (!Mpc-scale) radio halos. These are roughly
spherical and low-surface brightness structures centered at the position of the peaks in galaxy distributions, which are found in about
10% of the systems [111]. It was long speculated whether the
synchrotron-emitting electrons populating giant halos are in fact
secondary particles resulting from hadronic CR interactions
[112], or even DM annihilation/decay processes. Even though this
possibility still cannot be excluded, a number of arguments and
considerations were presented against such a scenario [113]. Instead, radio-emitting electrons forming giant radio halos are now
most widely believed to be accelerated directly from the thermal
pool of the ICM by magnetic turbulence induced by merger processes at relatively early stages of the cluster lifetime [114].
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Fig. 15. Simulated spectra for 100 ks ASTRO-H observations of Perseus Cluster. (left) SXS spectra around the iron K line complex. Line profiles assuming r ¼ 0, 100 and
"1
200 km s turbulence. (right) SXS (black), SXI (red), and HXI (blue) spectra for hot plasma with three different temperatures of 0.6, 2.6 and 6.1 keV (r < 20 ; from [6]). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

It was recognized early on that the same electrons which produce synchrotron photons at radio frequencies should also lead
to the production of higher-energy emission via IC upscattering
of the cosmic microwave background radiation [122]. This additional emission component could then be probed at hard X-ray
photon energies as an excess over the thermal (free-free) emission
of the hot intracluster gas. Looking for such an excess using different X-ray instruments has resulted in contradicting claims in the
past [123]. The most recent studies using Suzaku and SWIFT satellites indicate however that there is no power-law excess within the
10–100 keV photon energy range down to the level of a few
!10"12 erg cm"2 s"1 for a number of the brightest systems, with
the exception of the peculiar Bullet cluster [124,115]. These upper
limits, when combined with the radio data, translate into lower
limits for the magnetic field intensity within the ICM > 0:3 lG
[123,115].
Searching for the observable signatures of the hadronic CR and
DM populations in galaxy clusters is therefore a multiwavelength
effort, even though it predominantly involves c-ray instruments.
As such, it will continue vigorously in the future with CTA. At present, despite extensive investigation, only upper limits for the c-ray
emission of clusters of galaxies have been provided both in the GeV
[125,116] and in the TeV ranges (e.g. [117,113]), and these are typically at the level of #10"12 erg cm"2 s"1 (see Fig. 14 for the case of
the Coma cluster). Such limits provide constraints on the DM models, and also limit the contribution of the hadronic CRs to the cluster pressure down to the level of a few percent, at most.
A variety of choices regarding the candidates for the DM particles results however in different expectations regarding the
high-energy emission of clusters related to the DM decay and annihilation processes [119,126]. A variety of viable CR acceleration
processes also plays a role. For example, the most widely considered acceleration mechanism for hadronic CRs in galaxy clusters
is related to the 1st-order Fermi process operating at the fronts
of large-scale shocks formed during the cluster mergers
[127,128]. But shock-produced CRs (both primary and secondary
particles) may be also efficiently re-accelerated within the ICM
via stochastic interaction with magnetic turbulence ([118]). Injection of ultrarelativistic particles into the ICM may be also related to
the activity of AGN located in cluster centers ([129,130]). The
insufficient knowledge regarding the kinematics of the cluster
gas and the structure of the cluster magnetic fields, affects the
model predictions regarding the spatial distribution and the energy
spectra of the accelerated CRs, and hence the non-thermal emission of the ICM (see Fig. 14).

Future X-ray observations which will allow not only for more
robust constraints of the hard X-ray emission of clusters, but which
will also provide a detailed insight into the kinematics of the ICM,
and hence into the various energy dissipation processes involved,
are therefore of primary interest. Missions such as ASTRO-H can
accomplish the task by means of spectrometric observations probing bulk plasma velocities and/or turbulence at a resolution corresponding to a speed of a few !100 km=s, together with an arcmin
imaging system in the hard X-ray band with a sensitivity of orders
of magnitude better than previous missions (see Fig. 15).

7. Conclusions
During the next decade, X-ray catalogues including about
200,000 clusters located out to high redshifts, together with about
3 million AGN, will be available thanks to the operation of e-ROSITA. Around the same time, NuSTAR and ASTRO-H, carrying high-resolution hard X-ray mirrors with unprecedented performance, will
open a new chapter in the studies of high-energy radiation of
astrophysical sources in the hardly explored regime from 10 keV
up to several hundreds of keV photon energies. A soft c-ray survey
at photon energies below 1 MeV, with a sensitivity improved by
1–2 orders of magnitude with respect to previous surveys, will become possible thanks to the SGD instruments onboard ASTRO-H.
The collected data will enable us to monitor highly variable synchrotron emission of the highest-energy electrons in blazars and
Galactic binaries, to track the evolution of supermassive black
holes which are heavily obscured, and in general to probe with
unprecedented accuracy the accretion process in different types
of AGN. The new X-ray instruments will also uniquely allow for
mapping of the spatial extent of the hard X-ray emission in diffuse
non-thermal structures, thus tracing the sites of particle
acceleration in clusters of galaxies and SNRs. In parallel, imaging
spectroscopy with the energy resolution < 5—7 eV brought by
the micro-calorimeter onboard ASTRO-H will reveal line broadening and Doppler shifts due to turbulent or bulk velocities in such
extended systems. GEMS will perform the first sensitive X-ray
polarization survey of several classes of X-ray emitting sources
characterized by strong gravitational or magnetic fields.
All these breakthroughs in studying high energy phenomena in
the Universe are expected to happen at the time of the operation of
the Cherenkov Telescope Array. The synergy between the TeV
observations with CTA and the X-ray observations with the future
missions discussed here can hardly be overemphasized: parallel
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investigations in both regimes are indeed highly complementary
and indispensable to understand the complex physics of the Galactic cosmic ray accelerators, active galaxies, and clusters of galaxies.
This synergy regards primarily constraining particle acceleration
processes, accretion in the black hole systems, and kinematics of
the background plasma in various astrophysical sources of high energy emission. The cosmological context should not be forgotten
either, since future X-ray missions together with CTA are expected
to enable significant progress in understanding the origin of the
high-energy cosmic background radiation, as well as the nature
of dark matter particles through the study of clusters of galaxies.
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a b s t r a c t
Identifying the accelerators that produce the Galactic and extragalactic cosmic rays has been a priority
mission of several generations of high energy gamma ray and neutrino telescopes; success has been elusive so far. Detecting the gamma-ray and neutrino fluxes associated with cosmic rays reaches a new
watershed with the completion of IceCube, the first neutrino detector with sensitivity to the anticipated
fluxes, and the construction of CTA, a ground-based gamma ray detector that will map and study candidate sources with unprecedented precision. In this paper, we revisit the prospects for revealing the
sources of the cosmic rays by a multiwavelength approach; after reviewing the methods, we discuss
supernova remnants, gamma ray bursts, active galaxies and GZK neutrinos in some detail.
! 2011 Elsevier B.V. All rights reserved.

1. The cosmic-ray puzzle
Despite their discovery potential touching a wide range of scientific issues, the construction of ground-based gamma ray telescopes and kilometer-scale neutrino detectors has been largely
motivated by the possibility of opening a new window on the Universe in the TeV energy region, and above. In this review we will
revisit the prospects for detecting gamma rays and neutrinos associated with cosmic rays, thus revealing their sources at a time
when we will be commemorating the 100th anniversary of their
discovery by Victor Hess in 1912. Unlike charges cosmic rays, gamma rays and neutrinos point back at their sources.
Cosmic accelerators produce particles with energies in excess of
108 TeV; we still do not know where or how [1]. The flux of cosmic
rays observed at Earth is shown in Fig. 1. The energy spectrum follows a sequence of three power laws. The first two are separated
by a feature dubbed the ‘‘knee’’ at an energy1 of approximately
3 PeV. There is evidence that cosmic rays up to this energy are Galactic in origin. Any association with our Galaxy disappears in the vicinity of a second feature in the spectrum referred to as the ‘‘ankle’’; see
Fig. 1. Above the ankle, the gyroradius of a proton in the Galactic
magnetic field exceeds the size of the Galaxy, and we are witnessing
the onset of an extragalactic component in the spectrum that extends to energies beyond 100 EeV. Direct support for this assumption now comes from three experiments [2] that have observed
the telltale structure in the cosmic-ray spectrum resulting from
the absorption of the particle flux by the microwave background,
the so-called Greissen–Zatsepin–Kuzmin (GZK) cutoff. Neutrinos
are produced in GZK interactions; it was already recognized in the
E-mail address: halzen@icecube.wisc.edu
We will use energy units TeV, PeV and EeV, increasing by factors of 1000 from
GeV energy.
1
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1970s that their observation requires kilometer-scale neutrino
detectors. The origin of the cosmic-ray flux in the intermediate region covering PeV-to-EeV energies remains a mystery, although it
is routinely assumed that it results from some high-energy extension
of the reach of Galactic accelerators.
Acceleration of protons (or nuclei) to TeV energy and above requires massive bulk flows of relativistic charged particles. These
are likely to originate from exceptional gravitational forces in the
vicinity of black holes or neutron stars. The gravity of the collapsed
objects powers large currents of charged particles that are the origin of high magnetic fields. These create the opportunity for particle acceleration by shocks. It is a fact that electrons are accelerated
to high energy near black holes; astronomers detect them indirectly by their synchrotron radiation. Some must accelerate protons, because we observe them as cosmic rays.
The detailed blueprint for a cosmic-ray accelerator must meet
two challenges; the highest-energy particles in the beam must
reach >103 TeV (108 TeV) for Galactic (extragalactic) sources, and
meet the total energy (luminosity) requirement to accommodate
the observed cosmic-ray flux. Both represent severe constraints
that have limited the imagination of theorists.
Supernova remnants were proposed as possible sources of
Galactic cosmic rays as early as 1934 by Baade and Zwicky [3];
their proposal is still a matter of debate after more than 70 yrs
[4]. Galactic cosmic rays reach energies of at least several PeV,
the ‘‘knee’’ in the spectrum. Their interactions with Galactic hydrogen in the vicinity of the accelerator should generate gamma rays
from the decay of secondary pions that reach energies of hundreds
of TeV. Such sources should be identifiable by a relatively flat energy spectrum that extends to hundreds of TeV without attenuation, because the cosmic rays themselves reach at least several
PeV near the knee; they have been dubbed PeVatrons. The search
to pinpoint them has so far been unsuccessful.
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Fig. 1. At the energies of interest here, the cosmic-ray spectrum follows a sequence of three power laws. The first 2 are separated by the ‘‘knee’’, the 2nd and 3rd by the
‘‘ankle’’. Cosmic rays beyond the ankle are a new population of particles produced in extragalactic sources.

Although there is no incontrovertible evidence that supernovae
accelerate cosmic rays, the idea is generally accepted because of
energetics: three supernovae per century converting a reasonable
fraction of a solar mass into particle acceleration can accommodate
the steady flux of cosmic rays in the Galaxy. Originally, energetics
also drove speculations on the origin of extragalactic cosmic rays.
By integrating the cosmic-ray spectrum in Fig. 1 above the ankle, we find that the energy density of the Universe in extragalactic
cosmic rays is [5] !3 " 10#19 erg cm#3. The power required for a
population of sources to generate this energy density over the
Hubble time of 1010 yrs is ! 3 " 1037 erg s#1 per (Mpc)3. (In the
astroparticle community, this flux is also known as 5 " 1044
TeV Mpc#3 yrs#1). A gamma-ray-burst (GRB) fireball converts a
fraction of a solar mass into the acceleration of electrons, seen as
synchrotron photons. The energy in extragalactic cosmic rays can
be accommodated with the reasonable assumption that shocks in
the expanding GRB fireball convert roughly equal energy into the
acceleration of electrons and cosmic rays[6]. It so happens that
!2 " 1052 erg per GRB will yield the observed energy density in
cosmic rays after 1010 yrs, given that the rate is of order 300 per
Gpc3 per year. Hundreds of bursts per year over Hubble time produce the observed cosmic-ray density, just like three supernovae
per century accommodate the steady flux in the Galaxy.
Problem solved? Not really: it turns out that the same result can
be achieved assuming that active galactic nuclei (AGN) convert, on
average, !2 " 1044 erg s#1 each into particle acceleration. As is the
case for GRB, this is an amount that matches their output in electromagnetic radiation. Whether GRB or AGN, the observation that
these sources radiate similar energies in photons and cosmic rays
is unlikely to be an accident. We discuss the connection next; it
will lead to a prediction of the neutrino flux.

2. Photons and neutrinos associated with cosmic rays
How many gamma rays and neutrinos are produced in association with the cosmic-ray beam? Generically, a cosmic-ray source
should also be a beam dump. Cosmic rays accelerated in regions
of high magnetic fields near black holes inevitably interact with
radiation surrounding them, e.g., UV photons in active galaxies or
MeV photons in GRB fireballs. In these interactions, neutral and
charged pion secondaries are produced by the processes

p þ c ! Dþ ! p0 þ p and p þ c ! Dþ ! pþ þ n:
While secondary protons may remain trapped in the high magnetic
fields, neutrons and the decay products of neutral and charged
pions escape. The energy escaping the source is therefore distributed among cosmic rays, gamma rays and neutrinos produced by
the decay of neutrons, neutral pions and charged pions,
respectively.
In the case of Galactic supernova shocks, discussed further on,
cosmic rays mostly interact with the hydrogen in the Galactic disk,
producing equal numbers of pions of all three charges in hadronic
collisions p + p ? n[p0 + p+ + p#] + X; n is the pion multiplicity.
These secondary fluxes should be boosted by the interaction of
the cosmic rays with high-density molecular clouds that are ubiquitous in the star-forming regions where supernovae are more
likely to explode. A similar mechanism may be relevant to extragalactic accelerators; here we will concentrate on the pc mechanism,
relevant, for instance, to GRB.
In a generic cosmic beam dump, accelerated cosmic rays, assumed to be protons for illustration, interact with a photon target.
These may be photons radiated by the accretion disk in AGN, and
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synchrotron photons that co-exist with protons in the exploding
fireball producing a GRB. Their interactions produce neutral and
charged pions

p þ c ! Dþ ! p0 þ p and p þ c ! Dþ ! pþ þ n:

ð1Þ

with probabilities 2/3 and 1/3, respectively. Subsequently, the pions
decay into gamma rays and neutrinos that carry, on average, 1/2
and 1/4 of the energy of the parent pion. We here assume that
!l Þ
the four leptons in the decay pþ ! ml þ lþ ! ml þ ðeþ þ me þ m
equally share the charged pion’s energy. The energy of the pionic
leptons relative to the proton is:

xm ¼

Em 1
1
¼ hxp!p i ’
;
20
Ep 4

ð2Þ

Ec 1
1
¼ hxp!p i ’
:
10
Ep 2

ð3Þ

! "
Ep
’ 0:2
Ep

ð4Þ

and

xc ¼
Here

hxp!p i ¼

is the average energy transferred from the proton to the pion. The
secondary neutrino and photon fluxes are

dNm
1
¼1
3
dE
dNc
2
¼2
3
dE
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xm
1
xc

# $
dN p E
;
dEp xm
# $
dNp E
dNm
¼8
:
dEp xc
dE

ð5Þ
ð6Þ

Here N m ð¼ N ml ¼ Nme ¼ N ms Þ represents the sum of the neutrino and
antineutrino fluxes which are not distinguished by the experiments.
Oscillations over cosmic baselines yield approximately equal fluxes
for the three flavors.
It is important to realize that the high energy protons may stay
magnetically confined to the accelerator. This is difficult to avoid in
the case of a GRB where they adiabatically lose their energy,
trapped inside the fireball that expands under radiation pressure
until it becomes transparent and produces the display observed
by astronomers. Secondary neutrons (see Eq. (1)) do escape with
high energies and decay into protons that are the source of the observed extragalactic cosmic-ray flux:

# $
dNn
1 1 dN p E
;
¼1
3 xn dEp xn
dE

ð7Þ

with xn = 1/2, the relative energy of the secondary neutron and the
initial proton. For an accelerator blueprint where the accelerated
protons escape with high energy, the energy in neutrinos is instead
given by Eq. (8):

E2

dNm 1
dN p
ðEp Þ
¼ xm E2p
3
dE
dEp

ð8Þ

resulting in a reduced neutrino flux compared to the neutron case.
Identifying the observed cosmic- ray flux with the secondary neutron flux enhances the associated neutrino flux. For an accelerator
with a generic E%2 shock spectrum where E2p dNp =dEp , the energy
of the particles, is constant, the neutron scenario leads to an increased neutrino flux by a factor 3/xn ’ 6.
2.1. Discussion
The straightforward connection between the cosmic-ray, photon and neutrino fluxes is subject to modification, both for particle-physic and astrophysic reasons. From the particle-physic
point of view, we assume that the initial proton interacts once
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and only once. If it interacts nint times, a number that depends
on the photon target density, Eq. (8) is generalized to

E2m

dN m
1
dNp
dNp
¼ ð1 % e%nint Þ xm E2p
ðEp ÞfGZK ’ nint xm E2p
ðEp Þ
3
dEm
dEp
dEp

ð9Þ

for nint that is not too large. The additional factor fGZK ’ 3 takes into
account the fact that neutrinos, unlike protons, are not absorbed by
the microwave background, and therefore reach us from accelerators beyond a GZK proton absorption length of about 50 Mpc. The
factor does vary with the specific red-shift evolution of the sources
considered. Waxman and Bahcall [8] argued that for sources that
are transparent to TeV gamma rays, the photon density is such that
nint < 1 for protons, the heralded bound; indeed, the cross sections
are such that the mean-free path of photons by cc interactions at
TeV energy is the same as for protons by pc interactions at EeV.
(For some reason, the factor 1/3 in Eq. (9) has been replaced by 1/
2 in the original bound.) As was previously discussed, where secondary neutrons are the origin of the observed cosmic rays, the
bound is increased. Sources with nint > 1 are referred to as obscured
or hidden sources: hidden in light, that is. Because IceCube has
reached the upper limits on energy in cosmic neutrinos that are below either version of the bound, hidden sources do not exist, at least
not the pc version.
One can include photoproduction final states beyond the D-resonance approximation that has been presented here [7].
There are also astrophysical issues obscuring the gamma-neutrino connection of Eq. (9), which only applies to the gamma ray
flux of pionic origin. Non-thermal sources produce gamma rays
by synchrotron radiation, and their TeV fluxes can be routinely
accommodated by scattering the photons on the electron beam
to higher energy. Separating them from pionic photons has been
somewhat elusive, and any application of Eq. (9) requires care.
The rationale for kilometer-scale neutrino detectors is that their
sensitivity is sufficient to reveal generic cosmic-ray sources with
an energy density in neutrinos comparable to their energy density
in cosmic rays [5] and pionic TeV gamma rays [9].
2.2. The first kilometer-scale neutrino detector: IceCube
The rationale for kilometer-scale neutrino detectors is that their
sensitivity is sufficient to reveal generic cosmic-ray sources with
an energy density in neutrinos comparable to their energy density
in cosmic rays [5] and pionic TeV gamma rays [9]. While TeV gamma ray astronomy has become a mature technique, the weak link
in exploring the multiwavelength opportunities presented above
is the observation of neutrinos that requires detectors of kilometer
scale; this will be demonstrated de facto by the discussion of potential cosmic-ray sources that follows. A series of first-generation
experiments [10] have demonstrated that high-energy neutrinos
with &10 GeV energy and above can be detected by observing
Cherenkov radiation from secondary particles produced in neutrino interactions inside large volumes of highly transparent ice
or water instrumented with a lattice of photomultiplier tubes. Construction of the first second-generation detector, IceCube, at the
geographic South Pole was completed in December 2010 [11];
see Fig. 2.
IceCube consists of 80 strings, each instrumented with 60 10inch photomultipliers spaced by 17 m over a total length of 1 km.
The deepest module is located at a depth of 2.450 km so that the
instrument is shielded from the large background of cosmic rays
at the surface by approximately 1.5 km of ice. Strings are arranged
at apexes of equilateral triangles that are 125 m on a side. The
instrumented detector volume is a cubic kilometer of dark, highly
transparent and sterile Antarctic ice. Radioactive background is
dominated by the instrumentation deployed into this natural ice.
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Fig. 2. The IceCube detector, consisting of IceCube and IceTop and the low-energy
sub-detector DeepCore. Also shown is the first-generation AMANDA detector.

Each optical sensor consists of a glass sphere containing the
photomultiplier and the electronics board that digitizes the signals
locally using an on-board computer. The digitized signals are given
a global time stamp with residuals accurate to less than 3 ns and
are subsequently transmitted to the surface. Processors at the surface continuously collect these time-stamped signals from the
optical modules; each functions independently. The digital messages are sent to a string processor and a global event trigger. They
are subsequently sorted into the Cherenkov patterns emitted by
secondary muon tracks, or electron and tau showers, that reveal
the direction of the parent neutrino [12].
Based on data taken during construction with 40 of the 59
strings, the anticipated effective area of the completed IceCube
detector is increased by a factor 2 to 3 over what had been expected [13]. The neutrino collecting area is expected to increase
with improved calibration and development of optimized software
tools for the 86-string detector, which has been operating stably in
its final configuration since May 2011. Already reaching an angular
resolution of better than 0.5 degree for high energies, reconstruction is also superior to what was anticipated.
A similar detector, possibly more sensitive than IceCube, is
planned for deployment in deep transparent Mediterranean water
[14].

Milagro detector [17]. A subset of sources, located within nearby
star-forming regions in Cygnus and in the vicinity of Galactic latitude l = 40 degrees, are identified; some cannot be readily associated with known supernova remnants or with non-thermal
sources observed at other wavelengths. Subsequently, directional
air Cherenkov telescopes were pointed at three of the sources,
revealing them as PeVatron candidates with an approximate E"2
energy spectrum that extends to tens of TeV without evidence
for a cutoff [18,19], in contrast with the best studied supernova
remnants RX J1713-3946 and RX J0852.0-4622 (Vela Junior).
Some Milagro sources may actually be molecular clouds illuminated by the cosmic-ray beam accelerated in young remnants located within !100 pc. One expects indeed that multi-PeV cosmic
rays are accelerated only over a short time period when the shock
velocity is high, i.e. when the remnant transitions from free expansion to the beginning of the Sedov phase. The high-energy particles
can produce photons and neutrinos over much longer periods
when they diffuse through the interstellar medium to interact with
nearby molecular clouds [20]. An association of molecular clouds
and supernova remnants is expected, of course, in star-forming regions. In this case, any confusion with synchrotron photons is
unlikely.
Despite the rapid development of both ground-based and satellite-borne instruments with improved sensitivity, it has been
impossible to conclusively pinpoint supernova remnants as the
sources of cosmic-ray acceleration by identifying accompanying
gamma rays of pion origin. In fact, recent data from Fermi LAT have
challenged the hadronic interpretation of the GeV-TeV radiation
from one of the best-studied candidates, RX J1713-3946 [21]. In
contrast, detecting the accompanying neutrinos would provide
incontrovertible evidence for cosmic-ray acceleration. Particle
physics dictates the relation between pionic gamma rays and neu!l pair for
trinos and basically predicts the production of a ml þ m
every two gamma rays seen by Milagro. This calculation can be
performed in a more sophisticated way with approximately the
same outcome. Confirmation that some of the Milagro sources produced pionic gamma rays produced by a cosmic-ray beam is predicted to emerge after operating the complete IceCube detector
for several years; see Fig. 3.
The quantitative statistics can be summarized as follows. For
average values of the parameters describing the flux, we find that
the completed IceCube detector could confirm sources in the Milagro sky map as sites of cosmic-ray acceleration at the 3r level
in less than one year and at the 5r level in three years [15]. We
here assume that the source extends to 300 TeV, or 10% of the en-

3. Sources of Galactic cosmic rays
We here concentrate on the search for PeVatrons, supernova
remnants with the required energetics to produce cosmic rays, at
least up to the ‘‘knee’’ in the spectrum. Straightforward energetics
arguments are sufficient to conclude that present air Cherenkov
telescopes should have the sensitivity necessary to detect TeV photons from PeVatrons [15,16]. They may have been revealed by the
highest-energy all-sky survey in !10 TeV gamma rays from the

Fig. 3. Simulated sky map of IceCube in Galactic coordinates after 5 yrs of operation
of the completed detector. Two Milagro sources are visible with four events for
MGRO J1852 + 01 and three events for MGRO J1908 + 06 with energy in excess of
40 TeV. These, as well as the background events, have been randomly distributed
according to the resolution of the detector and the size of the sources.
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ergy of the cosmic rays near the knee in the spectrum. These results agree with previous estimates [22]. There are intrinsic ambiguities in this estimate of an astrophysical nature that may reduce
or extend the time required for a 5r observation[15]. Especially,
the poorly known extended nature of some of the Milagro sources
represents a challenge for IceCube observations that are optimized
for point sources. In the absence of observation of TeV-energy
supernova neutrinos by IceCube within a period of 10 yrs, the concept will be challenged.
4. Sources of the extragalactic cosmic rays
Unlike what is the case for Galactic cosmic rays, there is no
straightforward c-ray path to the neutrino flux expected from
extragalactic cosmic-ray accelerators. Neutrino fluxes from AGN
are difficult to estimate. For GRB, the situation is qualitatively better, because neutrinos of PeV energy should be produced when
protons and photons coexist in the GRB fireball [23]. As previously
discussed, the model is credible because the observed cosmic-ray
flux can be accommodated with the assumption that roughly equal
energy is shared by electrons, observed as synchrotron photons,
and protons.
4.1. GRB
If GRB fireballs are the sources of extragalactic cosmic rays, the
neutrino flux is directly related to the cosmic-ray flux. The relation
follows from the fact that, for each secondary neutron decaying
into a cosmic ray proton, there are three neutrinos produced from
the associated p+:

E

dNm
dNn
ðEn Þ;
¼ 3En
dE
dEn

ð10Þ

and, after oscillations, per neutrino flavor

E2

! "
dNm
xm 2 dNn
E
ðEn ÞfGZK ;
’
dE
xn n dEn

ð11Þ

where the factor fGZK is introduced for reasons explained in the context of Eq. (9).
An alternative approach is followed in routine IceCube GRB
searches [24]: the proton content of the fireball is derived from
the observed electromagnetic emission (the Band spectrum). The
basic assumption is that a comparable amount of energy is dissipated in fireball protons and electrons, where the latter are observed as synchrotron radiation:
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where !p, !e are the energy fractions in the fireball in protons and
electrons [24,25].
The critical quantity normalizing the GRB neutrino flux is nint;
its calculation is relatively straightforward. The phenomenology
that successfully accommodates the astronomical observations is
that of the creation of a hot fireball of electrons, photons and protons that is initially opaque to radiation. The hot plasma therefore
expands by radiation pressure, and particles are accelerated to a
Lorentz factor C that grows until the plasma becomes optically
thin and produces the GRB display. From this point on, the fireball
coasts with a Lorentz factor that is constant and depends on its
baryonic load. The baryonic component carries the bulk of the fireball’s kinetic energy. The energetics and rapid time structure of the
burst can be successfully associated with successive shocks
(shells), of width DR, that develop in the expanding fireball. The rapid temporal variation of the gamma-ray burst, tv, is of the order of
milliseconds, and can be interpreted as the collision of internal

shocks with a varying baryonic load leading to differences in the
bulk Lorentz factor. Electrons, accelerated by first-order Fermi
acceleration, radiate synchrotron gamma rays in the strong internal magnetic field, and thus produce the spikes observed in the
burst spectra.
The number of interactions is determined by the optical depth
of the fireball shells to pc interactions

n0int ¼

%
&
DR 0
¼ ðCctv Þ n0c rpc :
kpc

ð13Þ

The primes refer to the fireball rest frame; unprimed quantities are
in the observer frame. The density of fireball photons depends on
the total energy in the burst EGRB ’ 2 $ 1052 erg, the characteristic
photon energy of Ec ’ 1 MeV and the volume V0 of the shell:

n0c ¼

EGRB =Ec
;
V0

ð14Þ

with

V 0 ¼ 4pR02 DR0 ¼ 4pðC2 ct v Þ2 ðCct v Þ:

ð15Þ

2

The only subtlety here is the C dependence of the shell radius R0 ;
for a simple derivation see Ref. [25]. Finally, note that this calculation identifies the cosmic-ray flux with the fireball protons.
The back-of the-envelope prediction for the GRB flux is given by
Eq. (9) with nint ’ 1, or
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If one identifies the proton flux with neutrons escaping from the
fireball, the calculation should be based on Eq. (11). This is almost
certainly the correct procedure, as the protons lose their energy adiabatically with the expansion of the fireball. The neutrino flux is increased by a factor of approximately 3/xn ’ 6. This morestraightforward approach has been pursued by Ahlers et al. [26].
For typical choices of the parameters, C % 300 and tv % 10&2 s,
about 100 events per year are predicted in IceCube, a flux that is
already challenged [26] by the limit on a diffuse flux of cosmic neutrinos obtained with one-half of IceCube in one year [27]. Facing
this negative conclusion, Ahlers et al. [26] have investigated the
dependence of the predicted neutrino flux on the cosmological
evolution of the sources, as well as on the parameters describing
the fireball, most notably EGRB, C and tv. Although these are constrained by the electromagnetic observations, and by the requirement that the fireball must accommodate the observed cosmicray spectrum, the predictions can be stretched to the point that
it will take 3 yrs of data with the now-completed instrument to
conclusively rule out the GRB origin of the extragalactic cosmic
rays; see Fig. 4. Alternatively, detection of their neutrino emission
may be imminent.
Is the GRB origin of sources of the highest-energy cosmic rays
challenged? Recall that calculation of the GRB neutrino flux is normalized to the observed total energy in extragalactic cosmic rays of
%3 $ 10&19 erg cm&3, a value that is highly uncertain because it
critically depends on the assumption that all cosmic rays above
the ankle are extragalactic in origin. Also, the absolute normalization of the measured flux is uncertain. Although fits to the spectrum support this assumption [26], by artificially shifting the
transition to higher energies above the knee, one can reduce the
energy budget by as much as an order of magnitude. The lower value of 0.5 $ 1044 TeV Mpc&3 yrs&1 can be accommodated with a
more modest fraction of %2$1051 erg (or %1% of a solar mass)
going into particle acceleration in individual bursts. We will revisit
this issue in the context of GZK neutrinos.
While this temporarily remedies the direct conflict with the
present diffuse limit, IceCube has the alternative possibility to per-
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Fig. 4. GRB neutrino spectra (the prompt spectrum emitted by the sources and neutrino spectrum generated in GZK interactions are shown separately), assuming the
luminosity range 0.1< (!B/!e)Lc,52 < 10 and star-forming redshift evolution of the sources. Here !e,B are the fractional energies in the fireball carried by the electrons and the
magnetic field; the two are equal in the case of equipartition. Lc,52 is the photon energy in units of 1052 erg. We show the prompt spectra separately for models where the
fireball’s dynamical timescale tdyn is smaller (larger) than the synchrotron loss time scale tsyn (green right-hatched and blue cross-hatched respectively). Here the dynamical
time scale is just the variability scale tdyn = tv and t0dyn ¼ t v C. The IceCube limits [27] on the total neutrino flux from the analysis of high-energy and ultrahigh-energy muon
neutrinos with the 40-string sub-array assume 1:1:1 flavor composition after oscillation. We also show the sensitivity of the full IceCube detector (IC-86) to muon neutrinos
after 3 yrs of observation. The gray solid area shows the range of GZK neutrinos expected at the 99% C.L.

form a direct search for neutrinos in spatial and time coincidence
with GRB observed by the Swift and Fermi satellites; its sensitivity
is superior by over one order of magnitude relative to a diffuse
search. In this essentially background-free search, 14 events were
expected when IceCube operated with 40 and 59 strings during
2 yrs of construction, even for the lowest value of the cosmic-ray
energy budget of 0.5! 1044 TeV Mpc"3 yrs"1. Two different and
independent searches failed to observe this flux at the 90% confidence level [28]. IceCube has the potential to confirm or rule out
GRB as the sources of the highest-energy cosmic rays within
3 yrs of operation [26].
4.2. Active Galaxies
If, alternatively, AGN were the sources, we are in a situation
where a plethora of models have produced a wide range of predictions for the neutrino fluxes; these range from unobservable to ruled out by IceCube data taken during construction. We therefore
will follow the more straightforward path of deriving the neutrino
flux from the TeV gamma ray observations, as was done for supernova remnants. This approach is subject to the usual caveat that
some, or all, of the photons may not be pionic in origin; in this
sense, the estimate provides an upper limit. The proximity of the
Fanaroff-Riley I (FRI) active galaxies Cen A and M 87 singles them
out as potential accelerators [29,30]. The Auger data provide suggestive evidence for a possible correlation between the arrival
direction of 1#10 events and the direction of Cen A [29].
Interpreting the TeV gamma-ray observations is challenging because the high-energy emission of AGN is extremely variable, and
it is difficult to compare multi-wavelength data taken at different
times. Our best guess is captured in Fig. 5 where the TeV flux is
shown along with observations of the multi-wavelength emission
of Cen A compiled by Lipari [31].
The TeV flux shown represents an envelope of observations:
1. Archival observations of TeV emission of Cen A collected in the
early 1970s with the Narrabri optical intensity interferometer
of the University of Sydney [32]. The data show variability of
the sources over periods of one year.
2. Observation by HEGRA [33] of M 87. We scaled the flux of M 87
at 16 Mpc to the distance to Cen A. After adjusting for the different thresholds of the HEGRA and Sydney experiments, we
obtain identical source luminosities for M 87 and Cen A of
roughly 7 ! 1040 erg s"1, assuming an E"2 gamma-ray
spectrum.

Fig. 5. Spectral energy distribution of Cen A (black dots). Keeping in mind that the
source is variable, we show our estimates for the flux of TeV gamma rays (upper
gray shading) and cosmic rays assuming that between 1 and 10 events observed by
Auger originated at Cen A (lower blue shading). We note that cosmic-ray and TeV
gamma-ray fluxes estimated in this paper are at a level of the electromagnetic
component shown from radio waves to GeV photons. Our estimate for the neutrino
flux (labeled ‘‘neutrino upper limit’’; see text) is shown as the red line.

3. The time-averaged gamma-ray flux thus obtained is close to the
flux from Cen A recently observed at the 3 # 4 r level by the
H.E.S.S. collaboration [34].
Given that we obtain identical intrinsic luminosities for Cen A
and M 87, we venture the assumption that they may be generic
FRI, a fact that can be exploited to construct the diffuse neutrino
flux from all FRI. The straightforward conversion of the TeV gamma
ray flux from a generic FRI to a neutrino flux yields

!
""2
dNm
E
TeV"1 cm"2 s"1 ;
’ 5 ! 10"13
TeV
dE

ð17Þ

The total diffuse flux from all such sources with a density of
n ’ 8 ! 104 Gpc"3 within a horizon of R # 3 Gpc [35] is simply the
sum of luminosities of the sources weighted by their distance, or
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where dNm/dE is given by the single-source flux. We performed the
sum by assuming that the galaxies are uniformly distributed. This
evaluates to:

The neutrino flux from a single source such as Cen A is clearly small:
repeating the calculation for power-law spectra between 2.0 and
3.0, we obtain, in a generic neutrino detector of effective muon area
1 km2, only 0.8 to 0.02 events per year. The diffuse flux yields a
more comfortable event rate of between 19 and 0.5 neutrinos per
year. Considering sources out to 3 Gpc, or a redshift of order 0.5
only, is probably conservative. Extending the sources beyond
z & 1, and taking into account their possible evolution, may increase
the flux by a factor 3 or so.
5. Neutrinos from GZK interactions
Whatever the sources of extragalactic cosmic rays may be, a
cosmogenic flux of neutrinos originates from the interactions of
cosmic rays with the cosmic microwave background (CMB). Produced within a GZK radius by a source located at a cosmological
distance, a GZK neutrino points back to it with sub-degree precision. The calculation of the GZK neutrino flux is relatively straightforward, and its magnitude is very much determined by their total
energy density in the universe; as before, the crossover from the
Galactic to the extragalactic component is the critical parameter.
Recent calculations [36] are shown in Fig. 6. It is also important
to realize that, among the pc final state products produced via
the decay of pions, GZK neutrinos are accompanied by a flux of
electrons, positrons and c-rays that quickly cascades to lower ener-
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gies in the CMB and intergalactic magnetic fields. An electromagnetic cascade develops with a maximum in the GeV-TeV energy
region. Here the total energy in the electromagnetic cascade is constrained by recent Fermi-LAT measurements of the diffuse extragalactic c-ray background [37].
The increased performance of IceCube at EeV energy has opened
the possibility for IceCube to detect GZK neutrinos. We anticipate
2.3 events in 3 yrs of running the completed IceCube detector,
assuming the best fit in Fig. 6, and 4.8 events for the highest flux
consistent with the Fermi constraint.
Throughout the discussion, we have assumed that the highestenergy cosmic rays are protons. Experiments disagree on the composition of particles around 1020 eV. Little is known about the
chemical composition just below to beyond the GZK cutoff, where
the most significant contribution to cosmogenic neutrinos is expected. In any case, uncertainties in extrapolation of the protonair interaction cross-section, elasticity and multiplicity of secondaries from accelerator measurements to the high energies characteristic for air showers are large enough to undermine any
definite conclusion on the chemical composition [38]. Therefore,
the conflicting claims by these experiments most likely illustrate
that the particle physics is not sufficiently known to derive a definite result. Dedicated experiments at the LHC may remedy this situation by constraining the shower simulations that are a central
ingredient in determining the composition.

6. CTA Wish list of the neutrino astronomer
6.1. Galactic sources
High on the list is a measurement of the distribution of the diffuse
photon flux along the Galactic plane. The ‘‘diffuse’ flux is expected to
be highly structured, and of special interest is the high energy

Fig. 6. Comparison of proton, neutrino and gamma ray fluxes produced in interactions on the CMB by cosmic-ray protons fitted to HiRes data. We repeat the calculation for
four values of the crossover energy marking the transition to the extragalactic cosmic-ray flux. We show the best fit values (solid lines) as well as neutrino and gamma-ray
fluxes within the 99% C.L. with minimal and maximal energy density (dashed lines). The c-ray fluxes are marginally consistent at the 99% C.L. with the highest-energy
measurements by Fermi-LAT. The contribution around 100 GeV is somewhat uncertain, due to uncertainties in the cosmic infrared background.
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emission associated with star-forming regions that are within a few
kiloparsecs’ distance of the solar system; with the sensitivity of the
present generation of neutrino detectors, sources at farther distances are very unlikely to be within reach. These are located in
the Cygnus region and in the nearby Perseus arm of the Galaxy. As
previously discussed, one expects a dominant contribution from
supernovae interacting with the interstellar medium, especially
molecular clouds. Although challenging, a map of the extended
sources in the star-forming regions is required for neutrino followup; these are presumably molecular clouds. A precise measurement
of their extension is necessary as well. Neutrino telescopes have
achieved sub-degree resolution, with air Cherenkov telescopes,
point-source searches are handicapped in sensitivity. This is especially problematic for neutrino telescopes because of their limited
sensitivity. On the other hand, extended searches of the neutrino
sky are straightforward when guided by gamma ray maps. A good
example of both the value and the shortcomings of gamma ray maps
is the TeV image of the Cygnus region by the Milagro experiment.
6.2. Extragalactic sources
Observations of TeV emission from GRB must be near the top of
every wish list, including the one of CTA. The hope is to identify contributions to the GRB emission spectrum that may be pionic in origin, as is routinely attempted for other TeV sources. A focus of this
search could be the late, hard power-law spectra observed in some
GRB. IceCube is already challenging the idea that the bulk of the
extragalactic cosmic rays originate in GRB, and the focus may soon
shift to the search of neutrinos from special (and not the average)
GRB. Any evidence from CTA observations for hadronic emission
from active galaxies, or any other non-thermal source, would be a direct target for neutrino observations. Neutrino follow-up of interesting gamma ray observations is straightforward, because data are
recorded continuously with large sky coverage. No coincident observation is required; one can always look back in the archival data.
It is not difficult to contemplate that the first cosmic neutrinos
will be detected in a multiwavelength campaign involving a gamma ray detector.
7. Conclusion: stay tuned
In summary, IceCube was designed for a statistically significant
detection of cosmic neutrinos accompanying cosmic rays in 5 yrs.
Here we made the case that, based on multiwavelength information from ground-based gamma ray telescopes and cosmic-ray
experiments, we are indeed closing in on supernova remnants,
GRB (if they are the sources of cosmic rays) and GZK neutrinos.
The discussion brought to the forefront the critical role of improved spectral gamma ray data on candidate cosmic ray accelerators. The synergy between CTA [39] and IceCube and other
next-generation neutrino detectors is likely to provide fertile
ground for progress.
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a b s t r a c t
Cosmic rays are a sample of solar, galactic and extragalactic matter. Their origin and properties are one of
the most intriguing question in modern astrophysics. The most energetic events and active objects in the
Universe: supernovae explosion, pulsars, relativistic jets, active galactic nuclei, have been proposed as
sources of cosmic rays although unambiguous evidences have still to be found. Electrons, while comprising !1% of the cosmic radiation, have unique features providing important information regarding the origin and propagation of cosmic rays in the Galaxy that is not accessible from the study of the cosmic-ray
nuclear components due to their differing energy-loss processes. In this paper we will analyse, discussing
the experimental uncertainties and challenges, the most recent measurements on cosmic-ray nuclei and,
in particular, electrons with energies from tens of GeV into the TeV region.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
Cosmic rays are a sample of solar, galactic and extragalactic
matter which includes all known nuclei and their isotopes, as well
as electrons, positrons, and antiprotons. They are associated with
the most energetic events and active objects in the Universe:
supernovae explosion, pulsars, relativistic jets, active galactic nuclei, although an unambiguous proof of their origin has not until
now been found. The measurement of all particle cosmic ray energy spectrum, shown in Fig. 1, ranges for about 32 orders of magnitude in flux determination and more than 21 in explored energy.
Three features appear in the spectrum, a first knee at an energy of
3 PeV, a second knee at about 0.5 EeV and an ankle beyond 10 EeV.
In this spectrum there are, quite hidden, the answers to the main
questions in the cosmic rays research. Where do the particles are
coming from? How and where they are getting accelerated? How
do they propagate through the interstellar medium and what kind
of interaction do they encounter? What role do they play in the
energy budget of the interstellar medium? Are they galactic or also
extragalactic? The cosmic ray particles, at least up to about
1015 eV, are considered of galactic origin and shock waves of
expanding supernovae remnants are ideal candidates to supply
the power for their acceleration. Evidences supporting this hypothesis have recently been reported by AGILE and Fermi, with the
observation of gammas presumably coming from neutral pion
emission from accelerated protons in the Supernova Remnant
W44 [2,3] and SR IC 443 [4], by Cherenkov imaging telescopes
⇑ Corresponding author.

E-mail address: boezio@trieste.infn.it (M. Boezio).
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[5] and in X-ray emissions from the borders of SRN [6]. The accelerated particles are injected into the interstellar space, where they
remain about 107 years before escaping into the intergalactic
space. This long period is due to their coupling to the galactic magnetic field and to scattering on random magnetic fields that leads
to a random walk in real space (diffusion) and momentum space
(diffusive reacceleration). Diffusion provides a high degree of isotropy for the cosmic rays, however the random nature (in space and
time) especially of nearby recent SNRs could produce the small
anisotropy observed at Earth [7]. Particles are also spatially convected away by the galactic wind, inducing adiabatic losses and
lose energy when they interact with interstellar matter or, especially for electrons, with the electromagnetic field and radiation
of the Galaxy by synchrotron radiation and inverse Compton scattering. New particles and spallation products are obtained by interaction of cosmic rays with the interstellar matter. Solar modulation
affects the low energy part of the cosmic rays and plays an important role in the precise determination of the cosmic ray interstellar
energy spectrum. Understanding the origin, acceleration and propagation of cosmic rays in the Galaxy requires the combination of
many different investigations over a wide range of energy, including chemical composition, anisotropy, and solar modulation.
2. Cosmic rays elemental composition
The experimental methods divide the cosmic ray energy spectrum in two large intervals. The first, below the first knee, is
explored by direct measurements, carried out by experiments on
stratospheric balloons or in space on board satellites or International Space Station, with single particle identification and energy
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Fig. 1. All particle cosmic ray energy spectrum. Figure from [1].

definition. The second one, over the knee, where the low particle
flux makes feasible only indirect observations, is measured by very
large on ground detectors and the particle nature is inferred, on basis of the statistics and with considerable systematic uncertainties,
studying their interaction with the atmosphere. The experimental
observation of a change of slope, or ‘‘knee’’, in the cosmic ray flux at
1015 eV energy scale has not yet found an explanation universally
accepted, after almost half a century since its discovery. According
to some theoretical models, the knee is linked to the process of
acceleration of cosmic rays. In case of acceleration due to shock
waves of expanding supernovae remnants, the existence of a maximum rigidity R ¼ pc=ðZeÞ, p being the momentum of a particle of
charge Ze, is predicted, to which the mechanism of acceleration becomes inefficient. In this scenario, the spectrum of each individual
element in primary cosmic rays would show a ‘‘cutoff’’ at a characteristic momentum with a linear dependence on the atomic number Z. These models appear to be confirmed by experimental data
that show a ‘‘knee’’ at 3 $ 5 % 1015 eV presumably due to light primary masses cutoff [8,9] and, very recently, another at 8 % 1016 eV
attributed to heavy primary nuclei [10]. Therefore, the observed
inclusive spectrum would be the superposition of individual spectra, weighted with the relative abundances of the elements in the
flux of the primaries and the knee would reflect the different composition of cosmic rays. An alternative explanation of the knee is
adopted by models that relate it to leakage of cosmic rays from
the Galaxy. In this case the knee is expected to occur at lower energies for light nuclei as compared to heavy ones, due to the rigiditydependence of the Larmor radius of cosmic rays propagating in the
galactic magnetic field [11].
In this paper we deal with direct measurements of cosmic rays
under the ‘‘knee’’, with a focus on the chemical composition that
provides important information about cosmic ray primary sources,
secondary production, acceleration and propagation processes
through the interstellar medium. An extensive work has been
conducted in space and at the top of the atmosphere in the energy

region between few GeV/n and hundreds of TeV/n, starting with
the pioneer series of Proton satellite experiments of Grigorov
[12], extended, later, by the JACEE [13] and RUNJOB [14] balloonborne experiments and by HEAO [15] and SOKOL [16] on board satellites and CRN [17] on board the Space Shuttle. At present new
data are released by ATIC [18], BESS [19], CREAM [20], TRACER
[21], PPB-BETS [22] as results of Long Duration Balloon flights in
Antarctica and by PAMELA on satellite. Very precise measurement
of nuclei at the TeV region are expected by AMS-02 [23], operating
outside the ISS since May 2011. The most precise data on proton
and helium energy spectra have been achieved by PAMELA [24] between 1 GeV and 1.2 TeV for protons and 1 GeV/n to 500 GeV/n for
helium and by CREAM [20] between 2.5 TeV and 250 TeV for protons and 630 GeV/n to 63 TeV/n for helium. Results from different
experiments [13,14,18–20,24–28] up to 10 TeV/n, multiplied by
E2.7, are shown in Fig. 2. The extrapolation to higher energy of
the PAMELA fluxes suggests a good agreement with those published by CREAM and JACEE [13] but they are higher than the RUNJOB [14] helium data. PAMELA data show a spectral hardening, at
230–240 GV, which appears present also in the ATIC2 data [18].
For long time a tantalizing question has focused on the possible
uniqueness of the index spectrum for all nuclei, including protons.
It has been difficult to prove subtle differences between the different spectra, because spectral indices determined by different measurements performed over a limited energy range or with low
statistics and large background contamination could not provide
a definite answer. The PAMELA data, taken over a wide energy
range above the atmosphere, show clearly this difference between
the proton and helium slopes, as seen in Fig. 3, where the ratio of
the fluxes is presented as a function of rigidity. In this configuration the possible impact of systematic errors is reduced, because
several instrumental effects cancel in the ratio. The proton-to-helium flux ratio shows a continuous and smooth decrease and it is
well described by a power law down to rigidities as low as 5 GV
with a spectral index of 0.1. The data are compared with Zatsepin
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Fig. 2. Proton and helium absolute fluxes measured between 1 GeV/n and 10 TeV/n: JACEE [13], CAPRICE 1994 [25], AMS-01 [27], IMAX [26], CAPRICE 1998 [28], BESS [19],
RUNJOB [14], ATIC-2 [18], PAMELA [24], and CREAM [20]. The measurements have been obtained by balloon-borne experiments but AMS-01 and PAMELA.

from the Galaxy, which depends on energy, and loss by spallation
in the interstellar medium (ISM), which depends on the nuclear
charge Z (or more correctly, on atomic number A), should lead to
some changes in the spectral shape for the different nuclei that
would be difficult to describe by the same power-law spectrum.
Moreover, a recent accurate analysis [32] of direct measurements
of the energy spectra of the major mass components of cosmic rays
indicates the presence of an ‘ankle’ in the region of several hundred
GeV/n. The ankle, which varies in magnitude from one element to
another, is much sharper than predicted by cosmic ray origin models in which supernova remnants are responsible for cosmic ray
acceleration and it appears as a new, steeper component is
necessary.

p/He

10

PAMELA
Zatsepin et al. 2006 (fitted to data)
GALPROPφ=450 MV
Zatsepin et al. 2006
Single power law fit

1
1

10

102

103
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R (GV)
Fig. 3. Ratio between proton and helium data of PAMELA vs. Rigidity. The shaded
area represents the estimated systematic uncertainty. Lines show the fit using one
single power law (describing the difference of the two spectral indices), the
GALPROP calculation and the Zatsepin models using the original values of the paper
[29] and fitted to the data.

model [29]. The energy spectra of the most abundant heavy nuclei
[15,17,21,30] are presented in Fig. 4. The agreement among the different experiments appears to be quite good in the regions of the
overlaps. The insufficient precision of the measurements does not
allow to observe a significant trend of the spectral indices with Z
charge. Energy power laws with an average spectral index of
2.65 ± 0.05 fit well all the TRACER data above 20 GeV [21]. This
behavior suggests a common origin of all cosmic ray species. However, protons and helium data advise for a more careful analysis. In
fact, it is expected that the competing action of physical escape

2.1. Cosmic ray secondaries
The combined effect of acceleration and propagation of cosmic
rays in the Galaxy leads to a difference between the spectra at
the source and those measured at Earth. Secondary nuclei are produced by spallation in the interaction of primary nuclei with interstellar matter. Powerful tools to characterize the diffusion property
of the ISM and to test the propagation models are therefore the
measurements of the abundances and energy spectra of secondary
elements such as Boron, Beryllium and Lithium and, particularly,
the ratios between secondary and primary cosmic ray fluxes as
B/C, Be/C, Li/C etc. They are directly connected to the crossed
amount of matter in the Galaxy and to the nuclei lifetime before
escaping from the Galaxy. Actually, the energy dependence of the
B/C ratio is directly connected with the diffusion coefficient, or
more in general with the escape time, which scales as the inverse
of the coefficient if diffusion is the only process responsible for
escape. The results of measurements of the B/C ratio performed
by several experiments [15,31,33–36] are shown in Fig. 5, that includes also an extrapolation (dotted line) for an E!0.6 decrease of
this ratio with energy, inferred from measurements at low energy.
However, this energy dependence would imply too small values for
the escape path length of cosmic rays at the highest energies and a
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Fig. 4. Energy spectra of the more abundant heavy nuclei. Results of CREAM-II [30] (filled circles), HEAO [15] (triangles), CRN [17] (squares), ATIC [31] (open circles) and
TRACER [21] (stars). Figure from [30].

B/C ratio

On the other hand, if this transition exists one should expect the
appearance of a feature in the all-particle spectrum which does
not seem to be there. In the next months, the AMS-02 space mission will allow for fundamental improvements to the understanding of the origin and propagation of cosmic rays in the Galaxy. New
results at higher energy will be provided by CALET experiment [37]
planned to be installed outside the ISS in 2014.
10-1
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Fig. 5. The boron-to-carbon abundance ratio as a function of kinetic energy per
nucleon. Error bars are statistical (thin) and systematic (thick). A model corresponding to an escape path length E!0.6 (dotted) is shown. The level of atmospheric
production of boron (dashed) is indicated. HEAO [15], TRACER [33], CRN [34], ATIC
[31], CREAM [35] and AMS-01 [36]. Figure from [33].

large anisotropy of cosmic rays at knee would be measured. Thus,
it is quite interesting that the more precise data of TRACER [33] on
the B/C ratio above 100 GeV/n, and also, as shown in Fig. 5, some of
the results of other measurements, appear to lie above the E!0.6
prediction. This feature may suggest that the energy dependence
of the escape path length flattens at high energy, and perhaps indicates an asymptotic transition to a constant residual path length.

Electrons (and positrons) constitute about 1% of the total cosmic-ray flux. While small, this component provides important information regarding the origin and propagation of cosmic rays in
the Galaxy that is not accessible from the study of the cosmicray nuclear components due to their differing energy-loss processes. In fact, because of their low mass, electrons undergo severe
energy losses through synchrotron radiation in the Galactic magnetic field and inverse Compton scattering with the interstellar radiation fields and the cosmic microwave background radiation.
There are two possible origins of high-energy electrons in the
cosmic radiation: primary electrons accelerated at sources such
as SNR and secondary electrons produced by processes such as nuclear interactions of cosmic rays with the interstellar matter. From
an energetic point of view it was realized already in the fifties (e.g.
[38]) that supernovae explosions released sufficient energy to
power the cosmic rays in the Galaxy. Evidence for synchrotron Xray emission [39,40] strongly supports the hypothesis that Galactic
cosmic-ray electrons originate in supernovae. In this case, TeV
gamma rays should be produced via the inverse Compton process
between accelerated electrons and the cosmic microwave background radiation and indeed TeV gamma rays were detected (e.g.
[41]).
Secondary electrons originate from the interaction of cosmic
rays, mostly protons and helium nuclei, on the interstellar matter
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(hydrogen and helium). In this process positrons are produced too.
Since the interaction involves positively charged particles, charge
conservation implies that slightly more positrons than electrons
are created (e.g. [42]). Since the observed positron component is
of the order of ten percent and less of the electron one above a
few GeV (e.g. [43]), the majority of electrons must be of primary
origin. However, additional sources of electrons (and positrons)
cannot be excluded. The recent observation by the PAMELA satellite of a rising positron fraction up to !100 GeV [44], later confirmed by the Fermi experiment [45] up to 200 GeV, has
prompted a considerable effort in the theoretical interpretation
of the data. New sources ranging from astrophysical objects such
as pulsars, e.g. [46], or more exotic sources such as dark matter
particles, e.g. [47], have been proposed to explain the results. Similarly, the recent measurement of an excess in the ‘‘all electron’’
(e" + e+) spectrum by the ATIC collaboration [48] at a few hundred
GeV has been interpreted in terms of a dark matter signal or a contribution of a nearby pulsar.
Because of energy losses via synchrotron radiation and inverse
Compton scattering, the lifetime of high energy electrons is approximately: 2.5 # 105 (yr)/E(TeV) [49]. In diffusion models for
transport of cosmic rays in the Galaxy this implies a short range
propagation scale (!1 kpc) for high energy electrons, hence local
sources are expected to play an important role (e.g. [49–51]).
Furthermore, a small number of sources well localized in space
may induce features in the spectral shape of the electron energy
spectrum [51,52] and anisotropies in the arrival direction of very
high energy electrons (e.g. [49]). However, Delahaye et al. [51]
noted that a full relativistic treatment of the energy losses smooths
the global spectral shape significantly reducing the peaking structures resulting from using the Thomson approximation of the inverse Compton energy losses.
3.1. The ‘‘all-electron’’ spectrum
Detection of high-energy energy electrons has been conducted
over the years employing the particle cascades produced by electrons in calorimeters. Such approach provides sufficient energy resolution and acceptance to extend the measurement of the
electron spectrum beyond 1 TeV. However, negative particles cannot be straightforwardly separated from positive ones, hence the
energy spectrum refers to the sum of e" + e+ (i.e. ‘‘all-electron’’).
As previously noted, recently the balloon-borne experiment
ATIC reported an excess of galactic cosmic-ray electrons at energies
between 300–800 GeV [48]. The excess appeared as a structure in
the all-electron energy spectrum with a sharp cutoff around
620 GeV, which was interpreted in terms of contribution of a nearby astrophysical object such as pulsar or dark matter signal. The
same energy region was originally probed by the balloon-borne experiment by Kobayashi et al. [53] and later on by the balloon-borne
experiment PPB-BETS [22], by the satellite-borne experiment Fermi [54,55] and by the atmospheric Cherenkov experiment
H.E.S.S. [56,57]. Fig. 61 shows these measurements. It can be noted
that the recent measurements by Fermi and H.E.S.S. are consistent
with ATIC results within statistical and systematic uncertainties
but neither confirms this structure in the spectrum.
All these measurements required powerful particle identification to separate electrons from a vast background of protons and
heavier nuclei. The identification was based upon calorimetry information (in the H.E.S.S. case the calorimeter was the atmosphere
itself) such as energy losses and shower development. Thickness of
1
As commonly done, the figures in this paper show the fluxes multiplied by E3,
where E is the energy in GeV. Reducing the decades of variation of the flux, this allows
for a clearer picture of the spectral shapes. However, this implies that the absolute
energy uncertainties are added to the flux uncertainties.

Flux ×E 3 (s -1 sr -1 m-2 GeV 2)
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Fig. 6. The all-electron energy spectrum measured by Kobayashi et al. [53], PPBBETS [22], ATIC [48], H.E.S.S. [57,56] and Fermi [54]. The shaded areas indicate the
systematic uncertainties in the Fermi and H.E.S.S. results (two sets of data
measurements for H.E.S.S.).

the employed calorimeter as well as validity of simulations are
fundamental ingredients for a reliable hadron rejection and corresponding systematic uncertainties. Moreover, atmospheric secondaries, i.e. produced by interaction of cosmic rays with the residual
atmosphere above the payload, comprise an irreducibly contamination for balloon-borne experiments. These secondary electrons
(and positrons) can only be estimated by Monte Carlo or analytical
calculations. Furthermore, since they approximately maintain the
spectral shape of the parent cosmic rays, their contamination increases as the energy increases amounting often to 10% or more
of the signal in the hundred GeV region (e.g. see [22]).
Additional sources of discrepancies arise from efficiency and energy determinations. Selection efficiencies are an experimental
challenge since they require a very good knowledge of the detector
performances during data taking. Often, to reduce the systematic
uncertainties, the selection efficiencies are derived from flight data,
but a fully unbiased cross calibration of the efficiencies in flight is
quite impossible and simulations have to be used. The simulations
are usually validated by comparisons with test-beam data, which
do not account for the flight condition, and, whenever possible,
flight data. However, unproven assumption have to be made resulting in uncertainties that have to be included in the results. It
has to be noted that efficiency uncertainty usually affects the absolute normalization of the fluxes and have a smaller impact on the
shape of the spectra.
The shaded areas in Fig. 6 shows the systematic uncertainties in
the Fermi and H.E.S.S. measurements. In the case of Fermi they account for uncertainties in the estimation of the hadronic background. However, these uncertainties do not account for those
deriving from the energy determination. For the experiments in
Fig. 6, the energy was obtained by measuring the development of
the electromagnetic cascade in the calorimeter. Also in this case
the thickness of the calorimeter plays a significant role in the precision of the measurement with an energy resolution ranging from
!15% for Fermi to !3% for ATIC at few hundred GeV.
In the case of H.E.S.S. the shaded areas indicate the approximate
systematic uncertainties arising from the modeling of hadronic interactions and of the atmosphere. The energy scale can approximately shift of 15%. It should be mentioned that the energy
determination strongly depends on simulations since experimental
calibration at beam test cannot be performed, differently from
space and balloon-borne experiments. Additionally, a contamination by the diffuse c-ray background affects the H.E.S.S. results, estimated at a level of 10% even if a significantly larger
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200 GeV. This is another confirmation that a detailed interpretation of the electron data require a careful analysis of the experimental data including all statistical and systematic uncertainties.
It also points to the need for more precise measurements.
As can be seen from Fig. 6, the ‘‘all electron’’ spectrum is well
represented by a single power law of about "3 of spectral index
up to !1 TeV, above which energy a cutoff like feature is present.
A combination of contributions from a limited number of nearby
sources and distant ones uniformly distributed appears consistent
with the experimental results as shown in Fig. 14 of [51]. However,
as discussed, taking into account all experimental uncertainties
spectral features in the hundred GeV region cannot be excluded.
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Fig. 7. The ratio between the all-electron spectra measured by Fermi [54] using two
event selections with different energy resolution (fluxes with better resolution
divided by the ones with lower resolution).
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It has been often noted, e.g. [51], that the separate cosmic-ray
e" and e+ fluxes yield much more information and provide stronger
constrains to theoretical models than the all-electron spectrum.
Since the first detection of cosmic-ray e" in the early 60s [58], several experiments were performed to measure this component. Fig.
8 left shows the e" energy spectrum measured by recent cosmicray experiments [59–63] (the highest data point from HEAT [62]
refer to the sum of electrons and positrons). and a theoretical calculation of the e" spectrum based on the GALPROP code [64]. The
calculation (solid line) was performed using a spatial Kolmogorov
diffusion with spectral index d ¼ 0:34 and diffusive reacceleration
characterized by an Alfven speed v A ¼ 36 km/s, the halo height
was 4 kpc (parameters from [66]). The resulting flux was normalized to PAMELA data at !70 GeV. For the secondary e" production
during propagation it used primary proton and helium spectra reproducing the corresponding measured PAMELA spectra [24] and it
was calculated for solar minimum, using the force field approximation [67] (U ¼ 600 MV). As a comparison the Fig. 8 right shows
measurements of the all-electron spectrum [22,48,53,54,56,57,
65] with the same energy scale.
Differences in the data at low energies are mostly due to the effect of solar modulation for the various data taking periods. Therefore, here we will mostly discuss measurements of electrons with
energies above 10 GeV, for which these effects are much less
significant.

Flux× E3 (s-1 sr-1 m-2 GeV-1 )× GeV3

Flux× E3 (s-1 sr-1 m-2 GeV-1 )× GeV3

contamination of ’50% cannot be excluded [57]. It has to be noted
that the presence of this contamination implies that the H.E.S.S.
electron spectrum is probably an upper limit of the real spectrum
and that the contamination, due to the different spectral shapes of
electrons and diffuse c-rays, is energy dependent, hence potentially affecting the shape of the spectrum.
The effect of systematic uncertainties can be understood also
looking at Fig. 7 that shows the ratio between the all-electron spectra measured by Fermi [54] using two different event selections:
one is the standard analysis published in [55], the other uses a significantly smaller set of events (!5% of the total) that crossed at
least 12 radiation lengths in the calorimeter (see [54] for more details). The energy resolution of this second set of events is significantly better: about 3–5% between 100 GeV and 1 TeV.
Considering that, on top of the statistical errors, the systematic uncertainties are !5%, increasing as the energy increases and without
accounting for the absolute energy uncertainty (see Fig. 6), the two
results are perfectly consistent. However, it can also be noticed
that the spectrum obtained with the higher energy resolution is
systematically higher than the one with larger statistics above

3.2. The e" spectrum
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Fig. 8. Left: recent measurements of the cosmic-ray e" energy spectrum: CAPRICE94 [60], HEAT [62], AMS [61], MASS91 [63], PAMELA [59] and Fermi [45]. The solid line is a
theoretical calculation based on the GALPROP code [64]. Right: the all-electron energy spectrum measured by Kobayashi et al. [53], BETS [65] PPB-BETS [22], ATIC [48],
H.E.S.S. [57,56] and Fermi [54].
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Fig. 10. The e! energy spectrum measured by Fermi [45] and PAMELA [59]. The
solid lines are single power-law fit to the data between 20 and 200 GeV (red:
PAMELA, black: Fermi). For both measurements the error bars include both
statistical and systematic uncertainties quadratically summed and these were the
errors considered by the fitting procedures. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

10 GeV) than that measured by Fermi. Considering that the data
were collected partially over the same period of time the differences cannot be ascribed to solar modulation. However, systematic
uncertainties, indicated as shaded areas in Fig. 9, account for most
of the differences. Once more this illustrates why systematic uncertainties cannot be neglected when modeling experimental
results.
Recently the Fermi collaboration published data on e! and e+
fluxes [45] where the two species were distinguished up to
200 GeV using the opposite distortion of the Earth’s shadow cased
by Earth’s magnetic field. These results are particularly interesting
not only because they confirm the PAMELA positron results but
also because the differences between the Fermi and PAMELA e!
spectra are significantly reduced respect to the comparison discussed above (Fig. 9). Fig. 10 shows the e! spectrum measured
by Fermi compared with the one by PAMELA [59] along with single
power-law fits to the data between 20 and 200 GeV. An excellent
agreement can be noticed: there are negligible differences in the
absolute values and in the two spectral index (!3:19 " 0:04 for PAMELA and !3:20 " 0:08 for Fermi). Apparently, the better agreement between PAMELA and Fermi electron spectra is due to
improved instrument response functions used in the Fermi data
(see [45]). This agreement can be used to reduce the effect of systematic uncertainties, providing an e! spectrum more precise than
each single measurement. It is interesting to note that both PAMELA and Fermi e! spectra harden and hint to a structure around
100 GeV not unlike a similar feature noticeable in the ATIC all-electron spectrum (see Fig. 6).
3.3. Future
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Especially the PAMELA and Fermi results show a rather smooth
energy dependence of the energy spectra in a relatively good
agreement with the GALPROP calculation except at higher energies
where all experimental spectra are harder. Such hardening can be
explained with additional leptonic components with a hard spectrum (e.g. [51,54]), which, contributing equally to electrons and
positrons, would likewise explain the the increase in the positron
fraction measured by PAMELA [44]. The spectral flattening can be
as well reproduced by standard cosmic-ray models by adjusting
the injection spectrum at the source; however, these models cannot explain the PAMELA positron data. A possible solution was proposed by Blasi [68], Ahlers et al. [69] and Fujita et al. [70] that
considered the production and acceleration of secondaries electrons and positrons by hadronic interactions of the accelerated
protons in SNR shock waves. With such assumption, they were able
to fit the Fermi (and H.E.S.S.) electron data and, at the same time,
reproduce the PAMELA positron fraction. It should be mentioned
that GALPROP does not fully describe cosmic-ray electron propagation. This calculation is commonly used assuming a continuous
distribution of sources in the Galaxy. However this does not seem
plausible for primary high energy electrons, since, as previously
discussed, this assumption should only hold for a relatively close
neighborhood. Furthermore, as pointed out in [71], there is a higher concentration of SNRs in the spiral arms of the Galaxy, therefore
one should consider an inhomogeneous source distribution.
As in the case of the very-high-energy all-electron spectrum the
interpretation of the results depends on the precision of the measurements. Especially systematic uncertainties, often larger than
statistical errors, have to be properly taken into account in any data
interpretation. However, it is very difficult to correctly estimate
systematic uncertainties. An excellent approach to their determination resides in comparing measurements taken with different
apparatus. For example, we compared PAMELA electron spectrum
to the Fermi all-electron spectrum. For this comparison, we constructed a PAMELA all-electron spectrum using the PAMELA e!
data [59] and positron fraction [72]. Fig. 9 shows the Fermi and PAMELA all-electron spectra up to 100 GeV, i.e. the highest energy bin
for which the PAMELA collaboration presented the positron fraction. The PAMELA spectrum appears softer than the Fermi one,
however the two spectral indexes differ by less than a standard deviation (!3:17 " 0:07 for PAMELA and !3:112 " 0:002 for Fermi)
when fitting the data with a single power-law from 30 to
100 GeV and accounting only for statical errors. At lower energies,
the electron flux measured by PAMELA is higher (about 20% at
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Fig. 9. The all (e! + e+) electron energy spectrum from Fermi [54] (open circles) and
PAMELA [59,72] (full circles).

Experiments based on atmospheric Cherenkov telescopes such
as H.E.S.S. and the future CTA [73] are very important for studies
of the Galactic cosmic-ray electron spectrum since they are able
to probe the TeV energy region with orders of magnitude larger
collection areas than balloon- and satellite-borne experiments.
However, the uncertainties related to hadronic and diffuse c-ray
backgrounds and to the energy determinations significantly overshadow the statistical uncertainties muddling the interpretation
of the measurements. The authors believe that a direct measurement of the cosmic-ray electron spectrum is still the preferable approach also in the high-energy region. Future experiments such as
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the space-borne CALET and Gamma-400 and balloon-borne CREST
may provide the needed precision for a significantly improved understanding of the cosmic-ray electron spectrum, their propagation
and origin.
CALET [37] is an experiment designed to measured the all-electron cosmic ray spectrum from 1 GeV to 20 TeV. The apparatus is
built around a 30 radiation length calorimeter and it will be placed
on board the International Space Station (ISS) sometime around
2014. With an acceptance of about 0.12 m2sr, CALET will significantly extend previous electron measurement with a significant
improvement on the systematic uncertainties.
A similar calorimetry approach will be employed by the Gamma-400 [74] experiment. This experiment is aimed to study the
high-energy gamma-ray flux and cosmic-ray electrons and nuclei.
The apparatus will be placed on board a Russian satellite, which
launch is foreseen for 2017–2018. With a similarly deep but significantly larger calorimeter (acceptance of about 1 m2sr), Gamma400 should be able to extend the cosmic-ray measurements performed by CALET.
A different approach has been proposed for the CREST experiment [75] that aims to detect the synchrotron photons generated
at X-ray energies by TeV cosmic-ray electrons in the Earth’s magnetic field. While affected by a relatively poor energy resolution,
the experiment, sensitive to electrons of energies greater than
2 TeV, can efficiently sample the multi-TeV region. The apparatus,
carried on a long duration balloon-flight,2 will be able to observe up
to 30 electrons with energy greater than 2 TeV in a 2 week flight
[75].
As previously pointed out, separate data of positrons and electrons provide stronger grounds to any interpretation of the cosmic-ray electron data. Till now the e! spectrum has been
measured up to 600 GeV thanks to the PAMELA data [59] but with
limited statistics. However, more precise data can be expected in
the future. In fact, on the 19th of May 2011 the AMS-02 apparatus
[23] was installed onboard the ISS and it started collecting data.
The apparatus is equipped with a permanent magnet, a silicon
tracking device, an electromagnetic calorimeter, a Transition Radiation Detector and a Ring Imaging Cherenkov detector. Similar
in scope to the PAMELA experiment, AMS has a significantly larger
acceptance (about a factor 20) and additional particle identifier detectors such as a Transition Radiation that will provide a significant
improvement in statistics and systematics respect to PAMELA.
Considering the 10 years long AMS mission, the experiment may
be able to provide sufficiently precise results to search for structures in the electron spectrum at least up to 1 TeV.
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a b s t r a c t
The Cherenkov Telescopes Array (CTA) is planned as the future instrument for very-high-energy (VHE)
gamma-ray astronomy with a wide energy range of four orders of magnitude and an improvement in sensitivity compared to current instruments of about an order of magnitude. Monte Carlo simulations are a crucial tool in the design of CTA. The ultimate goal of these simulations is to find the most cost-effective solution
for given physics goals and thus sensitivity goals or to find, for a given cost, the solution best suited for different types of targets with CTA. Apart from uncertain component cost estimates, the main problem in this
procedure is the dependence on a huge number of configuration parameters, both in specifications of individual telescope types and in the array layout. This is addressed by simulation of a huge array intended as a
superset of many different realistic array layouts, and also by simulation of array subsets for different telescope parameters. Different analysis methods – in use with current installations and extended (or developed
specifically) for CTA – are applied to the simulated data sets for deriving the expected sensitivity of CTA. In
this paper we describe the current status of this iterative approach to optimize the CTA design and layout.
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1. Introduction
The concept of the Cherenkov Telescope Array (CTA) [1,2] is
based on a straightforward expansion of current imaging atmospheric Cherenkov telescope (IACT) arrays for very high energy
(VHE) gamma-ray astrophysics such as H.E.S.S., MAGIC, and VERITAS [3–5]. It aims to improve the current sensitivity by an order
of magnitude and extend the current sensitive energy region to
lower and higher energies covering a range of about four orders
of magnitude. In order to study astrophysical objects in such a wide
energy range, CTA will consist of at least three different sized telescopes: the Large Size Telescopes (LSTs, !24 m aperture) will record showers with energies as low as !20 GeV, the Medium Size
Telescopes (MSTs, !12 m aperture, later to be supplemented by
SC-MSTs of 9 m aperture with Schwarzschild–Couder (SC) optics
[6]) will operate in the !1 TeV range, and the Small Size Telescopes
(SSTs, !4–7 m aperture) are optimized for high energies up to more
than 100 TeV. This design scenario is schematically shown in Fig. 1
of the CTA Design Concepts [7] and possible implementations are
illustrated in Section 6 of the current paper. The performance of
an IACT array is also determined by quantities like the angular resolution, energy resolution or sensitive field of view (f.o.v.). These
performance estimators depend on a large number of technical
and design parameters within a cost envelope. The role of the
Monte Carlo (MC) Work Package (WP) of CTA is to optimize the array configuration in this parameter space using MC simulations, given scientific requirements as suggested by the Physics (PHYS) WP.
Our extensive simulation studies to optimize the CTA design are
also motivated by several earlier simulation studies, in the following separated into three energy regimes. In the low energy regime,
from 100 GeV down to a few GeV in the most extreme proposals, it
is essential to collect more Cherenkov photons from a gamma-ray
shower with a very large aperture telescope of the 20–30 m scale
and/or at a very high altitude of J 4000 m. ECO-1000 (European
Cherenkov Observatory, with a mirror surface of 1000 m2) has been
the most extreme proposal in terms of mirror area of a single telescope [8]. On the basis of the former ideas, a large single telescope of
34 m aperture with high quantum efficiency photon detectors in
the focal plane for a further light gain was proposed. The large proposed aperture and efficiency raises major noise problems. Simulation studies for such a huge telescope show that night sky
background (NSB) light collected by the large reflector causes high
accidental trigger rates and a smaller pixel size is preferable to reduce this effect. In addition, Cherenkov light from single secondary
muons arriving at large distances of J 40 m results in gamma-raylike images which cannot be rejected completely by a single tele-

scope. The latter noise due to single muons can be eliminated by
stereoscopic IACT arrays. An array of 30 m telescopes was proposed
[9] for a 10 GeV threshold at 1800 m altitude. Another proposed
project, 5@5, was intended as an array of 4–5 IACTs of !20 m aperture, aiming at a threshold as low as !5 GeV gamma rays at a very
high altitude site of about 5 km a.s.l. [10]. This low threshold at high
altitude can be achieved because, being closer to shower maximum,
the Cherenkov light is less diluted – but at the cost of smaller effective areas and more difficult gamma-hadron separation when electrons in most gamma-ray showers reach the telescopes.
Cherenkov telescopes should focus light coming from a distance
d (typical distance of the average shower maximum) onto the pixels. If defocusing by half of a pixel diameter p is acceptable, the
depth of field is then from about d=ð1 þ pd=ð2fDÞÞ to
d=ð1 % pd=ð2fDÞÞ (or infinity if pd P 2fD), with focal length f and
telescope diameter D. While the depth of field of small Cherenkov
telescopes encompasses most showers entirely, a problem with
large telescopes – particularly severe at high altitude – is the very
limited depth of field, unable to focus all parts of shower images at
the same time [11]. The useful size of large Cherenkov telescopes is
thus not just limited by their cost and CTA does not plan to build
extremely large telescopes.
In the medium energy regime from about 100 GeV to some
10 TeV, CTA aims to improve the sensitivity by stereoscopic observations using several IACTs simultaneously. A previous simulation
study of a dense IACT array (33.3 m telescope spacing) shows that
the angular resolution r depends on the number of telescopes N
used in the reconstruction and is improved as / N %1=2 up to
N ! 50 [12]. The point-source sensitivity is limited by background
fluctuations in this energy regime and approximately proportional
pﬃﬃﬃﬃﬃﬃﬃ
to rA%1=2 Q %1 , where A is the effective area and Q ¼ !c = !bg is the
quality factor usually defined in terms of the gamma-ray and background cut efficiencies !c and !bg , respectively. There is a trade-off
between r and A since the number of available telescopes is limited by the cost. However, high telescope-multiplicity observations
also give better background rejection and thus a larger Q.
In the high energy regime beyond some 10 TeV, an extensive
IACT array called TenTen has been proposed aiming to achieve a
10 km2 effective area at energies greater than 10 TeV [13]. It consists of relatively small IACTs of 3–5 m aperture located with an inter-telescope spacing of J 300 m. This sparse array design, which
was first suggested by Plyasheshnikov et al. [14], enables less IACTs
to expand the effective area cost-effectively. The IACTs are also
required to have a larger f.o.v. diameter of J 8! as they detect
Cherenkov photons at large core distances beyond the plateau area
of the Cherenkov light pool (radius !120 m). Also there, the Cher5000
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enkov photon density sharply drops with increasing the core distance, with consequences on the energy threshold and also on
the accuracies of determining the arrival direction and the core position (see [15] on the optimization of an IACT array). The stereoscopic reconstruction can also be complemented using the time
gradient analysis [16]. Also, the simulation study by de la Calle
Pérez and Biller [17] indicates that the sensitivity can be improved
by more than three times above 300 GeV and significantly more
!
than this above 10 TeV, only by using a wide f.o.v. camera of 10
diameter with a conventional telescope spacing.2
The above mentioned ideas and many technical aspects should be
considered in the Monte Carlo simulation study for CTA. The optimization of the array configuration within such a large parameter space
is thus a challenging task. Before the detailed CTA design study, preliminary simulations have been carried out with some homogeneous
and graded array configurations, focusing mainly on the low to medium energy range [18], which demonstrated that the CTA goal sensitivity can be achieved within an anticipated budget.
So far, only single mirror optics such as the parabolic or Davies–
Cotton (DC) designs have been used for IACTs, although secondary
mirrors are commonly used in optical telescopes in order to get
much better spot sizes correcting the spherical and coma aberrations. The AGIS (Advanced Gamma-ray Imaging System) group
[19], now part of CTA, proposed an advanced idea utilizing a two
mirror optics called the Schwarzschild–Couder optics for IACTs
[6]. With these optics, IACTs can have a very large f.o.v. up to
"15! without significant degradation of the spot size and therefore
increase survey capabilities with a good angular resolution. These
optics possibly give some other advantages: the physical pixel size
is more compact than that of the single mirror optics and costeffective photon sensors such as multi-anode photomultiplier
tubes (MAPMTs) or silicon photomultipliers (SiPMs) can be used
for the camera. Moreover, the physical telescope length along the
optical axis gets shorter and the cost of the telescope structure
can be reduced significantly. On the other hand, requirements on
the optical quality get more ambitious. A portion of CTA (mainly
US groups, following up on the AGIS project) aims to complement
the baseline CTA design with a sub-array of 9.5 m diameter SCMSTs. The SC design is also attractive for the SST array because
of its wide f.o.v. capability, which is needed for the sparse telescope
array concept. Two different optical designs for 4 m SC-SSTs and
two different camera concepts for them are under development.
In this paper, we describe our detailed simulation study for CTA
carried out after [18]. In Section 2, details of the software tools used
for our simulation study are summarized. Our simulation work is an
integration of several activities in this field and various data analysis methods are simultaneously considered and developed. We describe details of the analysis methods in Sections 3 and 4. The
interface to and tools for the physics program of CTA are summarized in Section 5. The common array configurations used in the
mass production of simulation data are presented in Section 6.
Our current results of performance estimations for candidate arrays
with the baseline analysis are described in Section 7 and compared
with those of the other analyses in Section 8. We describe future
directions of our study in Section 9 and conclude in Section 10.

2. Monte Carlo simulation tools
2.1. Air shower simulation
The first step in the generation of very high energy (VHE)
gamma-ray events or background (cosmic ray) events for CTA is
2
The authors also utilized a time gradient cut and cuts with shower reconstruction
parameters (energy and shower maximum height) to improve the sensitivity.
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the simulation of the extensive air shower, i.e. the cascade of secondary particles developing in the atmosphere. Several codes exist
for the detailed, three-dimensional MC simulation of air showers
for different primary particles. A MC simulation of the shower
development, rather than an analytical solution of the cascade
equations, is necessary to correctly account for statistical fluctuations between showers. The main challenge of these simulations
is the correct treatment of hadronic interactions, which play a central role in the development of air showers triggered by cosmic
rays. Phenomenological models are used to extrapolate cross-sections beyond the energy regime and scattering angles accessible
to accelerator experiments.
The air shower generator CORSIKA [20] has been chosen as a
standard tool for CTA simulations. This publicly available, opensource code is used by all the current IACT arrays and represents
a standard tool in the wider astroparticle physics community.
While electromagnetic interactions in CORSIKA are treated by an
adapted version of the EGS4 code [21], a choice is given between
several hadronic interaction models. The ‘‘IACT/ATMO’’ package
[22] facilitates the simulation of the Cherenkov light flux for a chosen configuration of telescope positions and dish sizes. The flux of
Cherenkov photons from a simulated air shower is collected for
each pre-defined telescope position and dish size and serves as input for further processing with a telescope simulation package.
The generation of proton-induced showers, needed for background estimations, largely dominates the CPU time and requires
substantial amounts of memory and disk space. The large volume
of simulations needed to investigate all the different configurations
for the array has motivated the use of the EGEE/EGI (Enabling Grids
for E-sciencE/European Grid Initiative) Computing Grid for the
massive production of shower and detector simulations, in addition to the use of local computing resources. Within the Grid virtual organization for CTA, 14 computing centers located at
collaborating institutes provide computing power and storage. To
save disk space and CPU time, the output of CORSIKA is usually
piped directly into several instances of the telescope simulation
software to generate the response of different array configurations
in parallel, without writing the large CORSIKA output files to disk.
At peak times of MC production, up to 2000 simulation jobs can
run in parallel. The large distributed data storage space (several
100 TB on disks and tapes) makes it also possible to temporarily
store CORSIKA files for later reprocessing, to compare for example
the same showers as seen with different night sky background or
for different telescope implementation details. It is foreseen to
equally perform the further processing and analysis of the simulated data on the Computing Grid in the near future. In addition,
massive simulations have been carried out on local CPU clusters
at several CTA member institutes and the data are provided for
download and were used for the baseline analysis as well as for
some of the alternative analyses.
The Cherenkov light production from gamma-ray events simulated with CORSIKA has been cross-checked against another air
shower generator (KASCADE-C++) currently in use within the
H.E.S.S. collaboration. This code had been developed by the ARTEMIS-Whipple, CAT, and H.E.S.S. collaborations, based on the original KASCADE code [23]. The Cherenkov light profile generated by
the two air shower codes agrees to within "5% (cf. Fig. 1), resulting
in consistent telescope trigger rates and photo-electron (p.e.) distributions in the camera.
The simulation of the cosmic ray background is subject to our
still limited knowledge of hadronic interaction processes at very
high energies. Detailed comparisons of the different interaction
models available in CORSIKA can be found in [20] and an evaluation of the systematic uncertainties is given by [26]. The impact
on the Cherenkov light profile has been studied for some of the
most commonly used interaction models for low and high proton
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energies. There are no significant differences between the low energy (<80 GeV) models FLUKA [27] and UrQMD [28]. The known
discrepancy between the high-energy models QGSJet-01 [29], QGSJet-II [30,31] and SIBYLL 2.1 [32], which apply different extrapolations of interaction parameters to high energies, leads only to a
small uncertainty of about 5% in the Cherenkov light profile at
1 TeV. Examples of light profiles are shown for comparison in
Fig. 2. UrQMD and QGSJet-II had been chosen for the massive background simulations for CTA.

Average number of pixels

10

2.2. Cherenkov telescope simulation
The simulation of the detector response includes the optical
ray-tracing of the photons from the mirror to the photomultiplier
tubes in the camera, the electronics and the digitization of the signals, as well as the trigger system. Noise from the night-sky background and from the electronics need to be added to the signal as
well. The telescope simulation package sim_telarray [22], based on
software developed for HEGRA and now in use by the H.E.S.S. collaboration, is employed for the massive simulations for CTA. In
general, sim_telarray requires only a small fraction of the CPU time
needed for shower simulations. Once an air shower has been simulated by CORSIKA and processed through sim_telarray, only the final output is written to disk.
The simulation of the CTA instrumental response has been crosschecked with the SMASH software [33], which is also used within
the H.E.S.S. collaboration, and with the code used by the MAGIC collaboration [34]. The agreement with sim_telarray is generally very
good. As an example, gamma-ray induced air showers at 1 TeV and
with a zenith angle of 30! have been generated with CORSIKA at a
distance of about 150 m from the center of a H.E.S.S. type four-telescope array. The distribution of the average signals for 100 simulated showers processed by the two programs is shown in Fig. 3.
All of the showers used to generate Fig. 3 have an impact parameter
to the simulated telescope of 150 m. A good overall agreement is
seen between the detector response simulation provided by the
two codes. The apparent differences at large pixel amplitudes result
from very few of the simulated events and are not significant.
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MC events against H.E.S.S. data, verifying for example the distribution of photons in starlight images, the point spread function (PSF)
for different angular distances to the optical axis, or the telescope
and system trigger rate, have been extensively studied as well as
the resulting shower images (e.g. [22,35–37]).
The giant flare detected from the blazar PKS 2155-304 with
H.E.S.S. on July 29th, 2006 provided a good opportunity for an
end-to-end test of the complete simulation chain for gamma-ray
induced showers. The very high signal to background ratio during
the flare, which was detected at 168 standard deviations in about
1.5 h of live time, made it appear as an almost pure gamma-ray test
beam. For the data-MC comparison, gamma-ray showers were simulated with the CORSIKA and KASKADE-C++ programs and passed
through the SMASH detector simulation. The measured spectrum
(power law spectral index) during these 1.5 h, the optical efficiency, the zenith angle distribution and other runtime parameters
were used as inputs to this simulation to reproduce the exact conditions during data acquisition. One of the standard Hillas-type
analysis chains was applied to the real and fake data. Fig. 4 shows
the good agreement (typically at the 5% level) between the simulated and detected shape of the shower images, as characterized
by their Hillas width and length parameters.

The simulation chain for CTA is directly based on programs that
are already in use within the H.E.S.S. and MAGIC collaborations and
that have been thoroughly tested against real data. Comparisons of
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Fig. 3. Average number of pixels with a given raw intensity (in units of photoelectrons) for the same 100 simulated air showers seen by SMASH (red filled circles)
and sim_telarray (black open squares). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

2.3. Verification of the simulation chain against data
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Fig. 2. Comparison of the simulated Cherenkov light profiles for vertical proton-induced showers generated by CORSIKA with different hadronic interaction models. The
profiles of p.e. collected by a H.E.S.S. camera [24,25] for FLUKA and UrQMD at 100 GeV are shown in the left panel. In the right panel, the high-energy interaction models
QGSJet-01c, SIBYLL, and QGSJet-II are compared for showers induced by 1.0 TeV protons, all using URQMD for low-energy interactions.
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After some experiments, the following weights for intersection
pairs were found to result in a significant improvement of the
angular resolution over previous weighting schemes:

3. Baseline analysis methods
3.1. Image cleaning, second moments, and additional parameters
The by now quasi classical analysis method for stereoscopic
reconstruction of IACT data is based on the Hillas parameters [39],
as derived from zeroth order (amplitude or size), first order (center
of gravity position), and second order (width, length, orientation)
moments of the images. Since these parameters are highly sensitive to the presence of NSB noise, image cleaning is applied first,
usually in the form of a two-level (or multi-level) procedure [40].
The default two-level procedure requires that a pixel is above a given high level and at least one of its neighbors is above a low level
or vice versa. The tail-cut levels of this image cleaning procedure
have to be adapted to the NSB level, in order to include enough pixels with significant Cherenkov signals well above the NSB noise level. Typical high (low) levels are 10.0 (5.0) p.e. times the square
root of the per-pixel NSB rate in units of photo-electrons per 10 ns.
The calibrated and cleaned images are parametrized by the centroid position (xcog ; ycog ) in the camera, the width w, the length ‘,
and orientation / parameters of the Hillas ellipse, as well as the
amplitude sum A in units of p.e. Use of higher-order moments
(skewness, kurtosis) is also possible.
A newer parameter is the time gradient along the major axis of
the Hillas ellipse. It is obtained from the times when the peak
amplitudes are seen in the individual pixels. This time gradient is
closely related to the distance of the telescope from the shower
axis. It is complemented by pixel time residuals.
3.2. Geometric shower reconstruction
In the classical Hillas-parameter stereo reconstruction, the
shower direction is determined by a weighted mean of all pairwise
intersections of the major axes of two suitable images mapped into
a common coordinate system. Suitable here means that images
must exceed a given minimum image amplitude in a minimum
number of pixels. The images should also not be substantially
clipped at the edge of the camera f.o.v. to avoid degraded geometric and energy reconstructions.
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Fig. 4. Comparison of measured (black squares) and simulated (red triangles and
blue circles) image parameters for the H.E.S.S. telescopes. The real data are taken
from a flare of the blazar PKS 2155-304 [38] for which the signal to noise ratio was
very high and large gamma-ray statistics are available. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

2

wij ¼ A2red sin ð/i # /j Þd2i d2j ;

ð1Þ

where Ared ¼ Ai Aj =ðAi þ Aj Þ is the reduced amplitude of the pair of
images and d ¼ 1 # w=‘ is a simplified variant of the disp parameter
[41,42]. The reconstructed shower direction corresponds to the
weighted average of all intersection points. The same scheme is also
applied to the reconstruction of the shower core location, which is
carried out with telescope positions projected into the plane perpendicular to the reconstructed shower direction (the shower plane).
The selection of images not (much) affected by edge clipping is
always a compromise between the largest possible efficiency and
the best possible angular and core position resolution. The current
compromise is:

rcog < 0:82r cam # 0:35‘;

ð2Þ

where rcog is the distance between camera center and the image
center-of-gravity, and r cam is the effective radius of the camera,
for the almost circular cameras here the same as their geometrical
radius. There may be room for improvement here, in particular
when taking into account the actual shape of the camera edge. Pixel-based shower fitting schemes are expected to be affected much
less by clipped images than our baseline scheme.
The height of shower maximum Hmax or the corresponding atmospheric depth tmax (the latter measured in g/cm2 from the top of the
atmosphere along the shower axis) turns out to be of particular
importance for low-energy showers where the traditional shape
cuts for gamma–hadron discrimination have poor efficiency.
3.3. Look-up tables for energy reconstruction and gamma-ray selection
cuts
Many of the shower reconstruction and gamma–hadron selection cuts make use of look-up tables of the mean values and variances (typically versus two independent parameters) of some
resulting parameters obtained from simulated gamma rays. These
are obtained from filling a total of four corresponding histograms
with (a subset of) the simulated gamma rays, for the number of entries, the sum of event weights (correcting from simulated spectra
to assumed source spectra), as well as the sum of the eventweighted parameter and its square.
An example is E=A, the ratio of (true) shower energy to (measured) image amplitude, versus core distance Rc (more precisely
the distance of the telescope from the shower axis) and log10 A of
the telescope. The latter is not only used to obtain estimates of
the primary energy for each telescope with a suitable image and
the expected error on such an estimate, but also to obtain a
weighted mean energy, to check for the consistency of the individual estimates and for a possible selection of showers with
high-quality energy estimates. Another example is used for scaling
image widths and lengths for shape cuts to those expected for
gamma rays (either just scaling to mean 1.0, as used for HEGRA
[40], or scaling and reducing to mean zero and variance 1.0, as used
for H.E.S.S. [37]), again versus Rc and log10 A.
3.4. Gamma–hadron selection cuts
The traditional stereoscopic IACT analysis methods use both image shape and shower direction for discrimination between
gamma-ray initiated showers and hadron showers. The former
(shape cuts) are effective for point sources as well as extended
sources but offer no useful discrimination against electron
backgrounds. The latter (direction cuts) work with any kind of
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background but are much more effective for point sources than for
extended sources. Our baseline analysis here is optimized for point
sources.
A key parameter for further analysis is the number of telescopes
with cleaned images large and bright enough for further analysis
and not too close to the camera edge, N img , in the following simply
multiplicity. The shape cuts use the width and length of each suitable image, after converting them to the corresponding reduced
scaled width and length [37] (assuming an on-axis gamma-ray
point-source for filling the look-up tables used for the conversion).
In contrast to [37], the mean reduced scaled width and length of all
N img suitable images in an event are not just (weighted)pmean
val-ﬃ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ues but are re-scaled by predefined terms of the form a þ bN img
to achieve a variance close to one (and a mean of zero), and thus
efficiencies of fixed cuts are approximately independent of multiplicity N img and thus energy E. The actual cuts applied are energy-dependent, because high-energy hadron showers are easily
rejected and larger cut efficiencies are possible at high energies.
pﬃﬃﬃ
At low energies, more strict cuts will improve Q ¼ !c = !p (the
quality factor for statistical errors) and !c =!p (for background systematics), with !c (!p ) being the gamma-ray (proton) cut efficiency.
Helium and heavy nuclei are much more effectively suppressed by
shape cuts and are no longer a significant background after these
cuts. Electron backgrounds cannot be suppressed by shape cuts.
The direction cuts for point sources are based on the multiplicity-dependent angular resolution, in the form of the 80% containment radius r80 (to which an additional energy-dependent
scaling factor can be applied but was not used, fixing this factor
to 1.0). The resulting 80% cut efficiency is reasonable but is not
optimal over the whole energy range. In the signal-limited highenergy regime it implies a (not necessary) loss of 20% of the signal,
while at the background systematics limited low-energy end, a
much tighter cut could improve signal/background by a modest
amount.
Apart from the mandatory shape and direction cuts, there are
optional cuts, based on the height of the shower maximum (Hmax
cut, actually cutting on an energy-dependent range in the atmospheric depth of the maximum), on the energy reconstruction
quality (dE cut on the estimated error of the energy) and on the
consistency of energy estimates from the individual images (dE2
cut). The dE cut takes into account that the energy resolution can
be expected to improve with increasing energy because shower
fluctuations get less relevant, the multiplicity increases and the
average signal in individual telescopes with suitable images increases. Events failing the dE cut are typically events with large
core distances to the most nearby telescopes. Events with inconsistent energy estimates (failing the dE2 cut) are typically those with
bad reconstruction of the core position and those with a distribution of the Cherenkov light on ground being very different from
the typical shape for gamma-ray showers.
The energy dependence of all adjustable cuts is parametrized as

8
for E 6 E1 ;
>
< c1 ;
lg E%lg E
cðEÞ ¼ c1 þ ðc2 % c1 Þ lg E2 %lg E11 ; for E1 < E < E2 ;
>
:
for E P E2 :
c2 ;

ð3Þ

Optimization of the relevant free parameters c1 ; c2 ; E1 , and E2 was
performed on an initial data set of the full configuration with 275
telescopes, for the given zenith angle, site altitude, NSB brightness
(unless noted otherwise: 20!, 2000 m, dark sky, see Section 6 for details). No separate optimizations of these were undertaken for the
sub-sets investigated, neither with the initial nor with the (much
larger) corresponding final simulation data set.
Instead, as a final optimization, there is a choice between five
pre-defined sets of image requirements (amplitude and number
of pixels, dependent on the type of telescope because of different

per-pixel NSB noise levels and different pixel scales). The pre-defined hmax ; dE, and dE2 cuts remain optional and are only applied
when improving the sensitivity. The final free parameter is the
minimum number of telescopes with suitable images. These three
choices are done separately for each energy interval and each
choice of observation time. The common picture emerging from
this final optimization is:
& At the lowest energies, very loose cuts are required to get any
signal at all; the low image quality as well as shower fluctuations result in both poor gamma–hadron discrimination and
poor angular resolution. Due to the resulting high background,
the sensitivity is typically limited by background systematics,
at least for multi-hour observations and energies close to the
detection threshold.
& At intermediate energies, enough telescopes acquire images of
sufficient amplitude to apply strict image cuts, strict selection
cuts, and high multiplicity. This is the region demanding most
CPU time in simulations, since only a tiny fraction of the hadron
showers passes all cuts.
& At the highest energies, the sensitivity is usually signal limited,
and background does not play an important role. Using as much
signal as possible, with loose cuts and low multiplicity, is of
prime importance for best sensitivity.
& Optimal cuts for short observation times tend to be looser than
for long observation times since background systematic uncertainty is less of a problem and signal limitation sets in at lower
energies than for long exposures.
3.5. Significance of gamma-ray signals above backgrounds
For the significant detection of a gamma-ray point source the
traditional requirements are a five standard deviation (‘5-sigma’)
statistical significance (S P 5) and the presence of at least 10 excess events above background.
For calculating the statistical significance of a gamma-ray signal
above some background, we use Eq. (17) of Li and Ma [43]. By convention we assume a signal-free background region five times larger than the signal region (a ¼ 0:2). The actual background region
in which we register the – at high energies very few – simulated
background events passing the cuts is independent from that.
The registered (and known to be) signal as well as background
events are weighted to correct for the different regions as well as
for the different spectra in simulations and nature. The resulting
signal and background in the source regions, with event weights
and region corrections applied, are denoted as N c and N bg in the
following. In the Li and Ma notation, N on ¼ N c þ N bg and
N off ¼ N bg =a.
Due to possible systematics in background subtraction (resulting from zenith angle, position in the field of view, star light, broken pixels, or from a non-uniform distribution of PMT quantum
efficiency or high voltage, etc.) we also require that the signal excess is at least five times the assumed background systematic
uncertainty of 1% of the remaining background after cuts. Whether
this level of 1% – better than what is currently achieved for example with H.E.S.S. [44] – can be reached, may depend on the technical implementation of the cameras as well as on calibration and
monitoring procedures.
In the transition from statistics-limited to systematics-limited
sensitivity, the baseline analysis as presented here combines the
requirements such that, for example, a signal of six times the background systematic uncertainty and also six times the statistical
fluctuation cannot result in a detection, despite (barely) fulfilling
the individual requirements. Apart from this little detail, our
requirements for the sensitivity limit for any given observation
time (usually 50 h) can be summarized as
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S P 5 ðfollowing ½43# Eq: ð17ÞÞ;
Nc P 10;

Nc =Nbg P 0:05;

ð4Þ

a ¼ 0:2:
For the differential sensitivity, we apply these requirements for
each energy interval – typically with five intervals per decade of
reconstructed energy, i.e. intervals of the decimal exponent of 0.2
(or 0.2 dex for short) – while for integral sensitivity they are applied just for the total signal and background. Integral sensitivity
curves as a function of energy are a traditional means for describing detector performance in VHE gamma-ray astronomy, but are
not used in this paper because they do not show the actual energy
regime where an assumed power-law spectrum is most significant.
Integral sensitivity also heavily depends on the assumed spectral
index and care has to be taken to not extend it to energies below
those where gamma rays can be readily detected, to avoid extrapolation with the assumed spectrum. Differential sensitivity does
not suffer from these problems and is therefore preferred although
it depends on the bin size and is not directly comparable with the
integral sensitivity available for older experiments.
4. Alternative analysis methods
Independent parallel approaches for the improvement in CTA
sensitivity have been successfully applied to the full CTA MC simulations and are presented in this section. The standard output of
the CTA MC simulation can be processed with read_hess [22] and
derived programs or it can be converted into other formats, either
at the raw data (ADC counts) level or at the level of calibrated
shower images (pixelwise charge and arrival time information).
Among the alternate formats are several ROOT-based formats
[45] which can be further processed for analysis with MARS3 or
HAP.4 As shown in Section 8, these advanced analysis approaches
achieve a sensitivity which is better by a factor of about two with respect to the Hillas-based analysis procedure as described in the preceding section.
All analysis methods presented here start by identifying the
pixels with a significant signal with a procedure similar to that described in Section 3.1. The thresholds applied for the cleaning may
vary depending on the analysis method.
4.1. IFAE analysis
In this analysis,5 image cleaning and Hillas parameterization [39]
proceed in a similar way to the standard analysis, but with somewhat looser criteria for inclusion of a pixel in an image (tail-cut levels of 3.0 and 6.0 p.e.), and some additional parameters, such as the
fraction of the total light contained in the two brightest pixels (concentration) also calculated. The image amplitude is required to exceed 50 p.e. and the image centroid is required to be in the inner
80% of the radius of the field of view.
The shower axis direction and impact point on the ground are
estimated by a minimization technique. Energy reconstruction
makes use of look-up tables in a similar way to the baseline analysis, but with an additional dependence on the shower maximum.
For background suppression this analysis makes use of the multivariate classification method known as Random Forest (RF), as
used in the standard MAGIC analysis [47]. To exploit the information from all the telescopes triggered in a CTA event, one RF (containing 100 trees) for every type of telescope in the simulation is
3
4
5

The official analysis package of the MAGIC collaboration [46].
The official analysis package of the H.E.S.S. collaboration.
Developed at IFAE (Institut de Fisica d’Altes Energies).
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built, using the image parameters as input variables (size, width,
length, concentration) together with geometric quantities obtained
from the stereoscopic reconstruction. The output of the RF is a single value in the range [0.:1.] for each image, which describes the
hadronness of an event. The global event hadronness is found from
the weighted average of the individual telescope values. Finally, for
every bin in reconstructed energy, the cuts in (global) hadronness
and in the squared angular distance from the reconstructed event
direction to the nominal source position are scanned in a range of
gamma-ray efficiency from 40% to 90%, to optimize the pointsource flux sensitivity in each bin.
4.2. SAM analysis
The shower axis maximization (SAM) analysis differs from the
baseline in that additional information is used for the reconstruction of the shower axis and in the methods used for background
rejection [48]. The method begins with image cleaning and Hillas
parameterization that are identical to the baseline approach. An
iterative approach to find the best shower axis (a four-dimensional
likelihood maximization) with look-up tables filled from MC
gamma-ray simulations used to define the expected mean (and
probability distribution) of image parameters for a given trial
shower axis. This fit procedure [49] is performed using the following parameters: the orientation of the shower images in the camera
(similar to standard reconstruction), the gradient of pixel trigger
times in the shower image, the image centroid displacement from
the trial shower origin and finally the consistency of energy estimates between telescopes. The event likelihood (goodness-of-fit)
is used as an additional gamma/hadron separation parameter.
Once the event reconstruction has been completed, background
rejection is performed by use of a neural network (NN), built using
the ROOT TMVA [50] framework. A NN is created for each telescope
type, using telescopewise parameters (including the goodness-offit), and all telescopes within a single event passed through their
respective network. As for the IFAE analysis, the resulting event
classification is a weighted average of classifications from all triggered telescopes. An energy-dependent cut is then made on this
classifier, with the cut value being optimized to produce the highest differential sensitivity in each energy bin.
4.3. Paris-MVA analysis
In the Paris-MVA (multi-variate analysis) approach a 3D-model
reconstruction [51] is coupled to a TMVA background rejection to
achieve improved sensitivity at low energies as already demonstrated for H.E.S.S. [52] and then adapted to CTA [53]. Camera
images are cleaned and parametrized as described for the baseline
analysis (tail-cut levels 5.0 and 7.0 p.e.), with an initial direction
estimated from the baseline shower-axis reconstruction. This initial shower axis is refined using the 3D-model reconstruction technique which models the Cherenkov photon emission in the
atmosphere by a 3D-photosphere, assumed to have a Gaussian distribution along all axes. This model is used to predict the distribution of Cherenkov light in the cameras of a telescope array by
adjusting the intrinsic parameters of the shower to achieve a good
fit using a maximum-likelihood optimization of the ensemble of
shower images. Energy reconstruction is performed in a similar
way to the IFAE analysis but the method for the energy evaluation
per telescope is somewhat different (see [52] for details).
Background discrimination is performed through an energybinned multivariate procedure using Boosted Decision Trees
(BDT) again implemented in the TMVA framework. The standard
discriminant parameters used are the reduced-scaled Hillas width
and length, the reduced 3D-width, its error, and the best-fit depth
of shower maximum (3D-depth). Three new parameters have been
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defined which identify incoherencies in the 3D-model shower fitted images with respect to the observed images. These additional
parameters concern the angle between the reconstructed shower
directions for the fitted versus observed images, the ratio of the energy estimates calculated for fitted versus observed images, and finally the deviations between measured image size and that
expected from the look-up tables. Best-possible signal-to-noise ratio in each energy bin is obtained via a cut made on the BDT classifier output and an energy-dependent angular cut.
5. Interface to the physics working group
The physics working group has the goals of preparing the physics program of CTA, identifying key science programs, and defining
benchmark physics targets and the required instrument performance for them. In order to explore the expected physics results
for selected case studies and the impact of the instrument performance on the details of the physics output, simulations of physics
cases using realistic CTA performances are required. To enable
these detailed physics studies, the MC working group provides
so-called ‘‘CTA performance files’’ in ROOT format, which describe
the response of a given CTA layout. A set of tools is then provided
to simulate specific physics cases, such as an energy spectrum of a
source, a light curve, or a spatial morphology of the astrophysics
phenomenon.
5.1. Performance files
The CTA performance files include histograms to describe in
sufficient detail response functions of a given CTA layout, generally
functions of the reconstructed energy (with five bins per decade)
and of the offset angle with respect to the camera center. In particular, they include the point source differential sensitivity, the
remaining background rate (for point sources as well as per square
degree), the effective area (both as a function of reconstructed as
well as of true energy), the angular resolution (68% and 80% containment), the energy resolution (r.m.s.), and also the two-dimensional energy migration matrix.
The response functions depend on the analysis chain used and
optimization criteria applied. Also, the response functions depend
on the altitude of the foreseen observatory, on the night sky background brightness, and on the zenith angle of the simulated
observations.
5.2. Tools for simulations of the physics cases
Several tools have been created to enable a homogeneous comparison between specific physics cases and individual studies of
the required performance. The tools include:
! Simulation of an energy spectrum of a user specified source at a
user specified offset from the camera center. The simulated
source might be a point like source or an extended source with
various morphologies.
! Comparison between two simulated spectra. This tool aims for a
solid statistical comparison between two physics scenarios in
order to answer the question if CTA will be able to distinguish
between them.
! A sky map tool to represent CTA response to extended sources
of different morphologies and offsets from the camera center.
All tools have the same concept, which is described here. The
user has to provide an energy spectrum of the source, spatial morphology and the observation time. The photon flux rate is calculated in bins of offset distance from the camera center and is

folded with the corresponding effective collection area of the CTA
array. The energy migration from true gamma-ray energy into
the reconstructed energy is done according to the migration matrix, which is re-weighted depending on the spectral shape of the
input distribution. The expected number of events in the signal region is calculated by summing up gamma rays from the simulated
source and expected background level in a particular offset bin.
Both signal and background event numbers are randomized
according to Poisson statistics. The number of excess events and
its error are calculated by assuming that the background level is
estimated in a five times larger region than the signal region. The
significance of the excess is calculated according to the prescription in [43]. Only bins that fulfill the following criteria are
accepted:
! Significance of the excess in the bin is above 3.0 sigma.
! Number of excess events in the bin is 10 or more.
! The excess is larger than 3% of the background in the bin.
The resulting histograms (spectra, integral fluxes, sky maps) can
be used for further analysis and are used to judge the power of a
particular CTA array.

6. The production-1 configuration
The goal of the first CTA mass production of simulations was to
characterize the performance of as many, and as varied, CTA candidate configurations as possible. Memory constraints on the computing nodes limited the simulation to a total of 275 telescopes,
with only a small fraction of these telescopes being used in any given candidate array. Most simulations were made for an altitude of
2000 m (typical of several sites under consideration) and with an
geomagnetic field strength and orientation intermediate between
that found in southern Africa and the Canary Islands. NSB levels
usually correspond to dark sky (a remote site like H.E.S.S. or MAGIC, no moon light, and a sky region off the Galactic Plane). Some
simulations were also carried out for higher altitude sites (see Section 8.4) or for a brighter night sky (partial moon light, see Section 8.3). Most of the analysis work presented in this paper is
"
based on simulations at 20 zenith angle, while simulation data
"
are also available for 50 zenith angle. These simulations include
billions of showers, each used multiple times at different impact
positions, resulting in well over 100 billion events (mainly protons
as the dominating background), with approximately one out of a
1000 events resulting in a stereo trigger of two telescopes or more.
Five different types of telescope were used in these simulations,
three types with parameters close to those still under consideration for CTA, the large-, medium- and small-sized telescopes
(LST, MST, SST) and are described in Table 1. Three telescope sizes
are required to achieve the very large energy range of CTA in a
cost-efficient way, with approximate trigger thresholds for the
three components at 20 GeV, 100 GeV and 1 TeV. Davies–Cotton
optics were used for the MST and SST telescope types and parabolic
optics for the LSTs. The better off-axis performance of Davies–Cotton optics is important for the wider f.o.v. telescopes, whereas the
negligible time-spread introduced by the parabolic optics is more
important for the modest f.o.v. LST. These three telescope types
share a common physical pixel size of 5 cm, the idea being to simplify the design and construction process through shared photosensors and other camera components. The angles subtended by
the pixels in each of these telescope types are then close to the
FWHM of gamma-ray images at the nominal threshold energy of
each type. A field of view at the upper edge of the range under consideration was adopted for each telescope type, so that the full
range could be studied by removing pixels from the analysis at a
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Table 1
Geometrical parameters of the three main telescope types assumed in simulations.

Diameter D (m)
Dish shapeb
Mirror area (m2)
Mirror tiles
Tile diam. (m)
Focal length f (m)
f =D
f.o.v. diam. (!)
Camera diam. (m)
No. of pixels
Pixel diam. (!)
Pixel diam. (mm)

Large (LST)

Medium (MSTa)

Small (SST)

24.0
Parab.
412
594
0.90
31.2
1.30
5
2.8
2841
0.09
49 (50c)

12.3
DC
100
144
0.90
15.6
1.27
8
2.2
1765
0.18
49 (50c)

7.4
DC
37
120
0.60
11.2
1.51
10
2.0
1417
0.25
49 (50c)

Notes: The diameter, D, is defined by the outermost mirror edges while the effective
diameter of a circle with the given mirror area would be smaller. The mirror area is
corrected for inclination. Mirror tile and pixel diameters are flat-to-flat (all being
hexagonal). The camera diameter is for the camera body used in ray-tracing.
a
The MST-WF is a variant with the same mirror as an MST, except for f ¼ 16:8 m,
$
$
a 10 f.o.v. diameter and 0:25 pixels like an SST.
b
Parabolic or Davies–Cotton (DC).
c
Including a 1 mm gap between pixels.

later point. A wide f.o.v. version of the MSTs, denoted MST-WF, was
considered as an alternative to SSTs, with MST-like dish but SSTlike 0.25! pixels and 10! f.o.v. (see Table 1).
In terms of photosensors, the three main telescope types share
hexagonal pixels with 50 mm spacing, with a bi-alkali type quantum efficiency of PMTs having a low afterpulsing ratio. Readout
is assumed at 1.0 gigasamples per second (GS/s) with dual gain
and 12-bit ADCs, similar to H.E.S.S. cameras, resulting in a dynamic
range from 0.25 p.e. (electronic noise) to more than 5000 p.e. (saturation in the low-gain channel).
Fig. 5 shows the telescope layout chosen for these simulations.
For the low-energy domain of the LSTs, effective collection area is
less critical than a low trigger threshold and the best possible background rejection power. As a consequence, the LST component is
made up of a small number of large (24 m) telescopes with moderate separations (less than the Cherenkov shoulder radius of
!120 m at 2000 m altitude). The final layout incorporates 10 LSTs,
allowing subsets of 2–6 telescope combinations to be selected with
different spacings. Possible LST subsets include both squares and
equilateral triangles of both 75 and 105 m side length.
The MST subarray provides most of the sensitivity in the core
energy range of CTA (0.1–10 TeV) with !25 telescopes of 12-m
class. For the MSTs the gamma-ray collection area is a critical factor, and the best trade-off between event-quantity (large area coverage) and event-quality (high-telescope-multiplicity events) is
not obvious without detailed simulations. As a consequence, a
wide range of spacings for the MST component were tested. The
275 telescope configuration incorporates regular grids of up to
45 telescopes with 60, 85, 120, 170, and 240 m spacings and a 25
telescope array with 340 m spacing, as well as a huge number of
multi-baseline alternatives.
The SST telescopes are required to provide a multi-km2 collection area above a few TeV. Possible solutions include !3 m telescopes of moderate (<150 m) spacing or more widely spaced
larger telescopes. For classical photomultiplier tube (PMT) cameras
and telescopes much smaller than 12 m, the camera cost dominates and very small telescopes are disfavored relative to widely
spaced telescopes of larger size. The 7.4 m size adopted is close
to optimal in terms of maximum area coverage at a fixed total array cost. The SST array is arranged around the MSTs, with grid-like
and island-like layouts incorporated, with 180 m and 240 m
spacings.
The candidate array layouts described in Table 2 were selected
from the production-1 configuration with the goal of exploring a
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wide region of the phase space in terms of the balance of sensitivity across the CTA energy range and the trade-off between event
quality and quantity. CTA South candidates were chosen to have
a fixed nominal telescope construction cost of 80 M€ (in 2005 €)
and to have significant sensitivity beyond 100 TeV. Northern array
candidates NA and NB have half this nominal cost and no (or almost no) highest-energy component. Arrays E and I can be considered as base-line balanced layouts, in terms of the distribution of
resources across the full CTA energy range. Arrays A, B, F and G
are more focussed at low energies and C, D and H at high energies.
NB is a higher energy focussed alternative to NA.
7. Performance of different layouts with the baseline analysis
7.1. Assumptions on source and background spectra
Simulations were set up to generate primary particles of powerlaw differential spectra following E"2 (requiring about the same
CPU time per decade in energy for the shower simulations) or even
harder (E"1:7 , to get enough showers at the highest energies). All
background particle spectra and most astrophysical gamma-ray
source spectra are substantially softer than E"2 , and they may
not even follow a power-law. Nevertheless, we assumed powerlaw spectra in the following, except for the electron (and positron)
background (see Table 3). The latter was described by a log-normal
peak of total flux L, median energy Ep and width parameter w on
top of an E"3:21 power-law spectrum, without any cut-off – largely
consistent with measurements but rather conservative at TeV
energies. Our assumed background spectra are based on measurements by BESS [54], Pamela [55], Fermi [56] and other experiments
[57,58]. Gamma-ray source spectra are typically assumed to follow
an E"2:57 spectrum (as in the assumed Crab Units spectrum used as
a sensitivity scale) but other spectra are possible. All results presented in this paper, unless noted otherwise, are based on this
E"2:57 assumption.
7.2. Point source sensitivity on-axis
The sensitivity of more than 50 different subset arrays extracted
from the simulation data set with the 275 telescope configuration
were evaluated in the way described in Section 3. Most of these arrays were selected to have an installation cost of 80 M€ in our cost
model. These include arrays A–K for the main (southern) layout
candidates, some compact, some more extended, some without
LSTs, some without MSTs, and some without SSTs but most of them
with three types of telescopes. Other subset arrays include several
smaller northern site layout candidates (NA, NB) and a wide range
of MST-only arrays with different separations and with different
fields of view.
Image cleaning (adjusted to the different NSB levels in the different telescope types), five image selection rule sets (‘extra-soft’
to ‘hard’, with different requirements on image amplitude and
number of pixels included), and the energy dependence of various
shower-selection cut parameters were defined in advance. Integral
and differential sensitivities were evaluated for each of the image
selection rule sets, for each multiplicity of telescopes with useful
images from two up to eight, and including or ignoring the optional
Hmax ; dE, and dE2 selection cuts, allowing for a final optimization
as the last step.
Fig. 6 shows the on-axis point-source differential sensitivity of
arrays A to K at 20! zenith angle. It can be seen that there are three
categories: compact arrays (usually without small telescopes), extended arrays (without large telescopes), and balanced arrays
which try to find a compromise between the compact and extended cases. At the lowest energies, the sensitivity curves split
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Telescope type:

CTA MC Prod-1
Full array

Large tel.
Medium
Small size
Medium (WF)
(Test)

500 m

1000 m

1500 m
Fig. 5. The 275-telescope configuration used in the simulations described here, with LSTs shown in red, MSTs in green and SSTs in blue (see Table 1 for details), additional
telescopes are shown in magenta and cyan. The dashed circles illustrate radii of 0.5, 1.0 and 1.5 km. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Candidate arrays for CTA South (A–K) and CTA North (NA, NB). For each telescope size
the number of telescopes of that size is given, together with the field of view used in
the analysis.

A
B
C
D
E
F
G
H
I
J
K
NA
NB
a

LST

MST

SST

3
5
–
–
4
6
6
–
3
3
5
4
3

41 (8!)
37 (8!)
29 (8!)
41 (7.4!)
23 (8!)
29 (6.3!)
9 (8!)
25 (7!)
18 (8!)
30 (8!)
–
17 (6!)
17 (6!)

–
–
26 (10!)a
16 (10!)a
32 (10!)
–
16 (10!)
48 (10!)
56 (9!)
16 (9!)a
72 (9.5!)
–
8 (8!)

(5!)
(5!)

(4.6!)
(4.8!)
(5!)
(4.9!)
(4.9!)
(5!)
(5!)
(5!)

Table 3
Spectral parameters of assumed signal and background differential spectra.
Primary
particle type

Norm.a
N

c
p
He
N (CNO)
Si (heavy)
Fe
e! (and eþ )

Var.b
0.096
0.0719
0.0321
0.0284
0.0134

Spectral
index
k

Log-n.
ampl.a
L

Location
[TeV]
Ep

Scale
w

!2:57
!2:70
!2:64
!2:67
!2:66
!2:63
!3:21

0.776
3:19 # 10!3 0.107
ﬃﬃﬃﬃﬃﬃ
ﬃ
p
!k
2
2
dFðEÞ=dE ¼ N # ðE=1 TeVÞ þ L=ðEw 2pÞ expð!ðlnðE=Ep ÞÞ =2w Þ (see text for more
details on log-normal component).
a
[1/(m2 s sr TeV)].
b
Gamma-ray
sources
in
[1/(m2 s TeV]
or
C.U.
(Crab
Units):
1 C:U: ¼ 2:79 ' 10!7 m!2 s!1 TeV!1 # ðE=TeVÞ!2:57 .
6:85 # 10!5

With wide-field versions of MSTs instead of actual SSTs.

up by the number of large telescopes (5, 4, 3, or none). At the highest energies, the sensitivity is always signal limited and thus dominated by the area covered.
Statistical errors on the derived sensitivity (mainly from the
finite number of proton showers passing cuts) are neither included
in Fig. 6 nor the following since they are highly correlated between
different array layouts (sharing the same simulated showers and
also part of the telescope data). Statistical errors are actually
smaller than the fluctuations seen from energy bin to energy bin,
which also result from the optimization process (e.g. integer values
of multiplicity).
Good examples of balanced arrays can be seen with arrays E and
I. Array E, with four large telescopes, performs slightly better at
low energies than array I, with only three large telescopes. At large
energies, array I with its extended set of small telescopes outperforms array E by typically a factor of 1.5. Array B is a typical case
for a compact layout while array D is one of the extended layouts
without any large telescopes (see Fig. 7).
The candidate layouts for a northern CTA site, without extended
sets of small telescopes and with fewer mid-size telescopes, are

rather similar in their performance to the compact full layouts
but with slightly inferior sensitivity at a TeV and above.
The different limiting factors for the sensitivity – signal, statistics, or background systematics – also result in different dependence of the sensitivity on observation
times T: proportional to
pﬃﬃﬃ
1=T at the highest energies, / 1=
pﬃﬃﬃ T at intermediate energies, and
substantially weaker than 1= T at the lowest energies (see
Fig. 8). Note that the final optimization of image selection, multiplicity, and choice of optional cuts has been done separately for
each observation time, typically resulting in looser selections for
shorter observation times. Fig. 8 also demonstrates that array I is
in fact a well-balanced array, with little sensitivity loss against specialized arrays in any energy range.
The contribution of the different types of telescopes to the overall sensitivity for on-axis point sources is demonstrated for array I
in Fig. 9, for an observation time of 50 h. The cross-over between
LSTs and MSTs is seen at about 250 GeV, that between MSTs and
SSTs at about 4 TeV. At these cross-over points, the larger telescopes contribute fewer but higher quality data while the smaller
telescopes provide a larger effective area but with lower image
quality. At both transition points, the combined sensitivity is
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rejection of proton-induced showers deteriorates substantially
and the background is dominated by the protons. Above a few
TeV, both the electron and the hadron backgrounds are at a very
low level and the point source sensitivity is signal limited.
The second CTA site, in the northern hemisphere, is foreseen to
be instrumented similar to array I excluding its extended SST component. As such, a northern CTA site could perform similar to the
main site at low energies (unless affected by the geomagnetic field)
to a few TeV. At energies above a few TeV, such a northern site will
suffer from its much lower effective area.
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7.3. Angular resolution and energy resolution
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Angular and energy resolution in an installation with different
instrument types (and separations between instruments increasing outwards) combine in ways which are not always intuitive.
In a homogeneous array, increasing energy will result in more
usable telescopes with, on average, improved data quality and
therefore improving angular and energy resolution, at least to the
point where the instruments start running into pixel saturation.
In a realistic array, showers of increasing energy will trigger
smaller instruments in wider separations to their next neighbors.
Most of its effective area may be from showers recorded with
few and widely separated telescopes. A subset of the showers, typically those with shower cores closer to the array center, will be recorded with higher telescope multiplicity and data quality,
providing a subset of high angular resolution and/or of high energy
resolution. Figs. 10 and 11 show only the angular resolution and
energy resolution achieved with cuts separately optimizing these
resolutions, at minimum multiplicities between two and six.

100

Energy (TeV)

E2 * Differential sensitivity (erg / cm2 s)

10

-9

1 C.U.
10

-10

10

-11

10

-12

10-13

Zenith angle: 50 deg.
50 hours
5 sigma
5% bg
10 events
0.2 dex
alpha=0.2

A
B
C
D
E
F
G
H
I
J
K

-3

10 C.U.

0.1

181

1

10

100

1000

Energy (TeV)

Fig. 6. Point source sensitivity of 11 CTA candidate array layouts (of identical
estimated costs, for CTA South) for 50 h observation time, evaluated with the
baseline analysis method. Note that this differential sensitivity corresponds to an
independent detection in each energy interval and is much more strict than the
conventional integral sensitivity – but almost independent of the assumed
spectrum. The solid black line is an approximation of the best performance of any
of these arrays at any energy (except D which is highly specialized for energies of a
!
few TeV), for 20 zenith angle. The Crab Unit (C.U.) and milli-C.U. fluxes as used in
!
!
this paper are indicated for comparison. Top: 20 zenith angle, bottom: 50 zenith
angle.

almost a factor of two better than that of the individual components. Near 1 TeV, though, the onset of low-quality SST data, with
large effective area but poor gamma–hadron rejection deteriorates
the combined sensitivity in our simple analysis method basically to
the sensitivity of the MST data alone.
Because no small telescopes were assumed in the inner region
of array I, the MSTs continue to contribute to the combined sensitivity up to the highest energies, despite possible signal saturation.
At a smaller (10–15%) level, the presence of MSTs even improves
the sensitivity at the lowest energies – where the MSTs are not expected to be triggered at all by gamma rays or electrons but still
can reject some hadron background. Such background includes
muons seen by MSTs or events where the LSTs only registered a
small gamma-like sub-shower of a larger hadron shower.
The effect of a signal limitation at 1000 p.e. per pixel is also indicated in Fig. 9 by the thin lines with small symbols. Even though
LSTs above several TeV and MSTs above a few 10s of TeV suffer from
pixel saturation, with an impact on angular and energy resolution
(see Section 7.3), this only happens in a regime where the sensitivity is signal limited and does not depend on angular resolution.
Finally, Fig. 9 also illustrates the relevance of the electron background on the combined sensitivity. This background is most relevant in the region of the ‘shoulder’ in the cosmic ray electron (and
positron) spectrum at a few 100 GeV. Below about 200 GeV, the

7.4. MST inter-telescope separation and field of view
One important question related to the CTA layout is the correlation between optimum inter-telescope separation and the f.o.v. of
a telescope. The available data allowed to study this with MST-only
arrays of similar cost estimates. We extracted data for arrays of
telescopes at a spacing of either 60 m, 85 m, 120 m, 170 m, or
240 m. At each of these spacings we used arrays of 37 telescopes
with a f.o.v. diameter of 5.0!, of 32 telescopes of 6.0!, 27 telescopes
of 7.0!, as well as 24 telescopes of 8.0!. Fig. 12 shows the resulting
on-axis differential point-source sensitivity for 120 m separation.
Except at the highest energies, a f.o.v. of only 5! is typically best
– but the performance of fewer telescopes with larger f.o.v. is quite
similar. For extended sources or when multiple sources can be
studied at the same time – the typical case along the Galactic Plane
– the larger f.o.v. comes with additional benefits. For this reason,
the MST telescopes for CTA are foreseen to have cameras with a
f.o.v. between 6! and 8!.
In Fig. 13 we have 7.0! f.o.v. cameras in 27 telescopes at different separations. It is obvious that separations below 120 m have no
advantages at any energies, except at the very threshold. At energies beyond a TeV, the larger effective areas resulting from larger
separations more than compensate for the poor sampling of each
shower (seen in fewer telescopes). Since there is no separation that
can optimize the performance simultaneously at all energies, a
graded layout with inter-telescope separations increasing from
the array center outwards will result in a better overall performance than a regular grid. Note that at larger zenith angles the
Cherenkov light pool on the ground will increase and optimum
spacings are always larger than at small zenith angles.
8. Comparisons for candidate array I with alternative analyses
We discuss the expected performance of the candidate array I
that is obtained by using the alternative analyses described in
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Subset B

Subset D

Subset E

Subset I

Telescope type:
Large tel.
Medium
Small size
Medium (WF)

2000 m

Fig. 7. Layout examples for a compact array layout (B), an extended layout without LSTs (D), as well as two balanced layouts (E and I).
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Fig.
8. Point
source
sensitivity
of
array
I
(in
units
of
1 C:U: ¼ 2:79 " 10#7 ðE=TeVÞ#2:57 m#2 s#1 TeV#1 ) for observation times of 0.5 h, 5 h,
and 50 h, respectively. Also shown as black solid lines are approximations to the
best performance of any of the 11 CTA South arrays at any energy (as in Fig. 6), for
the given observation times. Array I, being close to this optimum at all energies, is
indeed a well-balanced array.

Section 4. The array consists of 3 LSTs with a field of view (f.o.v.)
diameter of 4.9!, 18 MSTs with a f.o.v. diameter of 8! and 56 SSTs
with a f.o.v. diameter of 9!, whose positions on the ground are
shown in Fig. 7. We also mention briefly comparisons between different site altitudes and for observations under partial moon light.
8.1. The differential flux sensitivity
The minimum detectable flux is determined, by demanding a
minimum 5r detection (using Eq. (17) from Li and Ma [43]), at
least 10 gamma-ray events, and a gamma-ray excess of at least
5% of the residual cosmic-ray background. The differential flux
sensitivities achieved from the alternative analyses are shown in
Fig. 14, using five bins per decade in energy. Differences between
sensitivity curves may be understood in terms of the respective

1

50 hours
5 sigma
5% bg
10 events
0.2 dex
alpha=0.2

LST
MST
SST
all
no e

(thin lines, small symbols: 1000 p.e. clipping)

0.1

0.01

0.001
0.01

0.1

1

10

100

Energy (TeV)

Fig. 9. Point source sensitivity of array I (solid black line, filled squares) and its
components, 3 LSTs (red, open circles), 18 MSTs (green, open squares), 56 SSTs
(blue, open triangles). Thin lines with small symbols illustrate the limited impact of
a reduced dynamic range of PMT readout electronics. For the relevance of the
electron background on the combined sensitivity see also the dashed black line
with diamonds, where this background is ignored. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

effective areas and residual cosmic-ray background rates, which
are shown in Figs. 15 and 16, respectively. These effective areas
and background rates are in turn dependent on the specifics of
each analysis (see Sections 3 and 4 for details). This may include
the image cleaning, quality cuts, shower reconstruction, and
cosmic-ray background rejection power, along with the gammaray selection-cut optimization scheme that is employed for each
analysis. The optimization is on sensitivity and good sensitivity
can be achieved either with large effective area or low background.
Therefore small fluctuations in simulated data can result in large
apparent fluctuations in Figs. 15 and 16. The most sensitive analyses (SAM and Paris-MVA) approach levels of 2 milli-C.U. in differential sensitivity per bin at energies of around 1 TeV, or about
1 milli-Crab in integral sensitivity.
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Rectangular grids of 27 tel. with 7 deg. f.o.v. (equal costs)
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Fig. 10. Angular resolution of array I (68% containment radius) as a function of
energy (lines and symbols as in Fig. 9). Cuts were optimized for angular resolution,
at a minimum multiplicity between two and six. At energies above 5 TeV a pixel
dynamic range limited to 1000 p.e. would have substantial impact on the LST
angular resolution but basically no impact on the resolution of the full array. While
the angular resolution of all telescopes is always better than that of the component
dominating the effective area at a given energy, selecting data from a single
component may improve angular resolution at the cost of a much reduced effective
area.
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Fig. 13. Differential point-source sensitivity on-axis in C.U. for MST arrays of 27
telescopes with 7! f.o.v., at different inter-telescope separations (zenith angle: 20!).

In the range of 30 GeV to 3 TeV, the Paris-MVA analysis improves on the sensitivity of the baseline analysis, by up to a factor
of 3.5. We note that the Paris-MVA analysis generally maintains a
large effective area with respect to the baseline analysis, although
it also yields the largest cosmic-ray background rate for energies
above 300 GeV. The SAM analysis provides the best performance
at multi-TeV energies, improving on baseline result by factors as
large as 2.0, with effective areas not quite as large as Paris-MVA
but compensated by low background rates.

8.2. The angular and energy resolutions
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best resolution cuts (except high mult.)
(thin lines, small symbols: 1000 p.e. clipping)
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The gamma-ray events used to determine the angular and energy resolutions are those that pass the cosmic-ray background
rejection cuts, which are used to obtain the respective differential
sensitivity curves in Fig. 14. The r68 angular resolution, is defined
as the angular radius from a point-like source that contains 68% of
the events. This is shown as a function of the estimated energy for
the case of candidate array I in Fig. 17. It varies, depending on the

Energy (TeV)

Fig. 11. Relative r.m.s. energy resolution rðEÞ=E of array I as a function of energy
(lines and symbols as in Fig. 9). Cuts were optimized for energy resolution, at a
minimum multiplicity between two and six.
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Fig. 12. Differential point-source sensitivity on-axis in C.U. for MST arrays of
similar cost but with cameras of different f.o.v. (fewer telescopes for larger f.o.v., see
text for details), for a 120 m inter-telescope separation and 20! zenith angle.
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1
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Fig. 14. Differential flux sensitivity of candidate array I given as a function of the
estimated energy, for the baseline/MPIK (green squares), IFAE (red circles), SAM
(blue triangles) and Paris-MVA (black triangles) analyses. The Crab Unit (C.U.) flux
(solid black line) is shown for comparison, together with its 10%; 1% and 0:1% flux
levels (black dashed lines). The differential sensitivities are optimized for an
observation time of 50 h. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 16. Residual cosmic-ray background rate of candidate array I, given as a
function of the estimated energy for the baseline/MPIK (green squares), IFAE (red
circles), SAM (blue triangles) and Paris-MVA (black triangles) analyses. The
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8.3. Observations under partial moon light
The standard observing conditions of ground-based Cherenkov
telescopes correspond to clear sky, with both Sun and Moon below
the horizon, and lead typically to an average of 1650 h/yr of possible dark observation time. Allowing observations under moderate
moon light conditions increases the total observation time by up
to 30%. This can be of crucial importance in case of transient phenomena, such as flares of AGNs, phase-related activities as for binary systems, or GRBs. The MAGIC and VERITAS experiments both
routinely perform observations under moon light conditions. MC
simulations with a NSB 4.5 times higher to the one commonly in
use have been performed. This corresponds to nights with the
Moon above the horizon, approximately illuminated at 60%,
although often moon-time observations can be carried out at less
enhanced NSB. Trigger thresholds have been adjusted to obtain
manageable trigger rates – while in reality also the PMT gain
may get adjusted to reduce additional PMT aging. The simulations
have been processed through the entire analysis chain, as discussed in the preceding sections, with somehow different cuts,
particularly in the image cleaning steps to account for the higher
NSB noise levels.
The final results are similar to those obtained for dark sky conditions [59], and hardly affect the performances above 1 TeV. Indeed, as expected, the moon light observing conditions mainly
affect the low part of CTA energy range. In this part, due to higher

MPIK

10-1
Background Rate (s-1)

analysis, from 0.2–0.5! at !20 GeV to 0.02–0.03! at !125 TeV. The
different shower direction reconstruction methods and various
cosmic-ray background rejection cuts lead to the noticeable spread
in r68 values below !1 TeV between the alternative analyses.
A similar argument may be used to explain the differences between the alternative energy resolutions of the candidate array I,
although here the methods used to determine the estimated energy also differ, as detailed in Section 4. We define the term ‘energy
resolution’ to be the r.m.s. of the distribution Eest =Etrue , where Eest is
the estimated energy and Etrue is the true energy. Fig. 18 shows the
energy resolutions as functions of the estimated energy. The energy resolutions range between 0.3 and 0.50 at around 20 GeV to
!0.05 at around 8 TeV. The poor energy resolution of Paris-MVA
at high energies is being worked on.
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noise levels, and depending on the array layout, the energy thresholds are generally a factor of two higher and the sensitivities might
be 10 times worse. However, in the core of CTA energy range
around 1 TeV, not only the sensitivity but also the angular and energy resolutions are quite compatible with the results of dark sky
observations.
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triangles) and Paris-MVA (black triangles) analyses. The differential sensitivities
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article.)

The altitude of 2000 m has been assumed for most of the CTA
simulations but the possible performance advantages (and disadvantages) of high-altitude sites have been investigated as well.
First comparisons were carried out with arrays of 9 large telescopes at 2000, 3500, and 5000 m altitude [18,7]. High-altitude
sites result in lower energy thresholds, mainly because the Cherenkov light gets less diluted when reaching ground. For the same
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Fig. 18. Energy resolution of candidate array I, defined as the r.m.s. of the
distribution of Eest =Etrue , using the baseline/MPIK (green squares), IFAE (red circles),
SAM (blue triangles) and Paris-MVA (black triangles) analyses. Eest is the estimated
energy, while Etrue is the true energy. The energy resolution is given as a function of
the estimated energy. The differential sensitivities are optimized for an observation
time of 50 h. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

reason, smaller telescope separations are needed, resulting in lower effective areas at medium to high energies. Images are also seen
at larger distances from the shower direction, which may require a
larger camera f.o.v. At the 5000 m altitude, gamma–hadron separation was found to suffer from too many Cherenkov-emitting particles in gamma-ray showers reaching ground level, resulting in
more irregular gamma-ray images.
For the latter reason, as well as due to technological and cost
implications of a high-altitude site, more detailed simulations of
high-altitude sites were limited to 3700 m, for the same telescope
configuration as in production-1. Neither were telescope separations optimized for the higher altitude nor were cost implications
included in the array selection, e.g. using array I as for 2000 m. Initial results of different studies show that the energy threshold
achieved at 3700 m is in general lower by 0.2 dex or more, and
in the low energy domain (E < 100 GeV), the differential sensitivity
achieved is generally at least a factor two better. At higher energies, the achieved differential sensitivities of the different layouts
envisaged for CTA at high altitude are compatible with those obtained at 2000 m, perhaps marginally worse. However, the energy
resolution generally degrades above a few TeV. Before firm conclusions can be drawn on an optimum site altitude, separate optimizations of telescope spacings at the different altitudes are
required and cost implications (in telescope design, construction,
and operation) should be represented in the array selection, for a
performance comparison at fixed cost.
9. Future directions and hardware
9.1. Hardware improvements
The Monte Carlo simulation of the detector was done assuming
a very preliminary design of the CTA telescopes. Both due to the
hardware development and the feedback from the simulations,
some of the designs being under discussion currently differ from
the simulated one. Monte Carlo simulations are going onto understand the improvements and limitations of those modifications.
9.1.1. Changes in optical design
The initial simulations assumed a parabolic dish shape for the
LSTs and a Davies–Cotton shape for MSTs and SSTs. While the par-
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abolic shape has the advantage of negligible time-spread introduced by the optics, the classical Davies–Cotton design has the
advantage of a better PSF at large off-axis angles. While the optics
time-spread of SSTs is always small compared to the showerintrinsic spread as well as the PMT transit-time jitter, the timespread of Davies–Cotton MSTs is already dominated by the optics.
The MST optics has thus been redesigned and changed to an
intermediate shape, with spherical dish of radius of curvature
Rc ¼ 1:2f . Note that Davies–Cotton has Rc ¼ f while a parabolic
dish has a central radius of curvature of Rc ¼ 2f . The modified
MST optics is still close to a Davies–Cotton but with a significantly
reduced time spread (0.7 ns r.m.s. instead of 1.0 ns). The slightly
worse off-axis PSF of the intermediate shape is compensated by a
small increase in its focal length (from 15.6 to 16.0 m).
A similar intermediate shape, but closer to parabolic, has also
been recommended for the LSTs. Only muon rings, easily recognizable in images, have an intrinsic time spread short enough that
they could take any advantage of the low time spread of a parabolic
dish. Otherwise, both for gamma-ray showers and background, the
intrinsic time spread of photons imaged into the same pixel has an
r.m.s. value of the order of 0.5–1.0 ns in the energy and core distance range relevant for LSTs. The PMT transit time jitter (or
spread) is of a similar magnitude. Considering that, an intermediate dish shape with an optical r.m.s. time spread of 0.6 ns has been
recommended, which is closer to parabolic than Davies–Cotton but
already offers improvements in off-axis PSF.
9.1.2. Camera trigger
The results presented in the previous sections all used a majority trigger logic with a low combinatorial factor, requiring that a
pixel plus a number of its direct neighbors must have fired within
a given gate width. None of the current hardware developments in
CTA is focusing on such an algorithm yet, although some of the
developed options are flexible enough to program it.
There are several trigger designs considered that use the analog
signal from the PMTs and others that use digitized signals, either
fully digitized samples (from FADCs) or comprising only one or
two bits (from fast comparators).
" Majority trigger: The analog signal coming from each pixel is
compared to an adjustable threshold (by a discriminator or comparator) and then the sum of discriminator/comparator outputs
in a region (either analog or digital sum, basically the number of
pixels above threshold at the same time) has to exceed an
adjustable multiplicity value to result in camera triggers.
" Analog sum trigger: The analog signals from all pixels in a
region are added and then compared to a minimum value to
produce the camera trigger. Before adding the individual pixel
signal, they can be clipped, limiting their maximum value and
thus reducing the impact of afterpulses.
" Binary trigger: The analog signal from the photosensors is
passed through a comparator at regular time intervals, essentially transforming the camera image to a binary pattern. With
modern fast and flexible front-end electronics, complex trigger
classification algorithms can be run on-line, processing the binary pattern in space and time. With additional thresholds, this
trigger concept can emulate image cleaning algorithms, similar
to those used for off-line image analysis.
" Digital trigger: The signal coming from the photosensors is
continuously digitized by a FADC and the digital signal is used
to take the trigger decision – which could be either a digital
sum trigger with optional clipping or a digital majority trigger
(or a mix of both), depending on the algorithms programmed
into FPGAs. This scheme avoids front-end electronics like discriminators and comparators, but is currently only cost-effective for FADC sampling rates up to about 250 MHz.
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Trigger simulation tools exist for all of these different schemes.
The key quantities for assessment of any improvement of the trigger performance should be sensitivity, angular resolution, and energy resolution. The triggered images still need to be subjected to a
reconstruction, and it is useless to trigger more images if that
cannot help to better reconstruct the shower and to improve the
gamma–hadron separation. Data analysis techniques are still
improving and there might eventually be methods to recover some
fraction of the events currently discarded – but at least with
current analysis techniques the events barely triggered tend to
have too low amplitude signals to be usable for reconstruction.
The study of the impact of improved trigger schemes in terms of
source sensitivity etc. is work in progress.
9.2. Optimal pixel integration time window
Most of the detected Cherenkov photons are emitted near the
shower maximum and arrive at an IACT pixel within only a few
nanoseconds time spread. As a consequence of the short time scale
of Cherenkov light flashes, there is an optimum integration time
which minimizes the error in collected pixel signal charge over
NSB fluctuations. For short integration times, the Cherenkov signal
should dominate over NSB. As the integration time increases, the
shower fluctuations are smoothed out and the relative error on
the integrated charge decreases. Once the bulk of the signal is integrated, a further increase of the integration time will degrade the
accuracy due to the NSB fluctuations (see Fig. 19 (left)).
Even at high energies, most of the Cherenkov light can be collected within a !15–20 ns per pixel time window, see Figs. 19
and 20. The dynamic range of the pixel charges in the event shown
in Fig. 20 is up to !104 p.e. As in most gamma-ray shower images,
the largest signal amplitudes correspond to the shower maximum.
The correlation between the optimal integration time and the signal amplitude in a pixel is clearly visible. A dynamic integration
window, i.e. the one where the duration is varied as a function of
signal amplitude to provide the best pixel charge resolution, could
be an improvement with respect to a fixed duration integration
time (see Fig. 19 (right)). Under conditions of dark sky the overall
improvements are very small, since Poisson fluctuations dominate,
but under partial moon light conditions more significant improvements can be envisaged. Whether the additional effort (and cost) of
its technical implementation and calibration is worth this effort
needs to be studied.
9.3. Readout strategy
As it has been mentioned, Cherenkov photons do not all reach a
telescope at the same time. For instance, the time spread for

photons coming from a 10 TeV shower can be, in extreme cases,
as large as 200 ns while in a single pixel is at least one order of
magnitude smaller. Actually, pixels receiving Cherenkov light only
from a single particle may see all photons arriving within a fraction
of a nanosecond while pixels with photons from multiple particles
have most of these photons arriving within about one to a few
nanoseconds – while the whole camera typically sees photons
spread out from a few nanoseconds to 10s of nanoseconds, for
large off-axis showers at large core distances seen in wide-field
telescopes even beyond 100 ns.
The current generation of Cherenkov detectors is using analog
memories and reading the signal at the same time for all pixels.
Hence, either one has to read out a large buffer section of the analog memories or a significant amount of the signal is not recorded
for some showers. The former would increase the dead-time and
the latter would reduce the collection area. A compromise strategy
is to have a so-called ‘‘sliding’’ readout window. A short readout
time is used for all pixels, but the start of the readout is not made
at the same time for all pixels. It follows the signal propagation
within a camera. Possible real implementations of this readout
scheme are being developed in the CTA consortium and these require the transmission of information of triggered pixels to the
readout device of these associated pixels. These strategy will be
implemented in the future full simulations to quantify their impact
on the global performance of CTA.
9.4. Simulation of dual-mirror telescopes
While the simulation tools initially were restricted to telescopes
with a single (segmented) reflector, they have been extended to include telescopes with secondary optics of the Schwarzschild–Couder (SC) design [6], of which two types are under development for
CTA.
9.4.1. Small Size Telescopes with secondary optics
Even though only Small Size Telescopes with Davies–Cotton
(DC) optics have been simulated on a large scale so far (Table 1),
proposals have also been made for the use of even smaller telescopes of the 3.5–4 m class, using secondary optics following the
SC design to cover the high energy regime of the array. Such a telescope could be significantly less expensive due to the lower price
per pixel for the photosensors available at the reduced plate scale
of the SC optics, allowing more SSTs to be built, resulting in both
improved angular resolution and effective area at high energies.
Of course with such an untested telescope design detailed simulations must be performed to try and quantify their effect on the
performance of the array. Preliminary simulations have shown
improvements can be made to the array effective area, while hav-
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Fig. 19. Relative error on the integrated charge by mid-size telescope pixels: (left) as a function of the integration time, for the indicated signal p.e. charges, and (right) as a
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Fig. 20. (left) Focal plane distribution of the optimal pixel integration time values (ns), for a 49 TeV gamma-ray event with 133 m impact parameter. (right) For the same
event, distribution of the fractions integrated/total signal charge. Only pixels with an actual Cherenkov signal in the simulation are shown.

ing little effect on the angular resolution. Larger scale simulations
are planned, aimed at accurately determining the telescope performance (including background discrimination ability), as well as
finding the optimum array layout.
In addition to these large scale simulations, simulations of specific aspects of the SC-SST designs are required, for example to
quantify the performance of different photosensor/electronics
combinations, such as multi-anode PMTs (MAPMTs) and silicon
photomultipliers (SiPMs).
9.4.2. Schwarzschild–Couder Mid Size Telescopes
Continuing work begun by the AGIS Collaboration, which joined
with CTA in September 2010, the US groups are leading an effort to
develop two-mirror mid-size telescopes of SC optical design, and
planning to extend the initial DC-MST array of about 20 telescopes
by an additional 36 SC-MSTs. With O(60) telescopes, the MST array
will fully enter the event-containment regime, where the effective
area within the array is comparable to, or greater than, the effective area around the array’s edges. This is an important advance
over current arrays of 2–4 telescopes, for which the effective area
is dominated by events that land outside the array (for example,
only 5% of 1 TeV gamma rays land within the 104 m2 footprint of
the VERITAS array). Contained events are much better sampled,
providing improved background rejection (more likely to pick up
anisotropies in hadronic showers), improved angular resolution
(triangulation of the shower direction is much more effective when
the shower is viewed from several widely spaced azimuthal angles), and reduced energy threshold (containment implies that
the shower’s impact distance to the several nearest telescopes will
be less than the 100–200 m telescope spacing) [60,7].
The baseline SC-MST optical design has a !9.5 m diameter primary mirror (4.4 m central hole), 5.4-m diameter secondary mirror, and a 5.6 m focal length, providing !50 m2 of effective light
collecting area. The SC design offers several advantages over the
DC design which become especially important for a large array.
The SC optical design corrects for spherical and comatic aberrations and is optimized to minimize astigmatism, keeping the optical PSF smaller than the size of a pixel out to 4–5! off axis and
providing a short focal length compared to DC-MSTs with a similar
field of view. Increasing the field of view increases the telescope
multiplicity of each event [61]. The demagnifying secondary mirror
reduces the plate scale of the focal plane: an 8! field of view requires only a focal plane of 0.8 m diameter, providing a large
reduction in per-channel costs for focal-plane instrumentation by
enabling the use of, for example, 64-channel multi-anode PMTs.
The small plate scale also makes it economical to reduce the angular size of each pixel from the !0.15! used in current-generation

telescopes to !0.07!, which is expected to significantly improve
angular resolution [61]. The SC design also has no wavefront distortions, allowing tighter requirements on trigger timing, which
ought to reduce the rate of accidental triggers at a given threshold
and may allow operation at a lower energy threshold. Finally, the
small plate scale and opportunity to use multi-channel photodetectors improves the modularity and serviceability of the focal
plane instrumentation and data acquisition electronics.
Several challenges are introduced by the SC design, and a major
thrust of the simulations effort will be to study trade-offs between
cost and performance to refine the specifications for the SC telescopes. Aspects under study include
– The field of view and spacing of the telescopes, which impacts
the number of channels of focal plane instrumentation required
and the quality of the optical PSF at the edge of the field.
– The quality of the optical PSF across the field of view and angular size of the pixels, which again speaks to the number of channels required, as well as requirements on the mirror alignment
precision and the optical quality of the aspheric mirror
segments.
– The mechanics of the focal plane, including the accuracy to
which pixels need to be placed across the curved focal plane,
tolerances for optical cross talk and dead spaces between pixels,
and whether light concentrators provide a benefit.
– The impact of vignetting on the optical design specifications
and performance of the analysis of Cherenkov images near the
edge of the field of view.
– Requirements on the slew speed of the telescopes, driven by
gamma-ray burst follow-up.
– Studies of various options for triggering electronics to evaluate
trade-offs between maximizing rejection of accidental and
cosmic-ray triggers, maximizing the low-energy effective area,
and minimizing costs. These studies will also impact the specifications for the data acquisition electronics, in particular setting the dead-time and throughput specifications.
– An evaluation of the overall impact of adding 36 SC-MSTs to the
23 planned DC-MSTs on the sensitivity, angular resolution, and
energy threshold of the MST array.
10. Conclusions and outlook
We could demonstrate that current shower and telescope simulation methods agree well with each other and with measured
data, verifying the simulation tools in use. After first large-scale
simulations have shown that the initial goals for the CTA sensitivity are quite reasonable over most of the anticipated energy range,
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the current simulation data sets have resulted in a number of array
layouts which can satisfy the expectations for most physics goals
and in a number of layouts more focused on individual science
cases. The benefits of the huge improvement in performance by
CTA with respect to the current generation of instruments are
demonstrated in other papers of this journal issue. Only at the very
lowest energies, the initial assumptions on a CTA sensitivity curve
could not be fully met, due to fluctuations in hadron showers
resulting in gamma-like background events and because the background distribution over the f.o.v. cannot be known perfectly
(inclusion of background systematics in the analysis). In its core
energy range, the initial expectations for CTA can be met if not surpassed. At the highest energies, the development of more costeffective small telescopes may well result in effective areas well
exceeding initial plans.
The analysis methods for an instrument like CTA are still under
development, having achieved quite some improvements over the
baseline method which is based on only the traditional Hillas
parameters. While this development will continue it is important
to see that a CTA layout optimal with one analysis method is also
close to optimal with other methods. Our iterative procedure in
optimizing the CTA layout and configuration can thus continue
with a superset of near-optimal layouts, plus perhaps some borderline cases, in its next round. Together with improved cost estimates, this should provide the basis for an optimal CTA
performance for almost any of the CTA astrophysics or fundamental physics goals.
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a b s t r a c t
The Cherenkov Telescope Array (CTA) is a project for a next-generation observatory for very high energy
(GeV–TeV) ground-based gamma-ray astronomy, currently in its design phase, and foreseen to be operative a few years from now. Several tens of telescopes of 2–3 different sizes, distributed over a large area,
will allow for a sensitivity about a factor 10 better than current instruments such as H.E.S.S, MAGIC and
VERITAS, an energy coverage from a few tens of GeV to several tens of TeV, and a field of view of up to 10!.
In the following study, we investigate the prospects for CTA to study several science questions that can
profoundly influence our current knowledge of fundamental physics. Based on conservative assumptions
for the performance of the different CTA telescope configurations currently under discussion, we employ
a Monte Carlo based approach to evaluate the prospects for detection and characterisation of new physics
with the array.
First, we discuss CTA prospects for cold dark matter searches, following different observational strategies: in dwarf satellite galaxies of the Milky Way, which are virtually void of astrophysical background
and have a relatively well known dark matter density; in the region close to the Galactic Centre, where
the dark matter density is expected to be large while the astrophysical background due to the Galactic
Centre can be excluded; and in clusters of galaxies, where the intrinsic flux may be boosted significantly
by the large number of halo substructures. The possible search for spatial signatures, facilitated by the
larger field of view of CTA, is also discussed. Next we consider searches for axion-like particles which,
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besides being possible candidates for dark matter may also explain the unexpectedly low absorption by
extragalactic background light of gamma-rays from very distant blazars. We establish the axion mass
range CTA could probe through observation of long-lasting flares in distant sources. Simulated lightcurves of flaring sources are also used to determine the sensitivity to violations of Lorentz invariance
by detection of the possible delay between the arrival times of photons at different energies. Finally,
we mention searches for other exotic physics with CTA.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
The Cherenkov Telescope Array (CTA) [1] will be an advanced
facility for ground-based gamma-ray astronomy in the GeV–TeV
regime. Compared to the current generation of Imaging Atmospheric Cherenkov Telescopes (IACT), e.g., H.E.S.S., MAGIC and
VERITAS,1 CTA will feature substantial improvements. It will cover
over three decades in energy, from a few tens of GeV up to several
tens of TeV. At both ends of this range, interesting new physics is expected, and in addition, a larger energy coverage will provide a bigger lever arm for spectral studies. Above 1 TeV, the field of view
(FOV) will be up to 10", i.e., over a factor of 2 larger than that of current instruments. CTA is currently planned to have a Southern hemisphere site and Northern hemisphere site. This fact together with the
large FOV of the telescopes in both installations will likely enable
CTA to provide the first extended gamma-ray maps of the sky in
the TeV region. The improved energy and angular resolution will enable more precise spectral and morphological observation. This will
be achieved by deploying several tens of telescopes of 2–3 different
sizes over an area of several square km. CTA will be operated as an
open observatory, with improved data dissemination among the
world-wide scientific community and a substantial fraction of the
total observation time devoted to guest proposals.
The search for new physics beyond the Standard Model (SM) of
particle physics is among the key science drivers of CTA along with
the understanding of the origin of high-energy gamma-rays and of
the physics of cosmic ray acceleration in galactic and extragalactic
objects. Several such fundamental physics issues are examined
here – the nature of cold dark matter, the possible existence of
axion-like particles, and expected violation of Lorentz invariance
by quantum gravity effects. Search strategies for cosmic tau neutrinos, magnetic monopoles and follow-up observations of gravitational waves, are also discussed.
The CTA array performance files and analysis algorithms are
extensively described in [2]. Eleven array configurations (A . . . K)
were tested for the Southern hemisphere and two (NA; NB) for the
Northern hemisphere [2, Table 2]. The simulations were made at
an altitude of 2000 m and at 70" elevation. Arrays E and I are considered balanced layouts in terms of performance across the energy
range. Arrays A, B, F and G are more focused to low-energies, and arrays C, D and H to high energies. NB is a higher energy alternative to
NA. Their point-source sensitivity is compared in [2, Fig. 7]. The arrays comprise different number of telescopes of three different
sizes: the Large Size Telescope (LST, 23 m diameter), the Medium
Size Telescope (MST, 12 m diameter) and Small Size Telescope
(SST, 6 m diameter) [2, Table 1]. One of the goals of this study
was to compare different array configurations for the specific scientific case. While in some cases all CTA configurations are compared
against each other, in others only benchmarks array B; C and E are
considered, as representative arrays that maximize the performance at low-energy, high-energy and in the full-range, respectively. Except for galaxy cluster studies and Galactic halo studies,
where extended or diffuse MC simulations are used, in all other
cases point-like MC simulations are used. This is the first time that
1
Respectively www.mpi-hd.mpg.de/hfm/HESS/, www.magic.mppmu.mpg.de/ and
veritas.sao.arizona.edu/.

realistic estimates of the prospects of detection for CTA are presented for such searches. An optimised event selection procedure
and a dedicated analysis ought to improve on our conservative
expectations. Previous studies often relied on too optimistic sensitivities, especially at low energies (<100 GeV); publicly available
effective areas for a subset of configurations [1,2] are now accurate
and can be used to infer CTA sensitivities for point-like sources.
This contribution is structured as follows:
– In Section 2, we explore different possible scenarios for detection of cold dark matter particle signatures in observations of:
dwarf satellite galaxies of the Milky Way (Section 2.1), clusters
of galaxies (Section 2.4) and and the Galactic halo (Section 2.8).
We also study anisotropies in the diffuse gamma-ray background as a signature of dark matter (Section 2.11).
– In Section 3, we discuss the scientific case for axion-like particles, and make predictions for detection from observation of
blazars at different distances and with different flare durations.
– In Section 4, we compare the capacity of all planned CTA arrays
to constrain high energy violations of Lorentz invariance, relative to current limits.
– In Section 5 we discuss qualitatively three more cases: the
observation of air showers from s-leptons emerging from the
Earth’s crust (Section 5.1), the capability to identify magnetic
monopoles as bright emitters of Cherenkov light in the atmosphere (Section 5.2) and and some consideration about multiwavelength gravitational wave campaigns (Section 5.3).
Given the wide variety of physics issues considered in this contribution, an introduction to the individual physics case is presented in each section for easier readability. The reader can find
an overall summary and closing remarks in Section 6.
2. Cold dark matter particle searches
A major open question for modern physics is the nature of the
dark matter (DM). There is a large body of evidence for the presence of an unknown form of gravitational mass, at scales from kiloparsecs to megaparsecs, that cannot be accounted for by SM
particles. The observation by the WMAP satellite [3] of the acoustic
oscillations imprinted in the cosmic microwave background quantifies the DM component as contributing about 25% of the total energy budget of the Universe. Being dominant with respect to the
baryonic component, which accounts for only about 4% of the total
energy density, DM shaped the formation of cosmic structures. By
comparing the galaxy distributions in large redshift galaxy surveys
[4], and through N-body simulations of structure formation [5–7],
it is inferred that the particles constituting the cosmological DM
had to be moving non-relativistically at decoupling from thermal
equilibrium in the early universe (‘freeze-out’), in order to reproduce the observed large-scale structure in the Universe and hence
the term ‘‘cold DM’’ (CDM). This observational evidence has led to
the establishment of a concordance cosmological model, dubbed
KCDM [8–10], although this paradigm is troubled by some experimental controversies [11–16].
One of the most popular scenarios for CDM is that of weakly
interacting massive particles (WIMPs), which includes a large class
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of non-baryonic candidates with mass typically between a few tens
of GeV and few TeV and an annihilation cross-section set by weak
interactions (see, e.g., Refs. [17,18]). Natural WIMP candidates are
found in proposed extensions of the SM, e.g., in Super-Symmetry
(SUSY) [19,20], but also Little Higgs [21], Universal Extra Dimensions [22], and Technicolor models [23,24], among others. Their
present velocities are set by the gravitational potential in the
Galactic halo at about a thousandth of the speed of light. WIMPs
which were in thermal equilibrium in the early Universe would
have a relic abundance varying inversely as their velocityweighted annihilation cross-section (for pure s-wave annihilation):
XCDM h2 ¼ 3 " 10#27 cm3 s#1 =ðrann v Þ [19]. Hence for a weak-scale
cross-section ðrann v Þ ¼ 3 " 10#26 cm3 s#1 , they naturally have the
2
required relic density XCDM h ¼ 0:113 & 0:004, where h ¼ 0:704&
0:014 is the Hubble parameter in units of 100 km s#1 Mpcs#1 [3].
The ability of WIMPs to naturally yield the DM density from readily
computed thermal processes in the early Universe without much
fine tuning is sometimes termed the ‘‘WIMP miracle’’.
In some SUSY theories, a symmetry called ‘R-parity’ prevents a
too rapid proton-decay, and as a side-effect, also guarantees the stability of the lightest SUSY particle (LSP), which is thus a prime candidate for a WIMP. WIMPs can annihilate to SM particles, and have
hadron or leptons in the final products of annihilation. Thus from
cosmic DM annihilations, one can expect emission of neutrinos,
charged cosmic rays, multi-frequency electromagnetic radiation
from charged products, and prompt gamma-rays [25]. The detection of these final state particles can help to identify DM – this is
termed ‘‘indirect DM detection’’. Gamma-rays are not deflected by
cosmic magnetic fields, and thus trace back to their origin. Therefore, observation of a gamma-ray signal from cosmic targets where
DM is expected could prove conclusive about its nature.
In the context of gamma-ray astronomy, the differential flux of
gamma-rays from within a solid angle DX around a given astronomical target where DM is expected, can be written as:

dNic
dUðDX; Ec Þ
1 ðrann v Þ X
¼ BF '
BRi
' eJðDXÞ ;
2
i
4p 2mv
dEc |ﬄﬄﬄ{zﬄﬄﬄ}
dEc
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} Astrophysics

ð1:1Þ

Particle physics

where ðrann v Þ is the annihilation cross-section (times the relative
P
velocity of the two WIMPs), i BRi dN ic =dEc ¼ dN c =dEc is the photon
flux per annihilation summed over all the possible annihilation
channels i with branching ratios BRi , and mv is the mass of the
DM particle. The ‘astrophysical factor’ eJ is the integral over the line
of sight (los) of the squared DM density and over the integration solid angle DX:

eJ ¼

Z

DX

dX

Z

los

ds q2 ðs; XÞ:

ð1:2Þ

The remaining term BF in Eq. (1.1) is the so-called ‘boost factor’
which is a measure of our ignorance of intrinsic flux contributions
that are not accounted for directly in the formula.
There are various known mechanisms for boosting the intrinsic
flux, among which we mention the inclusion of subhalos, and the
existence of a ‘Sommerfeld enhancement’ of the cross-section at
low velocity regimes in models where the DM particles interact
via a new long-range force. All numerical N-body simulations of
galactic halos have shown the presence of subhalos populating
the host halo (see, e.g., Refs. [5,26]). Such density enhancements,
if not spatially resolved, can contribute substantially to the
expected gamma-ray flux from a given object. This effect is strongly
dependent on the target: in dwarf spheroidal galaxies (dSphs) for
example the boost factor is only of Oð1Þ [27,28], whereas in galaxy
clusters the boost can be spectacular, by up to a factor of several
hundreds [29–31]. On the other hand, the Sommerfeld enhancement effect can significantly boost the DM annihilation cross-sec-
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tion [32,33]. This non-relativistic effect arises when two DM
particles interact in a long-range attractive potential, and results
in a boost in gamma-ray flux which increases with decreasing relative velocity down to a saturation point which depends on the DM
and mediator particle mass. This effect can enhance the annihilation cross-section by a few orders of magnitude [27,28].
The current generation of IACTs is actively searching for WIMP
annihilation signals. dSphs are promising targets for DM annihilation detection being among the most DM dominated objects
known and free from astrophysical background. Constraints on
WIMP annihilation signals from dSphs have been reported towards
Sagittarius, Canis Major, Sculptor and Carina by H.E.S.S. [34,35,28],
towards Draco, Willman 1 and Segue 1 by MAGIC [36–38], towards
Draco, Ursa Minor, Boötes 1, Willman 1 and Segue 1 by VERITAS
[39,40], and again towards Draco and Ursa Minor by Whipple
[41]. Nevertheless, the present instruments do not have the required sensitivity to reach the ‘‘thermal’’ value of the annihilation
cross-section ðrann v Þ ¼ 3 " 10#26 cm3 s#1 . A search for a WIMP
annihilation signal from the halo at angular distances between
0.3! and 1.0! from the Galactic Centre has also recently been performed using 112 h of H.E.S.S. data [42]. For WIMP masses well
above the H.E.S.S. energy threshold of 100 GeV, this analysis provides the currently most constraining limits on ðrann v Þ at the level
of a few "10#25 cm3 s#1 . H.E.S.S., MAGIC and VERITAS have also observed some galaxy clusters, reporting detection of individual galaxies in the cluster, but only upper limits on any CR and DM
associated emission [43–48]. Even though IACT limits are weaker
than those obtained from the Fermi-LAT satellite measurements
in the GeV mass range [49–52], they complement the latter in
the TeV mass range. Gamma-ray line signatures can also be expected in the annihilation or decay of DM particles in space, e.g.,
into cc or Z 0 c. Such a signal would be readily distinguishable from
astrophysical gamma-ray sources which typically produce continuous spectra [53]. A measurement carried out by H.E.S.S. Spengler
et al. [54] using over 100 h of Galactic Centre observations and over
1000 h of extragalactic observations complements recent results
obtained by Fermi-LAT [55], and together cover about 3 orders of
magnitude in energy, from 10 GeV to 10 TeV.
In this contribution, we focus on the prospects for DM searches
with CTA, which are expected to improve on the current generation
of IACTs on the following basis:
– the energy range will be extended, from a few tens of GeV to
several tens of TeV. At low energies, this will allow overlap with
the Fermi-LAT instrument, and will provide sensitivity to WIMPs with low masses. For WIMPs with mass larger than about
100 GeV, CTA will have higher sensitivity as our studies indicate
[56].
– the improved sensitivity in the entire energy range, compared
to current instruments, will obviously improve the probability
of detection, or even identification of DM, through the observation of spectral features,
– the increased FOV (about 10 deg versus 2 # 5 deg) with a much
more homogeneous sensitivity, as well as the improved angular
resolution, will allow for much more efficient searches for
extended sources like galaxy clusters (Section 2.4) and and spatial anisotropies (Section 2.11),
– finally, the improved energy resolution will allow much better
sensitivity to the possible spectral feature in the DM-generated
photon spectrum. While astrophysical sources show typically
power-law spectra with steepening at high energies, DM spectra are universal and generically exhibit a rapid cut-off at the
DM mass. For specific models, ‘‘smoking gun’’ spectral features
can appear [53]. The observation of a few identical such spectra
from different sources will allow both precision determination
of the mass of the WIMP and its annihilation cross-section.
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For the following studies, in order to have a detection, we require (a) the number of excess events over the background larger
than 10 in the signal region, (b) the ratio between the number of
excess events and the background events larger than 3%, and (c)
the significance of the detection computed following Eq. (17) of
Li and Ma [57], to be larger than 5. If not explicitly mentioned,
we used a number of background-control regions set to 5
(a ¼ 0:2 in the Li and Ma notation), which is a conservative choice,
given the fact that the large FOV of CTA may allow for a < 0:2. In
case of non detection within a certain observation time, we calculate integral upper limits following the methods described in [58]
(bounded profile likelihood ratio statistic with Gaussian background, and with a confidence level of 95% C.L) in all cases expect
the Galactic halo case, where we use the method of [59].
We study the effect of various annihilation spectra, assuming in
! sþ s# or lþ l# ). The specturn 100% BR into a specific channel (bb;
tral shapes are obtained from different parameterisation from the
! channel, which is used for compariliterature [60–62]. For the bb
son of different targets (see Fig. 23), this difference accounts for
few percents (depending on the DM mass), which is substantially
smaller than the uncertainties in, e.g., the astrophysical factor,
and do not significantly alters the conclusions.

Table 1.1
Astrophysical factors for a selection of the most promising classical and ultra-faint
dSphs. Dec. is the target declination, D the distance and eJ is defined as in Eq. (1.2).
dSph

Ursa minor
Draco
Sculptor
Carina
Segue 1
Willman 1
Coma Berenices

Dec. (deg)

D (kpc)

þ44:8

66

#83:2

79

#22:2

101

þ16:1

23

þ23:6

44

þ34:7

þ51:1

87

38

Profile

Ref.

2:2 % 1018

eJ (GeV2 cm#5)

NFW

[66]

7:1 % 1017

NFW

[66]

8:9 % 1017

NFW

[66]

2:7 % 1017

ISO

[68]

2:8 % 1017

NFW

[66]

Einasto

[38]

NFW

[39]

NFW

[69]

1:7 % 10

19

8:4 % 1018
3:9 % 1018

uncertainties of either statistical origin or due to the different
assumptions considered for its calculation. A systematic study
has been done for Sculptor, to estimate the effect of the profile
shape and velocity anisotropy assumptions [68]. Another compilation of astrophysical factors for several dSphs can be found in [52].
For the subsequent discussion, we consider only three sources:
Ursa Minor and Sculptor representative of classic dSphs and located in the Northern and Southern hemisphere respectively, and
Segue 1 having the largest astrophysical factor.

2.1. Observations of dwarf satellite galaxies
2.2. Bounds on the annihilation cross-section
In the KCDM paradigm, galaxies such as ours are the result of a
complex merger history and are expected to have extended halos
of DM in accordance with observations. dSphs are satellites orbiting the Milky Way under its gravitational influence and are considered as privileged targets for DM searches for the following
reasons:
– the study of stellar dynamics shows that dSphs are among the
most DM-dominated systems in the Universe, with mass-tolight ratio up to a few hundreds. In particular, the otherwise
very uncertain astrophysical factor (Eq. (1.2)) can be constrained by dynamical arguments [63],
– many of the dSphs lie within $100 kpc of the Earth,
– they have favourable low gamma-ray backgrounds due to the
lack of recent star formation history and little or no gas to serve
as target material for cosmic-rays [64].
The family of dSphs is divided into ‘‘classical’’ dSphs, which are
well-established sources with relatively high surface brightness
and hundreds of member stars identified [65,66], and ‘‘ultra-faint’’
dSphs, which have mainly been discovered recently through photometric observations in the Sloan Digital Sky Survey (SDSS) [67]
and have very low surface brightness and only a few tens or
hundreds of member stars. Some of the ultra-faint dSphs are not
well-established as such because of similarity of their properties
with globular clusters, hence their nature is often under debate.
However, they are of particular interest due to their potentially
very large, albeit uncertain, mass-to-light ratios.
Table 1.1 shows the astrophysical factor eJ for few selected
dSphs for comparison. For the classical dSphs, we selected the
two most promising Northern (Ursa Minor and Draco) and Southern (Sculptor and Carina) ones according to [66, Table 2]. The statistical uncertainties on the astrophysical factor are roughly one
order of magnitude at 68% CL, slightly depending on the dSphs,
and can be found in [66, Table 2]. For the ultra-faint dSphs, we include Segue 1, Willman 1 and Coma Berenices, which have the
highest eJ-values (although their nature is still under debate, especially for Segue 1 [70–76], which makes the determination of the
astrophysical factor less accurate than for classical dSphs). We remark how the estimation of the astrophysical factor is subject to

Two kinds of radial profiles are generally used to model the DM
distribution in dSphs: cusped and cored profiles [77]. While the former is motivated by numerical N-body simulations, the latter
seems to be more consistent with observations [78], but the issue
is still under debate (see, e.g., [79]). The standard cusped profile is
the Navarro, Frenk and White form (NFW) [80], while more recently it has been shown that the Einasto profile [81] provides also
a good fit to the subhalos in N-body simulations [5]. On the other
hand, for systems of the size of dSphs, the possibility of centrally
cored profiles has also been suggested [82,83,14]. In conclusion,
observations of low surface brightness and dSphs [84–86] show
that both cusped and cored profiles can accommodate their stellar
dynamics.
Fig. 1 shows the integral upper limits towards Sculptor, the best
Southern candidate from Table 1.1, for which we consider both a
cusped NFW [66] and a cored isothermal [28] profile. The sensitivity is calculated assuming that the DM particle annihilates purely
! channel, for arrays B, C and E. The observation time is
in the bb
set to 100 h and the integration solid angle to DX ¼ 10#5 sr. The
best reached sensitivity is at the order of few %10#23 cm3 ss#1
for the NFW profile for both arrays E and B, while the isothermal
profile is less constraining. Weaker constraints in the low mass
range are obtained for the C array due to the lack of the large-size
telescopes in the centre of their layout. The capability of CTA to discriminate between the two profiles is therefore restricted.
The integration solid angle plays a central role in the estimation
of the sensitivity and in the discrimination of the cusp or core profiles. The former point was addressed already [66, Fig. 7] where it
was shown that small integration angles guarantee the strongest
constraints. In the case of CTA, depending on the array layout
(and the energy range), the angular resolution could be as low as
0.02!, corresponding to a minimum integration angle of about
10#6 sr, and thus our results can be considered conservative, with
an expected improvement of up to a factor $ 2. Concerning the
second point, [87] showed that the more robust constraints,
regardless of whether the profile is cored or cusped, are reached
for an integration angle r c ¼ 2 r 1=2 =D, where r 1=2 is the so-called
half-light radius, and D is the distance to the dSph. For Sculptor,
rc ¼ 0:52, which is over 5 times the integration angle adopted here.
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10

comparing the different dSphs (assuming the reference annihila! we see that even the most promising classical
tion channel bb)
dSphs are less constraining than Segue 1 by over a factor of 10.
However the uncertainties in the estimation of astrophysical
factors for ultra-faint dSphs mean that this conclusion may not
be reliable. Note that in the above calculations we did not assume
any intrinsic flux boost factor, i.e., BF ¼ 1 in Eq. (1.1).

-20

<σann v> [cm3s-1]

10-21

2.3. Bounds on astrophysical factors and boost factors

10-22

10

NFW, array E
NFW, array B
NFW, array C
ISO, array E
ISO, array B
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Fig. 1. CTA sensitivities on the velocity-averaged annihilation cross-section as a
function of the WIMP mass for 100 h observation of Sculptor with the CTA array E
(solid line), B (dashed line) and C (dashed-dotted line). Both the NFW (black line)
and cored isothermal (ISO, red line) DM halo profiles are shown, for an integration
solid angle DX ¼ 1 $ 10"5 sr. Annihilations are assumed to occur with 100%
! (For interpretation of the references to colour in this figure
branching ratio into bb.
legend, the reader is referred to the web version of this article.)

In our calculation this would imply a weakening of the upper limits
of a factor of a few.
In Fig. 2 we show the integral upper limits for two classical
dSphs, namely Ursa Minor and Sculptor in the Northern and
Southern hemispheres respectively, as well as the ultra-faint dSph
Segue 1. In order to span the variety of DM particle models, we
study the effect of various annihilation spectra (computed using
! sþ s" and lþ l" chanRef. [61], assuming in turn 100% BR into bb;
nels for the array E and an observation time Tobs ¼ 100 h. Assuming
the annihilation to be purely into sþ s" , the sensitivity reaches
few $10"25 cm3 ss"1 for 100 h observation time of Segue 1. In
10

Another approach to estimate the capabilities of CTA for DM
detection in dSphs consists in the evaluation of the statistical significance of the DM signal as a function of the DM particle mass
mv and the astrophysical factor, for different possible annihilation
channels. Hereafter, we calculate the minimum astrophysical factor J min required to reach a statistical significance of 5 r assuming
an effective observation time of 100 h, and the thermal crosssection 3 $ 10"26 cm3 s"1 . This is shown in Fig. 3 for two annihila! (upper curves) and sþ s" (lower curves), using
tion channels: bb
analytical fits from Ref. [88]. Again, three proposed CTA configurations are studied: B, C, and E. In order to put these values into context, we note that the largest astrophysical factor eJ for known
dSphs is that of Segue 1 at 1:7 $ 1019 GeV2 cm"5 [89]. From the figure we see that array B is the most constraining over the whole energy range. It is clear that for a detection, the astrophysical factor of
the dSph needs to exceed 1021 GeV2 cm"5, which is only 1–2 orders
of magnitude smaller than that of the Galactic Centre (see Section
2.8). While we may expect a few such objects in the Milky Way
halo [90], they ought to have already been detected and identified
by Fermi-LAT. Although this has not happened, one can envisage
DM subhalos with no associated dSph (or one not bright enough
optically to be detected), and therefore such gamma-ray emitters
may be hidden among the unidentified Fermi sources [91].
Another way to evaluate the prospects of DM detection is by
means of the intrinsic flux boost factor term BF in Eq. (1.1). The
minimum BF is computed as the ratio of the minimum astrophysical factor J min which provides a 5 r detection in 100 h of observation time with CTA, to the observational astrophysical factor eJ from
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Fig. 2. CTA sensitivities on the velocity-averaged annihilation cross-section versus
the WIMP mass for 100 h observation towards Sculptor, Ursa Minor and Segue 1,
! (for Segue 1 also into sþ s" and lþ l" ). The
assuming 100% branching ratio into bb
calculations are done for array E and DX ¼ 1 $ 10"5 sr.
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Fig. 3. The minimum value of the astrophysical factor required for a 5 r detection
with Tobs ¼ 100 h, versus WIMP mass. Two annihilation channels are considered for
! (upper curves) and sþ s" (lower curves). The estimated
arrays B; C, and E : bb
astrophysical factor for Segue 1 is shown for comparison.
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Fig. 4. Minimum boost factor required for a 5 r detection in 100 h by array B, for
the dSphs in Table 1.1 and a 1 TeV WIMP annihilating into sþ s" . The density profiles
are taken to be NFW, except for Segue 1 where an Einasto profile has been assumed.
The smallest boost required is BF ¼ 25 for Segue 1.

the DM modeling of the dSphs. Again, the thermal cross-section
3 ! 10"26 cm3 s"1 is assumed. Fig. 4 shows the minimum BF for a
1 TeV DM particle annihilating into sþ s" . J obs is calculated for a
NFW profile for all the cases except Segue 1, where an Einasto profile is considered. Considering that the boost factor from subhalos
in dSph is only of Oð1Þ, CTA observations of dSphs will be more
sensitive to scenarios where Sommerfeld enhancement is at play,
which may instead boost the signal up to Oð1000Þ.
2.4. Observations of galaxy clusters
Within the standard KCDM scenario, galaxy clusters, with
masses around 1014 " 1015 M& , are the largest gravitationally
bound objects and the most recent structures to form [92]. They
are complex objects, relevant for both cosmological and astrophysical studies, and for what concerns DM searches [25,29,30,93–100].
DM, in fact, is supposed to be the dominant component of the cluster mass budget, accounting for up to 80% of its mass (the other
components are the galaxies and the gas of the intra-cluster medium (ICM)). This is why clusters have been considered as targets for
the indirect detection of DM, with the possibility of detecting the
gamma-rays produced in the annihilation (or decay) of DM particles in the halo of the cluster.
N-body simulations of halo formation and evolution have also
proven that, while the majority of early-formed, small structures
merge together giving shape to more massive objects, some of
the subhalos survive and are still present in the ‘‘host’’ halo of larger objects. Theoretical models foresee a huge number of these
substructures at all scales down to 10"11 " 10"3 M& [101]. These
subhalos have the effect of contributing to the total gamma-ray
emission from DM annihilations, and they may have important
consequences for DM indirect detection. This is especially true
for galaxy clusters, where the intrinsic flux ‘‘boost’’ from subhalos
can be of order 100 " 1000, in particular compared to the case of
dSphs, explored previously, where the subhalos boost should contribute only marginally. Despite the fact that, due to their vicinity,
dSphs are usually considered as the best sources for DM indirect
detection, thanks to the subhalos boost, some authors claim that
galaxy clusters have prospects of DM detection better or at least
as good as those of dSphs [29–31].
On the other hand, in galaxy clusters, emission in the gammaray range is not only expected by DM annihilation. Clusters may
host an Active Galaxy Nucleus (AGN, that appear as point-like
sources at very high energies) and radio galaxies. The case of the
Perseus galaxy cluster, which has been observed by MAGIC during

several campaigns in the last years, is emblematic: MAGIC detected
both the central AGN NGC-1275 [102] and the off-centreed head–
tail radio galaxy IC 310 [103]. Moreover gamma-rays are expected
to be produced also from the interaction of cosmic rays (CRs) with
the ICM [95,104–107]. The physics of the acceleration of CRs (electrons and protons) is not completely understood, but plausible
mechanisms can be shock acceleration during structure formation,
or galactic winds driven by supernovae. CRs can also be injected
into the ICM from radio galaxy jets/lobes. At the energies of interest
here (above 10 GeV), CRs emit gamma-rays from the processes
associated with the decay of the neutral and charged pions produced in the interaction of the CRs with the ICM ambient protons
[108,109]. Most importantly, such a contribution is usually found
to be larger than the one predicted from DM annihilation. It thus
represents an unavoidable source of background for DM searches
in galaxy clusters. To date, the deep exposure performed with the
MAGIC stereoscopic system of the Perseus cluster [47] placed the
most stringent constraints from VHE gamma-rays observations
regarding the maximum CRs-to-thermal pressure to hX CR i < 1 " 2%.
The purpose of this section is to estimate the CTA potential to
detect gamma-rays from DM annihilation in the halo of galaxy
clusters. First, the CR-induced emission only will be considered.
This component represents, by itself, an extremely interesting scientific case, at the same time being a background complicating the
prospects of DM detection. Afterward, the ideal case of a cluster
whose emission is dominated by DM annihilation only will be treated. Finally, the combination of the two components distributed
co-spatially will be discussed.
It should be noted here that gamma-ray emission from both DM
annihilation and CRs is spatially extended, even though not always
co-spatial. In particular, [29] proved that, for the case of DM, the
contribution of subhalos is particularly relevant away from the
halo centre, so that annihilations can still produce a significant
amount of photons up to a distance of 1 " 2 degrees from the centre. This represents a problem for current Cherenkov Telescopes
since their FOV is limited to 3–5!. CTA will overcome this limitation, having a FOV of up to 10! (at least above 1 TeV) and an almost
flat sensitivity up to several degrees from the centre. It is reasonable to expect, therefore, that CTA will allow a step-change in capability in this important area.
In this study, we selected two benchmark galaxy clusters: Perseus and Fornax. Perseus has been chosen because it is considered
that with the highest CR-induced photon yield but a low DM content, and Fornax for the opposite reason: it is considered the most
promising galaxy cluster for DM searches [29,30]. We recall that
Perseus is located in the Northern hemisphere, while Fornax is in
the Southern hemisphere. To study the prospects for CTA we use
two Monte Carlo simulations of the instrument response functions
and of the background rates for extended sources, for the case of
array B and array E, which we recall, are representatives of wellperforming arrays at low energies (array B) and in the full energy
range (array E). The MC simulations were developed explicitly for
the analysis of extended sources so that all the relevant observables are computed throughout the entire FOV.
2.5. Gamma-ray emission from cosmic-rays
Gamma-ray emission due to the injection of CRs into the ICM of
a galaxy cluster is proportional both to the density of the ICM and
the density of CRs. For the present work, we refer to the hadronic
CR model of Pinzke and collaborators [30,95], based on detailed
hydrodynamic, high-resolution simulations of the evolution of galaxy clusters, since in these works we found detailed morphological
information, essential to compute the CTA response. The CR surface
brightness rapidly decreases with the distance from the centre of
the halo, so that, in most cases, the total emission is contained in
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We underline that the upper limits obtained by the MAGIC experiment on Perseus
[47, Fig. 3] already constrain by about 20% the model predictions (the same used
here), implying that the maximum CR acceleration efficiency is lower than 50% or,
alternatively, the presence of non-negligible CR transport phenomena.
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θmax = 0.5°, array B
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Number of hours

0:2 ! 0:3 r200 , where r200 is the projected virial radius of the cluster,
where the local density equals 200 times the critical density (see,
e.g., Fig. 14 of [30], from which we derive the surface brightness
of the clusters we analyze). r200 ¼ 1:9 Mpc (1:4# ) for Perseus and
0:96 Mpc (2:8# ) for Fornax [29]. The energy spectrum of the model,
in the energies of interests here (above 10 GeV), is a power-law
with a slope of !2:25.
Since the emission region is extended in the sky, we first divide
the FOV into a grid of pixels each 0.2 degrees wide, and then we
define the region of interest (ROI), constituted by all the pixels
within an angle hmax from the centre of the camera. We consider
15 values of energy threshold Ei in logarithmic steps from
50 GeV to 50 TeV. With the theoretical gamma-ray emission and
the instrument response, we are able to compute the predicted
number of background (N OFF
) and signal events (N i ) above each
i
Ei , in each bin of the ROI separately, and then we integrate over
the entire ROI. The model of [30] predicts a rather large gammaray flux for Perseus (UCR ð>100 GeVÞ ¼ 2:04 & 10!11 cm!2 s!1 ), the
largest among the galaxy clusters, and a smaller one for Fornax
(UCR ð>100 GeVÞ ¼ 1:5 & 10!13 cm!2 s!1 ). Above the different energy thresholds Ei , we determine how many hours CTA will need
to detect the sources. We perform the calculation for the two
CTA array B and E and for different ROI. We repeat the procedure
10 times for each energy threshold and average the results, in order to quantify the statistical fluctuations occurring when the
number of events (both N i and N OFF
) are generated. The results
i
are shown in Fig. 5.
If one assumes the CR-induced gamma-ray model by [30], CTA
will detect such radiation from Perseus already in about 100 h, a
fact which will constitute an extraordinary scientific result by
itself.2 The discovery could indeed be potentially close, opening up
a completely new observation window on the Universe. We underline that there is an absolute lower limit for gamma-rays in the hadronic scenario for clusters with an observed radio halo: a stationary
distribution of CR electrons loses all its energy to synchrotron radiation for strong magnetic fields, as those in the radio halo, and therefore the ratio of gamma-ray to synchrotron flux becomes
independent of the spatial distribution of the CRs and the thermal
gas. For the Perseus cluster this lower limit is roughly a factor 3–4
from the gamma-ray flux predicted by the CR model (see Fig. 3 in
Ref. [47]), hence CTA would, in the worst case scenario, require about
1; 000 hours of observation to completely rule out the hadronic models. Such large observation times can in principle be achieved either
by, e.g., multi-annual observational campaigns. On the other hand, a
non detection with CTA in a few hundred hours would seriously constrain the model and thus pose interesting challenges on the galaxy
cluster physics. The situation is more pessimistic for our model of
Fornax, which is out of reach for CTA.
We see that the exact value of the integration time depends on
the energy threshold chosen for the analysis. The reason for this is
the tradeoff between the gamma-ray efficiency at different energies (the effective area), the source intrinsic spectrum and the chosen ROI. Roughly 90% of the CR-induced emission is expected
within about 0:1 r200 for Perseus, which corresponds to roughly
0:2# . We checked that integrating larger ROI, more background
than signal is included in the analysis, thus deteriorating the significance of the detection. This suggests that in realistic cases, the best
ROI should be optimized. Finally, we also see that the prospects of
detection are similar for both considered arrays, B and E.

Perseus
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θmax = 0.5°, array E
θmax = 1.0°, array E
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Fig. 5. Integration time required to have a 5r detection (see text for details) of
gamma-rays from CR-induced gamma-rays only according to the model of [30] for
Perseus (lower curves, UCR ð> 100 GeVÞ ¼ 2:04 & 10!11 cm!2 s!1 ) and Fornax (upper
curves, UCR ð> 100 GeVÞ ¼ 1:5 & 10!13 cm!2 s!1 ). The integration time is shown as a
function of the energy threshold, and over different ROI, for the case of array B
(dashed lines) and array E (solid lines). The shaded regions indicate the 1r standard
deviation among 10 different simulations.

2.6. Gamma-ray emission from dark matter annihilation
The gamma-ray brightness due to DM annihilations from a particular viewing angle in the sky is proportional to the DM density
squared integrated along the line of sight, as shown in Eq. (1.1).
In the case of galaxy clusters, the contribution of the smooth DM
halo is boosted by the presence of DM subhalos. Recent N-body
simulations of Milky Way-like halos [5–7] found that the contribution of subhalos is small in the centre of the halo, due to dynamical
friction and tidal effects that disrupt the subhalos. However, already at distances of 0:01 ! 0:05 r 200 , subhalos become the dominant component. The real value of the boost factor from subhalos
is unknown and the theoretical estimates depend on different
assumptions and different methods used in the calculations. [30]
estimated a BF ¼ 580and910 for Fornax and Perseus respectively
(for a minimal halo mass of 10!6 M' ), while other authors gave
BF from few tens [29] up to several thousands [31].
We refer again to the results of [30] where the authors assumed
a double power-law to describe the luminosity of subhalos as a
function of the projected distance from the centre of the halo, a
behavior derived by analyzing the sub-halos in the Aquarius
N-body simulation. They also found the projected surface brightness to be largely independent of the initial profile of the smooth
DM halo. As a result, the DM profile is very flat since the emission
decreases approximately only 10% at a distance of 1:5 ! 2:0 degrees from the centre, depending on the cluster [Fig. 7 and Ref.
[29]]. For the case of Perseus and Fornax, we used the results of
Fig. 10 of Ref. [30], assuming a telescope angular resolution of
0:1 degree, which is a good approximation for CTA, despite the fact
that the exact value depends on the array, the energy and the position in the FOV. We underline that in the case of galaxy cluster, the
contribution from substructure strongly shapes the region of emission, basically moving from a point-like source (in case no substructure are considered), to an extended source. Given the fact
that the analysis differ in the two cases, the contribution from substructure cannot be considered as a simple multiplicative factor in
the intrinsic expected flux with respect to point-like case.
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Fig. 6. Prospect of detection of DM-induced signal from Fornax for a DM particle
! and 100 h integration time. The reference model is taken from
annihilating into bb
Ref. [30] with subhalo boost factor BF ¼ 580. The shaded regions indicate the 1r
standard deviation among 10 different simulations.

Hereafter we consider the Fornax cluster, which has the largest
expected DM-induced photon yield. The intrinsic flux is taken from
[30, Table 2] and includes an intrinsic boost factor from subhalos of
BF ¼ 580, summing up to a total flux of UDM ð>100 GeVÞ ¼ 3:6$
10%13 cm%2 s%1 . Additional intrinsic boost factor may come from
either other contributions from subhalos not accounted in this
model, by mechanisms like the Sommerfeld enhancement discussed above, or by the effect of contraction processes due to baryonic condensation [110,111].
To compute the CTA prospects of detection, we consider only
! (spectral shape obtained from
the case of DM annihilating into bb
Ref. [88], while other channels like sþ s% or lþ l% may be more constraining, depending on the energy (see Fig. 2). We take the reference thermal cross-section 3 $ 10%26 cm3 s%1 and we scan DM
particle mass mv between 50 GeV and 4 TeV. We optimized the
upper limit calculation as described in Ref. [38], by optimizing
the energy threshold above which the upper limit is estimated.
In addition, we consider the possibility of extending the size of
the ROI up to a hmax of 2 degrees, to encompass the full radial
extension of the source. Fig. 6 show the results. In 100 h observation, the lack of detection would place exclusion limits at the level
of 10%25 cm3 s%1 .
We also studied the effect of integrating over larger and larger
regions: despite the increased numbers of background events,
the signal yield is also larger and, in the case of Fornax, we gain
more in integrating up to hmax ¼ 1' than 0:5' , while integrating
over larger regions leads to a worse sensitivity.

by the peculiar cut-off at E ¼ mv and other remarkable spectral features [113,112], in contrast to the plain spectral shapes (typically
power-laws within the energy range of interest here) of the emission due to CRs, of the central galaxy or any astrophysical objects
in the cluster. In the case a VHE emission is detected from a cluster,
this fact may be used as a probe to discriminate between the components. However, we remark that in order to significantly discriminate the two sources one would need a quite significant detection
over the CR-signal, which is often not supported by theoretical predictions for most galaxy clusters.
A distinct approach could be based on the different spatial
extensions of the various contributions of VHE gamma-ray photons
from galaxy clusters. The possible individual galaxies emitting
within the cluster are typically seen as point-like sources, and thus
one may exclude them from the FOV for CR and DM searches.
Moreover, from the fact that CR-induced radiation is more concentrated than that induced by DM, one can optimize the ROI to select
only those where the emission is DM dominated. In Fig. 7, we show
the expected brightness profile for CR and DM photons for the Fornax cluster. One can see that up to h ¼ 0:4' the emission is dominated by CR-induced photons, whereas this exact value is
cluster-dependent and model-dependent, and in particular the
possible intrinsic boost-factor in the DM signal can affect this. In
this example, above h ¼ 0:4' , the CR-signal fades more rapidly than
the DM one. Then, in principle, by considering a ROI with a
hmin ¼ 0:4' , one could be able to isolate the DM signal. The maximum integration angle hmax should be optimized according to the
specific cluster and emission profile to maximize the sensitivity,
as discussed above. Unfortunately, at the moment of writing this
report, we did not have sufficient coverage in the MC of extended
sources to perform such a study, and we are limited to a qualitative
discussion. We mention that the ‘‘geometrical’’ discrimination
makes sense only if the DM signal is sufficiently large, otherwise
different observational strategies could be more constraining.
Finally, we stress again that with a large FOV (at least above 1
TeV) that has a near constant sensitivity over several degrees will
allow CTA to study extended high energy gamma-ray sources in
detail for the first time, with possibly revolutionary consequences
for the IACT technique.
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2.7. Distinguishing the dark matter signal from other gamma-ray
contributions
In the previous sections we have considered separately the contributions of CR and DM to the total gamma-ray photon yield. This
is an unrealistic situation: galaxy clusters are, in fact, complex objects where gamma-rays may be due to different contributions
possibly of different spatial origin: by collisions of accelerated
CRs, by DM annihilations and by foreground or embedded astrophysical sources.
Fortunately, gamma-rays of different origin typically have different spectral shapes, with the DM-induced emission characterized
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Fig. 7. The surface brightness (above 1 GeV) of the gamma-ray emission from the
Fornax cluste from CRs (red), DM (blue) and the sum of the two contributions
(black). The DM emission is calculated from the K’ benchmark model of [112] which
has mass of 570 GeV and a velocity-averaged cross-section of 4:4 $ 10%26 cm3 ss%1.
Adapted from Ref. [30]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2.8. Observations of the galactic halo and centre
The Galactic Centre (GC) is a long-discussed target for indirect
DM searches with Cherenkov telescopes [114]. The density of the
DM halo should be highest in the very centre of the Milky Way, giving rise to a gamma-ray flux from annihilation of DM particles. On
the one hand, this view is strengthened by the results of recent Nbody simulations of CDM halos [115] suggesting that, for an observer within the Milky Way, the annihilation signal from DM is not
primarily due to small subhalos, but is dominated by the radiation
produced by diffuse DM in the main halo. On the other hand,
searches close to the GC are made difficult by the presence of the
Galactic Centre source HESS J1745–290 [116,117] and of diffuse
emission from the Galactic plane [118]. Both emissions can be
plausibly explained by astrophysical emission processes: HESS
J1745–290 is thought to be related to the Black Hole Sgr A⁄ or
the pulsar wind nebula G 359.95–0.04 [119], and the diffuse emission is well described as arising from hadronic cosmic rays interacting in giant molecular clouds. In both cases, the measured
energy spectra do not fit DM model spectra [120] and thus make
a dominant contribution from DM annihilation or decay unlikely.
In this situation, DM searches should better target regions
which are outside the Galactic plane and hence not polluted by
astrophysical gamma-ray emission, but which are still close enough to the GC to exhibit a sizable gamma-ray flux from DM annihilation in the Milky Way halo [121]. Given the angular resolution
of Cherenkov telescopes and the scale height of the diffuse emission from the Galactic plane these criteria are fulfilled for an angular distance of about 0:3! from the GC. This angular scale translates
into a distance of 45 pc from GC when using 8.5 kpc as the galactocentric distance. The radial DM density profiles obtained in N-body
simulations of Milky Way sized galaxies, like Aquarius [115] and
via Lactea II [122], can be described by Einasto and NFW parameterizations, respectively. These parameterizations differ substantially when extrapolating to the very centre of the Milky Way
halo since the NFW profile is much more strongly peaked. At distances greater than about 10 pc, the difference is, however, just a
factor of 2 which implies that a search at angular scales of > 0:3!
will not be hampered by the imprecise knowledge of the DM density profile at small scales.
A search for a DM annihilation signal from the halo at angular
distances between 0.3! and 1.0! from the GC has recently been performed using 112 h of H.E.S.S. data [42]. For WIMP masses well
above the H.E.S.S. energy threshold of 100 GeV this analysis provides the currently most constraining limits on the velocity averaged annihilation cross section ðrann v Þ of WIMPs (for IACTs) at
the level of few 10$25 cm3 s$1 . Towards lower WIMP masses, observations of dwarf galaxies with the Fermi-LAT satellite yield even
better limits [49] demonstrating how both observations of dwarf
galaxies and of the extended GC region allow to jointly constrain
the parameter space.
2.9. Simulations and assumptions
The prospects of a search for DM annihilation photons from the
Milky Way halo with CTA depend on (i) the performance of the
southern CTA array, (ii) the applied analysis and background rejection techniques, and (iii) the details of the DM distribution and
WIMP annihilation. At low energies, the sensitivity of IACTs is limited by the presence of hadron and electron showers which arrive
isotropically and which can only be distinguished from photons on
a statistical basis. The basic strategy for the halo analysis is therefore to compare the fluxes of gamma-like events from a signal region (with solid angle DXs ) and a background region (solid angle
DXb ) and to search for DM features in the background-subtracted
energy spectra. The signal region can be chosen such that it has

the same instrumental acceptance as the background region, but
is located closer to the GC and features therefore a higher DM annihilation flux. For the purpose of this section, we rewrite Eq. (1.1) in
terms of differential DM photon rate expected from the signal or
background regions (s; b respectively), given by:

!
Z
dR!!
ðrann v Þ dN c
¼
JðXÞAðX; EÞdX;
!
2
dE s;b
8p mv dEc DX s;b

ð1:3Þ

where dNc =dEc is the photon spectrum generated in the annihilation of a WIMP of mass mv , and AðX; EÞ are the CTA effective areas
for photons, which depend on the position of the region within
the FOV (X), the energy E and further parameters (like the zenith
angle of the observations). JðXÞ is the line-of-sight integral over
the squared DM density qðrÞ (cf. Eq. (1.2)). Since the DM density depends only on the distance to the GC r the line-of-sight integral and
the astrophysical factor are only a function of the angular distance w
from the GC. Assuming that the signal and background region differ
only with respect to their DM annihilation flux and their relative
size a ¼ DXs =DXb , the rate of excess photon events Rs $ aRb is given
by

ðrann v Þ
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Clearly, the rate vanishes when the astrophysical factors of the
signal and the background regions are identical which implies that
in the case of an isothermal DM density profile, a halo analysis with
signal and background region chosen too close to the GC will not
allow the placement of limits on ðrann v Þ.
Given an observation time T, Eq. (1.4) can be used to estimate
the number of excess photons for a particular realization of CTA
and a DM model defining ðrann v Þ; dNc =dEc and JðwÞ. Equivalently,
one can place a limit on ðrann v Þ given an upper limit on the number
of excess photon events. Simulations of the candidate arrays E and
B at a zenith angle of 20! were used to infer the effective area for
diffuse photons and the residual rate of protons anywhere in the
FOV. Both arrays feature large-size telescopes and are therefore
suitable for studies in the low-energy domain. The available observation time was set to 100 h, which is about 10% of the total observation time per year. Two different ways of defining signal and
background regions were employed and compared, namely the
so-called Ring Method and the On–Off Method. For the Ring Method,
the candidate arrays E or B were assumed to observe the GC region
at Galactic longitude l ¼ 0 and Galactic altitude b, and signal and
background regions were placed in the same FOV as illustrated
in Fig. 8. An annulus with inner radius r1 and outer radius r 2
around the observation position was constructed and divided into
signal and background region such that the signal region is closer
to the GC and has therefore a larger astrophysical factor. The separation of signal and background region is achieved by a circle with
radius Dcut around the GC whose intersection with the annulus defines the signal region. All other regions on the ring were considered as background region. The values of the four parameters
b; r1 ; r2 and Dcut were optimized such that the attained significance
of a DM signal per square root time was maximized. The maximization was carried out for a wide range of WIMP masses but the
dependence on the actual WIMP mass was found to be fairly weak.
The derived values for both candidate arrays are listed in Table 1.2.
Judging from present IACT observations, we do not expect strong
diffuse gamma-ray emission to extend outside the &0:3! box used
to mask the galactic disc. New point-like or slightly extended
sources will be excluded, making the On and Off region smaller.
In addition, the approach is only sensitive to gradients in the
diffuse gamma-ray emission, whereas the charged particle
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Table 1.3
Astrophysical factor for the signal region and size of the integration region (DX) for
Ring and on–off method. In the case of the on–off method, DX was chosen as the
entire FOV of the candidate array which introduces a dependence on the assumed
WIMP mass since the effective FOV grows with photon energy. The table gives values
for a WIMP mass of 0.1, 1, and 10 TeV.

Fig. 8. Illustration of the Ring Method for constructing signal and background
regions within one FOV of the CTA candidate arrays. The red star denotes the
position of the GC in galactic coordinates; the blue star marks the pointing position
of the CTA array which is shifted by an amount b in latitude from the GC. The
annulus with inner and outer radii r 1 and r2 around the observation position defines
regions of equal acceptance. The signal region (blue, close to the GC) is constructed
as intersection of the annulus and a circle around the GC with radius Dcut . The
remaining regions on the annulus (red) are used as background region. Regions
within '0:3! of the galactic plane (yellow) are neither part of the signal nor of the
background region. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

background is isotropic. In the optimization process an Einasto
profile was assumed for the DM signal, but the optimal values
are only weakly dependent on the assumed profile in the region
beyond 0.3 degrees from the Galactic plane.
The usage of the annulus implies the same acceptance for signal
and background region since the acceptance is, to good approximation, only a function of the distance to the observation position.
Placing both signal and background regions in the same FOV implies that both regions will be affected by time-dependent effects
in a similar way. A disadvantage is, however, that the angular distance between the signal and background region is only of order of
the FOV diameter, reducing the contrast in Eq. (1.4) considerably.
This contrast was increased in the On–Off Method where data-taking with an offset of typically 30’ in Right Ascension was assumed.
In this mode, the telescopes first track for half an hour the same
observation position as in the Ring Method which defines the signal
region. The telescopes then slew back and follow the same path on
the sky for another 30 min. The second pointing has the same
acceptance as the first one since the same azimuth and zenith angles are covered but generates a background region with much increased angular distance to the GC. In the On–Off Method, the
observation time was 50 h for the signal and 50 h for the back-

Table 1.2
Optimized values of the parameters used in the application of the Ring Method for the
candidate arrays E and B. See Fig. 8 for a description of the parameters.
Array

b

r1

r2

Dcut

E
B

1:42!
1:40!

0:55!
0:44!

2:88!
2:50!

1:36!
1:29!

Method

Array (TeV)

mv

Ring

E
B

Any
Any

eJ s (1022 GeV2 cm#5 )

DX (sr)

4.68
4.43

0.00117
0.00104

On–off

E

0.1
1
10

16.4
19.7
28.7

0.00751
0.01044
0.02211

On–off

B

0.1
1
10

16.4
22.8
28.7

0.00751
0.01384
0.02211

ground region giving again a total observation time of 100 h.
Regardless of whether the Ring Method or the On–Off Method
was used, all areas with jbj < 0:3! were excluded from signal and
background regions to avoid pollution from astrophysical
gamma-rays.
The astrophysical factor (Eq. (1.2)) was taken from the Aquarius
Simulation [115] which had been corrected for the presence of
subhalos below the resolution limit of the simulation. The lineof-sight integral assumes a value of 40:3 " 1024 GeV2 cm#5 sr#1 at
W ¼ 1! . Table 1.3 lists the astrophysical factors of the signal regions
which were defined in the Ring and On–Off Method, respectively.
In case of the On–Off Method, the signal region was defined as
the total effective FOV of the On–pointing which introduces a
dependence on the WIMP mass since the FOV grows with photon
energy. For the WIMP annihilation spectrum dN c =dEc several different choices were considered. The generic Tasitsiomi spectrum
[60] is appropriate for a dominant annihilation into quark-antiquark pairs with subsequent hadronization into p0 particles and
was used in the optimization of the parameters of the Ring Method.
! sþ s# and lþ l#
Other spectra were explored by considering bb;
final states [88].
2.10. Discussion
The two plots in Fig. 9 show the upper limits for WIMP masses
between 0.1 TeV and 10 TeV, translated from the sensitivity using
here the method of [59]. Each curve corresponds to one set of
assumptions. It is evident that the most constraining limits can
be derived for masses of about 0.5 TeV which is a factor of 2
improvement compared to current IACT arrays like H.E.S.S. reaching best sensitivity around 1 TeV. This is a direct consequence of
the lower threshold and superior stereoscopic background rejection of the CTA candidate arrays. Typical limits are around few
10#26 cm3 s#1 which is a factor of 10 improvement compared to
current IACTs. The comparison of array E (blue) and B (same line
style but red) shows that the limits for array B are always better,
which can be understood from the fact that B comprises 5 largesize telescopes and array E only 4. The magnitude of this effect
is, however, comparatively small (&20%). Overall, CTA should be
able to probe the parameter space below the velocity averaged
annihilation cross-section for thermally produced DM of
3 " 10#26 cm3 s#1 for WIMP masses between several ten GeV and
several TeV.
The upper panel of Fig. 9 illustrates the impact of data-taking
with the Ring Method and the On–Off Method for the case of a dominant annihilation into quark-antiquark pairs with subsequent p0
creation [60]. The On–Off Method (dashed lines) is more sensitive
than the Ring Method (dashed lines). One must keep in mind,
however, that the On–Off Method spends 50% of the observation
time far away from the GC which implies that this data set will
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another fraction might be generated by self-annihilating (or decaying) DM particles, which then could produce specific signatures in
the anisotropy power spectrum of the diffuse gamma-ray background [123–127]. The different hypotheses about the origin of
the gamma-ray background may be distinguishable by accurately
measuring its anisotropy power spectrum.
Compared to the current generation of IACTs, CTA will have improved capabilities to measure anisotropies in the diffuse gammaray background, based upon a better angular resolution (determined by the point-spread function, PSF), an increased size of the
FOV, and a higher background rejection efficiency. In the following,
we discuss the effects of different assumptions on the background
level and the anisotropy spectrum on the reconstruction of the
power spectrum for the current generation of IACTs, and address
the improvement obtainable with CTA. Finally, we make predictions for the discrimination between astrophysical and dark matter
induced anisotropy power spectra for CTA.

<σ v> (cm3 s-1)

2.12. Simulation
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Fig. 9. CTA sensitivities on the velocity averaged annihilation cross-section as a
function of the WIMP mass. Shown are curves for the candidate arrays E (blue) and
B (red). Top: Comparison of the Ring Method (solid lines) and On–Off Method for
background subtraction. Annihilation as in [60] was assumed. Bottom: Comparison
of different WIMP spectra for the Ring Method. The solid line denotes the case of
! lþ l" and sþ s" spectra are shown by the dotted and dashed
annihilation into bb;
lines, respectively. On both panels, the classical annihilation cross section for
thermally produced WIMPs at 3 ( 10"26 cm3 s"1 is indicated by the black horizontal
line. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

be of limited use for studies of astrophysical sources. Another drawback of the On–Off Method is its susceptibility to systematic effects
arising from variations of the data-taking conditions (electronics,
atmosphere). In view of this, the increased sensitivity for the DM
halo analysis in parts of the parameter space will not probably suffice to motivate the acquisition of a larger data set in this mode.
Compared with the choice of the CTA candidate array (B or E)
and the analysis method (Ring Method or On–Off Methods), the
WIMP annihilation spectrum has the strongest impact on the CTA
sensitivity. The lower panel of Fig. 9 shows for both candidate arrays and the Ring Method the limits obtained in the case of a dom! pairs (solid), lþ l" (dotted) and sþ s"
inant annihilation into bb
(dashed). The small photon yield from lþ l" final states implies
limits that are a factor of about 5 worse than limits for dominant
annihilation into sþ s" . It is clear that the full potential of the halo
analysis will be exploited by confronting individual DM models
with their predicted WIMP annihilation spectra dN c =dEc with data.
2.11. Anisotropies in the diffuse gamma-ray background

In order to investigate the measured power spectrum and the
impact of instrumental characteristics, a sample of event lists containing anisotropies generated with Monte-Carlo simulations was
analyzed. The event lists were simulated by generating skymaps
with a given anisotropy power spectrum. In total, 12 skymaps covering the size of the FOV and being in different celestial positions
were created, with a power spectrum for a given multipole moP
ment ‘ defined as C ‘ ¼ 1=ð2‘ þ 1Þ ja‘m j2 , m ¼ "‘; . . . ; ‘, where
a‘m denotes the coefficients of a (real-valued) spherical function
decomposed into spherical harmonics. With ha‘m i ¼ 0; C ‘ reflects
the width of the a‘m distribution, which was assumed to be Gaussian. The simulations were made for different power spectra
‘ð‘ þ 1ÞC ‘ & ‘s , with s ¼ 0:5; 1:0; 1:5; 2:0; 2:5. The pixel size of these
skymaps was 0:002' , corresponding to ‘ ¼ 9 ( 104 (where
H‘ ¼ 180' =‘). The skymaps Ið#; uÞ were normalized in a way that
the pixel with the smallest signal was assigned the value 0 and
the pixel with the largest signal was assigned 1. Anisotropy power
spectra were then derived from the fluctuation maps Ið#; uÞ=hIi,
such that for a full signal the maximum allowed difference in each
map equals 1. Note that this difference can be smaller when an
additional isotropic noise component is present.
An event was simulated in three subsequent steps: First, the
celestial position was randomly chosen within the FOV, and the
event was classified to represent a signal- or isotropic noise-event,
respectively. The decision for a signal event was based upon a normalized random number z: If z was smaller than the skymap value
at the corresponding position, the event was considered a signal
event. Otherwise, another event position was selected while
reapplying the procedure. Subsequently, the event map was
convolved with a PSF of 0:1' , which is similar to the resolution of
current IACTs. The effect of a better angular resolution is discussed
below. The event maps were simulated to contain 107 entries. Note
here that this number, as selected for the toy model, does in general not reflect the actual number of expected physical signal
events. Therefore, the following discussion is focussed more on a
qualitative discussion of the criticalities of the calculation rather
than on making quantitative predictions.
To analyze an event list containing N ev events, a HEALPix skymap with N pix pixels was accordingly filled, and analyzed using
the HEALPix software package.3 Therefore, the analyzed function is
N

Besides gamma-rays from individual resolved sources and
Galactic foreground, another component of diffuse gamma-ray
background radiation has been detected and proven to be nearly
isotropic. This radiation dominantly originates from conventional
unresolved point sources below the detection threshold, while

^Þf ðn
^Þ ¼
wðn

3

pix
Npix X
^ Þ;
xi ) bi ðn
N event i¼1

http://healpix.jpl.nasa.gov/.

ð1:5Þ
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Z

^Þf ðn
^ Þ ¼ 4p:
dX wðn

ð1:6Þ

6

10

4

10

103

Note that this differs from other analyses of this type, where w is
defined such that the maximum value is 1. This difference in the
normalization was done in order to keep a simple simulation code,
and results should be equivalent. Final results were averaged over
the corresponding 12 skymaps.

1. Events caused by cosmic rays (protons and electrons)
which are misinterpreted as photon events.
2. An isotropic component of the photon background radiation, which does not count as signal according to our
definition.
The influence of isotropic background is demonstrated in Fig. 11,
where the power spectrum for s ¼ 0:5 is shown for different background levels. Here, the signal fraction is defined by fsig ¼ N sig =N ev ,
where Nsig denotes the number of signal events. The overall power
is clearly reduced in case of fully isotropic background. From the figure, we see that when the signal fraction improves by a factor 5, the
power spectrum is boosted by about two orders of magnitude. For
this reason, we expect the ten-fold improved CTA sensitivity to
mark the major difference with respect to the current generation
of IACTs for such studies.
2.12.2. Prospects for astrophysical and dark matter anisotropies
discrimination
The theoretical expectations for the power spectra of the diffuse
gamma-ray flux of both the astrophysical as well as the DM components are highly model dependent. Since the astrophysical component is dominated by the gamma-ray flux from unresolved point
sources, expected with a constant C ‘ (s ¼ 2:0 in our notation), we
conservatively assume the slope of the DM component (s) to be
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Fig. 10. Measured power spectra lðl þ 1ÞC ‘ =ð2pÞ for different slopes s of the
simulated input spectrum, compared to an isotropic background spectrum. Colorfilled areas depict the RMS of the spectra. The size of the PSF is rPSF ¼ 0:1$ . For
reference, the simulated spectra are shown as dashed lines. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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2.12.1. The effect of the anisotropy spectrum and the residual
background level on the spectral reconstruction
In Fig. 10, we show the mean value and the RMS of the C ‘ power
spectra. The value C ‘ represents the strength of anisotropies of the
angular scale H‘ ¼ 180$ =‘. Anisotropies smaller than the angular
resolution (defined by the PSF) are smeared out. This effect is
clearly visible for large ‘ P 1000, where the power spectra converge into the Poissonian noise of the isotropic background spectrum. The angular resolution assumed for the simulation shown
in this figure has a width of rPSF ¼ 0:1$ . Furthermore, anisotropies
with a size larger than the FOV are truncated at ‘ % 100 due to the
effect of the windowing function. The simulated FOV in Fig. 10 has
a width of 2:5$ , which is comparable with the FOV of current IACT
experiments. For the toy model, Fig. 10 demonstrates that, for
‘ % 100 & 1000, power spectra of different slopes are separable
within the statistical errors and distinguishable from isotropic
noise. CTA will have a smaller PSF as well as a larger FOV. This will
make the signal vanish at larger ‘ than in the example, and the
windowing function will influence the spectrum to smaller ‘ than
in the figure. Therefore, we conclude that the FOV as well as the
PSF, while important, will not be crucial for the investigation of
anisotropies with CTA in the desired multipole range.
In general, the measured flux will be composed of both signal
and background events. The background is produced mainly by
two separate processes:

s = 0.5
s = 1.0
s = 1.5
s = 2.0
s = 2.5
isotropic
simulated

105

l(l+1)Cl/2π

^ Þ equals 1
where xi denotes the number of events in pixel i, and bi ðn
^ Þ describes the wininside pixel i and 0 outside. The function wðn
dowing function – in this case the FOV with Gaussian acceptance
^ Þ denotes the original signal function over the full sky.
– and f ðn
The windowing function was normalized such that the integral over
the full sky equals 4p:
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Fig. 11. Influence of the signal fraction on the measured power spectrum. Shown
are the reproduced spectra for a slope s ¼ 0:5 for several ratios between signal and
total events; the background events are distributed isotropically. In order to
estimate the effect of the noise ratio, the best fit levels are shown as dotted lines.
The width of the PSF is chosen as in Fig. 12, rPSF ¼ 0:05$ .

similar. In this scenario, the difference between the power spectra
manifests in the normalization. For unresolved point sources,
C ‘; blazars ¼ 10&5 , while for DM-induced anisotropies, considering
the thermal annihilation cross-section 3 ' 10&26 cm3 s&1,
C ‘; DM ¼ 10&3 is expected (see, e.g., [127]). In our simulation, this
was realized by distributing N ¼ 4p=C ‘ point sources over the full
sky. While representing a non-physical model, this is a convenient
way of producing a Poissonian anisotropy power spectrum which
is a reasonable assumption for generic astrophysical and DM emitters. The normalization of the signal was set by extrapolating the
spectrum of the extragalactic gamma-ray background (EGB) [128]
to E > 100 GeV. Note that the strength of the DM annihilation signal
is strongly affected by the formation histories of DM halos and the
distribution of DM subhalos. For example, Fig. 3 in [129] shows that
the gamma-ray spectrum of DM annihilation could reach the measured gamma-ray background spectrum and therefore deliver a significant fraction of the measured flux. Here, we investigate the cases
that (a) the total EGB originates from astrophysical sources and (b)
20% of the EGB (optimistically) originates from DM annihilation. The
isotropic hadronic component depends on analysis cuts and the
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ton interacts an EBL photon resulting in pair production. It is clear
that cases 2; 3; 6 corresponds to an attenuation of the intrinsic
source flux, while cases 1; 4; 5 allow for a recovery of the intrinsic
photon yield.
The probability of a photon of energy Ec to be converted into an
ALP (and vice versa) can be written as [138]:

102
101

l(l+1)Cl /2π

100
10−1
10−2

1

10−3
DM − 0.1 Hz bg rate
DM − 1 Hz bg rate
DM − 10 Hz bg rate
blazars − 0.1 Hz bg rate
blazars − 1 Hz bg rate
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sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"
#2
Ecrit 5
1þ
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where s is the length of the domain where there is a roughly constant magnetic field B, and M the inverse of the coupling constant.
Here we also defined a characteristic energy, Ecrit :
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Fig. 12. Comparison between measured anisotropy power spectra with (a) a pure
astrophysical origin represented by C ‘ ¼ 10'5 (blue bands) and (b) with an
additional DM component, i.e., 20% of the total flux, represented by C ‘ ¼ 10'3
(red bands). The assumed observation time is 300 h. The three cases in each plot
represent the hadronic background rates of 10 Hz; 1 Hz, and 0:1 Hz.

quality of the gamma-hadron separation. In the following, three different background rates are assumed: 10 Hz; 1 Hz, and an optimistic
0:1 Hz rate. We assume a CTA-like FOV with a radius of 5! and a CTAlike PSF with rPSF ¼ 0:05! . The results are shown in Fig. 12, where
each band represents a sample of 20 realizations. One can see in
the figure that depending on the achieved background rate, in principle the two above mentioned scenarios (a) and (b) will be well distinguishable for CTA.
3. Search of axion-like particles with CTA
Axions were proposed in the 1970’s as a by-product of the Peccei-Quinn solution of the strong-CP problem in QCD [130]. In addition, they are valid candidates to constitute a portion of, or perhaps
the totality of, the non-baryonic CDM content predicted to exist in
the Universe. Another extremely interesting property of axions, or
more generically, Axion-Like Particles (ALPs, for which – unlike axions – the mass ma and the coupling constant are not related to
each other), is that they are expected to convert into photons
(and vice versa) in the presence of magnetic fields [131,132]. The
photon/ALP mixing is indeed the main signature used at present
in ALP searches, such as those carried out by CAST [133–136] or
ADMX [137], but it could also have important implications for
astronomical observations. For example, photon/ALP mixing could
distort the spectra of gamma-ray sources, such as Active Galactic
Nuclei (AGN) [138–141] or galactic sources, in the TeV range [142].
The photon/ALP mixing effect for distant AGN was also evaluated by [143] under a consistent framework, where mixing takes
place inside or near the gamma-ray emitter as well as in the intergalactic magnetic field (IGMF). A diagram that outlines this scenario is shown in Fig. 13. The artistic sketch shows the travel of a
photon from the source to the Earth and the main physical cases
that one could identify.4 From top to bottom: (1) the photon converts to an axion and back to photon in the IGMF, (2) the photon converts to an axion in the IGMF, (3) the photon converts to an axion at
the source, which then does not interact with the EBL, therefore traveling unimpeded from the source to the Earth, (4) the photon travels
unimpeded from the source to the Earth, (5) the photon converts to
an axion at the source and back to photon in the IGMF, (6) the pho4
Note that this formalism neglects, however, the mixing that may happen inside
the Milky Way due to galactic magnetic fields. In the most idealistic/optimistic case, it
would produce a photon flux enhancement at Earth of *3% [141].

Ecrit &

m2 M
2B

ð2:2Þ

or in more convenient units:

Ecrit ðGeVÞ &

m2leV M11
0:4BG

ð2:3Þ

where the subindices refer to dimensionless quantities: mleV &

m=leV; M11 & M=1011 GeV and BG & B/Gauss; m is the effective
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ALP mass m2 & jm2a ' x2pl j, with xpl ¼ 0:37 ( 10'4 leV ne =cm'3

the plasma frequency and ne the electron density. The most recent
results from the CAST experiment [136] give a value of M 11 P 0:114
for ALP mass ma 6 0:02 eV. At present, the CAST bound is the most
general and stringent limit in the range 10'11 eV ) ma ) 10'2 eV.
The main effect produced by photon/ALP mixing in the source is
an attenuation in the total expected intensity of the source just
above a critical energy Ecrit (see Fig. 13). As for the mixing in the
IGMFs, despite the low magnetic field B, the photon/ALP conversion can take place due to the large distances involved. In the model of [143], it is assumed that the photon beam propagates over N
domains of a given length. The modulus of the IGMF is the same in
all of them, whereas its orientation changes randomly from one
domain to the next, which in practice is also equivalent to a variation in the strength of the component of the magnetic field relevant to the photon/ALP mixing.
In discussing photon/ALP conversion in IGMFs, it is also necessary to consider the important role of the Extragalactic Background
Light (EBL), its main effect being an additional attenuation of the
photon flux (especially at energies above about 100 GeV). Recent
gamma-ray observations already pose substantial challenges to
the conventional models that explain the observed source spectra
in terms of EBL attenuation [144–148].
Taken together, photon/ALP conversions in the IGMF can lead to
an attenuation or an enhancement of the photon flux at Earth,
depending on distance, magnetic fields and the EBL model considered. A flux enhancement is possible because ALPs travel unimpeded through the EBL, and a fraction of them can convert back
into photons before reaching the observer. Note that the strength
of the IGMFs is expected to be many orders of magnitude weaker
(*nG) than that of the source and its surroundings (*G). Consequently, as described by Eq. (2.3), the energy at which photon/
ALP conversion occurs in this case is many orders of magnitude larger than that at which conversion can occur in the source and its
vicinity. Assuming a mid-value of B*0.1 nG, and M 11 ¼ 0:114
(CAST lower limit), the effect could be observationally detectable
by IACTs only if the ALP mass is of the order of 10'10 eV, i.e., we
need ultra-light ALPs.
In order to quantitatively study the effect of photon-axion conversion over the cosmological distances of AGN, we consider the
total photon intensity. It becomes then useful to define the axion
boost factor as the difference between the predicted arriving photon intensity without including ALPs and that obtained when
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Fig. 13. Photon/ALP conversions (crooked lines) that can occur in the emission from a cosmological source. c and a symbols represent gamma-ray photons and ALPs
respectively. This diagram collects the main physical scenarios that we might identify inside our formalism. Each of them are schematically represented by a line that goes
from the source to the Earth. From [143].

including the photon/ALP conversions. Qualitatively speaking, it is
found that the more attenuating the EBL model considered, the
more relevant the effect of photon/ALP conversions in the IGMF
(since any ALP to photon reconversion might substantially enhance
the intensity arriving at Earth). Furthermore, higher B values do
not necessarily translate into higher photon flux enhancements.
There is always a B value that maximizes the axion boost factors;
this value is sensitive to the source distance, the considered energy
and the adopted EBL model (see Ref. [143] for a more detailed
discussion).
There could be indeed different approaches from the observational point of view, although all of them will be probably based
on the search and analysis of a systematic residual after applying
the best-fit (conventional) model to the AGN data. For example,
Ref. [143] predicts the existence of a universal feature in the spectrum of the sources due to the intergalactic mixing, that is completely independent on the sources themselves and only depends
on the ALP and IGMF properties. This feature should be present
at the same critical energy Ecrit for all sources, and would show
up in the spectra as a drop in the flux – whenever Ecrit is in the
range where the EBL effect is negligible – or even as a sudden flux
increase, if the EBL absorption is strong for E ¼ Ecrit .
3.1. Test case for CTA: PKS 1222 + 21
We have taken as a test source the flat spectrum radio quasar
4C + 21.35 (PKS 1222 + 21), at redshift z ¼ 0:432, which was detected by MAGIC above 70 GeV [149] in June 2010, during a target
of opportunity observation triggered by the high state of the source
in the Fermi-LAT energy band. This source is the second most distant
object detected by ground-based gamma-ray telescopes, and hence
an ideal candidate for the study of propagation effects. The observed
energy spectrum of 4C + 21.35 during the 0.5 h flare recorded by
MAGIC was well described by a power law of index C ¼ 3:75"
0:27stat " 0:2syst . The intrinsic spectrum, assuming the EBL model of
[150] was estimated to be a power law of index C ¼ 2:72 " 0:34,
which extrapolated down to an energy of about 5 GeV, connects
smoothly with the harder spectrum (C ¼ 1:95 " 0:21) measured
by Fermi-LAT between 0:2 and 2 GeV in a 2:5 h period encompassing
the MAGIC observation. It must be noted that longer-term FermiLAT observations of the source in various states of activity show
a break in the spectrum between 1 and 3 GeV, with a spectral index
after the break (and up to ’ 50 GeV) ranging between 2.4 and 2.8
[151].
We have simulated CTA observations of 4C + 21.35 assuming an
intrinsic unbroken power-law spectrum, in the relevant energy
range, like the one determined by MAGIC for 4C + 21.35 during
the flare, i.e., dN=dE ¼ K # ½E=ð0:2 TeVÞ'(2:72 . Keeping the spectral
shape unchanged, we have tried different absolute flux normalizations, taking as a reference the flux observed by MAGIC,
K ¼ 1:78 # 10(5 m(2 ss(1 TeVs(1. We have also tested different

observation times: the actual duration of the VHE flare observed
by MAGIC is unknown, since the observation was interrupted
while the flare was still going on, but the flares observed by Fermi-LAT above 100 MeV show rise and decay time scales of the order of a day [151], so it is reasonable to expect that the source may
stay several hours in flux states as high as that observed by MAGIC.
For the detector simulation we have used the CTA candidate array
E. The EBL model in Ref. [150] has been used to account for the effect of the EBL, and the conversion of photons into ALPs and vice
versa has been simulated following the formalism detailed in Ref.
[143] as outlined above. Only conversions in the IGMF have been
considered (in this case, mixing in the source typically leads to only
a few percent of flux attenuation, so we neglected it in order to
avoid extra uncertainties).
We have assumed the same parameters for the IGMF as those in
the fiducial model in [143]: 0.1 nG is the (constant) modulus of the
IGMF,5 which is assumed to have fixed orientation within domains
of size 1 Mpc. The orientation of the IGMF varies randomly from
one domain to the next. The ALP parameters, mass and coupling constant, enter via Ecrit , below which the conversion probability is negligible. We have scanned Ecrit in the range 0.1 to 10 TeV in steps of
0:1 TeV.
Using the performance parameters of array E, we obtain the expected gamma-ray and cosmic-ray background rates in bins of
estimated energy, and from them the reconstructed differential energy spectrum. After this, we correct the observed spectrum by the
energy-dependent attenuation factors expected from the EBL in order to get an estimate of the intrinsic source spectrum. Each simulated spectrum is fitted to a power-law with variable index of the
form dN=dE / E(a(blogðE=0:1 TeVÞ , in which we constrain the b parameter so that the spectrum cannot become harder with increasing
energy (such behavior is not expected from emission models in
this energy range). Only energy bins with a signal exceeding three
times the RMS of the background, and a minimum of 10 excess
events, are considered in the fit.
In the absence of any significant photon/ALP mixing, the resulting fits will all match the spectral points within the experimental
uncertainties, resulting in good v2 values. But, as shown in Ref.
[143], certain combinations of ALP parameters and values of the
IGMF may result in significant modifications of the observed VHE
spectra. The most striking feature is a boost of the expected flux
at high energies, which is particularly prominent in the estimated
intrinsic (i.e., EBL-de-absorbed) spectrum. Such a feature may result in a low value of the v2 -probability of the spectral fit. In Figs.
14 and 15 we show two such cases, in which the observed spectra,
after de-absorption of the EBL effect, show a clear hardening of the

5
Note that this is just one order of magnitude below the current upper limits [152],
and lower limits lie many orders of magnitude below [153,154]. With a IGMF of 0.01
nG or smaller the effect of the photon/ALP mixing would probably be too weak to be
observed with CTA.
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Fig. 14. Simulation of a 5 h CTA observation of a 4C + 21.35 flare 5 times more
intense than the one recorded by MAGIC [149]. In black, energy bins used for the fit
(those with a signal exceeding three times the RMS of the background, and a
minimum of 10 excess events). Excluded points are displayed in grey. The
estimated intrinsic differential energy spectrum (after correcting for the EBL effect)
shows a boost at high energies due to photon/ALP mixing. The IGMF strength is
assumed to be 0.1 nG, and ALP parameters result in Ecrit ¼ 200 GeV.

spectral index. The effect is particularly striking in the cases in
which the EBL absorption at E = Ecrit is already strong (e.g.,
Fig. 15), because then the boost sets in very fast, resulting in dN/
dE rising with energy at around Ecrit . The rise is actually very sharp,
but it is smoothed by the energy resolution of the instrument. An
improvement in the energy resolution would increase the significance of the feature and improve the determination of Ecrit . In contrast, if Ecrit is in the range in which the EBL absorption is small or
negligible (Fig. 14), the feature at Ecrit would just be a flux drop of at
most ’ 30% [143], also washed out by the instrumental energy
resolution. In those cases, though a high-energy boost may still
be clearly detected, it would be hard to determine the exact value
of Ecrit . This is because, in the formalism described in Ref. [143],
similar ALP boost factors are always achieved at energies E > Ecrit ,
independently of the particular value of Ecrit in each case.
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Fig. 16. Median of the v2 -probabilities of the fits to the de-absorbed differential
energy spectra of 4C + 21.35 measured by CTA, assuming photon/ALP mixing, for
different values of Ecrit . We simulated observations of flares of two different
durations: 0.5 and 5 h, and with intensities equal to 1 and 5 times that of the flare
reported in [149]. The dashed horizontal line marks the probability that corresponds to 5 standard deviations.

bution is below 2:9 ! 10"7 , which corresponds to 5 standard deviations. In Fig. 16 we show the median of the v2 probability versus
Ecrit , for two different assumptions on the source flux and two different observation times. The range of Ecrit which can be probed
with CTA for the different scenarios is the one for which the curves
in Fig. 16 are below the dashed horizontal line. As expected, the
range becomes larger as we increase the observation time and/or
the flux of the source. A 0.5 h duration flare like the one reported
in [149] would not be enough for CTA to detect a significant effect
in any of the tested ALP scenarios, i.e., the solid black line never
goes below the dashed line for any value of Ecrit . A flare of similar
intensity, but lasting 5 h (green line) would already be enough to
see the boost due to ALPs for those scenarios with Ecrit 6 500
GeV. In Fig. 16 we can also see that for a hypothetical flare with
an intensity 5 times larger, lasting 5 h, the accessible range of
Ecrit would extend up to 1.3 TeV.

3.2. Prospects
For each of the Ecrit values scanned, we have performed 103 simulations of a CTA observation, all with the same source flux and
observation time. We consider that a given value of Ecrit is within
the reach of CTA whenever the median of the v2 -probability distri-3
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Fig. 15. Same as in Fig. 14, but with Ecrit ¼ 1 TeV. Note that in scenarios like this,
where Ecrit is within the energy range in which the EBL absorption is already large,
the boost in the flux shows up as a sudden rise (smeared out by the spectral
resolution of the instrument) which would even allow to determine Ecrit accurately.

4. High energy violation of lorentz invariance
Lorentz invariance (Li) lies at the heart of all of modern physics,
in particular the unification of space and time through the principle of Special Relativity. Space–time was elegantly promoted to be
a dynamic entity in the covariant classical theory of gravity namely
General Relativity (GR) which has been rigorously tested on astronomical scales and underlies the mathematical description of cosmology. Similarly quantum mechanics has been successfully
married with Special Relativity to yield the quantum theory of
fields which underlies the very successful Standard Model of
leptons and quarks and the gauged electromagnetic, weak and
strong forces. However it has proved considerably more difficult
to unify gravity with the other forces, since GR is fundamentally
non-renormalisable. A fully quantum theory of gravity (QG) is still
beyond our grasp although there has been significant progress towards this goal in various approaches such as superstring theory
and loop quantum gravity
[155].
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ QG should describe dynamics at
the Planck energy EPl ¼pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hc=GNﬃ ’ 1:22 ! 1019 GeV or equivalently
!
the Planck length lPl ¼ !
hGN =c3 ’ 1:62 ! 10"33 cm, where gravitational effects should become as strong as the other forces and the
notion of space–time is likely to need revision. This has opened up
the possibility that Li may be violated by QG effects although,
lacking a fully dynamical theory, the expectation is generic rather
than definite. For example quantum fluctuations may produce
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h
i
c2 p2 ¼ E2 1 " n1 ðE=EPl Þ " n2 ðE=EPl Þ2 " . . . ;

ð3:1Þ

where the value of the co-efficients na would be specified by the
theory of quantum gravity (and may well turn out to be zero). For
example there are specific predictions in some toy models
[161,162] and a general parameterisation can be provided in the
framework of effective field theory [159]. For more details see the
introduction by [163] in Part A of this Special Issue. Typically, two
scenarios are envisaged according to whether the linear term or
the quadratic term is dominant, parametrised by the scale parameters n1 (linear case) and n2 (quadratic case) respectively. The point is
that while QG effects would be prominent only at the Planck scales,
there would be residual Lorentz invariance violation (LIV) effects at
lower energies (GeV–TeV) in the form of anomalous photon velocity
dispersion.
Amelino-Camelia et al. [160] also noted that over a cosmological distance L, the magnitude of time-delay Dt induced by LIV between two photons with an energy difference DE is detectable:

Dt ’

!

DE
na EPl

"a

L
c

ð3:2Þ

where a ¼ 1 or 2 according to whether the linear or quadratic terms
dominates in Eq. (3.1). The energy scale of QG is commonly expected to lie somewhere within a factor na of EP . The best limit on
the linear term has recently been placed by Fermi-LAT observations
of GeV photons from GRB 090510 (z ¼ 0:903) which require
M1 ¼ EPl =n1 > 1:5 % 1019 GeV [164]. The most constraining limit
on the quadratic term M 2 ¼ EPl =n2 > 6:4 % 1010 GeV come from
observations of an exceptional flare of the active galactic nucleus
(AGN) PKS 2155–304 with the H.E.S.S. telescope [165].
It is important to keep in mind that although the QG induced
time-delay is proportional to energy (as opposed to conventional
dispersion effects which vary as inverse power of energy) similar
time-delay effects may be intrinsic to the source [166]. Therefore,
in order to distinguish between source and propagation timedelays, different types of sources should be considered with
different physical properties and situated at different cosmological
distances. For such studies, AGN and Gamma-Ray Bursts (GRBs) are
the best candidates to test Eq. (3.2). AGN cover the higher energies
(up to few TeV) and lower redshift regime (probably up to
z & 0:8 ' 1) and GRBs the lower energies (probably few tens of
GeV) but higher redshifts. Other promising candidates could be
pulsars which until now have yielded constraints one order of
magnitude weaker than the ones derived from AGN [167].
4.1. The consequences of improved sensitivity and larger energy
coverage of CTA on time-delays recovery
Using the Maximum Likelihood Estimation method (MLE) of
[168], we investigate the effects that the improved CTA performance, in terms of increased statistics and broader energy lever
arm, have on the time-delay recovery.
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‘space–time foam’ at the Planck scale resulting in a non-trivial
refractive index and anomalous dispersion of light in vacuo, i.e.,
an energy dependence of the speed of light. Hence over the past
decade, there has been tremendous interest in testing Li at high
energies as part of what has come to be called ‘quantum gravity
phenomenology’ [156–158].
Possible energy dependence of the speed of light in the vacuum
has been predicted, in the framework of several theories dealing
with quantum gravity models and effective field theory models
[159]. The seminal paper by Amelino-Camelia et al. [160] proposed
that this can be parameterised by a Taylor expansion of the usual
dispersion relation:
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Fig. 17. Parameter DE2 as a function of the spectral index for all arrays considered
in CTA Monte Carlo simulations. The configurations have different layouts and
number of telescopes. See details in the text.

Five hundred realisations of Gaussian-shaped ‘‘pulsed’’ light
curves were generated for several values of time-delays between
'60 s TeV'1 and +60 s TeV'1 in steps of 10 s TeV'1. This allowed
an estimate of the value of the error dt r on the measured time-delay Dt r . The error decreases as N '1=2
, where N c is the number of
c
photons included in the likelihood fit, and saturates at a value of
about 3 s TeVs'1, about a factor of 3 less than the current generation of IACTs, due to the increased statistics of CTA. The effect of
the increase in the energy lever-arm, provided by the wide coverage of CTA from few tens of GeV to several tens of TeV, has also
been addressed for the different array configurations taking into
account the absorption of Extragalactic Background Light (EBL)
using the model of [169],6 and a spectral break at around
100 GeV. The photons are thus separated into two populations at
‘‘high’’ and ‘‘low’’ energies with average values marked as EHE and
ELE respectively. Fig. 17 shows the variation of the energy leverarm for different CTA configurations in energy-squared (quadratic
case) DE2 ¼ E2HE ' E2LE , after a convolution with the effective area
and for a given choice of the energy value separating high and low
energy bands ELIM ¼ 400 GeV. This value is almost stable regardless
of the array or the spectral index [170]. The ranking shows that arrays I; C; J and H for the southern site and NB for the northern site
are favourable for LIV studies.
The intrinsic variability of the photon emission by astrophysical
sources such as GRBs and AGN is the main systematic uncertainty
in LIV searches. Until now, the detected variability of the AGN was
limited to about 100 s, partially due to the limited statistics of the
data. The possibility of improved separation of the initially unresolved double peak structures was investigated with light curve
simulations and time-delay reconstruction using again the MLE
method. Fig. 18 shows the minimal peak separation which would
allow distinguishing between two Gaussian spikes of the same
standard deviation rG for different photon statistics: a H.E.S.S.-like
measurement, a CTA-like measurement with an improved photon
collection by a factor 100, and a more optimistic scenario with a
factor 1000 more photons.

6
This is a conservative choice – by using more transparent EBL models like that of
[150], the results would be more promising.
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Fig. 18. Minimal distinguishable separation of two Gaussian peaks as a function of
their width, in case of a H.E.S.S.-like measurement (open circles), a CTA-like
measurement (crosses) and an ideal situtation where a ten times more photons
than in the CTA measurement could be collected.

Following the suggestion of Amelino-Camelia et al. [160] we define a sensitivity factor g ¼ jDt d j=T, where Dt d is the magnitude of
the time-delay introduced into the flare and T is duration of the
burst/flare feature that is being examined. In Refs. [171,172] it is
shown that g P 0:3 is required to determine whether the observed
flare time sequence has been skewed in comparison to its original
form. To improve upon current limits will require observations of
photons at energies larger than 10 TeV (for a given redshift) or
observations of similar flares from much more distant AGN. In
the following, we calculate the integral numbers of photons from
representative AGN to test LIV signatures in AGN flares.
We have taken three VHE AGN representative of several known
situations: an AGN-flare with high brightness (Mrk 421), an AGNflare that shows short variability timescales (PKS 2155–304) and
the AGN with the largest known redshift (3C 279) observed at
VHE. The spectra in their highest recorded flux state have been taken from current IACT observations, extrapolated to higher energies, convolved with the performance curves of the various CTA
array layouts and integrated assuming a flare duration lasting for
the appropriate time such that g ¼ 0:3. The results are shown in
Fig. 19. Since this falls into the category of unbinned methodologies, the precision in the time resolution is the same as the time
precision of each array (i.e., better than 1 ls). The uncertainty in
the time-delay for a single photon is the time precision modulo
of the energy resolution (being less than 10% as specified) and
the distance (negligible), and saturates at 10 s TeVs"1 Gpcs"1. This
translates into a Planck scale effect of Oð10Þ s (i.e., as good as a binned method would have for more than 100 photons).
Mrk 421 is known to show spectral hardening with increasing
flux, and can have very hard spectra indeed on short timescales,
as evidenced by Flare C in Ref. [173] – see discussion by Gaidos
et al. [174]. For the redshift z ¼ 0:03 of Mrk 421, Planck scale effects
could be expected to induce a delay of % 1 s TeVs"1; for E P 10 TeV
photons this means we would need to be able to time resolve flare
features at an unprecedented % 30 s duration. Whilst features this
fast have yet to be identified, this could be because they are below
the sensitivity of current instruments and the top panel of Fig. 19
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Fig. 19. Integral number of events above a given energy, expected for the various
array configurations for simulated flares, for Nð> 10 TeVÞ ¼ 10 photons. Each panel
is accumulated for the appropriate flare timescale required to be able to determine
if Planck scale quantum gravity induced LIV is present. The top panel is for a 10 Crab
Mrk 421 flare [173] if it lasted for 30 s duration; the middle panel is PKS 2155–304
similarly at its high level [175], but 120 s duration; the bottom panel is for a 610s
3C 279 flare at its highest recorded flux level [176].

demonstrates that, if present, such features can indeed be probed.
For PKS 2155–304, the redshift z ¼ 0:117 implies that CTA would
need features on the timescale of 120 s to test Planck scale effects,
which is still a factor of a few faster than the 240–610 s rising and
falling timescales of the %7 Crab flares observed to date [175] but,
as shown in the middle panel of Fig. 19, we would easily have sufficient photons to resolve such features. For 3C 279 (z ¼ 0:536,
[176], even though the flare timescale of 610 s required for such
a distant AGN are well within the variability timescales we currently observe for blazars, the photon flux we expect (%10% Crab)
from such a distant source is expected to be too low to resolve such
features at the highest energies, because of the attenuation of the
photon flux through interactions with the EBL.
Concerning the different CTA arrays, Fig. 19 shows that the best
performing arrays at high energies are C, D, H, I, J, K. While it may
be of more interest to find out if they would detect sufficient
photons on which to perform tests for time-delay, we note that
there are a number of unbinned methods that can cope with sparse
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datasets (see, e.g., [171,165,177]) so that 10 photons of E (>=10
TeV) are required in order to be able to begin to test for LIV.
4.3. Time-delay recovery with realistic source lightcurve and spectra
for the linear case
For this study, we produce 2500 pairs of lightcurves (with and
without time-delays), following the method of [178] for each of
the total 13 CTA arrays (11 Southern array A. . .K and 2 Northern arrays NA; NB), as shown in Fig. 20. We scan the space of possibilities
by selecting random values in the 5-dimensional space characterised by the following parameters:
– time-delays in the range n1 ¼ 0:1 " 5 (linear case)
– AGN redshift linearly in the range 0:03 " 0:6
– energy spectrum power law slope between 20 GeV and 20 TeV
in the range 1 " 2:5, and with a spectral cutoff at 120 GeV
– Flux level in the range 10"11 " 10"12 ph cm"2 ss"1
– different observational periods: (a) single day observations consisting of 3 pointings of 30 and 15 min, (b) weekly observations
consisting of 3 nightly pointings of 30 and 15 min, and (c)
monthly observations consisting of 2 nightly pointings of 30
and 15 min.
The photons thus generated are then distributed as a function of
time, based on the variability type that we have initially assumed
(e.g., red-noise). These light curve pairs incorporate delay effects
accumulated over a given distance depending on the DE of each
pair. The light curve pairs are subsequently convolved with the
CTA arrays performance, using the effective area, the background
count rate and differential sensitivity. Finally, for each CTA array,
we recover the observed time-delays using the cross-power spectral
analysis method of [179]. For each pair of light curves and for each
array we consider the quality factor between the simulated time-delay Dt d and the recovered time-delay Dt r defined as:

q ¼ jDt d " Dt r j=dt r ;

ð3:3Þ

where dt r is the width of the Gaussian distribution of the recovered
time-delays coming from the simulations.

tr

0.10

Fraction with t d t r

5. Other physics searches with CTA
In this section, we highlight topics of fundamental physics
searches that were discussed in recent years and whose scenarios
could be studied or hopefully constrained with CTA.
There are several caveats if one wants to present such various
and complex topics ‘‘in a nutshell’’. First of all, the list of topics is
not exhaustive; only a subset of topics is reported here. Second,
some of the studies presented in this section may not be up-todate by the time this article is published: theories in this area
evolve and are updated exceedingly rapidly. In addition, most of
these studies were formulated only within the context of the current generation of IACTs, and not for CTA. Whenever possible, considerations about the prospects for CTA will be addressed. Third,
the discussion will mostly be of only a qualitative nature. The goal
in this contribution is to provide an introductory discussion of the
area, with the aim of encouraging others to explore in more detail
these and other interesting new physics possibilities. Let us add
that pursuing exotic physics with IACTs (and hence CTA) should
be done because (a) it is possible (this may seem a naive argument,
but, given the terra incognita offered by a new observatory such as
CTA, it is a strong one); (b) VHE gamma rays have been identified
as likely drivers of truly fundamental discovery. VHE gamma rays
are a tool to explore new physics and new astrophysical scenarios,
the nature of which may contain yet unknown, and unexpected,
features. The potential for revolutionary discovery is enormous.
5.1. High energy tau-neutrino searches
Although optimized to detect electromagnetic air showers produced by cosmic gamma-rays, IACTs are also sensitive to hadronic
showers. Inspired by calculations made by the AUGER collaboration and D. Fargion (see, e.g., [180–185]), the possible response
of IACTs to showers initiated by very high energy s-particles originating from a ms collision with the sea or underneath rock is
described.
It is well known that neutrinos of energies above the TeV energy
range can form part of the cosmic rays hitting the Earth. The origin
of such neutrinos could be from point-like sources like galactic
microquasars [186,187] or extragalactic blazars [188,189] or gamma-ray bursts [190]. There are also diffuse fluxes of high energy
neutrinos predicted to come from unresolved sources, including
interactions of EHE cosmic rays during their propagation [191].
Finally, one could think of a more exotic origin of high energy neutrinos like those coming from DM particle annihilation, topological
defects or cosmic strings [192–194]. Neutrinos are produced in
astrophysical sources or during the transport, mainly after pion
and subsequent muon decays:

0.12

0.08

0.06

0.04

0.02

0.00

When considering all the 13 arrays together, we find on average
that 6% of the time-delays are recovered with q < 1. This is a very
strict limit. If one relaxes this limit to q < 2 and q < 3, respectively
77% and 99% of the time-delays in our sample of events are recovered, thus making the prospects of detecting (or constraining) LIV
signatures with CTA rather optimistic.
To understand which arrays have the best prospects, the timedelay recovery results for each array individually is shown in
Fig. 20, adopting the limit of q < 1. From the plot we see that the
best CTA configurations for time-delay recovery are C, D, H, I and
NB respectively for the Southern and Northern hemispheres.
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Fig. 20. Time-delay recovery fraction with quality factor q < 1 for each CTA
configuration. See text for details.

pþ ! lþ ml
p" ! l" m!l

lþ ! m!l eþ me
l" ! ml e" m!e

ð4:1Þ
ð4:2Þ

such that the typical neutrino family mixing at the source is
ðme ; ml ; ms Þ ¼ ð1 : 2 : 0Þ. Tau-neutrinos are found either at the source,
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if charmed mesons are formed instead of pions, or are created during the propagation, after flavor mixing, such that at Earth, the neutrino family mixing could be ðme ; ml ; ms ÞEarth ¼ ð1 : 1 : 1Þ [195].
The ms channel has several advantages with respect to the electron or muon channel. First, the majority of the possible s decay
modes lead to an (observable) air shower or a combination of
showers. Only 17.4% of the decays lead to a muon and neutrinos,
considered to be unobservable for the effective areas of interest
here. Moreover, the boosted s lifetime ranges from some 50 m at
1 PeV to several tens of kilometers at EeV energies, almost unaffected by energy losses in matter and thus surpassing the muon
range by a factor of $20. Finally, the originating s decays, instead
of being absorbed by matter, and thus gives origin to another ms
of lower energy which in turn can produce a s. At the highest energies, the Earth becomes completely opaque to all types of neutrinos
giving rise to a pile-up of ms % s.
To be able to observe atmospheric showers from ms , the telescopes should be pointed at the direction where the s escapes from
the Earth crust after having crossed an optimized distance inside
the Earth. Of course, this distance is strongly dependent on the
telescope location, and no general conclusions can be drawn before
the CTA site will be defined. In the past, two directions were proposed7: the observation slightly below the horizon downhill, e.g., if
the telescope is located at a mountain, and the observation through
a possible mountain chain in the vicinity (see Fig. 21). Both observations are at extremely low elevation angles, i.e., the telescopes pointing horizontally or even below the horizon, a fact that guarantees
that the hadronic background diminishes until almost vanishing at
the horizon. Only a small light contamination from continuous scattered star light and from scattered Cherenkov light by air showers
will then be observed.
In Ref. [196], the effective area for ms observation with the MAGIC telescope was calculated analytically. The results were the following: the maximum sensitivity would be in the range 100 TeV–1
EeV. For the observation downward towards the Sea, the sensitivity for diffuse neutrinos is very low because of the limited FOV (3
events/year/sr) and CTA cannot be competitive with other experiments like Icecube [197], Baikal [198], Auger [184], Antares [199]
or KM3NeT. On the other hand, if flaring or disrupting point
sources are observed, like is the case for GRBs, one can even expect
an observable number of events from one GRB at reasonable distances, if the event occurs just inside a small observability band
of about 1 degree width in zenith and an azimuth angle which allows to point the telescopes downhill.
For CTA, the situation could be different: taking an extension of
the FOV of several times that of MAGIC in extended observation
mode, the higher effective area and lower energy threshold, meaning higher fluxes, one naïve rescaling of the MAGIC calculations
leads to relatively optimistic results, depending very much on
the local geography. For point-like sources, the situation would
not change so much w.r.t. the MAGIC case, unless the CTA telescopes are located close to a shielding mountain chain. The required observation times are still large, but one may argue that
these observations can be performed each time when high clouds
preclude the observation of gamma-ray sources.
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Fig. 21. Sketch of ms searches with CTA. CTA telescopes can be pointed horizontally
to a far mountain (if present) and observed the emerging s-induced atmospheric
shower.

time. Current flux limits on cosmogenic magnetic monopoles reach
values of Oð10%15 cm%2 s%1 sr%1 Þ to Oð10%17 cm%2 s%1 sr%1 Þ depending on the monopole velocity. As outlined below, the CTA observatory is sensitive to a magnetic monopole flux.
According to [201] magnetic monopoles moving in air faster
than the speed of light in air are emitting & 4700 times more Cherenkov photons than an electric charge under the same circumstances. Being fast enough (Lorentz factor c > 103 ) and heavy
enough (mass Mc2 > 1TeV) magnetic monopoles that possibly
propagate through the earth atmosphere are neither significantly
deflected by the Earth’s magnetic field nor loose a significant
amount of energy through ionization [202]. Assuming the last
two constraints to be fulfilled a magnetic monopole moving
through the Earth’s atmosphere propagates on a straight line,
thereby emitting a large amount of Cherenkov photons. This process of a uniform emission of intensive Cherenkov light differs
from the Cherenkov light emitted by secondary particles in a
shower initiated from a high energy cosmic or gamma-ray. As
shown by [202], the number of triggered pixels in a telescope array
is typically smaller and the intensity of the triggered pixels is typically higher for magnetic monopoles compared to events originating from cosmic or gamma-rays. Cuts in a parameter space
spanned by the number of triggered pixels in the CTA array and
the number of pixel with high intensity allow for an excellent discrimination between magnetic monopole events and background
from cosmic or gamma-rays. The effective detection area of
H.E.S.S. [203] for magnetic monopoles has been studied in detail
[202]. Extrapolating the results of this study for CTA with its one
order of magnitude increased design collection area, leads to a typical CTA magnetic monopole effective area of 4500m2 sr. In Fig. 22,
we show that assuming around 3000 h of CTA data from different
observations accumulated in about 4 years of array operation, the
sensitivity of CTA to magnetic monopoles with velocities close to
the speed of light can reach the Parker limit [200] of
Oð10%15 cm%2 s%1 sr%1 Þ. Despite being still two orders of magnitude
worse than current monopole flux limits from neutrino experiments [204] this sensitivity will allow a technically independent
and new test for the existence of magnetic monopoles.
5.3. Gravitational waves

5.2. Ultrarelativistic magnetic monopoles
The existence of magnetic monopoles is predicted by a wide
class of extensions of the standard model of particle physics
[200]. Considerable experimental effort has been undertaken during the last eight decades to detect magnetic monopoles. No confirmed success in detection has been reported at the present
7

The study was made for the case of MAGIC [196].

The period of operation of CTA should hopefully see the detection of the first gravitational wave (GW) by ground-based interferometers, now in the ‘‘advanced sensitivity’’ design phase. The
3 km–scale Michelson interferometers Enhanced LIGO and Advanced Virgo [205] are increasing their sensitivity and extending
the horizon distance of detectable sources up to hundreds of
Mpc, depending on the frequency. Two additional smaller interferometric detectors are part of the network of GW observatories, the
Japanese TAMA (300 m arms) and the German-British 600 m

208

M. Doro et al. / Astroparticle Physics 43 (2013) 189–214

−12
log(Φ/cm−2s −1sr −1)

operation of facilities like CTA and Virgo/LIGO may open, in the
forthcoming years, a unique opportunity for this kind of multimessenger search.
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In this study we have investigated the prospects for detection
and characterization of several flavors of physics beyond the standard model with CTA.
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6.1. Particle dark matter searches
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Fig. 22. Upper limits on the magnetic monopole flux as function of the monopole
velocity inferred from different experiments [200,204] together with the estimated
sensitivity of CTA. The sensitivity range shown for CTA indicates the dependence of
the sensitivity on CTA design parameters and analysis details.

interferometer GEO600. The LIGO and Virgo observatories should
start full operation in the advanced version in 2014/2015 and
may operate together to fully reconstruct the arrival direction of
a signal. They may localize strong GW bursts with an angular
uncertainty down to one degree, while weaker signal have larger
uncertainties, up to tens of degrees [206]. At the stage of conceptual design, the Einstein Telescope aims at increasing the arm
length to 10 km, with three arms in a triangular pattern, implementing consolidated technology. It is foreseen to be located
underground to reduce the seismic motion thus allowing a better
sensitivity up to a factor 10 [207].
The most promising astrophysical mechanisms able to produce
observable GWs are in–spiral and coalescence of binary compact
objects (neutron stars and black holes), occurring for example during the merger of compact binary systems, as progenitors of supernova or neutron-star collapse, and associated with pulsar glitches.
Signals from these systems may last from milliseconds to a few
tens of seconds, but their expected rate and strength are uncertain
[for a review, see, e.g., [208]]. Moreover, unexpected or unknown
classes of sources and transient phenomena may be responsible
for GW emission and may actually provide the first detection.
Therefore combined GW and electromagnetic observations would
be critical in establishing the nature of the first GW detection.
While electromagnetic counterparts cannot be guaranteed for all
GW transients, they may be expected for some of them [209,210]
from radio waves to gamma-rays, such as in gamma ray bursts
[211], ultra high-luminous X-ray transients and soft gamma repeater [212]. Electromagnetic identification of a GW would confirm
the GW detection and improve the reconstruction and modeling
of the physical mechanism producing the event. Moreover, significant flaring episodes identified in the electromagnetic band could
serve as an external trigger for GW signal identification, and could
even be used to reconstruct independently the source position and
time, thus allowing the signal-to-noise ratio required for a confident detection to be lowered. The feasibility of this approach has
been corroborated through dedicated simulations by the LIGO
and Virgo collaborations [213].
CTA has the capability to pursue such a program of immediate
follow-up of target of opportunity alerts from GW observatories,
and to interact with GW collaborations to pursue offline analysis
on promising candidates. The capability of CTA to observe in
pointed mode with small FOV or in extended mode covering many
square degrees of sky, is unique to follow strong and weak GW
alerts. The observation mode should resemble the GRB procedure,
which allow a fast repositioning on the order of tens of seconds.
In the era in which ground-based gravitational wave detectors
are approaching their advanced configuration, the simultaneous

We have investigated dark matter (DM) searches with CTA for
different observational strategies: from dwarf satellite galaxies
(dSphs) in Section 2.1, from clusters of galaxies in Section 2.4
and from the vicinity of the Galactic Centre in Section 2.8. In Section 2.11, we discussed spatial signatures of DM in the diffuse
extragalactic gamma-ray background.
Concerning searches in dSphs of the Milky Way, we have investigated the prospects for detection of well-known ‘‘classical’’ dSph
like Ursa Minor and Sculptor, and one of the most promising
‘‘ultra-faint’’ dSph, Segue 1 (Table 1.1). We have first shown that
the predictions for core or cusp DM density profiles are quite similar for the baseline CTA angular resolution (Fig. 1). We have then
simulated a 100 h observation for several CTA arrays, and found
that for Segue 1, we can exclude velocity-averaged cross-sections
ðrann v Þ above 10#23 # 10#24 cm3 s#1 depending on different annihilation channels (Fig. 2). We also presented the same results in
terms of the minimum astrophysical factor for dSphs to be detected (Fig. 3), showing that astrophysical factors of at least 1021
GeV2 cm#5 are needed. We finally showed the minimum intrinsic
boost factor to achieve detection (Fig. 4), which for Segue 1 is about
25 for a hard annihilation spectrum. The best candidate arrays for
dSph study are array B and E. Nevertheless, the robustness of our
results is hindered by the yet not precise determination of the
astrophysical factor in some cases. Forthcoming detailed astronomical measurements will provide clues for deep exposure observations on the most promising dSphs, with, e.g., the planned
SkyMapper Southern Sky Survey [214], which will very likely provide the community with a new dSph population, complementing
the Northern hemisphere population discovered by the SDSS. Also,
the uncertainties on dark matter density will be significantly reduced by new measurements of individual stellar velocities available after the launch of the GAIA mission.8 Stacking-methods of
Fermi-LAT dSphs data were proven valid to make constraints more
stringent [49,215,216]. The application of these methods for CTA is
currently under study.
The search for DM signatures in galaxy clusters, investigated in
Section 2.4 was performed for two representative clusters, Perseus
and Fornax. The former one is thought to have the highest CR-induced photon yield, and the latter is thought to have the strongest
DM-induced signatures. Compared to dSphs, the gamma-ray signatures of galaxy clusters have several contributions: in the first
place, the DM signal is expected from an extended region that
can be larger than a few degrees, and secondly, gamma-rays induced by interactions of accelerated cosmic rays with the ambient
fields and/or by individual cluster galaxies are an irreducible background to the DM signal, as recently shown in Refs. [103,102]. We
have simulated the prospects of detection in 100 h of observation
by using MC simulations of extended sources. Regarding DM
signatures, we have used the model of [30] for the Fornax cluster,
and showed that in 100 h we could put contraints on the order
of ðrann v Þ < 10#25 cm3 s#1 (Fig. 6), which are competitive with
8

www.rssd.esa.int/Gaia.

209

M. Doro et al. / Astroparticle Physics 43 (2013) 189–214

9
For example, it is currently under disussion, the possibility to add 36 mediumsize telescopes of Schwarzchild-Couder design to the arrays considered here.
Preliminary simulations predict that improvement in the overall sensitivity by at
least a factor of 2 compared to that studied here may be expected.

10-22

10-23

3

<σann v> [ cm s-1 ]

respect to those obtained with dSphs. The results are promising: if
the intrinsic boost factor from subhalos is larger than that predicted by the model we used, or mechanisms of Sommerfeld
enhancement are at work, there is also the possibility to have a
detection in 100 ! 200 h with array B or E. We have also considered
the prospects of detection of CR-induced signal in hadronic acceleration scenarios in Fig. 5. We have seen that the CR-induced emission from the Perseus cluster could be detected in about 100 h.
Finally, we discussed the more realistic case when DM– and CRinduced gamma-rays are treated together. We discuss that the
difference in both the spatial and spectral features of the two
emissions can be used as a method for discrimination, while more
quantitative results need dedicated MC which were not available
when writing this contribution. We underline that the extension
of the expected DM emitting region in galaxy clusters represents
a problem for current Cherenkov Telescopes since their FOV is limited to 3–5! and their sensitivity rapidly decreases moving away
from the centre of the camera. CTA will overcome this limitation,
having a FOV of up to 10! and an almost flat sensitivity up to several degrees from the centre of the camera. For galaxy cluster
searches, CTA will hence mark the difference compared to the current generation of IACTs.
More promising are DM searches of annihilation signatures in
the Galactic halo, where the DM density is expected to be known
with much higher precision than in the Galactic Centre itself or
in (ultra-faint) dSphs or galaxy clusters. This was studied in Section
2.8. By adopting dedicated observational strategies of the region
close to the Galactic Centre, as shown in Fig. 8, it was shown that
CTA has the potential to reach the thermal annihilation cross-section expected from WIMP DM of 10!26 cm3 s!1 and lower (Fig. 9) in
100 h observation of the vicinities the Galactic Centre using the
‘‘Ring’’ method. Models with a large photon yield from DM annihilation will be constrained for even smaller cross-sections. It is also
expected that the limits presented here can be improved by factor
of a few when the stereoscopic analysis of CTA events has been
understood so well that a further suppression of the background
becomes feasible. This would be the first time that ground-based
Cherenkov telescopes could reach this sensitivity level.
Besides observations of individual dedicated objects, the capabilities of CTA for searching DM signals in the diffuse background
of gamma-ray radiation were discussed in Section 2.11. We discussed the reconstruction performance for different anisotropy
power spectra and residual background level. Considering a current model for the anisotropy power spectra, we showed that
CTA may be able to distinguish a DM-induced diffuse gamma-ray
component from the astrophysical background.
In Fig. 23, we summarize the constraints that we expect with
! in 100 h observation,
CTA for a WIMP annihilating purely into bb
with the different targets discussed above. As already anticipated,
the best results are expected for the observation of the vicinity of
the Galactic Centre, where we expect to reach the thermal annihilation cross-section for WIMP DM of 10!26 cm3 s!1 . Unlike present
IACTs, whose sensitivity supersedes that of the Fermi-LAT at
masses around a TeV, CTA will constitute the most sensitive instrument above masses of about 100 GeV. It should be noted that these
estimates are conservative: the most important improvement can
be expected from the possible redefinition and final optimization
of the array layout.9 In addition, the presented sensitivities were calculated using generic analysis which was not optimized specifically
for the DM searches and thus our results could be considered conservative in this sense.

10-24

10-25

10-26

102

mDM [GeV]

103

104

Fig. 23. Comparison of exclusion curves of Fermi-LAT in 24 months [52] and
expected for 10 years (rescaled with the square root of time). The exclusion curves
!
for the various targets studied in this contribution are also reported for the bb
annihilation channel: for the dwarf satellite galaxy Segue 1 (green curve, see
Section 2.1), for the Fornax galaxy cluster in case only DM-induced gamma-rays are
considered (blue line, see Section 2.4) and and for the ring-method of observation of
the Galactic Centre vicinities (red line, see Section 2.8). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Obviously, a firm identification of DM requires a very good spectral discrimination with respect to any possible astrophysical background. Spectral shapes and (even more so) absolute normalization
of these backgrounds are often poorly determined and the DM signal most likely is small in comparison. As the extent to which these
factors affect detection claims is highly model and target dependent, we refer to future detailed more focused assessments.
It has been shown that the detection of gamma-rays provides
complementary information to other experimental probes of particle DM, especially that of direct detection, because CTA could be
able to access a fraction of the parameter space not accessible
otherwise [217,218]. With respect to particle searches at the
LHC, the comparison is not straightforward, as LHC results are usually strongly related to specific models, and general conclusions are
somewhat model dependent, as shown by recent publications from
the ATLAS and CMS collaborations [219–221]. Generically, the discovery of a candidate for particle DM will be limited by the available centre-of-mass energy. Other scenarios exist, in the context of
specific super-symmetric models for DM, that exhibit parts of the
model space not accessible by the LHC [222]. In any case, LHC discovery of dark matter, would prompt the need for proof that the
particle is actually consistent with the astrophysical DM, and close
collaboration with LHC physicists is currently under organization
to facilitate the optimal use of accelerator results within CTA. A
concrete scenario has been analyzed by [223] in the case of a SUSY
model in the so-called co-annihilation region. Simulated LHC data
were used to derive constraints on the particle physics nature of
the DM, with the result that the LHC alone is not able to reconstruct the neutralino composition. The situation improves if the
information from a detection of gamma-rays after the observation
of the Draco dSph by CTA is added to the game: in this case the
internal degeneracies of the SUSY parameter space are broken
and including CTA allows us to fully interpret the particle detected
at the LHC as the cosmological DM. In the other case where the LHC
will not detect any physics beyond the Standard Model, predictions
were made in the context of the CMSSM [224] indicating that the
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mass of the neutralino will be bound to be larger than approximately 250 GeV (400 GeV) if any new physics will be detected by
pﬃﬃ
the LHC for an energy of the centre-of-mass s ¼ 14 TeV and a
"1
"1
luminosity of 1 fbs (100 fbs ). In this scenario, CTA could be
the only instrument to be able to detect and identify a WIMP candidate with masses beyond some hundreds GeV.
6.2. Axion-like particle searches
In Section 3, the prospect of searches for axion-like particle
(ALP) signatures with CTA were studied. We saw that the theoretical photon/ALP mixing has important implications for astronomical observations, in such that the mixing could distort the spectra
of gamma-ray sources, such as Active Galactic Nuclei (AGN) (or
galactic sources), in the TeV range. This distortion adds to that
caused by the absorption of the gamma-ray photons with UV and
IR photons of the Extragalactic Background Light (see Fig. 13).
The photon flux recently measured by some experiments, in particular at TeV energies, already exceeds that predicted by conventional models which attempt to explain spectra in terms of
observed source spectra and/ or EBL density [144–148], one should
not expect a photon flux as high as recently measured by some
experiments, in particular at TeV energies. The hard spectrum deduced for some AGN is difficult to explain with conventional physics as well. While it is still possible to solve these puzzles without
exotic physics, photon/ALP conversions may naturally alleviate
both problems. In order to quantitatively study the effect of photon-axion conversion over cosmological distances, the total photon
flux from a simulated flare of a far-distant source was considered.
The source was simulated based on the flat spectrum radio quasar
4C + 21.35 (PKS 1222 + 21), z ¼ 0:432, based on the observation
performed by MAGIC [149], assuming an intrinsic unbroken
power-law spectrum, and trying to understand the observability
under different absolute flux normalization and flare duration
(Figs. 14 and 15). The range of characteristic scale energy (critical
energy, Ecrit ) described in Eq. (2.3), and thus the ALP mass that
can be probed with CTA for the different ALP scenarios, is unknown
and may be tested with CTA. In general, the distortion of the spectra due to ALP depends on the particular case, but as a general
trend it will become larger as we increase the observation time
and/or the flux of the source. As an example, we found that a
0.5 h duration flare like the one reported by MAGIC would not be
enough for CTA to detect a significant effect in any of the tested
ALP scenarios (Fig. 16). However, a flare of similar intensity, but
lasting 5 h would already be enough to see the boost due to ALPs
for those scenarios with Ecrit 6 500 GeV. For a hypothetical flare
with an intensity 5 times larger, lasting 5 h, the accessible range
of Ecrit would extend up to 1.3 TeV (Fig. 16). Hopefully, not only
PKS 1222 + 21 but also many other similar objects will be followed-up by CTA in the near future, making the field of ALP
searches very promising.
We must emphasize that a boost in the flux is only possible in
the energy range where the EBL is already at work. Thus, even
for the most distant sources detected to date by IACTs, the energy
range below #100 GeV would not probably be of much help. On
the other hand, even when Ecrit lies within the energy range covered by IACTs, the drop/jump might not be accessible to these
instruments. This would be the case, for instance, if Ecrit is at the
highest energies, from several to tens of TeV: the attenuation due
to the EBL for a distant source would be huge, and the resulting
flux, even after accounting for the ALP boost, too low to be detected
by current IACTs or by CTA under any of the possible array configurations. Taking all these considerations into account, the most
suitable energy for ALP searches with CTA seems to be an intermediate one in which the EBL is already present but still introduces
only a moderate absorption, i.e., from a hundred GeV to a few

TeV. As a result, we do not expect to obtain largely different results
with candidate array configurations other than the one we used
(array E), since they all perform very similarly in the intermediate
energy range.
Finally, although very challenging given the uncertainty in the
value of the IGMF, we should stress that the lack of detection of suspicious features in the spectra of distant gamma-ray sources might
translate into useful constraints of the ALP parameter space (coupling constant and ALP mass). A more detailed study is definitely
needed in order to find out what should be the best strategy to
achieve the strongest constraints. This study will be done elsewhere.
6.3. Lorentz invariance violation
In scenarios where Lorentz invariance is violated by quantum
gravitational effects, the space–time fabric may be distorted so that
the vacuum shows a non-unitary refractive index and thus the
light speed would be wavelength dependent. Observation of gamma-ray flares from far distant objects like active galactic nuclei or
gamma-ray bursts, may allow to detect the time-delay between
photons of different energies not caused by intrinsic source mechanisms. In Section 4, we discussed the sensitivity of the different
CTA array configurations on detecting time-delays induced by Lorentz invariance violations (LIV). While limits on LIV from the current generation of IACTs are weaker than those estimated from
Fermi-LAT measurement in the so-called linear case, CTA is likely
to invert this scenario.
Using for the Maximum Likelihood Estimation method of [168],
500 Gaussian-shaped pulsed light-curves with time-delay from
"60 s TeVs"1 to 60 s TeVs"1 were simulated and reconstructed
with the different arrays. CTA will have improved statistics of photons and larger spectral lever-arm due to the enlarged energy
range with respect to the current generation of IACTs. This will allow to better differentiate between the two Gaussian peaks as
shown in Fig. 17 for the different arrays. This ability to differentiate
peaks is also discussed in Fig. 18 for different width of the peaks.
The best array configurations were discussed. As a result of these
studies, a gain of about a factor 50 in the LIV scale for the ‘‘quadratic’’ model (see Eq. (3.1)) is expected, compared to current generation of telescopes, while the limits on the linear term will
largely exceed the Planck energy scale.
We then used extrapolation to high-energies of real AGN spectra observed by the current generation of IACTs for three representative scenarios: a very bright AGN (Mrk 421), a fast-variable one
(PKS 2155–304) and a high-redshift one (3C 279). High-energy
photons above 10 TeV will guarantee the best sensitivity to observe LIV signatures, and CTA with its improved sensitivity at those
high energies, will allow to collect sufficient photons, whereas
photon statistics will always be the final limiting factor on tests
for time-delay.
Finally, pairs of realistic AGN lightcurves with and without
time-delay were simulated, and folded with CTA performance.
For each array, we calculated the fraction of photons in which
the time-delay was successfully measured according to a quality
factor q (Eq. (3.3)). In the most stringent case ðq < 1Þ, we report
the photon fraction recovery of each individual array in Fig. 20.
As a main result, more than 10% of the time-delays can be recovered with several possible CTA arrays. If we relax the quality factor,
and thus the precision on the reconstructed time-delay, essentially
all the time-delays are recovered. We showed that arrays C, D, H, I
and NB, respectively for the Southern and Northern hemisphere,
have the best chance for detection.
Based on these genuinely different time-delay reconstruction
methods we ensure that our final results, with respect to CTA-array
ranking, are free from any possible systematic effects related to a
given analysis method, e.g., idealized source redshift-distribution,
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idealized source light-curves, and idealized source time-scales. In
all analyses methods the sub-arrays C, H, I and NB seem to be sufficiently good to perform detection of LIV effects by measuring differences in the arrival times of VHE photons. That means that these
arrays are in general sufficiently good to perform temporal studies
of light-curve signals and even detection of time-delays in AGN induced intrinsically in the source. The latter is an interesting degeneracy, connected with the actual origin of the time-delays, that CTA
will definitely be able to break through population studies not
based on exceptional flaring states but on a routine basis.
6.4. Other searches
Finally, in Section 5, we have qualitatively discussed the physics
case of a selection other exotic physic searches which are in principle possible with CTA: the observation of atmospheric showers
from s-particles emerging from the Earth crust, the observation
of atmospheric showers from magnetic monopoles, and the possible follow-up of gravitational waves events. Despite the prospects
being sometimes pessimistic, those subjects were shown to underline again the possibility of using an astronomical observatory such
as CTA for fundamental physics searches.
As a final closing remark, we believe that CTA could offer one of
the most powerful tools in the study of some of the most pressing
questions in modern physics. In the next few years it may lead to a
range of new observables, new methods and new theories. In preparation for these developments, it is essential that work such as
that performed here is continued.
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a b s t r a c t
Active Galactic Nuclei (hereafter AGN) produce powerful outflows which offer excellent conditions for
efficient particle acceleration in internal and external shocks, turbulence, and magnetic reconnection
events. The jets as well as particle accelerating regions close to the supermassive black holes (hereafter
SMBH) at the intersection of plasma inflows and outflows, can produce readily detectable very high
energy gamma-ray emission. As of now, more than 45 AGN including 41 blazars and 4 radiogalaxies have
been detected by the present ground-based gamma-ray telescopes, which represents more than one third
of the cosmic sources detected so far in the VHE gamma-ray regime. The future Cherenkov Telescope
Array (CTA) should boost the sample of AGN detected in the VHE range by about one order of magnitude,
shedding new light on AGN population studies, and AGN classification and unification schemes. CTA will
be a unique tool to scrutinize the extreme high-energy tail of accelerated particles in SMBH environments, to revisit the central engines and their associated relativistic jets, and to study the particle acceleration and emission mechanisms, particularly exploring the missing link between accretion physics,
SMBH magnetospheres and jet formation. Monitoring of distant AGN will be an extremely rewarding
observing program which will inform us about the inner workings and evolution of AGN. Furthermore
these AGN are bright beacons of gamma-rays which will allow us to constrain the extragalactic infrared
and optical backgrounds as well as the intergalactic magnetic field, and will enable tests of quantum
gravity and other ‘‘exotic’’ phenomena.
! 2012 Published by Elsevier B.V.
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During the last decade, a new branch of astrophysics has
emerged at the high-energy end of the electromagnetic spectrum
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as our cosmos is revealing its amazing richness in the TeV gammaray band. In the extragalactic domain, more than 45 AGN have
been identified in the very high energy (hereafter VHE) band above
30 GeV. The majority of these sources belongs to the blazar class, a
peculiar type of AGN with a strong Doppler boosted continuum
emission emitted by a relativistic jet closely aligned with the line
of sight. Monitoring of bright blazars led to the discovery of flux
variability down to minute time scales, never so well resolved before in any AGN at longer wavelengths, and brought new constraints on the physical mechanisms at work [1,2]. Another type
of active extragalactic sources has recently emerged as TeV emitters, with the radiogalaxies M 87 [3–5] and Cen A [6] for which
we now have detailed TeV gamma-ray studies. Radiogalaxies have
a much higher space density than blazars and their detection could
be less affected by their alignment to the line of sight. VHE studies
of radiogalaxies are thus likely to contribute significantly to a better understanding of AGN unification schemes.
The VHE observations already challenge current theories of particle acceleration, to explain how particles are accelerated to >TeV
energies in regions relatively small compared to the fiducial scale
of the black hole event horizon [1,3,7,8]. Emission models are
poorly constrained, with both leptonic and hadronic models able
to fit most of the available spectral data [9,10] but have difficulties
to explain fast variability. The energy spectra of distant AGN raise
specific questions. Their observed shape depend on the intrinsic
emitted VHE energy spectra, complex absorption and/or cascading
processes in the AGN host galaxy and in extragalactic space, and
even on cosmological expansion and the star formation history of
the universe [11]. Indirect constraints on the infrared diffuse background radiation and the stars and galaxies which produce it, can
therefore be deduced from the observed VHE spectra [12–14].
The observations taken so far show already that our universe is
apparently more transparent to VHE gamma-rays than previously
thought. Disentangling the different effects definitively requires
high quality spectra with better sensitivity and higher spectral resolution at energies above TeV energies for large samples of AGN at
different redshifts.
CTA will provide a unique opportunity to address such issues.
With an order-of-magnitude improved flux sensitivity compared
to existing instruments, it will offer a large dynamic range of more
than 104 for studies of bright VHE flaring epochs. Temporal resolution down to the sub-minute time scales will become possible,
making CTA a perfect tool for gamma-ray timing analysis and for
studying AGN micro-variability. About four orders in magnitude
will be covered in energy, from typically 20 GeV to beyond
100 TeV, with an energy resolution of typically 10% to 15%, ideally
suited for the search for spectral features from extragalactic
absorption processes. For the better defined events with multiple
triggered Cherenkov telescopes, one arc-minute angular resolution
can be achieved, and astrometric positions can be determined with
a precision better than 10 arcsec, which will ensure the reliable
identification of AGN, and possibly also the detection of VHE emission from compact and extended AGN components.
CTA will be operated as an open observatory, offering a multifunctional tool with several configurations and observation modes.
The flexibility of CTA will be particularly useful for the study of
AGN. The whole array may be used simultaneously for deep observation of specific fields and targets, or some sub-arrays may work
independently for monitoring, alert, or survey purposes, increasing
the global capabilities of the infrastructure. Two CTA sites are foreseen to allow a survey of the whole sky, one in the southern hemisphere and one in the northern one. The latter will largely be
devoted to observe AGN and extragalactic sources [15].
In this paper we examine how CTA will contribute to answer
open questions on AGN physics such as the nature of the black hole
magnetosphere, the formation of jets and the acceleration of parti-

cles, the total energy budget, and the origins of variability, and how
it sheds new light on AGN classification and unification schemes.
After a short presentation of the current knowledge on AGN at
VHE in Section 2, we analyze the performances of CTA in terms
of AGN population studies in Section 3. Section 4 illustrates how
the high quality spectra obtained with CTA can test emission and
absorption models and constrain various parameters. The capability of CTA to probe AGN variability is specifically addressed in Section 5. Finally we exemplify in Section 6 that observing AGN with
CTA will provide original clues on intergalactic media and diffuse
backgrounds.
2. Current status of Active Galactic Nuclei at VHE
AGN are currently believed to harbor a central massive black
hole surrounded by an accretion disk of matter spiraling towards
the black hole. In about 10% of the cases (50% for the most energetic sources), energetic particle beams are emitted along the rotation axis of the black hole, giving rise to the so-called ‘‘radio-loud’’
AGN with well-collimated radio jets. There is a large variety of AGN
classes, with different observational characteristics [16,17]. Standard AGN unification schemes attempt to classify the sources
according to their viewing angle h. The blazar family is the least
numerous class, as the blazars are believed to be radio loud AGN
with their jets aligned to within a few degrees of the line of sight
to the observer. This leads to a strong relativistic boosting effect
which amplifies the observed luminosity by a factor of ! d4 and
shortens the observed flare time scales by a factor of d, where
the Doppler factor of the relativistic bulk motion is

d¼

1

cbulk ð1 $ b cos hÞ

ð1Þ

where b ¼ V bulk =c, and the bulk relativistic Lorentz factor
cbulk ¼ 1=ð1 $ b2 Þ1=2 . This relativistic beaming also contributes to
the reduction of internal absorption of c-rays by reducing the
intrinsic luminosity of the source and allowing intrinsically larger
emitting zones. Indeed, most of the VHE bright AGN belong to the
blazar family (Fig. 1). Their TeV radiation comes from extremely relativistic jets, and strong Doppler boosting favors their detection.
Blazars include various types of AGN such as HBL (high-frequency
peaked BL Lac), IBL and LBL (Intermediate and low-frequency
peaked BL Lac), and FSRQ (Flat Spectrum Radio Quasars). Another
class of AGN, the radio galaxies, has also been detected in the TeV
range at low redshifts. It is not yet clear how gamma-ray properties
of these sources, believed to have relativistic jets oriented at larger
viewing angles, compare to the ones of TeV blazars.
The sample of AGN detected at VHE currently includes 49 published sources, spread in redshifts from z = 0.0018 to z = 0.536, with
45 blazars (33 HBL, 4 IBL, 4 LBL, 3 FSRQ, and one blazar of unknown
type), four Fanaroff-Riley type 1 radio galaxies, and a few other
cases to be confirmed. The additional case of the Galactic Center,
considered as a weak AGN, will be further discussed in Section 3.4.
Sources can show quiescent, low, and highly active VHE flaring
states. The AGN fluxes at TeV energies range from 0.003 to
! 20 Crab units, from low states to the brightest events. The VHE
energy spectra of most sources can be described by simple
power-laws, with observed photon index Cobs between 1.9 and
4.6. Variability is frequently observed, namely in about 20 sources
out of the 45, despite sparse time coverage for many sources. Flux
variability has been detected on all time scales from years, months,
and days, down to the minute scale for three flaring sources
(Fig. 2).
Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (t var ) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region to
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Fig. 1. Distribution in galactic coordinates of the VHE active Galactic Nuclei currently detected by the present generation of Cherenkov experiments H.E.S.S., MAGIC and
VERITAS, as listed in the TeVCat catalog in October 2012). The detection of some fifty sources in the TeV domain is now firmly confirmed. Various types of AGN are shown, as
well as their distribution in redshift.

Fig. 2. The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with variability down to a few minute scale [2]. Fig. 16 of part 5 shows how CTA could have seen it.

R0

ctvar d
;
1þz

ð2Þ

where d, the Doppler factor, is in the range from a few up to a few
tens, gives R0 $ 1014 to $ 1017 cm. VLBI radio monitoring of the closest objects confirms this argument by showing growing evidence of

correlation between VHE activity and VLBI core evolution [20–23].
The existence of additional extended VHE emission remains an
interesting possibility [24–26].
The number of detected TeV sources per class of AGN appears
extremely peculiar since the blazars are usually the smallest population among all types of AGN seen across the electromagnetic
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spectrum, yet they by far dominate the TeV sample. The current
TeV HBL sample is not flux-limited and is highly biased. The
dynamical range of present-day IACT remains usually below
5000, while active states can easily amplify the fluxes by factors
of 10–200, and Doppler boosting by factors of 104 –106 , or even
more. Comparatively, a factor 7 in redshift (from Mrk 421 to 1ES
1011+496 for instance) would decrease the flux typically by a factor 50 only. So the VHE sample appears to be largely incomplete
and suffer from strong observational biases towards large Doppler
boosting and active states, due to the present sensitivity limits and
the strategy of observations, often done under VHE and multiwavelength alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insufficient time coverage to
firmly distinguish the quiescent stationary states from bright
flares.
The spectral energy distribution of TeV AGN appears doublepeaked, with a first bump in X-rays and a second one in gammarays (Fig. 3). Additional emission at lower energies comes mainly
from the stellar population of the host galaxy in the optical range,
and from extended jets, hot spots and lobes in the radio range. Both
leptonic and hadronic scenarios are widely invoked to describe the
radiation processes in the VHE domain. The low energy bump that
is visible in the SED of blazars in the optical to X-ray range is dominated in both leptonic and hadronic models by the synchrotron
emission from a relativistic electron population. In leptonic models
one generally assumes synchrotron self-Compton processes to explain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton scattering on external photon fields to account for the SEDs of BL Lacs
peaking at lower energies (IBLs, LBLs) and flat-spectrum radio quasars (FSRQs). The inverse-Compton interaction ðe þ c0 ! e þ cÞ of
the X-ray synchrotron emitting electrons with ambient photons
produces
the
gamma-ray
bump
at
energies
hm $ min½c2e hm0 ; ce me c2 &, where ce is the electron Lorentz factor
making the peak synchrotron photons. This scenario is called ‘‘synchrotron-self-Compton’’ (SSC) if the ambient photons are the synchrotron emission of the same electron population. If the photons
come from another radiation field, namely from the accretion disk,
clouds, or dusty torus of the AGN, or from other parts of the jet (e.g.
a slow envelope, or upstream or downstream plasma) the scenario
is called ’’external inverse-Compton’’ (EIC). In hadronic models,
very high energy protons are at the origin of the gamma-ray emission, either directly by their synchrotron (or curvature) emission,

Fig. 3. Example of the double-peaked SED of TeV AGN as seen with current
instruments, reproduced by a basic SSC scenario. The figure shows the quiescent
high energy state of PKS 2155-304 observed during a multiwavelength campaign in
2008 with simultaneous data from ATOM, RXTE, Swift, Fermi and H.E.S.S. [30].

or through their interaction with local gas and radiation background, creation of pions and subsequent decay into VHE photons
(mainly p0 ! 2cÞ with typical energies Ec $ Ep =2 $ 10%Ep . Decay
of pions into muons also produces neutrinos, and secondary electrons which can radiate in the X-ray range. A detailed presentation
of the above scenarios can be found for instance in [27,28].
An additional effect modifies the shape of the spectra at high
energy gamma-rays, due to the extragalactic background light
(EBL) absorption which becomes quite important for high redshift
sources. While traveling through the extragalactic space, VHE gamma-rays interact with the EBL photons and suffer strong absorption
due to pair creation,

cEBL cVHE ! eþ e' ;

2 2

ð3Þ

with hmEBL ( hmVHE > ðme c Þ . The absorption of VHE photons is
mainly due to the infrared background generated by the integrated
light of stars, galaxies and dust (see the EBL article in this issue for
more details). The observed photon spectrum Uobs ðE; zÞ of a source
at redshift z is attenuated compared to the intrinsic spectrum
Uem ðE0 Þ emitted at the source, so

Uobs ðE; zÞ ¼ e'sc ðE;zÞ Uem ;

ð4Þ

Cobs ðzÞ $ Cem þ DCðzÞ

ð5Þ

where sc ðE; zÞ is the optical depth computed along the line of sight,
and E0 ¼ Eð1 þ zÞ. In the energy range 0.2–2 TeV, the emitted and
observed photon indexes C are approximately related by

where DCðzÞ is an increasing function of z [29]. Applying various
reasonable models of the EBL, one can deduce intrinsic photon indices in the range $1.7–3 from the observed spectra, compatible with
data at low redshifts. Future data especially from interplanetary
space missions should be able to significantly improve the direct
measurements of the EBL which will be mandatory for a better access to the intrinsic spectra of AGN.

Fig. 4. The present Cobs -z distribution. This figure includes only published sources
with confirmed redshift (plus two lower limits at z $0.32 and 0:5) and good spectral
index determination. The error bars correspond to the statistical uncertainties. The
observed spectral indices are mostly derived in the 0.2–2 TeV range, the relevant
EBL range in that case being 0.25–2.5 eV. The spectral energy distribution of the EBL
departs from a power-law in this range, showing an emission bump. Bracketing the
spectral photon number density versus energy by power laws, De Angelis et al. [37]
derived an approximate analytic expression for the optical depth within the
Franceschini et al. model [41] in the local Universe. The two grey curves in the
figure correspond to the expected lower and upper limit after taking into account
the cosmological effects, assuming that C $ 2:35 at z ¼ 0. Apart from two
radiogalaxies at very low redshift, various types of blazars are shown in color
(red = HBL, black = LBL, blue = IBL, green = FSRQ). Triangles indicate confirmed
flaring states. A few sources are shown in both flaring and non-flaring states (Mrk
501, PKS 2155 and 1ES2344), and two are shown only in flaring states (W Comae
and 3C 279). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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If the intrinsic AGN spectra were all similar, then the distribution of observed photon index versus redshift should show an
apparent increase of jCobs j with redshift [31], which is not really
obvious at the moment, even when considering only one specific
sub-class of blazars (Fig. 4)). This is currently a matter of debate,
although the departure from standard power laws and potential
observational biases, such as the current difficulty to measure large
values of Cobs , need to be further investigated. Non-standard explanations have been proposed, including various evolutionary effects
in the blazar population [32–34], ultra-high energy cosmic rays
(UHECR) effects [35,36] or the existence of axion-like particles
which could significantly reduce the EBL dimming [37,38]. More
conservative solutions exist, such as a hardening of intrinsic spectra during active states [39], together with the fact that high redshift objects might be preferentially detected during flaring
states (which is indeed the case of 3C 279). However none of them
is fully satisfactory yet. Increasing the statistics on AGN at all redshifts and gathering high quality spectra with CTA should clarify
this intriguing situation.
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to elaborate a global scenario for VHE phenomena in AGN. Is it the
same emission mechanism which dominates both quiescent and
active states, or are there quite different origins for the VHE emission, with several mechanisms at work depending on the activity
level of the source? CTA will answer such questions, which is
important for a better understanding of the AGN physics and also
to elucidate the observational biases known to affect their VHE
detection.
The distribution in redshift of known BL Lac sources peaks
around z ! 0:3, with a large majority of the population within
z < 1 [49,50], a domain of redshift easily reachable with CTA in
flaring and even non-flaring states for the brightest sources (see
Figs. 5 and 8). Conversely, bright FSRQ should be detectable beyond
redshift z ! 2 with long exposure time of 50 h (see Figs. 6 and 9).

3. AGN population studies with CTA
The jump of sensitivity with CTA will offer large samples of VHE
sources and open the way towards statistical studies of the blazar
and AGN populations. Large and homogeneous samples of sources
are necessary for unbiased statistical analyzes and to construct
useful luminosity functions. To be able to gather them, a significant
step forwards will be to firmly detect and study quiescent stationary VHE states for comparison with bright flares of blazars and
AGN. Currently, this appears possible only for a few bright sources
such as the BL Lac PKS 2155-304. Dealing with real stationary
fluxes (if any) will at last allow a good statistical approach to the
gamma-ray AGN samples, by comparing objects in the same activity state. This will become possible with CTA. It will allow us to explore the relation between HBL, IBL, LBL and FSRQ, and to clarify
the validity of the so-called ‘‘blazar sequence’’ and its extended
versions [42–45] as well as the recent ‘‘blazar envelope’’ view
[46] or other tentative unifying schemes which try to explain the
trends by leptonic scenarios with a decreasing relative importance
of the SSC to the EC emission from HBL to FSRQ, or to reproduce all
observed SED as a function of black hole mass and accretion rate
[47,48]. Furthermore, comparing properties such as variability
characteristics between quiescent and flaring states will contribute

Fig. 5. Significance of detection in units of the standard deviation r versus redshift
for HBL flares of the type of PKS 2155-304, assuming a typical flare with an
integrated flux of 10 Crab at z ¼ 0:1, a spectral index of 2.5, and 3 h of observing
time, for three different CTA arrays.

Fig. 6. CTA detection at highest redshifts: the Fermi blazar 2FGLJ1504.3+1029 at
redshift z ¼ 1:839 as possibly seen by CTA. Here the VHE spectrum of the blazar
during a quiescent state has been extrapolated from the Fermi data assuming a logparabolic spectral shape, and including EBL absorption effects deduced from [41],
which are clearly visible in this figure. Detection by CTA can be achieved in 50 h at
13:6r (array configuration B, zenith angle of 20!). A small sample of blazars should
be reachable by CTA at redshifts ! 2 during quiescent states. Bright and long flaring
states may allow to obtain useful spectra from sources at even higher redshifts,
such as the distant Fermi blazar 1FGL J1344.2-1723, at redshift z ! 2:49.

Fig. 7. Cumulative redshift distribution of blazars above 30 GeV for various CTA
array configurations (50 h observing time for each field, 20! zenith angle observations). Here SED have been simulated following the standard blazar sequence
scenario, which seems to underestimate the importance of VHE emission, at least at
high redshifts (see Figs. 6 and 9 for comparison), so these distributions should be
considered as lower limits.
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Fig. 8. Skymaps of AGN with confirmed redshift from the second Fermi catalog (2FGL) that are potentially detectable by CTA in 5 h (panel a), 50 h (panel b) and 150 h (panel
c) maximum exposure time per FoV (assuming the array configuration B and a 20! zenith angle over the whole sky). It should be noted that several extragalactic sources that
are already known to be TeV emitters do not appear in this figure, due to the tight selection criteria applied here and the existence of non-Fermi VHE sources. Such skymaps
should be obtained in less than two months (a), in about three years (b) and in less than 10 years (c) with CTA, assuming 1500 h observing time per year.

CTA will therefore clarify the actual distribution of observed photon index versus redshift (Fig. 4) and should offer the possibility
to study evolutionary effects at VHE, at least for the blazar class.
3.1. The population of blazars
What will be the best strategy to gather complete samples of
sources? A blind imaging survey is the most unbiased way to observe in a given waveband, and potentially includes the possibility
of discovering unexpected objects, such as isolated black holes expelled from host star clusters [51,52] or final evaporation of primordial black holes [53,54]. Given our present ignorance of AGN
properties and statistics at VHE, it is not yet certain how many
AGN can be detected by deep surveys for a realistic observing time
with CTA.

Estimates have been done for the blazar class, including BL Lac
sources and FSRQs, based on a blazar gamma-ray luminosity function model consistent with recent Fermi results [55,56] and under
the conservative assumption of the standard blazar sequence to
simulate the SED. The number of blazars detectable by CTA in
blank fields has been estimated for various array configuration
(see also the survey article in this issue). The best case leads to
2
about 0.36 blazars detected above 30 GeV in 40 deg , for 50 h of
exposure time. This results into 370 blazars potentially detectable
by CTA, for an all-sky survey with 50 h/FoV. This requires a very
long observing time, and more than 30 years,1 comparable with
1
Throughout this section, we assume a CTA field of view (FoV) of 7! and 1500 h of
observing time per year. One can anticipate that typically one third of the whole CTA
observing time, including the two sites, could be devoted to AGN programs.
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Fig. 9. Redshift distributions of the AGN with confirmed redshift from the second Fermi catalog (2FGL) that are potentially detectable by CTA in 5 h (panel a), 50 h (panel b)
and 150 h (panel c) maximum exposure time per FoV (assuming the array configuration B and a 20! zenith angle over the whole sky). These distributions correspond to the
skymaps shown in Fig. 8. The same color code is used: brown for BL Lacs, green for FSRQs, red for radio galaxies and magenta for other types of AGN. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the expected lifetime of CTA. However, relatively bright objects
should readily come out in a full-sky survey at ! 1% Crab level in
about one year. The expected cumulative redshift distribution in
the entire sky is shown in Fig. 7. For a conservative view of blazar
statistics, which tends to minimize VHE emission, CTA has the potential to find at least 20 blazars at redshift larger than 1 with its
configuration B [57,58]. Should the standard blazar sequence be revised with more high redshift TeV blazars, still higher detection rates
would be expected.
Blank field sky surveys are mandatory because they provide
samples of sources with minimal observational biases, especially
from other waveband observations or from detections triggered
by alerts, which is essential for any reliable statistical analysis
of the blazar population. As deep surveys are very time
consuming, they will be extended over many years, in the fields
of specific targets. One can anticipate that for a FoV of 7!, more
than 100 serendipitous discoveries of blazars should be
obtained in the field of other extragalactic sources in about
10 years.

3.2. Extrapolating from Fermi sources
Follow-up observations of sources already detected at lower
frequencies offer another promising approach – biased but faster
– in the search for TeV AGN. Here we consider the case of the Fermi
satellite, which has already provided detections of a large sample
of AGN in the high energy range. The detection of blazars in the
Fermi LAT energy band (!0.1 to 100 GeV), i.e. at energies below
or partially overlapping with the ones accessible with CTA, provides important information about the intrinsic spectral properties
of extragalactic sources, which are mostly unaffected by c-ray
absorption on the EBL in the Fermi LAT band. The combination of
same-epoch Fermi and CTA measurements of AGN spectra will be
of great importance since it will provide a broad-band measurement over ! 5 decades in energy.
In order to make predictions for CTA, we extrapolated Fermi/
LAT AGN spectra into VHE frequencies taking EBL attenuation into
account [41]. Two independent analyses, based on slightly different selections of sources and assumptions on their detection, lead
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to compatible estimates and predict a large sample of AGN within
the reach of CTA.
For this work, the effective areas and cosmic ray backgrounds
simulated for different array configurations have been used to
estimate the instrumental response of CTA (cf. the Monte Carlo
contribution in this issue). For simplicity, we consider here full
CTA arrays in north and south, although a full configuration with
arrays like E, I and C is not planned at the moment for the
northern site. With 24 months of accumulated data, the 2FGL
catalog contains 1873 point sources characterized in the
100 MeV to 100 GeV energy range [59]. Many of these sources
have not yet been discovered in VHE due to the lack of sensitivity of existing instruments, but they will be accessible to CTA. In
fact, about 85% of the VHE active Galactic Nuclei detected by
ground-based Cherenkov observatories are found in the 2FGL
catalog and an extrapolation of the 2FGL data to higher energies
seems a sensible procedure for the compilation of a mock catalog of CTA sources.
All associated/affiliated extragalactic sources were selected
from the 2FGL catalog [59,60]. Out of these 1098 extragalactic
sources, only those with a measured redshift can be used for
our studies, as it is needed for applying the EBL absorption. For
a first study, aimed at providing a conservative estimate of source
counts, AGN were only selected for further processing if no analysis problems were flagged in the 2FGL catalog. In a second study,
designed to include a maximum number of Fermi sources, no cut
was applied to the 2FGL flags. Technical details on the source
selection and the significance estimates can be found in Appendix
A.
The first study focuses on the array configuration B with the
best sensitivity at low energy. It yields about 170 detectable AGN
within 50 h of maximum exposure time per source (Fig. 8, panel
b). Out of these, 27 sources (resp. 70) should already be detectable
after half an hour (resp. 5 h) of exposure time with the full array
(Fig. 8, panel a). With a maximum exposure time of 150 h per
source, which is not unusual for observations of very faint sources
with the current IACT, about 230 sources should be detectable
(Fig. 8, panel c) in less than 10 years.
Apart from augmenting the total number of extragalactic TeV
sources, CTA should also increase dramatically the number of objects visible at high redshifts. Fig. 9 shows the distributions of
AGN as a function of redshift. The most distant quiescent AGN predicted here is at z ¼ 2:2 and under certain conditions this limit
might be raised to even higher redshifts. In particular, our estimations indicate that certain flaring FSRQs with a gamma-ray flux increase of a factor of 10 and moderate spectral hardening DC ¼ 0:3
could produce further detections at z > 2.
The second study explores the performances of different array
configurations (see Table 1). We obtain typically more than
P 140 extragalactic detections, for 50 h of maximum exposure
time per source. In particular, we note that CTA will be most efficient for hard sources (C < 2) and shall reveal all the complexities
of the extragalactic population extending beyond the reach of current detections. For softer sources that are currently only accessi-

Table 1
Number of detectable Fermi AGN with redshift for different array configurations (50 h
of maximum exposure time). AGN with unknown type are classified as ‘‘other AGN’’.
Array

FSRQs

BL Lacs

other AGN

SBGs

RGs

Seyferts

Total

B
C
E
NA
NB

46
17
32
33
27

117
84
111
109
103

19
17
18
18
17

3
3
3
3
3

6
6
6
6
6

1
1
1
1
1

192
128
171
170
157

ble during flares, CTA will provide unique access to quiescent
states.
The array configurations that do not include large-size telescopes (LSTs), such as array ‘‘C’’, yield the poorest performance.
They give access to significantly fewer FSRQs, which usually have
very steep spectra, but the same is also true for BL Lacs. Array B,
with the best coverage at low energies, yields the best results in
terms of source statistics. The ‘‘compromise’’ solutions, such as
configuration E, and the northern array NA, remain a good option.
The results from these two studies illustrate the remarkable
capabilities of CTA compared to current IACT. The detection of at
least 140 extragalactic sources is expected in less than two years
with a maximum of 50 h per source. Actually, the total number
of Fermi AGN detectable in 50 h would reach about 370 if the
2FGL BL Lacs without known redshifts were detected with the
same proportion (namely one third for our two studies) than the
ones with confirmed redshift.2 In fact, the main difficulty in elucidating the full BL Lac population lies in obtaining direct redshift
measurements from their mostly featureless optical/UV spectra. A
possible workaround might come from a direct measurement of
the shape of the EBL, which would allow us to set an upper limit
on unknown redshifts (see EBL contribution in this issue). The artificial break introduced here at 100 GeV for hard sources might also
lead to an underestimation of the number of detections, but on the
other hand, some of the sources might have intrinsic spectral breaks
or cutoffs above the Fermi LAT energy range, which would reduce
their signal in the VHE band. Only CTA will inform us on the actual
spectra beyond 1 TeV for most of these sources.
Discoveries such as extreme AGN or extragalactic sources not
adapted to the Fermi LAT band and with emission peaking in the
CTA energy range should further increase the sample of AGN seen
by CTA. Given that currently 6 out of 45 TeV AGN have not yet been
detected with the Fermi LAT [62], one can anticipate a fraction of
about 15% of missing CTA sources when making predictions based
on the 2FGL catalog. All these estimates are in agreement with the
lower limit predictions made from the blazar population analysis
presented in part 3.1 (which includes Fermi and non-Fermi blazars,
with or without known redshift). They prove that within its lifetime, CTA should provide significant samples of AGN of various
types, suitable for statistical analyses of the VHE population.

3.3. Radiogalaxies and extended sources
Detection and monitoring of four radio-galaxies at TeV energies
definitely proved that AGN other than blazars actually radiate at
VHE. This is a key information which came out rather recently. Indeed, although quite rewarding by itself, detecting only blazars at
VHE energies provides biased information about AGN jets, always
seen at small viewing angles. Studying AGN with moderate or negligible Doppler boosting with CTA will provide access to a 2D view
of AGN jets at VHE and will shed new light on our current understanding of radio-loud AGN. In particular, the performances of CTA
should allow a detailed analysis of the relation between VHE and
non-thermal radio emission and will contribute to the long-standing question of the origin of radio-loudness in AGN.
The four radiogalaxies detected so far at VHE, namely M 87
[3,63], Cen A [6], IC 310 [64,65], and NGC 1275 [66], have all been
tentatively classified in the literature as Fanaroff-Riley type 1
radiosources, each with some ‘‘peculiarities’’. Apart from that,
these active galaxies and their nucleus and jets show very different
properties which, based on knowledge already gathered at lower
energies, do not suggest any specific prominent common features,
2
However, the percentage of detection could be smaller for BL Lacs without
redshift, since they have a higher probability to be remote objects.
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except being TeV sources. These VHE galaxies form an emerging
class of AGN, which should find its place within AGN grand unification. This simple fact illustrates that observing at VHE probes
new aspects of AGN not yet explored at any other energies, and offers a fully independent tool of investigation. One possibility would
be that the VHE band directly catches the emission from the base
of an inner beam or jet when it has a right orientation, independently of any other properties and classification of the radiosource
at others frequencies.
This emphasizes the strong interest of studying such types of
sources with CTA, but precludes at the moment any convincing
prediction of a sample to be detected at VHE in the future. In particular, in the current small sample of VHE radiogalaxies, the average detected TeV fluxes do not seem to be related to the average
non-thermal radio and X-ray fluxes of the sources. One common
trend is that the four sources are located in rich environments,
and show sign of galaxy interaction or mergers. Both M 87 and
NGC 1275 are dominant cluster galaxies with a very massive central black hole. Cen A is presumably a recent merger, in a group of
galaxies, and IC 310 is located in the Perseus cluster where radio
jets can interact with the intracluster gas. Other common properties could be to have an intermediate viewing angle (about 20!
for M 87, 40! for Cen A, between 20! and 50! for NGC1275 and
6 38! for IC 310), weak or moderate Doppler beaming, and no direct alignment between their radio compact VLBI core and their extended radio structures (grossly misaligned by " 70! in M 87 and
" 45! in Cen A), possibly enhanced by projection effects and inhomogeneous external medium, or related to specific properties of
their central engines. Moreover, the detection of some transient
BL Lac-type phenomena has been reported or discussed in the literature for the four radiogalaxies discovered up to now at VHE.
Such properties should help to identify promising candidates for
further observation with CTA.
Among this new class of AGN, M 87, the first non-blazar
detected in the VHE range, has been the most studied in the literature. It questions our global understanding of TeV emission scenarios for AGN, and to some extent our general view of AGN
classification. Even assuming a high Doppler factor, the TeV variability of M 87 requires very small emitting zones, of the order
of a few Schwarzschild radii Rs of its 3 # 109 M$ causality argument [3–5,21]. This raises the critical question of particle acceleration mechanisms in such small regions, and excludes the Virgo
cluster, the radio lobes, the host galaxy, the large scale jet and its
brightest knot A as dominant TeV emission zones. Three different
main emitting zones have been considered for M 87, (i) the peculiar knot HST-1 located at about 65 pc from the nucleus, (ii) the inner VLBI jet, and (iii) the central core itself, namely the accretion
disk or the inner black hole magnetosphere.
The coordinated campaign in 2005 found a possible correlation
between a VHE flare and an X-ray outburst of HST-1. However, another multiwavelength campaign organized in 2008 concluded
that the X-ray light curve of HST-1 obtained by Chandra does not
follow the VHE one. Conversely, the radio and X-ray emissions
from the core are correlated with the VHE flux. In radio, regular
monitoring of M 87 by the VLBA at 43 GHz also allows one to explore the sub-mas scale in order to probe the jet formation and collimation zone at about 100Rs from the black hole, with an
outstanding angular resolution of 0.21 mas x 0.43 mas
(0:5mas " 0:04pc " 140Rs at the distance of M 87). The VLBA detected a significant rise of the flux of the radio core at the time
of the 2008 VHE activity, together with enhanced emission along
the VLBI jet. These results favor scenarios where most of the VHE
emission comes from the inner VLBI jet (multi-zone models inspired from standard blazar scenarios [67–69]) or from the central
core (particle acceleration in the black hole magnetosphere [70–
72]). However the situation still remains unclear, and suggests
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the existence of different types of VHE flares, as discussed in a recent work reporting on the 2010 large joint monitoring campaign
[73].
Current magnetospheric models for M 87 [70–72] imply that
minimum variability timescale should always be larger than a
few Schwarzschild light crossing times Rs =c " ð0:2 & 0:4Þ days (in
the absence of strong Doppler effect) and that the TeV spectra
should exhibit a clear break, due to internal cc absorption and
maximum energy constraints, well below 50 TeV. Confirming or
rejecting such magnetospheric scenarios with ’’particle acceleration close to the SMBH’’ by future high-sensitivity observations
with CTA would boost our understanding of AGN central engines:
in the former case, new jet physics beyond current developments
would be demanded, in the latter case, a strong link between jet
formation, particle acceleration and disk physics would be
established.
In the second radiogalaxy discovered at VHE, the nearby source
Cen A, the origin of the dominant VHE signal is even less clear than
in M 87, as both the radio core and the kpc jets of Cen A are within
error bars of its position on the sky. This results in many possible
emitting zones such as the black hole magnetosphere, the base of
the jet, the large scale jets and inner lobes, or even a pair halo in
the host galaxy. A better accuracy on the absolute astrometry at
VHE expected with CTA and obtaining high quality light curves
with good temporal coverage should clarify this decisive issue,
and at least distinguish between a dominant core emission or a
dominant extended component related to the kpc jets. Indeed, very
extended diffuse gamma-ray emission has been recently found by
Fermi at lower energies [74] (see Fig. 10). The gamma-ray emission
above 100 MeV coming from the giant lobes can be described by
EIC models on the cosmic microwave background and the EBL. This
emission is quite important, with a total flux slightly higher than
the one from the core [75] and a power comparable to the kinetic
power required in the jets. The high sensitivity and improved
angular resolution of CTA should allow one to look for and possibly

Fig. 10. The diffuse gamma-ray emission detected by Fermi from the giant lobes of
the radiogalaxy Cen A [74]. Depending on the actual VHE spatial distribution, and
the sensitivity and angular resolution performance of CTA, the structure of the
extended VHE emission on the kpc scale in the central part of the galaxy can be
probed (here the white circle corresponds to the LAT PSF of 1!).
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map any extended structure at higher energies, thereby opening a
completely new view on VHE particle acceleration, transfer and
radiative losses. A simple extrapolation of the Fermi halo to the
VHE band shows that its VHE counterpart remains out of reach
by CTA, assuming the same spatial extension of about 2!. However,
VHE detection can be expected from regions of enhanced gammaray emission in shocks, knots, or hot spots, which could be identified with the angular resolution of CTA. Conversely, the detection
of an extended VHE halo around M 87 would be very challenging
but could be possible with CTA (see Fig. 11), assuming, as seen
by Fermi in Cen A, a flux in the lobes of 50% the flux detected in
the TeV range during a low state of the source [3] for an extension
of 0.2! corresponding to the extension of radio maps.
In contrast to the three other VHE radiogalaxies, IC 310 was initially not recognized as having a specifically remarkable non-thermal activity. Its serendipitous discovery at VHE in the field of NGC
1275 emphasized our current poor knowledge on VHE populations.
Only recently it appeared in the Fermi catalog and was then identified as a potential TeV source. Two emission zones can be considered, the central engine and the inner jet as commonly described
for TeV BL Lacs, or the bow shock created by interaction of the fast
moving host galaxy with the intracluster gas [65]. Astrometric and
angular resolution capabilities of CTA should distinguish between
them. However, the first option appears favored because of the
detection of few-dayscale variability. Indeed, IC 310 was already
mentioned in the literature as a FR I source which may have a
non-thermal activity related to the BL Lac phenomena, but at
weaker levels than characterized by the standard definition of BL
Lac objects [76]. Moreover recent VLBI data show a blazar-like
one-sided core-jet structure at intermediate angle to the line of
sight [77]. VHE instruments are therefore possibly on the way to
solve the long standing problem of the ‘‘missing BL Lac’’ and to
firmly identify the still elusive transition population between
beamed BL Lacs and unbeamed FR I galaxies [78], a difficulty of
the standard unification scheme which proposes that BL Lac are
FR I radiogalaxies seen along their jet axis. Surveys at VHE could
have the capability to recognize a population of low luminosity
or misdirected BL Lacs, difficult to identify at lower energies, and
thus ‘‘bridge the gap’’ between genuine BL Lacs and FRI radiogalaxies. It will be interesting to further investigate such a view in the
context of recent blazar classification scenarios [50].

Fig. 11. CTA detection of extended extragalactic VHE emission: under certain
conditions, a halo of extended TeV emission around M 87 could be within reach of
CTA. The figure shows the expected spectrum from the CTA array configuration I, for
100 h of observing time, assuming an extended emission of 0.2! with a flux of 50% of
the total flux detected during low states of M 87 (see text).

Generally speaking, nearby radio galaxies offer the opportunity
of unique studies of extreme acceleration processes in relativistic
jets and in the vicinity of supermassive black holes. Given the proximity of the sources and the larger jet angle to the line of sight
compared to BL Lac objects, the outer and inner kpc jet structures
are potentially resolvable by CTA, enabling us to look for possible
VHE radiation from large scale jets and hot spots besides the central core and VLBI jet, and to spatially pin down the main site of the
emission. With the help of simultaneous multiwavelength observations and temporal correlation studies, different sections of the
jet and the core can be probed, down to the smallest pc (milliarcsecond) scale, only accessible to VLBI radio observations or timing
analysis. Further studies of variability with CTA will strengthen the
limits on the size of the emission region and clarify the correlations
with other wavelengths. Long-term monitoring and the search for
intra-night variability would be two major goals to constrain the
physics and start characterizing this new population of sources.
Remembering the basic classification of extragalactic radio
sources, one could consider highly variable VHE radiogalaxies as
likely core-dominated gamma-ray sources, and poorly variable
ones as possibly lobe-dominated gamma-ray sources. This VHE
population is still lacking a standard unifying model and deserves
further analysis.
Recent and fast developments on VHE radiogalaxies show that
present VHE instruments start to provide an original view of
non-thermal activity from central AGN engines and inner jets, with
the capability to directly probe a very specific region, still not fully
identified and unreachable by other means, in the close vicinity of
SMBH, such as for M 87. The next generation of IACT will explore
this still missing link between SMBH magnetospheres and the
physics of jets and extended radiosources. One can also anticipate
that it could provide decisive constraints on the fundamental question of the total energy budget of some non-thermal sources where
the contribution of the extended gamma-ray emission appears
quite significant, such as for Cen A.
3.4. Seyfert galaxies
There is a growing evidence that relativistic jets are not only
seen in blazars and radio galaxies but in several types of Seyfert
galaxies as well. About 5% of narrow-line Seyfert 1 (NLS1) galaxies
are radio-loud (RL) [79], and show flat spectra together with variability in the radio band, suggesting the presence of relativistic jets.
This hypothesis has recently been confirmed by the detection of a
small number of RL-NLS1s with Fermi-LAT [80]. The measured GeV
spectra are typically steep, with C ¼ 2:5 " 2:8, which makes the
detection of RL-NLS1s with CTA challenging. However, at least
two RL-NLS1s (PMN J0948+022 and SBS 0846+513) have shown
significant variability [81,82], with gamma-ray luminosities that
would make them detectable with CTA during gamma-ray
outbursts.
The broadband emission of RL-NLS1 galaxies appears similar to
that of blazars, being explained by SSC and EIC scenarios. Thermal
emission from the disk, broad-line region (BLR) and the infrared
torus dominate the IR/optical output, and provide seed photons
for EIC scattering [80]. Even though the radiative properties of
the jets in RL-NLS1 galaxies look similar to that of blazars, they
originate in different host galaxies. Blazars are hosted in elliptical
galaxies, while RL-NLS1s are likely in spirals. In addition, gamma-ray emitting RL-NLS1s have inferred SMBH masses typically
1–2 orders of magnitude smaller than blazars, while their accretion
rate reaches extreme values, up to 80% of the Eddington rate,
which have never been found in gamma-ray loud AGNs but are
usual for NLS1s [83]. Detecting RL-NLS1s with CTA would significantly increase the range of parameters of the accretion-ejection
process explored at VHE.
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Two Seyfert 2 galaxies have also been detected by Fermi-LAT,
namely NGC 1068 and NGC 4945 [84]. Both galaxies exhibit AGN
and starburst activity [85,86], and a simple extrapolation of their
GeV spectra yields VHE flux levels detectable with CTA. Given their
similarity with the known gamma-ray emitting starburst galaxies,
it seems likely that their GeV emission originates in the interstellar
medium of the galaxy. However, [84] find evidence that the AGN
component could be dominating in NGC 1068. A detection of a significant spectral steepening or flux variability in the VHE range
would point towards AGN emission, disentangling it from the steady starburst component.
Classical radio-quiet Seyfert galaxies could also emit gammarays originating from starburst or AGN activity. Classical Seyferts
also show jet-like structures, but with flows that are typically slow,
weak, and poorly collimated when compared to the relativistic jets
of radio galaxies and blazars. So far, only two possible associations
between GeV sources and radio-quiet Seyfert galaxies have been
found (ESO 323-G077 and NGC 6814) but chance spatial coincidences with these objects cannot be ruled out [87].
A detailed characterization of the gamma-ray emission from the
different classes of Seyfert galaxies will test our knowledge of jet
launching mechanisms in AGNs with SMBH masses and accretion
rates very different from the well-studied gamma-ray loud blazars.
This will shed light on fundamental questions in AGN physics like
formation and propagation of jets, the physical cause of radio-loud/
radio-quiet distinction, the fundamental parameters governing the
central engine, and how the host galaxy influences the active
nucleus.
3.5. Low-luminosity AGN, supermassive black holes, and the Galactic
Center
Applying standard SSC scenarios to other low luminosity AGN
(LLAGN) such as NGC 4278 shows that they may be detected by
CTA [88]. Furthermore, scenarios developed for M 87 show that
magnetospheres of rotating SMBH can easily generate VHE particles and radiation, as long as the accretion disk remains underluminous to avoid strong internal absorption by the ambient radiation. This raises a very general question. Is VHE emission a generic
feature of AGN and SMBH? Indeed, many normal galaxies harbor
SMBH in their nuclei and the search of some VHE signal from them
will be a challenging topic for CTA which could shed new light on
the crucial question of missing SMBH, AGN evolution and feedback
between AGN and host-galaxies. Spheroidal systems such as elliptical or lenticular galaxies, and bulges of early-type spiral galaxies,
are believed to host SMBH with masses between 106 and 109 solar
masses. During the early stages of galaxy evolution, the SMBH accrete matter at high rates and are observed as bright QSOs. The
radiative output in the optical decays from redshift z > 3 to z ¼ 0
by almost 2 orders of magnitude. The majority of SMBH in the local
universe are hosted in those evolved systems with low accretion
rate, not embedded in dense radiation fields. This enables high energy and VHE c-rays, if generated, to escape from the nuclear region without suffering from strong absorption via photon-photon
pair absorption. A good candidate for such detection could be, for
instance, NGC 1399, as discussed in detail in [89,90]. Any positive
signal of this kind would be a real breakthrough for AGN and SMBH
physics as well as for co-evolution schemes of SMBH and galaxies.
It could also raise important issues related to the origin of extragalactic cosmic rays, and to the still debated results from the Pierre
Auger Observatory (PAO) [91], and offer an explanation for the correlation claimed by the PAO collaboration between the arrival
directions of the most energetic cosmic rays and the spatial distribution of low redshift AGN, which mainly involves apparently
weak AGN. Further statistical analysis and monitoring of AGN samples at very high energies will tackle these still open questions.
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One remarkable case of weak AGN is the Galactic Center. Indeed, TeV emission has been detected from the central region of
our Galaxy, although it is not yet known whether it comes from
the SMBH Sgr A⁄ itself or from the pulsar wind nebula G359.950.04 at 8.7 arcseconds, still inside the spatial error bars of present
IACT, but likely resolvable with CTA. Moreover, an interesting
strategy to fix the position of the VHE emission at the milliarcsecond scale is to look for pair-production VHE eclipses, when stars
orbiting the central SMBH approach the line of sight. Such phenomena can be very well described since trajectories are precisely
known for several stars. Light curves can be predicted and appear
within reach of CTA if the VHE emission zone is really compact
[92]. Any positive detection of such new-type of eclipse in the next
decades would allow to reconstruct for the first time the position
of a VHE source with a tremendous milliarcsecond accuracy.
If CTA concludes that the VHE source in the Galactic Center region is actually associated with the central SMBH Sgr A⁄, one could
then try to extrapolate its characteristics to the galactic nucleus of
other nearby galaxies, such as M31 (Andromeda). Although its distance (770 kpc) is about 100 times larger than that of Sgr A⁄, its nuclear X-ray luminosity (LX " 1036 erg=s [93]) is about 1000 times
higher (LX " 1033 erg=s for Sgr A⁄ [94]). Therefore, crudely assuming LVHE / LX , one can expect a VHE flux from M31 of about 10%
of the one of Sgr A⁄, which would be within reach by CTA. This is
an additional clue for future possibilities of studying weak SMBH
in nearby galaxies.
Transient phenomena may also offer new signatures of SMBH,
like the recent event (Swift J164449.3+573451) discovered by
Swift in X-rays which may reveal a Tidal Disruption Event
[95,96]. Indeed, the tidal disruption of a star by the otherwise ’’dormant’’ SMBH of the compact galaxy hosting this burst may have
activated the formation of a beamed jet. Depending on the synchrotron or Inverse-Compton origin of the X-ray emission, high energy gamma-rays could be produced [97]. VHE instruments should
therefore contribute to constraining such phenomena that are still
basically unexplored, which may bring to light the basic building
block of the accretion-ejection cycle around SMBH.

4. Particle acceleration and emission models
Non uniform velocity fields in collisionless plasmas allow a variety of particle acceleration processes where the density in high energy particles can grow until it affects the flow itself and the
acceleration mechanism. Indeed, most of the VHE sources detected
so far harbor powerful flows, especially AGN which appear as perfect laboratories to study relativistic plasmas under extreme conditions inaccessible to experiments. Fermi acceleration processes of
the 1st and 2nd order in shocks and turbulence, respectively, have
been extensively explored in the literature and are clearly expected
in AGN [98–105], as well as magnetic reconnection phenomena
[106,107], and possibly direct electric fields in gaps or centrifugal
forces around rotating SMBH [89,108–112]. There is a growing
interest especially in relativistic reconnection in recent years since
intermittent reconnection events in sheets or small magnetic islands in jets or in the SMBH vicinity could be recognized as efficient particles accelerators and nicely match AGN non-thermal
emission properties, especially fast VHE variability [113–124]. Together with cosmic ray and neutrino experiments, CTA is among
the most promising projects for detailed studies of these extreme
cosmic accelerators.
VHE observations provide an uncluttered view of the physics by
pointing out only the most extreme phenomena at the highest
energies and by disentangling non-thermal effects from thermal
ones radiating at longer wavelengths. They should help identifying
dominant processes in the global energetics of the source. Powerful
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phenomena inducing VHE emission are potentially the sources of
several other secondary events observed at longer wavelengths,
the explanation of which possibly lies in the primary VHE data.
CTA will therefore offer an invaluable tool for exploring the violent
mechanisms at work in SMBH environment, especially on the jet
physics, including formation, collimation, and propagation as well
as the development of shocks and turbulence along the jet.
Depending on the precise origin of the VHE radiation, which is still
to be settled, CTA data could also constrain properties of the SMBH
and the accretion regime.
As presented in part 2, several scenarios have been proposed to
explain the TeV emission of blazars but none of them is yet fully
self-consistent. In the absence of a definitely convincing global picture, a first goal for CTA will be to constrain model-dependent
parameters in a given scenario. For instance, basic stationary
one-zone SSC scenarios have typically eight main free parameters,
three macroscopic ones for the size, the magnetic field, and the
Doppler factor of the emitting zone, and five others to describe
the microphysics of the emitting particle distribution (density factor, slopes of a broken power-law, maximal individual Lorentz factor, and Lorentz factor at the break). High quality VHE spectra and
detailed simultaneous SED are needed during quiescent as well as
active states to get a similar number of observational constraints
(as frequencies and fluxes at the synchrotron and the inverseCompton peaks, break frequencies, and spectral indices). This will
be achievable thanks to the large spectral range, high sensitivity
and high spectral resolution of CTA, together with the coordination
of multiwavelength campaigns. In such a way, the physics of basic
radiation models will be well constrained by CTA, characterizing
the properties of the particle distribution from its emission at
VHE, which should help to identify the acceleration mechanisms
at work, and decide which part of the models should be corroborated or ruled out.
The second most difficult goal will be to distinguish between the
different remaining options and to firmly identify the dominant
acceleration and radiation mechanisms. Detection of any specific
spectral features, break, cut-off, absorption or additional components which could be radiative signatures of specific acceleration
processes, would be mandatory in this regard. Observations above
several TeV will be an important test for the most popular SSC scenarios which may have difficulties to generate hard enough spectra
because of the limitation due to the Klein-Nishina regime. This could
rule out simple one-zone models by requiring alternate photon
sources from, for example, a structured jet. Such intense research
will benefit from improved performances of current particle-in-cell
(PIC) codes. Probing AGN variability at all time scales, down to the
shortest ones at the few-seconds scale with CTA, will significantly
constrain acceleration and cooling times, instability growth rates,
shocks and turbulence time evolution. Deep analysis of the light
curves should explore all timescales from several years down to several seconds, look for periodic and quasi-periodic behavior, and
characterize the additive or multiplicative processes trying to distinguish macrophysics from microphysics effects at the origin of the
variability. Periodicities of about 10 to 50 min, related to the last stable orbit around SMBH of 107 solar masses, should be reachable with
a good temporal coverage with CTA even during low activity states
(see Section 5). The role of CTA as a time explorer will be decisive
for constraining both radiative phenomena, and global geometry
and dynamics of the AGN engine.
4.1. Testing and constraining leptonic scenarios with CTA
In this section, we illustrate some aspects of leptonic scenarios
that the unique capabilities of CTA should be able to characterize,
confirm or invalidate. Leptonic models assume the emission of relativistic electrons with energy E ¼ cme c2 and individual Lorentz

factors up to about 106 . First order Fermi acceleration processes
in shocks can for instance convert about 10% of the bulk jet kinetic
energy into random energy of fast particles and provide a powerlaw particle energy distribution NðcÞ / c$n required to explain
the observed power-law spectra of blazars, with a synchrotron flux
F syn / m$a , with spectral index a ¼ ðn $ 1Þ=2. These electrons can
up-scatter their own synchrotron photons (SSC) or other externally
produced low-frequency photons (EIC), increasing their energy by
several orders of magnitude and inducing strong VHE radiation.
4.1.1. Peak frequency and emission level correlation in SSC models
A noticeable characteristic of SSC scenarios resides in the correlation which should be found in the evolution of the high energy IC
peak. Indeed, such types of correlation have been already found at
lower energies for the synchrotron bump, as shown for instance by
a detailed analysis of the UV and X-ray spectra of the well-known
BL Lac Mrk 421 [125] which display evidence for a clear correlation
between the position of the synchrotron peak (Epeak ) and the emission level at the peak Epeak / mF 0:77%0:02
. However, such effects repeak
main out of reach for many sources at VHE with current IACT
because their study requires precise monitoring of the spectrum
over a wide range of energies. This is especially difficult in the case
of high energy peaked sources where the IC peak is located close to
the high energy threshold of orbital observatories (e.g. CGRO, Fermi) and low energy threshold of ground based Cherenkov instruments (e.g. H.E.S.S., MAGIC, Veritas).
CTA with its improved low energy threshold and high sensitivity will offer the unique opportunity for detailed investigations of
the IC peak evolution of bright VHE blazars such as Mrk 421, Mrk
501 and PKS 2155-304. Detecting the peak of the VHE bumps
and monitoring its temporal evolution on short timescales for a
small sample of blazars will be a real benchmark to constrain emission models, which can be achieved by CTA. Improved CTA performances, or the hypothetical observation of an exceptionally bright
event, could extend such analysis to the family of radiogalaxies,
which would be a significant advance.
Indeed, high quality data on the evolution of the synchrotron
and IC peaks can drastically constrain SSC modeling. As shown in
Fig. 12, the short timescale evolution of the IC peak during flares
is directly related to the physical origin of the variable event and
can characterize it. In an ‘‘injection & cooling’’ scenario, the evolution of the particle energy spectrum (Nðc; tÞ) can be described by
the kinetic equation

$
"
@Nðc; tÞ @ #!
$
c_ syn þ c_ IC Nðc; tÞ ¼ Qðc; tÞ
@t
@c

ð6Þ

where c_ syn and c_ IC are the synchrotron and IC cooling rates respectively. Here non-radiative losses and escape are neglected. The particle acceleration is a free term, just described by a given injection
rate Q ðc; tÞ. In such a case, the density of high energy particles significantly increases inside the source during the injection phase,
with a quick increase of the observed emission. When the acceleration becomes inefficient and the injection stops, the radiative cooling takes control over the particle energy evolution and reduces the
number of high energy particles. The two processes, ‘‘injection &
cooling’’, can explain observed flares giving characteristic ‘‘1’’ like
shape for the peak evolution, as shown in Fig. 12 (top panel). This
model predicts that the correlation should be different for the rise
and decay of a flare. This can characterize some AGN events, but
not all of them, remembering the case of Mrk 421 where the correlation measured for the synchrotron bump [125] suggests that they
are similar.
In an ‘‘acceleration & cooling’’ scenario, one can assume that the
particles are systematically accelerated inside the source, following
a kinetic equation of the form
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Fig. 13. Simulations of spectra obtained in 15 min by CTA (B array) during the rise
of the flare for the case of the simple change of Doppler factor illustrated in Fig. 12
(bottom panel). This illustrates the decisive importance of having good sensitivity
and spectral resolution over a large range in frequencies, especially at low energies,
in order to allow a good determination of the peak motion during the flare.

Fig. 12. Examples of the IC bump and peak evolution for various time-dependent
SSC scenarios. Spectra during rise (resp., decay) time are shown at different
moments in red (resp., blue) thin lines. The IC peaks of the spectra are connected
with red and blue bold lines which show a shape characteristic of the different
scenarios, namely a ‘‘1’’ like shape characteristic of an ‘‘injection & cooling’’ scenario
(top panel), a ‘‘wing’’ like shape line drawn by the IC peaks for an ‘‘acceleration &
cooling’’ scenario (middle panel) and a ‘‘single line’’ for a scenario with a simple
change of the Doppler factor (bottom panel). The three examples given here
represent typical bright VHE flares expected from nearby TeV BL Lac sources. The
middle panel specifically reproduces the rise and decay of a Mrk 501 flare [127]
while the bottom one describes an active event of Mrk 421 over a few hours [18].
Bold black lines show the CTA sensitivity curve for 15 min of integration time with
the B array. Only the high sensitivity of CTA provides temporal resolution good
enough to follow such fast sub-hour evolution. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

#
$
"
@Nðc; tÞ @ !
@Nðc; tÞ
¼ 0;
þ
Aðc; tÞ $ ðc_ syn þ c_ IC Þ Nðc; tÞ þ Dðc; tÞ
@t
@c
@c

ð7Þ

where two additional terms describe acceleration ðAðc; tÞÞ and stochastic diffusion ðDðc; tÞÞ in the energy domain [126]. The maxi-

mum energy particles can reach depends on the efficiency of
acceleration versus radiative cooling and on the duration of the
acceleration process. When acceleration becomes inefficient, cooling starts reducing the particle’s energy. The evolution of the particle energy spectrum then draws a ‘‘wing’’ like shape for the IC peak
path, as shown in Fig. 12 (middle panel). In this case as well the correlation should be different for the rise and the decay, except for a
fine tuning of the parameters.
In the alternative case where the variable event is simply due to
a change of the source Doppler factor, and not to the evolution of
the particle energy distribution, the same peak correlation occurs
for the rise and decay of a flare, as shown in Fig. 12 (bottom panel).
Such scenario can be relevant when the emitting zone travels on
slightly curved trajectory and its apparent Doppler factor d significantly varies for different values of the viewing angle h. Since the
observed flux is proportional to a high power of the Doppler factor
a small change of h (e.g., from 5 to 3!) induces a significant increase
of the observed emission [128]. Current available data do not constrain well the evolution of the VHE bump since the IC peak cannot
be monitored yet, being below the threshold of current IACT and
difficult to measure on short time scale by Fermi. As clearly shown
in Fig. 13, the performances aimed with CTA should allow for the
first time to follow these behaviors.
4.1.2. TeV and X-ray emission correlation
One strong piece of evidence in favor of SSC models is the correlation often found between the evolution of X-ray and the VHE
flares. This is not necessarily the case for EIC scenarios where there
may be a competition between the two types of radiative losses,
synchrotron and external Inverse-Compton, which can even result
in an anticorrelated behavior. However some hadronic models,
such as the synchro-proton scenario where protons and electrons
are simultaneously accelerated, can also explain such a correlation,
though this deserves a more detailed investigation.
This correlation is not universal, as definite orphan VHE flares
have been observed, with no X-ray counterpart (and conversely).
Light curves in X-rays and gamma-rays can sometimes look very
different, as shown for instance by Fermi for 3C279 [129]. In this
source, comptonization of external radiation from the dusty torus
and the broad line region should be taken into account for the generation of gamma-rays, and X-rays seem to have a different origin
than in HBL, the steady X-ray emission being possibly an inverse
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Compton component corresponding to a synchrotron bump peaking in the mm/sub-mm range. Intensive and long term coordinated
monitoring in VHE and lower frequencies should throw more light
on these questions, studying the variation of the SED as a function
of source activity [130]. Pursuing X-ray campaigns will be essential
in this regard, and will contribute to the characterization of the
emitting particle distribution.
4.1.3. Hard intrinsic spectra
Despite the present uncertainties on the EBL values, some AGN
observations suggest that intrinsic TeV spectra could be unexpectedly hard, with intrinsic energy spectral index aem equal to 0.5 or
even smaller for mid or high levels of the EBL [131].
For instance, the observations of 1ES 1101-232 made by H.E.S.S.
show a TeV spectrum that can be approximated by a power-law
function with spectral index aobs ¼ 1:88 " 0:17. The emission of
this distant (z ¼ 0:186) source is absorbed by the EBL and current
uncertainties on the EBL flux level and spectrum [132–134] introduce some difficulties in defining how hard the intrinsic spectrum
is. However, in the case of 1101-232, it tends to be very hard, with
intrinsic spectral index a # 0:5 when corrected for low EBL levels,
and higher than 0.5 if the true EBL was significantly higher than its
strict lower limit derived from galaxy count [131,135]. Such hard
intrinsic spectra could be also expected in a number of extreme
blazars like 1ES 0229+200 and 1ES 0414+009 [19,136].
At a first glance, it seems difficult to generate such hard spectra
within simple SSC models and standard particle acceleration models. Then, the IC scattering that gives the TeV emission usually occurs in the Klein–Nishina regime and the efficiency of the
scattering decreases very quickly with increasing electron and
photon energies, resulting in a soft intrinsic spectrum with
aem 6 1).
A simple solution to this problem is to assume a sharp low energy cut-off in the particle energy spectrum [137]. If the minimum
energy of the particles is high enough (Emin ¼ cmin me c2 ; cmin J 105 )
then the intrinsic spectrum can be hard with spectral index
aem P $1=3. This limiting value of the spectral index comes from
the fact that the particles are scattering ‘tail’ photons of the synchrotron emission. In such approach the value of aem depends on
the cmin value and can extend from $1/3 up to 1. Moreover, the scenario predicts an abrupt break in the spectrum at energies of several TeVs. Therefore, it should be easy to test it, using CTA to obtain
large band spectra from the GeV range up to a few tens of TeVs.
Various ways to generate such specific particle distributions and
hard VHE spectra are presented in [39]. Such investigation aims
to find a simple and robust description for the VHE emission of
the TeV blazars, to be able to predict their intrinsic spectra, to relate them to the AGN characteristics, and to better constrain intervening media.
4.1.4. Time delay in TeV light curves
Detailed observations of the rapid activity of Mrk 501 conducted by the MAGIC telescope on July 9th, 2005 [138] show delays between the light curves obtained in different energy ranges.
In particular a several minutes delay was seen between the light
curve obtained in the range 150–250 GeV and the one in the range
1.2–10 TeV. A natural explanation for such delay is an on-going
particle acceleration process just caught at the time of the observation, as proposed by [139,140]. Quantum nature of the gravity is an
alternative possibility [141]. Such type of delays deserves precise
investigation [142–144] and more advanced data, especially the
spectral shape evolution is crucial to confirm or reject the acceleration scenario. This will be possible only with CTA, with sensitivity
good enough to provide high quality spectra of such rapid flaring
events.

4.2. Hadronic and lepto-hadronic models
Observational evidence and theoretical considerations on the
energetics of AGN [145–147] suggest that AGN jets can contain a
non-negligible fraction of hadrons which can constitute an important fraction of the particle content. The characteristics of these hadrons, e.g., their energy spectrum and number density, are
however not known and it is not yet clear if they contribute significantly to the radiative emission.
Hadronic emission models explore scenarios where radiative
processes involving relativistic hadrons contribute to the high energy emission from AGN. These scenarios provide a direct connection between the detectable gamma-ray emission and the (as of yet
undetected) emission of neutrinos and ultra-high energy cosmic
rays (UHECRs) from AGN. Despite difficulties of establishing a firm
link with the arrival direction of UHECRs, AGN remain one of the
few candidate sources for these particles, and the nearby radio-galaxy Centaurus A is still considered a potential source for several
UHECR detected with the PAO [148]. Current and future neutrino
telescopes, such as IceCube and KM3NeT, might detect very energetic neutrinos from certain classes of AGN, which would provide
firm evidence that hadronic processes take place in these objects.
The higher temporal and energy resolution of CTA and its improved
sensitivity will help investigate such scenarios.
4.2.1. Hadronic emission scenarios
Different hadronic models have been developed to describe the
SEDs of different types of blazars and radiogalaxies. They usually
require magnetic fields of the order of 10–100 G, much higher than
in the leptonic description. The Synchrotron Proton Blazar (SPB)
model [149–151] ascribes the VHE emission in HBLs mainly to synchrotron emission from ultra-relativistic protons, pions and
muons, while the X-ray emission is dominated by electron synchrotron photons. The ‘‘Proton Induced Cascade’’ models
[152,153], in which photo-meson (mainly pion) production by ultra-relativistic protons with the internal radiation field in the
source dominates the VHE peak, are better adapted to describe
the SEDs of LBLs than that of HBLs. In FSRQs, photo-meson production on external photons from the disk, the BLR and the dust torus
adds to the other hadronic emission processes [154].
A general problem for hadronic models is that short-term variability appears more difficult to account for in hadronic than in
leptonic scenarios given the anticipated longer time scale for the
interaction processes. However, if the variability is originated by
changes in the viewing angle of the jet, the effect due to the variation of the bulk Doppler factor is the same for any process taking
place in the jet’s frame [155,156]. They need also some elaborated
solutions to explain the TeV and X-ray emission correlation, which
is not expected in the simple case of co-acceleration of electrons
and protons in the same region. Indeed, alternative scenarios have
been proposed that might be able to account for rapid variability
and correlated flares [157–160,150,151,161,162]. One recent
example [163] in which AGN jets interact with gas envelopes from
red giant stars and emit proton synchrotron radiation can even explain the very rapid variability seen during the big flare of PKS
2155-304 in 2006.
4.2.2. Testing hadronic scenarios with CTA
Although it is not obvious to find a clear detectable signature
that would allow the unambiguous distinction between leptonic
and hadronic models, the highly improved information from CTA
on the SED and its evolution, together with multiwavelength and
multi-messenger data from other instruments, will help constrain
model parameters and reject certain scenarios. An interesting target for such studies would be sources with significant internal or
external photon fields, such as LBLs or FSRQs, in which photo-me-
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energy bump. Such ‘‘lepto-hadronic’’ models can exhibit detectable
spectral features in the high energy and VHE range as a result of
the combination of different components. An illustrative example
is shown in Fig. 14 (bottom panel). These different components
would also be expected to exhibit different temporal behavior that
one could hope to resolve with the high timing capabilities of CTA.
For all these studies, simultaneous multiwavelength coverage is
needed to assess the electron population in the source from observations of the synchrotron bump. With this information, the existence of an additional hadronic component can be evaluated
from an investigation of the VHE emission with CTA.
4.3. Studying spectral features
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Fig. 14. Reproducing SED with hadronic and lepto-hadronic models. Upper panel:
The SED of the FSRQ 3C 279 compared to a hadronic model with several individual
radiation components, namely proton synchrotron and cascade (dashed), muonsynchrotron and cascade (triple-dot-dashed), cascade from neutral pions (dotted),
and cascade from charged pions (dot-dashed), from (see also [164]). Bottom panel:
The SED of the HBL PKS 2155-304 as seen during the multiwavelength campaign of
2008 [30], compared to a leptonic model (red line and dotted green lines for the
synchrotron and SSC components). An additional component from proton-induced
cascades is shown in magenta (dashed dotted lines) [165]. High sensitivity and
spectral resolution are needed to look for signatures of the various hadronic
components with CTA. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

son production and cascading play an important role in hadronic
scenarios. Fig. 14 (upper panel) shows one scenario, where cascades lead to a hardening of the SED at the highest energies, which
will be clearly detectable with the better energy coverage and sensitivity of CTA. The search for spectral variability could provide another piece of information for the existence of cascading.
Photo-meson production in internal or external photon fields
would lead to a characteristic cutoff energy of the proton spectrum,
depending on the photon field density. This cutoff could be inferred
from observations of the proton-synchrotron emission. Given the
large number of sources accessible to CTA, it would be possible to
study a relation between the cutoff energy and the blazar class, thus
probing the blazar sequence within the hadronic framework. A refined understanding of the EBL, which could also induce features at
the high energy end of the VHE spectrum, will be required and
should be developed in parallel with the studies proposed here.
Apart from the two extreme cases, where the emission in the
high energy bump stems either from the leptonic or from the hadronic population, one can also investigate mixed scenarios, in
which both leptonic and hadronic processes contribute to the high

In a few cases, VHE spectra are already known to deviate from a
pure power-law. This is better seen for bright sources during active
states. Spectral break and curvature have been detected in the SEDs
of Mkn 421, Mkn 501 and PKS 2155-304 [166–168]. The origin of
such spectral features is not yet well identified and will require
high quality spectra obtained with CTA. They could be the signature of different phenomena such as a cut-off due to the maximal
Lorentz factor cmax of the population of emitting particles, to the
Klein-Nishina regime, or to some absorption effects. The detection
of additional bumps in the SED could provide evidence for the
presence of some hadronic component (see Fig. 14).
Indeed, recent observations by the Fermi Gamma-ray Space Telescope (Fermi) Large Area Telescope (LAT) revealed that the spectra
of bright blazars cannot be described by a simple power law model
[169,170]. A much better description is obtained with a broken
power law, with break energies of a few GeV. In the brightest
GeV blazars, the photon statistics allows spectral variations at different flux levels to be studied. In spite of obvious spectral changes,
the break energy in some sources like 3C454.3 turned out to be
surprisingly stable [171–173]. These breaks can be produced by
absorption of the GeV photons by the photon-photon (cc) pair production on the He II and H I Lyman recombination continua (LyC)
from the BLR [174] (Fig. 15). The spectral breaks are expected at
the energies 261 GeV=ðELyC ðeVÞ½1 þ z%Þ, i.e. at about 5=ð1 þ zÞ and
19=ð1 þ zÞ GeV. It has been argued that a relatively high opacity
in the He II LyC observed in a number of bright blazars implies
the location of the c-ray emitting region within the highly ionized
inner part of the BLR [174]. The absorption internal to the BLR thus
complicates the determination of the intrinsic spectral shape of the
bright blazars. The broad-band coverage provided by Fermi and
CTA will be crucial for such a study.
Photoionization models of the BLR predict also other strong
lines, with Balmer lines (Ha, Hb) and Paschen a being the strongest. These lines can produce absorption breaks at 100–
150=ð1 þ zÞ and 400=ð1 þ zÞ GeV, respectively [175], i.e. within
the CTA range. Thus with a spectral resolution of about 10%, the
breaks can easily be detected. The detailed fitting of the broadband spectra including internal absorption within the BLR will give
information on the column density of various soft photon sources
that produce absorption in a given gamma-ray band. Thus, CTA will
be able to map the BLR structure and to locate the gamma-ray
emitting region with a higher precision than was possible up to
now. Highly active states should provide the opportunity to obtain
significant detections of such spectral features. Such type of studies
will clearly be very sensitive to the low energy threshold of CTA.
5. The origin of variability
5.1. Timing capabilities of CTA
Blazars are usually detected in the gamma-ray band when in a
high state, though the sensitivity of current IACT has recently al-
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Fig. 15. Top: Spectral energy distribution of a few blazars as observed with Fermi/
LAT during the first 6 months of its operation. The best-fit broken power law and a
power law with the double-absorber models are shown by the dashed and solid
lines, respectively. Bottom: Spectral energy distribution of 3C 454.3 at low and high
fluxes as well as averaged over the whole observation period of 2.5 years. The solid
curves show the best-fit lognormal model with absorption by He II and H Ly
recombination continua. The dotted curves show the unabsorbed lognormal
distributions.

lowed the community to start probing the quiescent state of some
of the strongest VHE sources [168]. The high states of these objects
are dominated by strong and burst-like flaring episodes that are
characterized by short, aperiodic variability events possibly dictated by the fast cooling times of the !10 TeV electrons thought
responsible for the VHE emission. The detection and detailed studies of these short transient events is important to put constraints
on the physics of the emission process and the astrophysics of
AGN jets and is one of the key science cases for CTA.
Its huge effective area (105 to 107 m2, much larger than the m2
effective areas reachable by space experiments) makes CTA an

ideal instrument for the study of timing properties of blazars.
Detections of fast variability of the VHE emission from some AGN
indicate that their emission region is extremely compact. Such a
compact emission region would most naturally occur close to the
SMBH, in the blazar central engine. Then timing properties of the
AGN flares encode valuable information about the properties of
the black holes and their immediate surroundings. However fast
variability could also indicate that there are very compact substructures within the jet. Current generation instruments are able
to detect variability on the scales of several minutes in the case
of the brightest blazar flares. Detecting characteristic temporal features with CTA, such as minimal variability times, or periodic or
quasiperiodic events, could provide definite answers to the question of the size and possible location of the VHE emission region
(active zone in extended or VLBI jets, base of the jet, or central engine magnetosphere) and stringent information on Doppler factors,
physical emission mechanisms, particle acceleration, cooling and
escape times, as well as on the intrinsic time scale of the central
SMBH.
Variability time scales of AGN time series provide direct constraints on the c-ray emitting zone. Short rise/decay times of an
observed burst set an upper limit on the minimum variability
time of the source, constraining by causality its size and Doppler
factor. Complementary to variability studies in the temporal domain, one can derive the Fourier properties of a time series e.g.,
from Power Spectral Density (PSD) in a given frequency range,
set by the observation live time and the sampling frequency of
the lightcurve. Such analyses characterize the stochastic mechanism generating the flux modulation. These studies, inspired by
the X-ray domain [176], are now feasible in the TeV range for a
handful of dramatic outbursts, such as the exceptional flares of
the blazar PKS 2155-304 seen by H.E.S.S. in July 2006 [2] which
produced the fastest and highest fluence flares ever observed in
the VHE range from an AGN, and can thus serve as a proxy to
study what are the limiting variability scales that CTA is likely
to be able to probe from these kinds of objects. Nonetheless,
the lack of sensitivity and limited field of view of the current generation of IACT are responsible for their scarcity. The next generation, represented by CTA, will allow for faster sampling of the
lightcurves and for the generalization of studies in both Fourier
and temporal spaces. The expansion of this field will be enabled
by the increased sensitivity and the lower energy threshold that
CTA will afford (e.g. !200 GeV for H.E.S.S. compared to 50 GeV
for CTA). Hereafter we illustrate the consequences of these increased capabilities by simulating PKS 2155-304 flares as possibly
monitored with CTA.
The lowering of the energy threshold will indeed allow one to
monitor the source between 50 GeV and 200 GeV, whose flux is
modeled here using the spectral energy density derived during
the 2008 multiwavelength campaign on PKS 2155-304 [30,177].
The increased energy coverage, combined with the large simulated
effective area3 [15,178], will allow CTA to significantly detect the
source within a shorter duration than any current IACT, hence
extending the high frequency part of the PSD. The low frequency part
of the PKS 2155"304 spectrum during the high state is well described by a power law of index 2 [168,179]. Additional variance
in the lightcurve beyond the reach of H.E.S.S. is derived from the
Timmer and König method [180], assuming the PSD extends to higher frequencies with the same index. Finally, the binning of the simulated CTA lightcurve is performed assuming an average significance
that equals the one of the monitored H.E.S.S. lightcurve.

3
The final results are barely dependent on the configuration used, yielding an
uncertainty on the final temporal binning of around 5%.
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Fig. 16. Simulated integral flux of PKS 2155-304 above 50 GeV as CTA would monitor it. This simulation relies on an extension of the red noise behavior to high frequencies,
generating the short time scale structures (second and fourth peaks). The data are binned in 7.5 s intervals.

One specific CTA lightcurve realization is shown in Fig. 16. Provided the red noise behavior extends to higher frequencies, additional substructures which could not have been resolved by
H.E.S.S. are revealed by the peak finding and fitting procedure. During such an event, the shortest significant rise time accessible to
CTA would be sr ¼ 25 " 4 s (second peak on Fig. 16), which is
approximately seven times smaller than sr H:E:S:S: ¼ 173 " 28 s. Such
an upper limit on the smallest variability time scale constrains the
ratio of the size of the emission region over the Doppler factor to
Rd#1 6 csr =ð1 þ ZÞ ' 6:7 ( 1011 cm, implying e.g. an emission region smaller than 1 AU for a Doppler factor of 20, an unusual value
in the current acceleration models used for AGN. The detection of
such short time scale events would be a real challenge for jet formation models.
This first example illustrates the great CTA timing capabilities
which could detect events almost ten times shorter than the shortest ones detected by current IACT. This temporal resolution, below
the minute time scale under exceptional circumstances, could impose severe constraints on acceleration mechanisms and raise the
question of the maximal Fourier frequency accessible to very high
energy sources. However, such events are relatively rare and will
require long term monitoring of large samples of AGN and the triggering of observations under alarm to be efficiently detected. Below we present a more general statistical study which aims at
assessing the typical gain in terms of temporal resolution of flaring
events that CTA could monitor.
To perform this statistical study, we chose to adopt unbinned,
non-parametric methods, in order to take into account all the
available timing information present in the light-curves and allow
to probe for short variability events in a model-independent way.
We generated a family of light-curves [180], with an empirical
PSD index b ' 2, which are independent realizations of the process
describing the H.E.S.S. observations of 2006. A second group of
light-curves was also generated, extending the PSD to the higher
frequencies which would be accessible by CTA, as described in
our first example. These unbinned sequences of time-tagged
events were further analyzed for variability using the Bayesian
Blocks algorithm [181–183], which aim at finding the best partition of a sequence of events in a non-parametric fashion. The optimization of the Bayesian priors of the analysis is described in
Appendix B.
Two groups of 1,000 light-curves were derived for H.E.S.S. and
for the CTA extrapolation. Observe that the power law describing
the PSD being essentially the same for both groups, the only difference between the two data sets is the sampling provided by the
instrument. The distribution of flare doubling times sd for both

Fig. 17. Kernel density estimates for the distributions of the sizes of variability
features detected from the H.E.S.S. and CTA simulated light-curve samples. The
most probable typical flare size as seen with CTA, of the order of 100 s, is
approximately 1r from the typical values of 5 min observed today.

samples is shown in Fig. 17. Many of the light-curve features not
resolved in the H.E.S.S. sample can be separated in different events
with the CTA resolution, shifting the peak of the distribution towards shorter duration events and thus revealing additional information about the timing structure of the source which was
previously unnoticed. In particular, the most probable flare sd derived for H.E.S.S. is of the order of 5 min, a typical value for the
H.E.S.S. light-curve of PKS 2155-304 in 2006. With CTA, this value
is expected to shift to 100 s, a factor of 3 shorter than H.E.S.S.
The probability of occurrence and detection of a given ultra-fast
flare as presented in the beginning of this section can be assessed
by comparing the cumulative distribution of the flare durations as
derived from our MC simulations (Fig. 18). If short events are present in PKS 2155-like light-curves, these will be better sampled by
CTA, up to the high resolution limit of the instrument. In the PKS
2155-304 light-curve as seen by H.E.S.S. in 2006 [2], the shortest
variability event was of 173 s, which from simulations has an estimated probability of occurrence and detection by an instrument
like H.E.S.S. of '13% (a rare event). With the improved capabilities

232

H. Sol et al. / Astroparticle Physics 43 (2013) 215–240

Fig. 18. Cumulative function of the same distributions shown in Fig. 17 (see text).

of CTA, such an event will be rather usual, with a probability of
!40%. The shortest burst shown in Fig. 16 as simulated for CTA,
could not be detected by H.E.S.S. due to the limitations in sensitivity of the instrument. CTA, though, will be capable of seeing such a
25 s event if it is expected to be a rather rare occurrence, with
probability below 10%.
To conclude, the advanced timing performance of CTA will allow to sample AGN light curves up to timescales significantly
shorter than the ones achievable by the current generation of
instruments, with the potential to probe variability well below
the minute-scale for exceptional outbursts. The statistical study
of typical simulated AGN light-curves shows that CTA will detect
routinely many more variable events than current IACT, as a direct
consequence of the better sensitivity, which will allow to resolve
previously unnoticed short-time variability features. Typical flares
duration are expected to be about 3 times shorter than those of the
current generation, reflecting better the intrinsic structure of the
sources. One can anticipate that such improvements in the timing
analysis capabilities with the next generation of IACT observatories
will be of great relevance for the study of AGN jet physics, bringing
us closer to the fundamental limit of these variability timescales
and to an understanding of the physical processes ultimately governing them.

5.2. Multiwavelength and multi-messenger campaigns: monitoring
and targets of opportunity (ToO)
Given the complex variability properties of AGN, the flexibility
of the CTA Observatory will be extremely useful. Long term correlated multiwavelength monitoring programs of a well-defined
sample of AGN will be a necessity for several reasons, first to
characterize quiescent and low-activity states and to estimate
their VHE duty cycle, and also to send alarms for ToO during specific events (bright flares, rare events seen at lower energies or
with other messengers, and also particularly low-activity states
for instance in the optical range, which should be a good time
to determine redshifts of remote BL Lac objects when spectral
features from the host galaxy can be better detected above a
low non-thermal optical continuum). The possibility to observe
with CTA sub-arrays will be mandatory for such observing programs [184].

Characterizing the VHE variability properties themselves should
help identifying the mechanisms at the origin of the temporal evolution, and to distinguish between features induced by specific
bursts from those essentially due to a noise process. Multiwavelength monitoring should also contribute to identify the various
emission zones, to see whether they can be co-spatial or not, to locate them relatively to the others. This has been recently illustrated [185,186], combining the GeV gamma-ray lightcurves from
Fermi satellite with X-ray, optical and VLBA monitoring data. With
current generation instruments the VHE gamma-ray long term
monitoring is possible only for handful of brightest AGN. With
the CTA instead we should be able to clarify whether the VHE variability is dominated by the jet physics, with development of
shocks and turbulence in the jet itself, or if the origin of the variability primarily lies in the accretion flow and the immediate vicinity of the central black hole, and to disentangle variability due to
the global dynamics of the engine from variability induced by radiative processes (see Section 4) studying the variation of the SED as
a function of source activity. As an example, the binary black hole
system OJ 287 could be a unique laboratory in this regard, thanks
to the regular modulation of its parameters due to the orbital motion, which allows to observe the system, complex but rather well
constrained, in different conditions over years [187]. Long timescale observations in X-rays and multiwavelength succeeded to answer such questions in the case of Seyfert galaxies [188].
Establishing for instance the relationship between the RMS variability and fluxes, they ruled out simple noise models and showed
the presence of non-linear variability, possibly driven by fluctuation in the accretion flow inducing a multiplicative process [189].
Multiplicative processes have recently be suspected in VHE blazars,
as shown by temporal analyzes of the big flare of PKS 2155-304
[168]. Variability studies of TeV AGN are still in their infancy, with
variability characteristics still poorly determined and difficult to
interpret [190]. As shown above, CTA will open an avenue to deep
time analysis at VHE.
Generally speaking, AGN being very broad-band emitters over
the whole electromagnetic spectrum, very promising synergies
can be anticipated with most space and ground-based large infrastructures of the domain such as LOFAR, SKA, GAIA, JWST, and ELT.
Based on the results obtained so far by the MOJAVE project and
similar VLBI searches [191–194], one might expect that regular
VLBI mapping at radio frequencies, coordinated with VHE campaigns, will significantly constrain the global picture of the AGN
central core at the sub-pc scale, linking the mechanism of jet formation, the ejection of radio knots, the growth of shocks and turbulence together with the localization, geometry and dynamics
of the VHE emitting zones. It should also solve the persistent paradox of non-detection of superluminal velocities in the VLBI maps
of VHE blazars while extremely large bulk Lorentz factors are
needed for explaining the fluxes and variability [195]. In the optical
range, monitoring of the photometric and polarized continuum
fluxes, and weak spectral lines from the broad line regions (if
any), will allow to analyze the unclear link between VHE and optical active states, to test the relative importance of EC contribution
in the blazar sequence and especially FSRQ, and to make the connection between accretion events and VHE phenomena. Simultaneous data in the X-ray and soft gamma-ray ranges will be
essential to constrain the SED and the whole picture (see Section 4).
In particular, having an important time overlap between Fermi,
X-ray satellites and CTA operations would be extremely rewarding.
This should be considered when planning future high-energy
satellites.
The observational study of the compact and fast-varying AGN
and possible cataclysmic events related to SMBH physics will
clearly benefit from an efficient alert system within a global network. Operating CTA under alerts will be an important strategy
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to catch specific AGN behaviors. This procedure is already followed
with success by present IACT. Alerts from optical monitoring, Xrays and gamma-rays have led to several discoveries and should
be pursued and extended, especially to wide-field instruments like
HAWC and LHAASO. Thanks to its long lifetime, CTA will also allow
to search for remarkable electromagnetic counterparts of sources
of non-photonic messengers detected by large experiments as ultra
high energy cosmic rays with the PAO and the Telescope Array,
neutrinos with IceCube and Km3Net and gravitational waves from
SMBH with LISA [196–200]. One can anticipate a great scientific return both in astrophysics and in fundamental physics from any discovery of this kind. The common occurrence of VHE gamma-rays
and high energy cosmic rays and neutrinos is already studied in
the literature (see Section 4.2), while the possible link between
VHE gamma-rays and gravitational waves still deserves further
analysis. Non-thermal electromagnetic counterparts are expected
from black hole merger (see [199] and references therein) and
any coalescence event detected by LISA would be a compulsory
ToO for CTA. Predictions based on the statistics of binary massive
black holes estimate a possible rate of one major coalescence event
every 5 years and hundreds of weaker events per year. However a
better knowledge of the electromagnetic signal expected from such
phenomena is still needed before quantifying the probability of
serendipitous detection of coalescence events by CTA prior to LISA
operations.
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to the microstructure of space–time. Tight constraints on relativity
violations could be obtained while looking for a frequency-dependent velocity of gamma-rays due to vacuum dispersion (see the paper on Fundamental Physics, this issue). If present, such effects
induce a possibly detectable time delay between arrival times of
VHE flares seen at different energies [202–206]. They also modify
the threshold condition for interaction of VHE particles with the
EBL. Recent analysis of current IACT data did not allow any firm conclusion on this issue [138,141,205,206]. Such investigation would
deeply benefit from the advent of VHE detectors with higher level
capabilities. However any time lags possibly detected by temporal
analysis of light curves will remain difficult to interpret, since it requires a good understanding of the source itself to disentangle any
signature of vacuum dispersion along the line of sight from intrinsic
time delays due to particle acceleration, emission and radiation
transfer in the AGN [139,140]. Long term monitoring of a large sample of variable targets at various redshifts and collection of high
quality light curves and spectra during ToO bright flares should be
scheduled probably as a key-programme, to optimize the probability of such time delay detection. Such type of multipurpose programme will be very rewarding in term of scientific return versus
observing time since the same set of data can address many different
issues (AGN physics, EBL, fundamental physics . . .).

6.2. Pair halos, pair echos and intergalactic magnetic fields
6. Probing the intergalactic medium and backgrounds
6.1. AGN as beacons of gamma-rays
Beyond the studies of intrinsic AGN properties, monitoring of a
large sample of AGN at different redshifts will provide constraints
on cosmic background radiation, some cosmological matters, and
fundamental physics of space–time. Indeed, many observing programs related to AGN will have to be thought of as large key projects with multiple aims, pursuing different scientific goals
although requiring almost exactly the same type of data.
Photons from AGN with sufficiently high energies can pair-produce with photons from the infrared, optical and/or ultraviolet EBL
in processes of the type cTeV þ cIR=O=UV ! eþ e" [27,28]. The IR/optical/UV EBL results from direct and reprocessed stellar (and AGN)
emission at all redshifts. In the early Universe, decays of exotic particles or Population III stars may have made substantial contributions to the EBL. The fact that the EBL contains calorimetric
information about the entire history of IR-UV emission in the Universe makes it an extremely interesting phenomenon for detailed
studies. Although extragalactic pair-production processes reduce
the visibility of high-redshift objects, studying the resultant attenuation features as a function of photon energy and redshift opens
up exciting possibilities to determine the evolving intensity and
spectrum of the IR-UV EBL, and in turn the cosmic history of star
and galaxy formation in the Universe [201]. This alternative approach is complementary to direct measurements of the EBL, for
which a major uncertainty is the subtraction of intense foreground
components due to the zodiacal light. Measuring the EBL with
gamma-ray absorption can circumvent this problem, and moreover can probe its time evolution through observations of sources
at different redshifts. High quality spectra up to 100 TeV and analysis of spectral features such as cut-off and absorption features at
extreme VHE will be mandatory in this regard. Identifying the stationary spectral pattern from variable features should help to disentangle EBL effects from intrinsic phenomena in the compact
sources (see article on EBL, this issue).
Monitoring of flaring AGN should also allow to check the Lorentz
invariance and to put various limits on models of quantum gravity
as VHE gamma-rays with very short wavelengths become sensitive

High-energy gamma-rays from AGN offer a unique potential to
probe weak intergalactic magnetic fields (IGMF), which represent a
long standing question of astrophysics, astroparticle physics and
cosmology. There are various ways in which weak ubiquitous magnetic fields may have been generated in the early Universe. Such
cosmological magnetic fields are potentially important for the
description of the primordial universe, and could be the ultimate
origin of the magnetic fields seen today in galaxies and clusters
of galaxies by serving as the seed fields for subsequent amplification by galactic dynamo mechanisms [207–209]. In some regions
such as intergalactic voids, they may have survived to the present
day as IGMF without being affected by later magnetization from
astrophysical sources [210], and therefore may provide us with
valuable information about physical processes in the early Universe. So far, various mechanisms have been proposed for the generation of such cosmological magnetic fields, including different
types of cosmological phase transitions [208,209] or processes related to cosmic reionization [211,212], with predicted field amplitudes in the range B # 10"25 " 10"15 G. While they may suffice as
seeds for galactic dynamos, such tiny magnetic fields are extremely
difficult to put in evidence through conventional methods such as
Faraday rotation measurements or by their effect on cosmic microwave background anisotropies.
A very powerful probe of such weak IGMF may be offered by the
secondary GeV–TeV components accompanying the primary TeV
emission of blazars, which result from IC emission by e" eþ pairs
produced via intergalactic cc interactions among primary TeV
and EBL photons. Depending on the IGMF value, such secondary
components may be observable either as ‘‘pair echos’’ that arrive
with a time delay relative to the primary emission [213–
215,225], or as extended emission with a spatial extension around
the primary source [216–218]. The properties of the extended
emission depend on the IGMF strength. Strong enough IGMF leads
to full isotropization of the cascade emission and formation of a
physical ‘‘pair halo’’ around the primary gamma-ray source
[216],4 while weak magnetic field leads to appearance of an ex4
For an isotropic pair halo to form, there must be a relatively high magnetic field
(B P 10"12 G) within # 10 Mpc of the source to facilitate isotropic emission.
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tended emission with IGMF dependent size, which emission benefits
from Doppler boosting.
There have been no clear observational indications for either
pair echo or halo emission so far, and deriving lower bounds to
IGMF strengths from upper limits to such components obtained
by GeV–TeV observations of selected blazars appears very promising and still a matter of debate [219–225]. Existing limits rely on a
combination of data obtained with different types of telescopes in
the GeV and TeV bands. CTA will have the great advantage of being
able to cover all the relevant energy range, from 10 GeV up to
10 TeV, within one observational facility. Improving the time coverage to better determine the GeV and TeV light-curves with Fermi
and hopefully future GeV gamma-ray satellites, together with a
global network of IACT including the two sites of CTA, would significantly benefit to this issue.
The positive detection of the pair echo or extended emission
components would provide highly valuable information on the
IGMF, a goal that is expected to be achievable with CTA. Pair echos
could be detected in the case of very tiny IGMF (6 10!16 G), and extended emission for higher IGMF values. CTA will conduct detailed
measurements of spectral variability with higher sensitivity and
time resolution over a wider energy band compared to current
gamma-ray telescopes, potentially allowing us to disentangle and
positively identify the echo component from the primary emission,
and thereby probing very weak IGMF in the range B 6 10!16 G, totally out of reach with other means of investigation.
A fruitful synergy with wide-field instruments such as HAWC or
LHAASO can be expected in the CTA era, since regular, long-term
coverage of the multi-TeV emission of blazars by such facilities
should greatly improve our knowledge of their TeV activity on
timescales of years to decades, giving us a much better handle on
the light curve of the primary emission as input for more reliable
predictions of the pair echo and extended emission properties.
The prediction of the level of the cascade emission will be greatly
improved also with the detailed measurements of the blazar spectra in the 10 TeV band with CTA itself, which will give the details of
absorption of the primary gamma-rays in the intergalactic
medium.
If IGMF strengths are in a stronger range, B " 10!16 ! 10!12 G,
the spatially-extended emission may be detectable and resolvable
by CTA by virtue of its high sensitivity and angular resolution (see
Fig. 19), in which case one would probe not only IGMF but also the
lifetime of TeV activity for the source. High signal-to-noise detections of pair halos around nearby blazars (z " 0:1 ! 0:2) would allow us to study the energy-dependent radial profile and thereby
deduce unique information on the IGMF and on the EBL [226].
If the IGMF is B P 10!12 G and strong enough to effectively isotropize the secondary pairs, the detection of isotropic pair halos
from distant AGNs should be feasible [216,228]. Fig. 20 shows
the expected sizes of such isotropic pair halos as a function of redshift, generated by 10 TeV primary photons giving rise to
"100 GeV secondary photons, and using the EBL model of Franceschini et al. [41]. Even though the properties of such isotropic halos
no longer depend explicitly on the IGMF, observation of their isotropic nature would still provide indicative lower bounds on its value, allow to check the self-consistency of our EBL description, and
also give important information on the high-energy spectrum and
beaming angle of the primary emission.
Although the halos are very large for redshifts z < 0:5, a halo
with a radius <1! at z > 0:5 would fit into the field of view of
CTA telescopes and would allow for reliable background subtraction. If one assumes that the source has a constant mF m -flux from
100 GeV to 10 TeV, a simple estimate shows that the halo fluxes
are below a couple of percent compared to the primary 100 GeV
emission. The halo fluxes would be much larger if the photon index
at the source was much harder than C ¼ 2. This is to be compared

Fig. 19. The arrival directions of the primary and secondary gamma-rays (circles)
from a source at a distance D = 120 Mpc. The IGMF strength is 10!14 G (upper
panel) and 10!15 G (lower panel). The sizes of the circles representing each photon
are proportional to the photon energies. The AGN intrinsic gamma-ray spectrum is
typically described as dN=dE " E!2 expð!E=Ecut Þ with the cutoff energy
Ecut " 300 TeV. The blue dashed and red solid circles are radii of 1.5$ and 2.5$ ,
respectively, and would perfectly fit into the FoV of CTA. See [227] for details. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

to the pair halo detection limits which should be actually reachable
with CTA.
The expected flux sensitivity for pair halo detection with CTA
has been calculated for four separate approaches. In all cases a differential angular distribution of a pair halo at z = 0.129 and Ec >
100 GeV, taken from Fig. 6 of [229] was used as our model halo
profile, with a functional form: dN/ dh2 / h5=3 . The differential energy flux sensitivity for the four different approaches is shown in
Fig. 21. Methods A and B rely on a 5 r excess above the expected
background, calculated using Eq. 17 in [61]. Method A searches
for some overall extended emission with a halo profile for
h < 0:32$ . Method B probes a region in which a point-like central
source would no longer be dominant (0:11$ < h < 0:32$ ) and therefore provides the most basic method of establishing the detection
of extended emission. For methods C and D the ‘‘goodness of fit’’
for a halo profile (convolved with the CTA PSF) fitted to simulated
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CTA data is used to determine the expected flux sensitivity. Method C compares a halo fit to the null hypothesis of background fluctuations only, and the optimal h limit for the fitting was found to be
!0.2!. Method D however, tests how well a point-like source and a
pair halo can be distinguished. This is done by assessing the difference between the likelihood obtained for a PSF hypothesis and that
obtained for a pair halo function, with the limiting flux defined as
that at which the point-source hypothesis can be rejected at the 5
r level. The rather high flux sensitivities for Methods B and D in
Fig. 21 indicate the difficulty of identifying halo-like emission at
this confidence level (CL). If a 95% CL is taken instead of 5 r, then
the sensitivity of Method D is comparable to Method A and C.
Therefore a potentially extended source detected at the sensitivity
limit with a significance of 5 r could be distinguished from a point
source with about 95% confidence. Note that in Fig. 21 the flux
quoted is that within a 1! region of the source. The lower panel
of Fig. 21 shows the pair halo sensitivity using Method A derived
for a range of different CTA candidate configurations. Config. I appears to be the most suitable setup for pair halo studies.
To summarize, any detection of pair halos, extended emission,
or echos with CTA would be a great step forwards in the characterization of cosmic magnetic fields and backgrounds. It could also
open new paths to cosmologists and astroparticle physicists, if
constraints on the primordial magnetic field could be deduced
from the IGMF properties [208].
6.3. Observing the diffuse VHE background with CTA
Extragalactic diffuse background radiation has been observed
from radio to GeV energies. Evidence for diffuse extragalactic gamma-ray background (EGRB) has been reported first by the SAS 2 satellite [230], and more firmly by the EGRET detector [231,232]. The
separation of an extragalactic component from foreground and
galactic emission is generally challenging and model-dependent,
and the detection of EGRB was a matter of debate [233]. The origin
of EGRB is still unsolved, but there must be some contribution from
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Fig. 20. Radius in Mpc (upper panel) and angular radius in degree (lower panel) at
which the c-ray emissivity of isotropic pair halos drops by a factor of 1=e as
functions of redshift. The calculation assumes 10 TeV primary photons leading to
100 GeV secondary photons in the observer frame, an IGMF strength strong enough
to isotropize the secondary pairs, and the EBL model of [41].
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Fig. 21. Upper panel: A comparison of the sensitivity of CTA configuration I to pair
halo emission for four different analysis methods. These methods are described in
the main text. Lower panel: Flux estimates on the expected pair halo emission with
CTA, for various CTA array configurations (50 h observing time for each field, 20!
zenith angle observations), using analysis Method A. A differential angular
distribution of a pair halo at z = 0.129 and Ec > 100 GeV, taken from Fig. 6 in
[229] was used as our theoretical model (dashed line).

unresolved or unidentified astrophysical sources, especially blazars, active nuclei and galaxies (see Fig 22). More exotic processes
like eþ e# pair halos or even self-annihilating dark matter could also
contribute.
Recently Fermi reported their new results about EGRB
[242,243]. The reported flux is consistent with the EGRET data at
100 MeV, but the Fermi spectrum is softer than EGRET and the Fermi flux is lower than EGRET by a factor of 2–3 at 10 GeV. The Fermi
team suggested that unresolved blazars can explain at most $23%
of the Fermi EGRB flux at >100 MeV, indicating a significant contribution from other populations. Indeed, the Fermi EGRB spectrum is
well described by a power-law with photon index of c ¼ 2:4, which
is in good agreement with the prediction based on theoretical
models of EGRB from astrophysical sources like blazars, radio galaxies, and star-forming galaxies [55,244,245]. Against the total
EGRB flux (unresolved diffuse plus bright resolved sources,
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Fig. 22. The different components of the VHE extragalactic diffuse background,
from ITU08 [234], KM08 [235], IT09 [236], SKK06 [237], YI11 [238], BBDK09 [239],
MTK11 [240] and Fermi-LAT [241].

! 1:4 " 10#5 cm#2 s#1 at >100 MeV), the predictions by these models are 44% by blazars, 18% by radio galaxies, and 7% by star-forming galaxies. Therefore, J 70% of the total EGRB flux can be
explained by the known population of gamma-ray emitters. The
remaining 30% may come from new, still undetected populations,
or from systematic uncertainties in the EGRB measurement, e.g.,
foreground subtraction. Fermi EGRB measurement below
100 GeV has already set an upper-limit on the EGRB itself above
100 GeV [246]. The limit is conservative for the cascade emission
from EGRB interacting with the cosmic microwave-to-optical background radiation not to exceed the current EGRB measurement.
The cascade component fits the measured VHE EGRB spectrum.
However, taking into account known components, the upper limit
can be approximated as E2 dN=dE < 4:5 " 10#5 ðE=100 GeVÞ#0:7
MeV=cm2 =s=sr [246] which is below the Fermi EGRB measurement above 100 GeV. This suggests the existence of new physics
in this energy range and shows the need to study the VHE EGRB
for a better understanding of the VHE gamma-ray sky.
Detection of the VHE gamma-ray background would provide
important information to solve the EGRB problem. Especially, we
expect a turnover above 100 GeV due to intergalactic absorption
by the EBL, and the break energy depends on the redshift distribution of the sources contributing to EGRB. Moreover, HBL population
like 1ES 0229+200 are not detected by Fermi but by current IACT.
However, it is challenging to determine the diffuse background level by an observation using a ground-based Cherenkov telescope,
because the photon events must be discriminated from the much
more frequent cosmic-ray electron events. In the measurement
of cosmic-ray flux, the H.E.S.S. team found that the distribution
of the depth of shower maximum (X max ) indicates less than 10%
of photon contribution in the electron flux, though they also mentioned that !50% photon contribution cannot be excluded when
the systematic uncertainty in X max determination is conservatively
taken into account. The 10% level of electron flux is indicated in
Fig. 22. The expected EGRB signal in the TeV range is about 1% of
the electron flux. Detecting it with CTA will be challenging, but if
it is achieved, we will get an important insight into the extragalactic VHE populations.
7. Conclusion
The discovery of AGN at extreme energies was a real breakthrough performed by IACT of the 90s decade. The current IACT in-

crease the VHE extragalactic sample, and provide basic spectral
and variability characteristics. They start constraining the physical
processes at work and to catch a glimpse of the extragalactic VHE
populations. Together with EGRET and later on Fermi, they show
that the emitted gamma-ray power can represent a significant part
of the non-thermal activity energy budget, and they raise a lot of
intriguing questions.
CTA will have the unique potential to open new science directions beyond the conventional AGN paradigm, and to shed new
light on AGN and SMBH physics, populations, and evolution. Especially the jump achieved in sensitivity and spectral resolution, and
the large spectral coverage from a few tens of GeV to several tens of
TeV will be mandatory in this regard. Improvement of the angular
resolution and of astrometric accuracy will facilitate source identification and may lead to the discovery of diffuse or multiple VHE
components associated to AGN. The numerous modes of observation foreseen for the CTA array are perfectly appropriate to AGN
observing programs and should definitely be implemented. Needless to say that AGN studies will strongly benefit from having access to the whole sky. Developing the two sites of the CTA array,
one in the southern and one in the northern hemisphere, will be
mandatory in this regard. Having them at different longitudes
would allow to improve the time coverage for variable sources
reachable from both sites. As far as the current CTA candidate arrays are concerned, emphasis on LSTs could provide a crucial boost
in the effective area in the low-energy region where high-redshift
sources are expected to be most prominent. Solutions without LSTs
would have a negative impact on AGN population studies and
every effort should be made to smoothly connect the low-energy
regime of CTA (6 30 GeV) with Fermi. Conversely, the VHE fluxes
of most of the bright Fermi blazars are largely above the CTA sensitivity limit and interesting high-statistics spectral information on
these blazars will be available. In particular, observing over a large
spectral range up to several tens of TeV with a good spectral resolution will make it possible to find out whether the observed cutoffs in the blazar spectra are intrinsic to the source or are induced
by the effect of EBL absorption, and to analyze the maximal energies of particles responsible for the VHE emission and extreme
acceleration processes.
Hundreds of VHE AGN will be detected over the years of CTA
operations. It will be the role of CTA to produce refined light curves
to probe the shortest time scales, high quality spectra to constrain
acceleration, emission and absorption effects, and maps to locate
the VHE emission zones of nearby radiogalaxies. AGN monitoring,
serendipitous discoveries and deep surveys will gather meaningful
samples of VHE sources to contribute to the elaboration of a convincing unifying scheme for AGN. AGN physics appear as a science
driver for CTA, exploring present mysteries such as mechanisms to
accelerate VHE particles in extremely compact zones. Generally
speaking, VHE instruments offer a completely new and independent way to explore AGN and their most efficient and energetic regions. They should provide a decisive key for the understanding of
the origin of several non-thermal phenomena at work in such
sources, in particular the missing link between accretion physics,
SMBH magnetospheres and jet formation and propagation, which
have been studied for several decades at lower energies and still
remain fundamental open questions of contemporaneous
astrophysics.
As a caveat, it should be noted that all quantitative estimates
presented in this article are preliminary, as further refinements
to the CTA array configurations and improvements to the analysis
tools are being worked on. Uncertainties in the spectral parameters
and the EBL model could introduce biases. However, it is clear that
we can look forward to a densely populated sky in the TeV range
with CTA. This will open new opportunities to extragalactic studies, including dedicated multiwavelength campaigns and studies
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of very rapid flares. Furthermore, CTA will matter for research on
blazar evolution, with the detection of high-redshift blazars.
CTA will be a crucial instrument for multi-messenger astronomy. Indeed, hadronic scenarios for TeV emission predict the
simultaneous production of neutrinos and cosmic rays. Bright objects detected by CTA will be prime candidates for non-photonic
sources potentially reachable by large cosmic ray and neutrinos
detectors such as the PAO and the KM3Net. Conversely, any future
detection of cosmic non-photonic sources of neutrinos, cosmic rays
or even gravitational waves will benefit from follow-up observations with CTA to identify their nature, further explore their properties and constrain the parameters.
While observing AGN with CTA, many other questions less directly related to AGN topics, can be simultaneously explored, using
AGN as bright remote beacons to analyse various properties of the
intervening media, such as the extragalactic background light, and
the incredible perspective to measure extremely tiny values of the
intergalactic magnetic field, or even the possible quantum properties of space–time. Unexpectedly, CTA turns out to be an ideal
instrument to probe the nature of the seed IGMF and could solve
the problem of the origin of magnetic fields in galaxies and galaxy
clusters which is one of the long-standing unsolved problems of
astrophysics and cosmology.
An important synergy between the analysis of the future VHE
data and further developments of theoretical related fields is anticipated and will be mandatory to handle the flow of new information expected from the CTA observatory.
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Appendix A. Appendix on extrapolation of Fermi spectra
For the conservative estimate, based only on AGN with confirmed redshifts in the Bzcat or Véron (13th edition) catalog and
without any flags in the 2FGL catalog, 508 sources from the
cross-correlated 2FGL catalog were selected for further processing,
including 288 flat-spectrum radio quasars (FSRQs), 156 BL Lacs, 7
radio galaxies (RGs), 5 Seyfert galaxies, 2 starburst galaxies (SBGs)
and 50 AGN of other classes. In the second study, for which additional sources of redshift estimates where used and the 2FGL analysis flags where ignored, a subset of 561 Fermi sources was
selected, including 340 FSRQs, 171 BL Lacs, 10 RGs, 6 Seyfert galaxies, 3 SBGs and 31 AGN of other classes.
To extrapolate the spectra to the highest energies, we use the
integral flux from Fermi measurements between 1 and 100 GeV
(‘‘F1000’’) or the differential flux at the pivot energy (‘‘Flux_Density’’), together with the spectral index ðCÞ given in the 2FGL catalog. For each individual source, we adopt the corresponding powerlaw or LogParabola parametrization as described in [59]. For very
hard sources following a power-law with C < 2 in the Fermi range,
a straight extrapolation could create runaway integrations, therefore we apply an artificial break in the power law with a photon index of C2 ¼ 2:5 above 100 GeV to soften such spectra. The latter is
in broad agreement with observed AGN features.
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Using the extrapolated and absorbed AGN spectra, we integrate
the flux of particles per energy bin weighted with the effective
areas for the different candidate arrays. The resulting expression
is subsequently multiplied by the observation time, yielding the
total number of detected photons. For each source, the significance
was calculated using Eq. 17 in [61] assuming N on (on region) to be
the number of source photons plus the number of photons derived
from the simulated background rates, and N off fixed at the background rate (off-region). The variable a is given by the ratio of
the sizes of the two regions times the ratio of the exposure times
and the respective acceptances.
For the first study, a is assumed to be 0.1. The detection of a
source requires a significance of the signal over noise ratio of at
least 5r, a minimum of 7 excess events and a signal exceeding
3% of the background.5 For the second study, an a of 0.2 is used
and a signal over 5% of the background is required. To maximize
the number of detections in this study the energy threshold for the
detection is varied such as to optimize the signal from each source.

Appendix B. Appendix on variability statistical analysis
The unbinned light-curves were generated using the algorithm
of [180], as a sequence of time-tagged events, which can then be
directly inspected for variability with no recourse to binning. To
analyze the variability properties of the unbinned datasets in a
non-parametric fashion, we adopted a Bayesian algorithm called
‘‘Bayesian blocks’’. The method uses a dynamic algorithm to analyze the entire light-curve and find the optimal way of dividing it
into a series of contiguous blocks, k, each consistently describable
as an homogeneous Poisson process of rates kk . The change-point
between each block marks the position where a significant change
in the rate of arrival of events occurred, the entire event-sequence
being thus treated as an inhomogeneous Poisson process made up
from the juxtaposition of constant-rate processes. The approach is
therefore very convenient as a model-independent analysis of the
time-series, in the sense that the partitioning of the light-curve is
based only on the (trivial) hypothesis that the event sequence follows a Poisson distribution. At every time in which the hypothesis
of constant rate for the distribution is no longer valid for a subsection of the events, a new partition (or block) is created, within
which the approximation of homogeneity is again valid. In this
way the partitioning naturally selects the flares in the time series
and the variability timescale of a given feature can be directly identified with the size of the corresponding block. If one wants to
quote the variability in function of the more common quantity of
the ‘‘doubling time’’ sd of the flux, a simple correspondence can
be made, by which the size of the block Dt k can be taken as approximately 2r of a Gaussian fit to the flare events. In the case of generalized Gaussian profiles, such as presented in the text, the
correspondence can be made in terms of Dtk $ rr þ rd , where
the different rise and decay times of the profile are taken into account. For a Gaussian profile, the conversion factor is:
Dtk ¼ 2=lnð2Þr & 3sd .
As with any Bayesian method, an a priori hypothesis on the
time series model must be tested against the data. In the case of
the Bayesian blocks, the prior is on the number of blocks which will
compose the partition model of the event sequence. Without
entering into much detail, the algorithm uses a geometric prior
which penalizes for excessive division of the light-curve into too
many parts, as it is likely that the number of blocks (flares), k, is
k ' N, the number of events in the sequence. For each new block
added in the light-curve, a penalizing term lnðcÞ is added to the
5
The CTAmacrosv5 and CTAmacrosv6 tools for the estimation of the instrumental
response were used for this study.
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Fig. B.23. Analysis of the stability of the prior to the partition model, lnðcÞ. The plot
shows the distribution of the sizes of the recovered blocks versus the prior values.
As can be seen, for too low priors, the light-curve is over-divided, as there is little
penalization for the modeling of the series with too many blocks. Conversely, for
prior values greater than lnðcÞ $ 8, the number of blocks starts to slowly decrease
(sizes of blocks increase), indicating that the penalization introduced by the prior is
now strongly influencing the final partition. Between 3–6 the prior shows an
optimal, stable behavior.

log-likelihood of the partition model. The value of the prior c here
is a free parameter to be determined by simulation, but a strength
of the model is that for a large range of values of c, the model finds
a stable, optimal solution, as can be seen in Fig. B.23. For the analysis shown in the text, a prior of lnðcÞ ¼ 6 was used, corresponding
to a probability odds for block division of $ 5 % 102 .
The results presented in Fig. B.23 were derived by simulating
two groups of 1000 light-curves of about 103 and 104 events each,
for H.E.S.S. and the CTA extrapolation. The two curves shown present the mean block size Dtk and the variance of the histogrammed
distributions for both sets of light-curves: H.E.S.S.-like (uppercurve) and CTA-like (lower-curve). The plateau part of the curve
indicates the regions where the algorithm gives stable solutions
to the partitioning of the light-curve, chosen for the analysis. the
gray-bands on the figure indicate the 1r levels of the histogrammed distributions of the block sizes.
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a b s t r a c t
Very high energy (VHE, E >100 GeV) c-rays are absorbed via interaction with low-energy photons from
the extragalactic background light (EBL) if the involved photon energies are above the threshold for electron–positron pair creation. The VHE gamma-ray absorption, which is energy dependent and increases
strongly with redshift, distorts the VHE spectra observed from distant objects. The observed energy spectra of the AGNs carry, therefore, an imprint of the EBL. The detection of VHE gamma-ray spectra of distant
sources (z = 0.11 ! 0.54) by current generation Imaging Atmospheric Cherenkov Telescopes (IACTs)
enabled to set strong upper limits on the EBL density, using certain basic assumptions about blazar physics. In this paper it is studied how the improved sensitivity of the Cherenkov Telescope Array (CTA) and its
extended energy coverage will enlarge our knowledge about the EBL and its sources. CTA will deliver a
large sample of AGN at different redshifts with detailed measured spectra. In addition, CTA will provide
the exciting opportunity to use gamma ray bursts (GRBs) as probes for the EBL density at high redshifts.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Cherenkov Telescope Array
The proposed Cherenkov Telescope Array (CTA)1 [1,2] is a large
array of Cherenkov telescopes of different sizes for the detection of
very-high energy gamma-rays. CTA will cover an energy range from
10 s of GeV up to 100 s of TeV with an unprecedented sensitivity – a
factor of 10 or more improvement over current generation instruments such as H.E.S.S,2 MAGIC,3 and VERITAS,4 – and provide an
excellent precision in energy (order of 10–15%), angular (down to
arcmin scale) and temporal (down to seconds) resolution [1]. Different layouts of CTA with different performance characteristics are
currently under investigation to balance the financial budget vs.
the science return. The different CTA layouts and their estimated
performance are described in detail in a separate paper in this

⇑ Corresponding author.Current address: Max Planck Institute for Physics,
D-80805 Munich, Germany.
E-mail addresses: mazin@ifae.es (D. Mazin), martin.raue@desy.de (M. Raue).
1
http://www.cta-observatory.org/.
2
http://www.mpi-hd.mpg.de/hfm/HESS/.
3
http://www.magic.mpp.mpg.de/.
4
http://veritas.sao.arizona.edu/.
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.09.002

journal issue [2]. The present paper is focused on the projected
performance of particular CTA layouts in respect to studying the
extragalactic background light and cosmology. It is demonstrated
that CTA has a large potential to provide a significant contribution
to such studies making them one of the central science drivers for
the instrument.
1.2. The extragalactic background light
During the star and galaxy formation history diffuse extragalactic radiation in the ultraviolet (UV) to far-infrared wavelength (FIR)
regimes was accumulated. This radiation field, commonly referred
to as the extragalactic background light (EBL), is the second largest
background after the Cosmic Microwave Background of 2.7 K
(CMB) in terms of energy contained. While the CMB conserves
the information on the structure of the universe at the moment
of decoupling of matter and radiation following the Big Bang (at
redshift z " 1000), the EBL is an integral measure of the entire
radiative energy released dominantly by star formation that has
occurred since the decoupling. The EBL energy density from UV
to FIR is expected to display a two peak structure: a first peak
around # 1 lm from integrated starlight and a second peak at
# 100 lm from infrared emission from dust, which reprocesses
the direct emission in the UV to optical (see Fig. 1).

242

D. Mazin et al. / Astroparticle Physics 43 (2013) 241–251

Fig. 1. Measurements of and limits on the EBL density in comparison to different EBL models/shapes utilized in this study at z ¼ 0 (dashed dotted line: fast evolution model
from [3]; solid line: [4]; dashed line: [5]). References for the collection of measurements can be found in [6,7].

The precise level of the EBL density is not well known (see [8]
for a review). It is difficult to measure directly due to strong
foregrounds from our solar system and the Galaxy [9]. Lower limits
on the EBL density can be derived from integrated deep galaxy
counts at optical and infrared wavelengths (e.g. [10–13]). The
observation of distant sources of very high energy (VHE, typical
E > 100 GeV) c-rays using Imaging Atmospheric Cherenkov
Telescopes (IACT, such as H.E.S.S., MAGIC, or VERITAS) provides a
unique way to derive indirect limits on the EBL density. This method will be discussed in more detail in the next section. The precision of the EBL constraints set by IACTs improved remarkably in
the last few years (e.g. [14,6,15]). Recently, data in the GeV energy
range from the Fermi-LAT instrument provided new tools to derive
constraints from VHE data (e.g. [16,17]). Contemporaneously with
the IACT constraints, there has been rapid progress in resolving a
significant fraction of this background with the deep galaxy counts
at infrared wavelengths from, e.g. the Spitzer satellite (e.g.
[11,12,18]) as well as at sub-millimeter wavelengths from Herschel
or the Submillimeter Common User Bolometer Array (SCUBA)
instrument (e.g. [19]). Furthermore, the trends of source counts
at the faintest magnitudes as measured by HST and 8 m-class
ground-based telescopes (Keck, Subaru, VLT) indicate that the
EBL contribution from standard galaxies is largely resolved
[10,20]. The current status of direct and indirect EBL measurements are summarized in an accompanying review article in this
journal and can also be found in [7].
In total, the collective limits on the EBL between the UV and FIR
confirm the expected two peak structure, although the absolute level of the EBL density remains uncertain by a factor of two to ten
(Fig. 1). In addition to this consistent picture, several direct measurements in the near IR have also been reported (e.g. [21]), significantly exceeding the expectations from source counts (see [8,22]
for reviews). If this claimed excess of the EBL is real (but
see[23,14]), it might be attributed to emission from more exotic
sources like, e.g., the first stars in the history of the universe.
Alternative models do exist, which could, in principle, reconcile
the observations with a high level of the EBL: axion like particles
(ALPs), which had been introduced to address the strong-CP violation problem in particle physics, could lead to a conversion of VHE
gamma-rays to ALPs. This mechanism and the related physics for

CTA is discussed in a separate paper in this special issue [24].
Recently, the secondary gamma-rays produced along the line of
sight by the interactions of cosmic-ray protons with background
photons have been invoked to explain the VHE spectra of distant
sources [25].
1.3. VHE c-rays from blazars as a probe of the EBL
On the way from the source to the observer, VHE c-rays can suffer absorption losses through interaction with the low energy photons of the EBL via the pair-production mechanism [26,27]:

cVHE þ cEBL ! eþ þ e" with EcVHE # EcEBL > ðme c2 Þ2 :

ð1Þ

VHE c-ray photon fluxes measured on earth Uobs ðEc Þ are, therefore, altered from the flux emitted at the location of the source
Uint ðEc Þ

Uobs ðEc ; zÞ ¼ e"sðEc ;zÞ ' Uint ðEc Þ:

ð2Þ

The optical depth, sðEc Þ, encountered by VHE c-rays of energy E
emitted at redshift z and traveling toward the observer can then be
calculated by solving the threefold integral (see e.g. [28]):

sðEc ; zÞ ¼

Z

0

z

d‘ðz0 Þ

Z

1

"1

dl

Z
1"l 1 0
d! nð!0 ; z0 Þ rcc ð!0 ; E0c ; lÞ;
2
!0th

ð3Þ

where l ¼ cos h, nð!Þ is EBL photon number density and d‘ðzÞ the
distance element (expressed in co-moving coordinates).
Fig. 2 displays the resulting attenuation due to the EBL for VHE
c-ray sources at different redshifts and for different EBL models
(see Fig. 1). Several features can be identified:
( At low energies (< 80 GeV) the spectrum is practically unattenuated (with the exception of extreme EBL models at high redshifts, i.e. the fast evolution model from Stecker et al. at
z ¼ 2). Since this energy range will be sampled by the CTA with
high statistical precision, it will be possible to measure the
unabsorbed spectrum.
( At energies from 80 GeV to 2 TeV the strength of the attenuation is increasing due to the EBL photons in the optical to
near-infrared range peak of the EBL density.
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Fig. 2. EBL attenuation for VHE c-rays for different EBL models and redshifts (z) (FR:
[5]; ST: fast evolution model from [3]; GE: [4]). Color code of the curves is related to
different redshifts (the darker the further away). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

! At energies between 2 and 10 TeV a flattening of the attenuation is expected at low redshifts (as seen for z ¼ 0:1 in Fig. 2
for FR and GEN models), due to the # k$1 behavior of the EBL
density in the near to mid-infrared, resulting in a constant
attenuation. Such a modulation of the EBL attenuation has been
considered as a possible key signature for EBL attenuation (e.g.
[30–32,16]). Unfortunately, the intrinsic weakness of the
sources combined with the sensitivity of the instruments makes
it difficult to probe such a feature with previous or current
generation experiments (but see [33]).
! At energies around 10 TeV the turnover in the EBL density
towards the far-infrared peak of the EBL results in a strong
attenuation, effectively resulting in a cut-off in the measured
spectra.
The strength and the position of these features vary with the
distance of the VHE sources, the assumed EBL model, and the overall EBL density. This can also be seen in Fig. 3, which shows the

Fig. 3. Energy at which an optical depth of s = 1, 2, and 4 is reached vs. redshift for
the EBL model from [29] (KN, minimal EBL). Also shown are approximate energy
ranges of CTA (20 GeV–100 TeV; shaded) and Fermi-LAT (100 MeV–300 GeV;
hatched). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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energies where the EBL gets optically thick for different redshifts
(i.e. the optical depth reaches unity or higher).
It should be noted that only distant extragalactic VHE c-ray
emitters suffer from the absorption by the EBL. For galactic sources
the attenuation effect from the EBL is negligible up to energies of
about 100 TeV. For higher energies, the absorption by the photon
field of the CMB starts to be important. Galactic diffuse photon
fields also produce a weak attenuation signature, which might be
seen with CTA [34].
The produced e+/e$ pairs can initiate electromagnetic cascades
by upscattering low-energy CMB photons to high energies; these
latter photons would produce, yet again, e+/e$ pairs by interacting
with EBL photons (see, e.g. [35,36]). The c-rays resulting from the
cascade would mostly appear at lower energies than the ones
accessible by CTA but they would modify the overall energy spectra of the sources, which is important for their modeling. If the
strength of intergalactic magnetic fields and interaction length
are low enough, the cascade component would appear to arrive
from the direction of the source. Higher magnetic fields would
isotropize the cascade component.
Since the EBL attenuation alters the VHE c-ray spectra of all distant sources, understanding the EBL’s properties are crucial for
studying the intrinsic source physics. On the other hand, VHE
c-rays from distant sources can be used as probes for the intervening photon fields. This requires some assumptions about the intrinsic spectra, which, e.g. can be derived from nearby sources or
unattenuated parts of the spectrum. In addition, EBL attenuation
should be a global phenomenon affecting the spectra of all sources
in a consistent way. In particular, sources at the same distance
should show the same attenuation imprint from the EBL.
2. The CTA EBL & cosmology physics case
In the following the core EBL sciences cases for CTA will be
briefly introduced.
2.1. Disentangling intrinsic blazar spectra from EBL effects: precision
measurement of the EBL density
There is a fundamental difficulty to distinguish between intrinsic blazar effects (e.g. intrinsic cut-offs or possible multi-zone
emission regions) and the absorption effect caused by the EBL. This
ambiguity is also the main reason why, with already more than 50
extragalactic sources measured by H.E.S.S., MAGIC and VERITAS,
only upper limits on EBL density have been derived yet (as in,
e.g. [14]). The number of sources detected at VHE will increase further in the next 5 years, in particular owing to the upgrades of the
existing facilities aiming at enhanced sensitivity and lower the energy thresholds: MAGIC II, H.E.S.S. II and VERITAS II. However, the
real boost in the field will be achieved with CTA only, when it will
become possible to measure simultaneously and with high precision both the unattenuated (usually at energies below 100 GeV)
and attenuated (at higher energies) parts of the AGN spectra. Such
measurements will allow to disentangle between intrinsic features, which can vary from source to source and even for the same
source depending on its flux state, and the EBL induced signature,
which solely depends on the redshift of the source. Also, precise
measurements at energies >10–20 GeV (the foreseen energy
threshold of CTA) in combination of multiwavelength data would
ease and improve the modeling accuracy of AGNs [37].
Disentangling the intrinsic AGN features and the EBL induced
attenuation signature in the measured AGN spectra will unambiguously lead to a precise measurement of the EBL density at a redshift of z ¼ 0. The precision of the measurement will depend on the
richness of the AGN sample available, in particular on the number
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of sources at different redshifts to enable a robust modeling of the
intrinsic features of the sources. The power of CTA to simultaneously measure the intrinsic and the EBL attenuated part of an
energy spectrum is investigated in Section 3.2.1 utilizing the measured VHE of the blazar PKS 2155-304 as a template.
In individual sources an intrinsic break or cut-off cannot be excluded. However, with CTA it is estimated (see [38]) that over a
period of 5 years conservatively 100 new AGN sources could be expected to be discovered. This gives a sizable source sample to check
for global features/trends in the spectrum as a function of the expected opacity (see, e.g. [17] for a study on the current VHE AGN
sample), or redshift (see, e.g. [39] for a simulated AGN sample)
allowing to exclude biases due to source specific features. Combined with statistical studies of a large number of objects, precision
measurements point to a unique and powerful method to probe
the EBL that is difficult to achieve with present-day instruments.
Owing to the dependence of the pair-production cross section
on the energy of the participating photons, distinct AGN types
are crucially important in the indirect EBL measurements at different wavelengths. For measuring the EBL in UV, the sources must be
distant to experience a measurable absorption in UV and they must
be sufficiently bright to provide enough flux for a CTA measurement. Moreover, their intrinsic spectra must reach energies up to
300–500 GeV in order to connect from UV to the optical regime.
Therefore, distant bright AGNs, mostly FSRQs (e.g. 3C 279 [15]
and PKS 1222 [40]), and maybe GRBs if extending to high enough
energies are the sources with the best potential to probe the EBL
in UV. For measuring the EBL in optical to mid IR regimes, AGNs
with hard spectra extending to few TeV are the ones providing
the best results. The redshift of the sources must not be too large
(z<0.5) in order to avoid a total absorption of the flux at energies
above 1 TeV. This is a guaranteed science case, since good candidates with hard energy spectra already exist: 1ES 0229+200 [41],
RGB J0710+591 [42], 1ES 1101-232 [43]. A similar case can be
made for the far IR regime. There, few close by sources (e.g. Mrk
421 [44], Mrk 501 [45], M 87 [46], IC 310 [47]) are the best ones
provided they produce intrinsic spectra up to energies of at least
E > 20 TeV.
The promising technique of the indirect EBL measurements can
be combined with measurements from deep source counts at
optical to IR wavelengths. Through this, the contribution to the
EBL from faint unresolved sources or any exotic populations can
be disentangled from relatively bright and known populations.
2.2. Star formation history and the early universe
The cosmic star formation rate density (SFRD), one of the fundamental quantities of cosmology, strongly evolves over the redshift
range z ¼ 0 to z ¼ 2 with a peak expected at redshifts between 1
and 2. While the SFRD up to z < 1 is reasonable well measured
from different tracers, at higher redshifts the uncertainties are
large. Since stellar and dust emissions are expected to be the dominant contributors to the EBL, a precise measurement of the EBL
density can provide strong constraints on the SFRD [48]. The science output is guaranteed since the SFRD is a highly debated topic
of the modern cosmology. It is conservatively estimated that the
precision of the SFRD determination, which can be achieved using
VHE spectra, will be at least on a level of 20–30% (based on [49]).
The end of the dark ages of the universe – the epoch of reionization – is a topic of great interest [50,51]. Not (yet) accessible via
direct observations, most of our knowledge comes from simulations and from integral observables like, e.g. the cosmic microwave
background. The first (Population III) and second (Population II)
generations of stars are natural candidates for the sources of reionization. If the first stars are hot and massive, as predicted by simulations [52,53], their UV photons emitted at z > 5 would be

redshifted to the near-infrared regime and could leave a unique
signature on the EBL density [54]. If the EBL contribution from lower redshift galaxies is sufficiently well known (e.g. as derived from
source counts) upper limits on the EBL density can be used to
probe the properties of early stars and galaxies [55]. Combining detailed model calculations with redshift dependent EBL density
measurements could enable to probe the reionization history of
our universe. Detection of spectral cutoffs in sources at very high
redshifts (z > 5) would directly probe the evolving UV background
at these redshifts, providing invaluable insight into the cosmic
reionization epoch.
While blazars may be difficult to detect much beyond z " 2, this
may be feasible for GRBs. GRBs are the most luminous and distant
gamma-ray sources known in the Universe, typically arising at redshifts z # 1 $ 4, which correspond to the peak epoch of cosmic star
formation activity. Furthermore, they are known to occur at least
up to z # 8 $ 9 [56,57], well into the cosmic reionization era, and
possibly even beyond, out to the very first epochs of star formation
in the Universe. The recent detections by Fermi/LAT of dozens of
GRBs including GRB 080916C at z ¼ 4:35 [58] clearly demonstrate
that at least some GRBs have luminous emission extending to few
tens of GeV [59,60]. Moreover, the duration of the multi-GeV emission is seen to last up to several thousand seconds, in agreement
with reasonable theoretical expectations for the high-energy afterglow emission (see e.g. [60]). Thanks to CTA’s much greater effective area compared to Fermi/LAT (by about a factor of 104 at 30 GeV
if using CTA array layout B) together with its rapid slewing capability (180! within 20 s), there are good prospects for high precision
measurements of the GeV-TeV spectra of GRBs at z > 1, as well
as the detection of GRBs at z J 4 and beyond, a regime that cannot
be explored with AGNs.
2.3. Particle physics and the unknown
Data collected so far by H.E.S.S., MAGIC and VERITAS on absorption for AGNs have constrained the maximum EBL density to a level close to the lower limits from integrated galaxy counts. Once
CTA goes online and significantly improves the indirect EBL measurements, several scenarios are possible. In the first scenario the
joint efforts of direct and indirect measurements converge and
the EBL density is resolved. If the EBL density is well measured,
EBL absorption in VHE spectra can be used as a distance indicator,
somewhat analogues to what is done for Supernovae of type 1A but
with very different systematic uncertainties (see [49]). The evolution of such an attenuation signature with redshift would allow us
to put constraints on cosmological models and measure the Hubble
parameter and cosmological densities. The proposed method
would provide independent and complementary constraints on
the cosmological parameters with different systematic uncertainties to what projects as LSST [61] or PLANCK [62] are planning to
reach. An independent distance measurement of AGNs using the
EBL absorption feature in their VHE spectra is also important for
getting redshifts for many BL Lacs, since only 50% of all BL Lacs
have reliable redshift measurements.
In a second scenario, the EBL level determined from the VHE
observations will be remain to be a factor of two to three higher
than the level resolved through the galaxy counts. This would point
to a large population of yet hidden sources, maybe also to a truly
diffuse background such as due to decaying big-bang relict particles. In case the discrepancy between the lower and upper limits
will be restricted to a narrow wavelength range, the search for
the missing background photons will be easier.
In an alternative scenario, the upper limits on EBL from indirect
measurements will contradict lower limits from galaxy counts.
This opens up a completely new window in particle and astroparticle physics since one of the two following options must be true:
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either the intrinsic source physics is fundamentally different than
the models predict or the properties of gamma ray propagation
through space are fundamentally different than we know today,
which can become a major challenge for the modern physics (see
e.g. [63,24]).
3. Investigating the CTA response
3.1. Simulations
For the studies presented here the CTA physics response simulation tools presented in [64] are used. In short, a source intrinsic
spectrum is assumed in each case and then folded with a given
CTA response. The source is located at the center of the telescopes’
field of view and the background (especially important at low
energies) is assumed to be measured with a 5-times better
statistics than the exposure of the source region. Only significant,
i.e. larger than 3 standard deviations, reconstructed flux points
have been considered in the analysis. Furthermore, the systematic
uncertainty is considered to be 1% of the background level, and we
require the signal to be at least 3 times higher than that. The performance files for 20! zenith angle (fixed) are used and no correction for source motion along the sky is made.
An example of such a simulated spectrum is shown in Fig. 4,
where the measured spectrum of the blazar PKS 2155-304 is used
together with different assumptions about the EBL density (here
a scaled version of the EBL model by [5]) to calculate the spectrum
as it would have been detected by CTA in a 20 h exposure (CTA array layout: B) (more details can be found in [66]).
3.2. Results
3.2.1. Disentangling intrinsic blazar spectra and EBL effects
One of the main features of CTA will be a high sensitivity in the
energy range between 20 and 100 GeV, an energy range which
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Fig. 4. Example of simulated spectra for different EBL densities. The base spectrum
assumed is the quiescence state spectrum of PKS 2155–304 (z ¼ 0:116), EBL model
is from [5], used with different scalings. Shown are: the measured spectrum (grey
markers), the simulated spectra for different level of the EBL density (black
markers) and the corresponding assumed intrinsic spectra (black lines), the source
spectrum in the GeV energy range as measured by Fermi-LAT [65] (not simultaneous, purple butterfly), and the energy ranges, which are used to determine the
slope of the simulated spectrum at low (light red) and high (blue) energies. For
details on the data and methods see [66]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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holds the possibility to directly sample parts of the energy spectrum of a source, which are not affected by the EBL attenuation.
With the difference between the measured spectrum in the unabsorbed part of the VHE spectrum and in the absorbed part of the
spectrum, especially if studied for several sources with good statistics, the strength of the near-IR EBL can be derived. Here, exemplarily, the case of PKS 2155-304 is studied following the approach
described in [66].
For different levels of the EBL density, generated by scaling the
EBL model from [5], the intrinsic source spectrum is reconstructed
and used to simulate the corresponding spectrum as measured by
CTA (Fig. 4). The resulting attenuations for the scaled EBL models
are shown in Fig. 5 left panel. In the CTA simulated spectrum
two distinct regions in energy can be identified: (i) the unabsorbed
region, roughly from 40 to 100 GeV for the redshift of PKS 2155304 of z ¼ 0:116 (red band), where no or little EBL attenuation is
present and the intrinsic spectrum can be observed directly, and
the (ii) absorbed region at energies > 100 GeV, where the EBL
attenuation can be measured (blue band). In each of the two bands
the spectrum is characterized by a power law dN=dE " E#C and the
derived photon indices C, shown in Fig. 5 right panel, are then
investigated. The fit in the low energy band reproduces very well
the assumed intrinsic spectral indices (red dots vs black crosses
in Fig. 5 right panel).
Fig. 6 displays the strength of the spectral break between the
two power laws CLOW # CHIGH for different CTA array layouts, with
the error bands calculated via error propagation. For array layout B
(best low energy performance) an EBL density a step in scale factor
of 0.1 corresponds to one to two standard deviations difference in
the strength of the break. Array layout I provides a comparable but
slightly worse performance while the decreased low energy sensitivity of array layout C makes studies of this type difficult (resolution factor two to three worse and the intrinsic index cannot be
reconstructed). Note that a scaling of 0.1 corresponds to an EBL
density of "1 n W m#2 sr#1 at 2 lm which is of the same order
as the error on the lower limits from integrated source counts at
this wavelength. Since EBL attenuation is a global, redshift dependent phenomenon, in general, a combined fit to all available VHE
data should be used to derive limits on the EBL density (see e.g.
[6]).
While for many of the up to now detected extragalactic VHE
sources the energy spectrum in the VHE range is well described
by the extrapolation of the spectrum in the HE range folded with
an EBL attenuation some of the sources show an intrinsic break
between the two energy regimes (e.g. PKS 2155-304) [67]. For individual sources, such an intrinsic break could lead to a wrongly
determined EBL density when blindly applying the methods outlined above. The solution, again, lies in utilizing a sample of source:
while intrinsic features are different between the sources the EBL
attenuation signature can be precisely determined for each of them
enabling one to disentangle the two.
3.2.2. Distant sources, GRBs
Due to the low energy threshold of CTA and its high sensitivity
CTA will have the opportunity to detect even distant GRBs.
Whereas a discussion on GRB physics is beyond the scope of this
article, GRBs start playing a crucial role in understanding EBL density at high redshifts [71]. A common expectation is that only GRBs
will provide high enough c-ray luminosity to detect a source located at high redshifts (z > 2). Also AGN in extreme flaring states
could be detected at z > 2 (see Fig. 6 in AGN paper, same issue).
As mentioned before, c-ray sources beyond a redshift of two can
be used as beacons probing the star formation rate density and,
in particular, its peak position.
The power of CTA to detect distant GRBs can be demonstrated
by utilizing the Fermi-LAT detection of the extraordinary
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GRB 080916C, which took place at a redshift of z ¼ 4:3 [58]. In Fig. 7
we compare simulated spectra as they were measured by CTA of
the GRB. In the left panel, we assume the instrinsic spectrum as
it was measured by Fermi-LAT for the time-span T 0 ¼ 55 " 100 s
(45 s, interval ‘‘e’’ as defined in [58]). The result is that a clear
detection can be made, here on an example of CTA array layout B
(see [2] for details on individual array configurations. For this array
layout, it would also have been possible to derive a detailed spectrum. Comparing performance of different array layouts for this
physics case, we see only marginal improvement using the array
layout B (low threshold) instead of E or I (balanced arrays): the
resulting error bars are only few percent better and the reconstructed energy range is identical. However, for the array layout
C (high threshold), no detection of this GRB can be achieved and,
consequently, no spectrum can be derived. Since GRBs are short
lived events, a high repositioning speed of CTA is required. In the
right panel of Fig. 7 we see a simulation of the GRB080916C spectrum for the interval ‘‘d’’ [58]).5 The intrinsic spectrum is harder and
5
The assumed source flux is dN=dE ¼ 1:4 # 10"7 ðE=TeVÞ"1:85 cm"2 s"1 TeV"1 ,
whereas the index "1.85 is derived from a fit to the LAT-only data (Fig. 4, bottom
pannel in [58]).

the flux level is higher than for the interval ‘‘e’’, which results in clear
detection even for an integration time of 20 s. Results for four different EBL models Kneiske et al. ’’best fit’’ [70] (red), [75] (green), [76]
(magenta), and Inoue et al. [69] (blue) are presented, which show
clear difference and permits distinguishing between the models.
We note that catching a GRB at a time T 0 < 55 s after the onset of
the GRB, which would correspond to the interval ‘‘d’’ in case of
GRB080916C, is challenging even if CTA would be able to reposition
to any pace in the sky within 20 s. It is, however, withing the reach of
the instrument. Observations at T 0 > 55, corresponding to the
interval ‘‘e’’ in case of GRB080916C, are easier to achieve and can
be considered as a secured case. It is important to mention that
GRB080916C was the brightest GRB observed by the Fermi/LAT so
far. The probability that GRBs with sufficiently high flux will be observed by CTA within its life time has been addressed by several
authors [72,73] finding that CTA, if having a low energy threshold
of 20–30 GeV would be able to detect 0.1–0.2 GRBs per year during
the prompt phase and about 1 per year in the afterglow phase.
As discussed by a number of authors [59,60,69], UV radiation
with sufficient intensities to cause the reionization of the intergalactic medium (IGM) are also likely to induce appreciable gammaray absorption in sources at z J 6 at observed energies in the
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interval ‘‘d’’ [58], i.e. the assumed source flux is dN=dE ¼ 1:4 $ 10"7 ðE=TeVÞ"1:85 cm"2 s"1 TeV"1 . Here we compare the EBL models of Kneiske et al. ’’best fit’’ [70] (red), [75]
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figure legend, the reader is referred to the web version of this article.)

multi-GeV range, with a potentially important contribution from
Pop III stars. Measurements of these effects can thus provide
important cross-checks of current models of cosmic reionization,
a unique and invaluable probe of the evolving UV EBL during the
era of early star formation, as well as a test for the existence of
the yet hypothetical Pop III stars. For more details we refer to the
GRB paper in this issue.

3.2.3. Precision measurement of today’s EBL
The measured energy spectra of AGNs in the energy range between 100 GeV and few TeV follow usually a smooth shape. For
most of the measured sources, a simple power law fit is sufficient
to describe the available data well, whereas for sources in a flare
state (like the flare of PKS 2155-304 in 2006) or with a generally
high emission state (like Mkn 421), either a curved power law or a
power law with a cut-off are successfully used. The curved power
law (also known in the literature as the double-log parabola) is
expected to describe the spectra well at energies close to the position of the Inverse-Compton peak. The power law with a cut-off
instead is the expected behavior of a source which does not provide necessary conditions for acceleration of charged particles to
sufficiently high energies. All scenarios, assuming the one-zone
model, which seems adequate to describe most VHE spectra of
AGNs rather well, do have one common feature: the measured
spectra can be described by smooth functions, i.e., no features,
wiggles or pile-ups are expected, especially after de-convolving
the spectra for the effect of the EBL absorption. This property
can, therefore, be used to distinguish between different overall
EBL levels in the optical to infrared regime: whereas the ‘‘correct’’
EBL model and level will produce a smooth intrinsic AGN spectrum, an ‘‘incorrect’’ EBL level would result in a signature (in form
of well defined wiggles) in the reconstructed intrinsic spectrum
[23,66]. Possible spectral features in the intrinsic spectra could
complicate the analysis, though other methods like investigating
the spectral properties of variable sources on short time-scales
or using multiwavelength based modeling might help to disentangle source intrinsic and EBL effects (see Section 2.1). It is also
important to observe the same effect on spectra of different
sources to become independent of possible intrinsic source features. Another caveat is that the form of the wiggles will have
some dependency on the exact spectral shape of the ‘‘correct’’

EBL model, which is not known a priori. Though the state-ofthe-art EBL models agree within 10% on the expected EBL shape
(with the only exception being the model of [3]), a possibility
of a significantly different shape, e.g. due to a contribution from
early stars, cannot be excluded.
The strength of the method is that the EBL signatures in the
reconstructed AGN spectra will not only be visible (measurable)
in the case where the assumed EBL level is higher than the real
one, but also in case the assumed EBL level is lower than the real
one. It is, therefore, the first indirect method to really measure
the EBL density at z = 0.

3.2.3.1. Simulation example. The method is illustrated in Fig. 8 for
the VHE spectrum of Mkn 501. The assumed spectral shape and
the flux level of the intrinsic spectrum are adapted to the average
flux measured by HEGRA [74] during the outburst of the source in
1997 (110 h observation time): the original data are shown by grey
open squares in the upper panel of the figure. The simulated CTA
spectrum calculated using the ‘correct EBL’ (model from [4]) is
shown in red, whereas the assumed intrinsic spectrum of
Mkn 501 is shown by the solid grey line and the reconstructed
intrinsic spectrum is shown by the blue filled circles. The effect
of the mis-reconstruction of the intrinsic spectrum is shown for
the example of an EBL scaled by a factor of 1.3: the reconstructed
intrinsic spectrum (green filled triangles) clearly shows wiggles in
the fit range. The effect of the wiggles is more visible in the lower
panel of the figure where the residuals to the best fit function are
shown. The wiggles are quantified by a fit in the energy range between 100 GeV and 7 TeV, well before a possible pile-up in the
spectrum arises, which can be additionally used to rule out an
EBL realization [28,6]. The choice of the fit range is made in order
not to bias the result by the level of the EBL above 10 lm, to which
the VHE spectra are very sensitive due to a super exponential
dependency of the attenuation with the wavelength in that range.
Using the correct EBL level to reconstruct the intrinsic spectrum,
the intrinsic spectrum is well described by a smooth function
(Fig. 8, middle panel). Instead, when using a ‘‘wrong’’ scaled EBL
density characteristic deviations (wiggles) from a smooth function
are visible (Fig. 8, lower panel). The wiggles are quantified by a
reduced v2 value of 61.4/12, corresponding to a fit probability of
1:3 ! 10"8 . The small fit probability for the assumed scaled EBL level
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implies (under used assumptions) significant presence of the
unphysical wiggles and, therefore, the exclusion of that particular
EBL realization.
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3.2.3.2. Results of the analysis. This procedure is repeated 1000
times for every scaled EBL density in order to achieve a solid statistical mean and a 1 r (68%) coverage of the reduced v2 values. The
results are shown in Fig. 9 for two different CTA exposures (20 and
50 h) plotting the mean reduced v2 values including 68% error bars
versus the EBL scaling factor. As a result one can see a parabola-like
curve with the minimum at EBL scaling factor of 1.0, which is via
construction the correct EBL model. The expected mean reduced
v2 values are shown by the blue filled squares and the green filled
circles for the exposures of 20 h and 50 h, respectively. The corresponding fit probabilities of P = 50%, 1% and 0.01% are shown by the
dotted, short-dashed and long-dashed lines, respectively. An EBL
scaling is considered to be excluded when the mean reduced v2
value including its 68% error exceeds the v2 value for P = 0.01%.
For the case constructed here this means that in case of 50 h observation, the EBL scalings below 0.70 and above 1.30 are excluded. In
the case of 20 h observation, the EBL scalings factors above 1.40
and below 0.6 are excluded.
When comparing performance of different CTA array layouts for
this particular study, no significant differences between the results
was found for the array layouts B; I, and C. The reason for low discrepancies is that the study mainly relies on the energy resolution
of the array in the range 200 GeV up to few TeV and per
construction this is the regime where all CTA arrays have similar
performances.
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Fig. 9. Quantitative results from the search for EBL signatures in the mid-VHE using
the energy spectrum of Mkn 501. The results for the array layout I are shown: the
reduced v2 values from the fits to the reconstructed spectra of Mkn 501 as a
function of EBL scaling factor. Blue filled squares and green filled circles show the
expected result for 20 and 50 h of CTA observations, respectively. The black
horizontal lines correspond to fit probabilities as labeled. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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4. Conclusions, recommendations, & caveats

References

CTA will be a superb machine for probing the EBL. Key features are the high sensitivity, providing a large and rich sample
of sources for EBL studies, and the huge energy coverage,
enabling to simultaneously measure the EBL attenuation and
the un-attenuated intrinsic spectrum. CTA will deliver definite
answers to some of the most pressing topics in this field, including a precise measurement of the EBL density and it evolution
up to redshifts of one and beyond, providing new insights into
structure formation and galaxy evolution. In addition, it will
open up the field of EBL studies towards more fundamental
physics, allowing to probe for effects of fundamental particles
like hidden photons or axions (see [24]), and give constraints
on cosmology.
The currently proposed layouts come in three different flavors:
(1) emphasis on low energy sensitivity and lower threshold with
worse high energy performance (array layout B), and (2) increased high energy performance with worse acceptance at low
energies (array layout C), and (3) overall balanced sensitivity with
emphasis on the core energy range between 100 GeV and 10 TeV
(e.g. array layout E or I). Each of the setups have their advantages
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a b s t r a c t
We outline the science prospects for gamma-ray bursts (GRBs) with the Cherenkov Telescope Array
(CTA), the next-generation ground-based gamma-ray observatory operating at energies above few tens
of GeV. With its low energy threshold, large effective area and rapid slewing capabilities, CTA will be able
to measure the spectra and variability of GRBs at multi-GeV energies with unprecedented photon statistics, and thereby break new ground in elucidating the physics of GRBs, which is still poorly understood.
Such measurements will also provide crucial diagnostics of ultra-high-energy cosmic ray and neutrino
production in GRBs, advance observational cosmology by probing the high-redshift extragalactic background light and intergalactic magnetic fields, and contribute to fundamental physics by testing Lorentz
invariance violation with high precision. Aiming to quantify these goals, we present some simulated
observations of GRB spectra and light curves, together with estimates of their detection rates with
CTA. Although the expected detection rate is modest, of order a few GRBs per year, hundreds or more
high-energy photons per burst may be attainable once they are detected. We also address various issues
related to following up alerts from satellites and other facilities with CTA, as well as follow-up observations at other wavelengths. The possibility of discovering and observing GRBs from their onset including
short GRBs during a wide-field survey mode is also briefly discussed.
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1. Introduction
Gamma-ray bursts (GRBs) are the most luminous explosions in
the Universe after the Big Bang, liberating as much as
1052 —1054 erg of isotropic-equivalent energy during a brief period
of 0.01–1000 s, primarily as MeV–band gamma rays. They are also
the most violent explosions, manifesting rapid and irregular variability on timescales down to sub-millisecond levels. Since their
discovery in 1967, research on GRBs has steadily intensified, witnessing particularly rapid progress during the last 10–20 years, driven by observational results from satellite instruments such as the
Burst And Transient Source Experiment (BATSE) and the Energetic
Gamma Ray Experiment Telescope (EGRET) onboard the Compton
Gamma-Ray Observatory (CGRO), the High Energy Transient Explorer
(HETE-2), BeppoSAX, Swift, and most recently the Large Area Telescope (LAT) and Gamma-ray Burst Monitor (GBM) onboard the Fermi Gamma-ray Space Telescope. We now know with confidence
that: (1) They occur at cosmological distances, typically at redshifts
of a few. (2) They are generated by (likely collimated) outflows
with ultrarelativisic bulk velocities. (3) Their prompt, MeV-band
emission is accompanied by afterglows that span the radio to Xray bands and gradually decay over hours to days or more, most
likely emitted by high-energy electrons accelerated in the blastwave resulting from the interaction of the outflow with the ambient medium. (4) Those with durations longer than !2 s (‘‘long’’
GRBs) exhibit properties systematically different from those with
shorter durations (‘‘short’’ GRBs). (5) At least some long GRBs are
associated with the core-collapse supernova events of massive
stars. (For recent reviews on GRBs, see e.g. [1–5].)
However, many other basic aspects are still unknown or unclear, such as the identity and nature of the central engine, the formation mechanism of the ultrarelativistic jet, the physical
mechanisms of energy dissipation and particle acceleration therein
as well as the prompt and early afterglow emission, their cosmological evolution, the progenitors of short GRBs, etc. Thus they remain one of the most enigmatic phenomena in the Universe, and
their origin is among the most important unsolved problems in
modern-day astrophysics.
GRBs are also of potentially great importance for other fields of
physics and astrophysics. From model-independent considerations, they are thought to be one of the leading candidates for
the sources of ultra-high-energy cosmic rays (UHECRs) with energies up to ! 1020 eV, the highest energy particles known to exist in
the Universe today and whose origin is yet unknown [6]. The production of UHECRs in GRBs may also induce observable fluxes of
high-energy neutrinos. GRBs are also crucial probes for observational cosmology, as they are known to occur and are observable
out to extremely high redshifts, including the epochs of cosmic reionization and the earliest star formation [7]. Indeed, the recently
detected GRB at z ! 8:2 is one of the most distant and hence most
ancient astrophysical objects known to humankind [8,9]. Finally,
they can serve as valuable beacons for testing fundamental physics, particularly in searching for possible violations of Lorentz
invariance [10,11].
The latest observational advances in GRBs have been brought
forth by Fermi [12]. The Fermi LAT instrument has revealed intense
emission in the GeV band from a sizable number of GRBs of both
the long and short classes. The lack of apparent high-energy spectral cutoffs has allowed important new constraints to be derived on
the bulk Lorentz factor of the emitting region. Some notable, common characteristics have also been discerned for the GeV emission
compared to the MeV emission, such as the slightly delayed onset,
occasionally distinct hard spectral components, temporally extended emission, etc., for which numerous theoretical explanations
have already been proposed. However, the generally limited statistics of high-energy photons detected by Fermi LAT (only a few pho-
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tons above 10 GeV even in the best cases) have so far prevented
firm conclusions to be drawn on the nature of the high-energy
emission from GRBs.
In order to stimulate further progress, observations with higher sensitivity over a wider energy band are strongly desirable.
Compared to Fermi, ground-based, imaging atmospheric Cherenkov telescopes (IACTs) have a large advantage in terms of sensitivity for gamma rays above several tens of GeV because of
their much larger effective area, although their field of view
and duty cycle are more limited [13,14]. Past and ongoing follow-up efforts of GRB alerts by current IACTs such as HESS, MAGIC and VERITAS have yet to uncover signals, but their present
operational threshold energies of K 50–100 GeV and the potential attenuation by the extragalactic background light (EBL)
[15,16] in this band at the typical distances of GRBs could be hindering their detection.
The Cherenkov Telescope Array (CTA), an advanced, next generation ground-based facility,1 is planned to be two sets of mixed
arrays of large-size, mid-size and small-size telescopes (LSTs, MSTs
and SSTs, respectively), one each situated in the northern and
southern hemispheres,2 which when combined will cover the entire sky over a broad energy range from tens of GeV up to hundreds
of TeV, with a sensitivity considerably better than existing instruments [17,18]. The most critical component for GRB observations
will be the LSTs, primarily responsible for the lower energy bands.
Compared to current IACTs, they will feature: (i) appreciably lower
threshold energy ( K 30 GeV, possibly down to ! 15 GeV in some
cases), and (ii) even larger effective area at multi-GeV energies
(! 104 times larger than Fermi LAT at 30 GeV) [19]. In addition,
they are designed with (iii) rapid slewing capability (180 degrees
azimuthal rotation in 20 s), comparable to MAGIC-II, allowing the
observation of some long GRBs during their prompt phase, and
many others in the early afterglow phase. By acquiring high-quality
(i.e. high photon statistics) measurements of time-resolved spectra
and energy-dependent variability at multi-GeV energies that was
not possible with Fermi, some important science goals that can
be addressed with CTA include the following. (1) Determine or
more robustly constrain the bulk Lorentz factor of the emission
zone. (2) Determine the emission mechanisms of prompt GRBs
and early afterglows. (3) Reveal hadronic signatures accompanying
the production of UHECRs and neutrinos (4) Probe the extragalactic
background light at high redshifts, beyond the reach of blazar active galactic nuclei (z J 2). (5) Probe Lorentz invariance violation
with better precision.
This article aims to provide an overview of the science prospects for GRBs with CTA, and is organized as follows. We begin
by reviewing our current knowledge of GRBs, focusing on their
emission in the high-energy ( J 100 MeV) and very-high-energy
( J 100 GeV) gamma-ray regimes in Sections 2 and 3, respectively. In Section 4, selected science cases for CTA are described
in some detail. Section 5 presents demonstrative simulations of
GRB spectra and light curve measurements, as a first step toward
quantitative assessments of the science goals. In Section 6, predictions for GRB detection rates are given from two different perspectives. Section 7 discusses various issues related to following
up GRB alerts with CTA and at other wavelengths, as well as
the possibility of discovering GRBs with CTA alone during a
wide-field survey mode. We conclude and provide an outlook
in Section 8.

1
In the current timeline, start of construction is foreseen from 2015 and that of
scientific operations from 2016 [18].
2
The CTA North Array may comprise only the LSTs and MSTs and have somewhat
lower sensitivity above few tens of TeV compared to the CTA South Array.
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2. Current status at GeV energies
2.1. From EGRET to Fermi
GeV emission from GRBs was first discovered by EGRET onboard CGRO, active during 1991–2000. While EGRET detected only
five GRBs with its spark chambers within 20 MeV–30 GeV and a
few more bursts with its Total Absorption Shower Counter within
1–200 MeV, these events already showed diversity [20]. For GRB
940217, GeV emission was seen up to ! 1:5 h after the burst trigger, including an 18 GeV photon at ! 1:3 h [21]. GRB 941017 displayed a distinct, high-energy spectral component up to
! 200 MeV with a hard spectrum of mF m / m [22], long duration
! 200 s and total energy ! 3 times larger than the low-energy,
MeV-band spectral component that lasted several tens of seconds.
A promising explanation is inverse-Compton emission from the
forward-reverse shock system that forms as the ultra-relativistic
GRB outflow is decelerated by the external medium [23,24]. However, better data are needed in order to conclusively determine the
origin of such high-energy components. The Italian experiment Astro-rivelatore Gamma a Immagini LEggero (AGILE), launched in
2007, detected emission from GRB 080514B up to ! 300 MeV that
continued for > 13 s, compared to ! 7 s for the ! MeV component
[25].
Significant progress was brought forth by the Fermi Gamma-ray
Space Telescope, which has been detecting about ! 8—10 GRBs per
year at energies above a few tens of MeV since its launch on 11
June 2008. Thanks to the very wide energy range covered by its
instruments, GBM (8 keV–40 MeV) and LAT (25 MeV–>300 GeV),
the prompt emission spectra of some GRBs have been measured
from ! 8 keV up to ! 30 GeV. Below is a brief summary of what
it has taught us about GRBs and associated high-energy physical
processes.
2.2. Energetics & average spectrum
From a comparison of the number of GRBs per year detected by
Fermi LAT with expectations based on simple spectral extrapolation of BATSE results [26,12], as well as the observed flux or upper
limits in the GeV-band relative to the MeV flux for individual
bursts [27–29], the energy output in the GeV band appears to be
about an order of magnitude less than in the MeV band. In some
cases, a high-energy extrapolation of the Band function spectrum
[30] overpredicts the GeV flux, indicating the presence of a spectral
steepening or cutoff. This is despite the fact that the spectra of
many bright GRBs are well described with the Band function over
the entire Fermi energy range [31], and the brightest LAT GRBs often exhibit a hard, distinct high-energy spectral component (Section 2.4). At any rate, this suggests that in most GRBs the
radiative output at GeV energies is not a major fraction of the total
energy budget. However, short GRBs may be different in this respect (Section 2.6).
2.3. Constraints on the Lorentz factor
In addition to its typically enormous isotropic-equivalent luminosities L ! 1050 " 1053 erg s"1 , the prompt emission of GRBs
shows significant short timescale variability, with a good fraction
of the radiated energy in photons with energies Eph J me c2 . These
properties would imply a huge optical depth to pair production
(cc ! eþ e" ) at the source, which would thermalize the spectrum
and be at odds with the observed non-thermal spectrum, unless
the emitting material was moving toward us ultrarelativistically
with a bulk Lorentz factor C $ 1. Such ‘‘compactness’’ arguments
had been applied to EGRET GRBs to derive lower limits on the value

of C, typically resulting in Cmin ! 102 , and in some cases as high as
a few hundred (see [32] and references therein). However, these
limits for EGRET bursts were based on the implicit assumption that
the spectra extended to well above the observed energy range,
even though direct evidence was lacking for photons with energies
high enough that substantiate the opacity constraint.
For Fermi LAT GRBs, one could adopt a more robust approach of
relying only on photons within the directly observed energy range.
If Eph;max is the highest observed photon energy, the maximal value
of Cmin that can be derived corresponds to the case in which this
energy is just above the pair production threshold in the comoving
frame of the flow where the photons are roughly isotropic, so that

Cmin K ð1 þ zÞ

!
"
Eph;max
Eph;max
:
' 2000ð1 þ zÞ
2
me c
1GeV
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Provided that photons of sufficiently high energies are detected,
concrete values for Cmin can be obtained by relating the spatial scale
of the emitting region to the observed timescale of variability t v , the
exact choice of which constitutes the main uncertainty for Cmin .
Other uncertainties arise from those on the spectral fit parameters,
or on the degree of space–time overlap between the high-energy
photon and lower energy photons relevant for pair production.
Relying on a single high-energy photon would also induce an uncertainty as it can still escape from regions with an optical depth of up
to a few, but accounting for the second or third highest-energy photons helps to mitigate such uncertainties due to Poisson fluctuations. Thus, reasonably robust values have been derived for 3 of
the brightest LAT GRBs: Cmin ' 900 for GRB 080916C [33],
Cmin ' 1200 for GRB 090510 [34], and Cmin ' 1000 for GRB
090902B [35].
Nevertheless, these limits rely on the simple assumption of a
photon field that is homogeneous, time-independent and isotropic
in the rest frame of the emitting material. A fully time-dependent
and self-consistent calculation featuring emission from a thin
spherical shell over a finite range of radii [36], appropriate for
the internal shock model, gives limits that are lower by a factor
of ! 3. Similar conclusions were recently reached by several studies [37–40] (see also Section 4.1.).
In one case so far, GRB 090926A [41], a high-energy break or
cutoff at Eph;cut ! 1:4 GeV was measured at the brightest part of
the prompt emission. If this is due to internal pair opacity at the
source, for the first time we can determine the Lorentz factor instead of just setting a lower limit, We arrive at C ' 720 ( 76 for
a simple one-zone model, and C ' 220 for the fully time-dependent model mentioned above [36]. However, the available statistics of high-energy photons is insufficient to ascertain whether
the measured spectral softening is actually caused by pair opacity
or instead has a different physical origin.
The fact that Cmin for the bright, short GRB 090510 is comparable and even slightly higher than those for the bright, long GRBs
080916C and 090902B demonstrates that short GRBs are as ultrarelativistic as long GRBs, which was questioned before the launch
of Fermi [42]. Note also that since the highest values of Cmin are derived for the brightest LAT GRBs, they may be affected by selection
effects. For example, GRBs with higher C may tend to be brighter in
the LAT band by avoiding internal pair production [43].
2.4. Delayed onset & distinct high-energy spectral component
A common feature in Fermi LAT GRBs is a delay in the onset of
the emission > 100 MeV relative to the emission K 1 MeV. Such
a delayed onset clearly appears in the four brightest LAT bursts
so far, while in dimmer LAT bursts it is often inconclusive because
of poor photon statistics. The time delay t delay appears to scale with
the duration of the GRB; t delay ! several seconds in the long GRBs
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080916C and 090902B, while tdelay ! 0:1 " 0:2 s in the short GRBs
090510 and 081024B [34,44], albeit with a smaller statistical significance for the latter.
Only 3 LAT GRBs so far have shown clear (> 5r) evidence for a
distinct, high-energy spectral component. However, these GRBs are
the 3 brightest in the LAT, while the next brightest, GRB 080916C,
showed a hint for an excess at high energies. This suggests that
such distinct high-energy spectral components may be common,
but can only be detected with high significance in particularly
bright cases. The distinct spectral component is usually well fit
by a hard power-law dominating at high energies. In GRB
090902B, a single power-law component dominates over the usual
Band component not only above ! 100 MeV, but also below
! 50 keV. There is also marginal evidence for a similar low-energy
excess in GRB 090510.
Both the delayed onset and distinct spectral component should
be strongly related to the prompt GRB emission and may help elucidate its uncertain radiation mechanism. We discuss here a few
selected models, of both leptonic and hadronic types. Further alternative models are described in Sections 4.1 and 4.2.
Leptonic. One might attribute the high-energy spectral component to inverse-Compton emission, in particular the synchrotronself Compton (SSC) mechanism, if the main MeV-band component
is of synchrotron origin [45–49]. However, it may be difficult to account for the observed t delay > tv , the width of individual spikes in
the light curve. Moreover, the observed, gradual steepening with
time of the high-energy spectral component is not naturally expected. The fact that the spectral indices of the distinct GeV component and the sub-MeV component are notably different, as
well as the existence of the low-energy excess components in some
bursts, are also problematic for the simplest leptonic models.
Hadronic. One might identify t delay with the acceleration time
t acc of protons (or heavier ions) up to ultra high energies, where
they can convert their energy to GeV photons with a reasonable
efficiency, e.g. via the proton synchrotron mechanism [50]. If
the GeV emission involves photohadronic cascades (i.e. inverseCompton emission by secondary e# pair cascades initiated by
interactions between ultra-high-energy protons and low-energy
photons [51]), some additional delay may occur for the cascades
to develop. However, such a scenario for the delayed onset
requires the GeV emission to originate from the same physical
region over times > t delay and implies variability timescales
t v J t acc ! t delay due to the stochastic nature of the acceleration
process, which is in contrast to what is usually observed,
t v < t delay . The gradual steepening of the high-energy spectral
component is evidently not expected, although it might be mimicked by time evolution effects [50]. For GRB 090510, a photohadronic cascade model requires a total isotropic equivalent energy
> 102 times larger than in MeV gamma rays [51], potentially posing a challenge for models of its progenitor. On the other hand,
the low-energy excess component observed in GRB 090902B
(and possibly also in GRB 090510) may be naturally explained
in this model by synchrotron emission from secondary pairs
[51,52].

2.5. Long-lived high-energy emission
The GeV-band emission in most Fermi LAT GRBs lasts significantly longer than the MeV-band emission. During the prompt
phase of the MeV emission, the GeV emission usually shows significant variability, in some cases being correlated with the former.
The longer-lived GeV emission, however, is temporally smooth
and consistent with a power-law flux decay, typically
/ t "1:2 " t "1:5 but ranging over ! t "0:8 " t "1:9 , with roughly flat mF m
spectra.
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The early GeV emission may be most naturally interpreted as
the high-energy counterpart of the prompt MeV emission from
the same emission region, especially when the respective light
curves show temporal correlation. The long-lived, smooth decay
phase is more naturally ascribed to the high-energy component
of the afterglow emission from the external forward shock. (For
discussion of late-time flaring emission, see Section 4.1.) Although
an afterglow origin has been suggested in some cases for the entire
GeV emission including the prompt phase [53,43], it is generally
hard to explain the sharp spikes seen in the early LAT light curve
[54]. Good multi-wavelength coverage of the afterglow from early
times (e.g. [55]) should be a key to identify its origin.
Producing multi-GeV photons is challenging for a leptonic synchrotron origin, both during the prompt emission [33], and even
more so during the afterglow (e.g. [56]; see however, [53]) as it requires a very high bulk Lorentz factor and low upstream magnetic
field, in addition to very efficient shock acceleration of electrons.
For example, the photon with energy 33 GeV (94 GeV in the cosmological rest frame at redshift z ¼ 1:822) observed in GRB
090902B at 82 s after the trigger, well after the end of the prompt
emission [35], would require C > 1500 in this interpretation. That
at least some GRBs are now known to emit photons near 100 GeV
is also a crucial fact for ground-based gamma-ray observatories
(Section 3). See Section 4.1 for further discussions on the high-energy afterglow emission.
2.6. High-energy emission of long versus short GRBs
Out of the 30 LAT GRBs up to January 2011, 4 and 26 are of the
short and long duration class, respectively. Bearing in mind the
uncertainty due to the small number statistics, this implies that
! 13% of LAT GRBs are short, which is marginally consistent with
the ! 20% fraction of short GRBs detected by the GBM. The GeV
emission properties of short and long GRBs appear to be rather
similar. Both can produce very bright emission in the LAT energy
range ([34] vs. [33,35,41]), with a correspondingly high lower limit
on the bulk Lorentz factor, Cmin ! 103 for a simple one-zone model
or ! 102:5 for a time-dependent model relevant for internal shocks,
as well as a distinct spectral component ([34] vs. [35,41]). Both
show delayed onset and long-lived GeV emission compared to
the MeV emission (see also [57] for AGILE results). However, the
GeV onset delay time appears to roughly scale with the duration
of the GRB, being ! 0:1—0:2 s for short GRBs and several seconds
for long GRBs. Considering that GRB 080916C and GRB 090510
had comparable isotropic equivalent luminosities of several times
1053 erg s"1 , this scaling of the delay times may suggest an underlying cause that is largely independent of the outflow’s instantaneous properties and is instead driven by its general evolution
over the duration of the GRB, which differs between short and long
GRBs and may provide clues to the inner workings of their central
engines, e.g. [58]. Another interesting potential difference is that
the GeV energy output relative to the MeV output of short GRBs
appear to be comparable, while that of long GRBs tend to be a
smaller fraction. However, this still warrants confirmation, since
there are only 4 short LAT GRBs so far that may be subject to selection effects.
3. Current status at very high energy
Because of their limited effective area, the sensitivity of satellite
instruments is often inadequate to measure the decreasing fluxes
from gamma-ray sources above few tens of GeV. In this very high
energy (VHE) regime, ground-based Imaging Atmospheric Cherenkov Telescopes (IACTs) are the most sensitive instruments. GRB follow-up observations are regularly carried out with the latest
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3.1. MAGIC
In view of the expected attenuation of gamma rays due to the
EBL ([15,16], see also Section 4.3) and and the generally large redshifts of GRBs, achieving the lowest possible energy threshold for
ground based detectors is of paramount importance. Furthermore,
since the duration of the prompt emission is typically tens of seconds, fast repositioning of the telescope towards the coordinates
provided by satellite detectors is crucial. Both requirements are
met with the two MAGIC telescopes. With reflectors of 236 m2
each, they are currently the largest stereoscopic pair of IACTs in
the world, aiming to explore the gamma-ray sky with high sensitivity at energies starting well below 100 GeV. Moreover, the lightweight design of their supporting cradle allows MAGIC to slew
180! in azimuth in less than 20 s.
Having a limited field of view, IACTs must generally rely on
external GRB alerts such as those provided by the automated satellite link to the Gamma-ray Burst Coordinate Network (GCN),8
which broadcasts the coordinates triggered by selected satellite
detectors and sends them to ground based experiments. The GCN
information can be received directly over a TCP/IP internet socket
connection. A program is necessary to validate the alert with predefined observability criteria. In the case of MAGIC, the alert is automatically accepted and sent directly to the central control software
if the following criteria are fulfilled:
! The Sun is below the astronomical horizon (zenith angle >103!).
! The angular distance from the GRB to the Moon is >30!.
! The zenith angle for the GRB observation is <60!. Under moonlight the maximal zenith angle is reduced to 55!.
Because of their large localization uncertainties, Fermi GBM
alerts are not followed up by many ground based telescopes. In order to increase the chances for simultaneous observations with
MAGIC and Fermi LAT, some GBM alerts are accepted according
to the following criteria:

120
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generation of IACTs including the Major Atmospheric Imaging
Cherenkov Telescope (MAGIC),3 the High Energy Stereoscopic System (H.E.S.S.),4 and the Very Energetic Radiation Imaging Telescope
Array System (VERITAS).5 Furthermore, facilities such as Milagro6
and ARGO7 have been conducting searches for VHE emission from
GRBs that are complementary to IACTs, with much wider field of
view and higher duty cycle, albeit with less sensitivity and higher
energy threshold (see e.g. [59–63] for selected results).
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iod between 2005 and 2010. On average 105.4 alerts from BAT and
GBM (with some additional preselection) are received per year. Out
of this sample, on average 9.6 follow-up observations are performed, which implies a duty cycle of 11%.
MAGIC has followed up 70 GRB alerts up to June 2012. In 23
cases the redshift of the burst was measured and out of this sample
5 GRBs had z < 1. Unfortunately, because of delays caused by
observability criteria or technical problems, most of the MAGIC
data sets were obtained only well after the GRB prompt emission
phase. So far no VHE emission components have been detected.
Some early MAGIC results on GRBs were presented in [66].
Two MAGIC follow-up observations can be highlighted here,
conducted with the single, MAGIC-I telescope. For GRB 080430
[64] and GRB 090102 [65], simultaneous multiwavelength data
and the knowledge of the redshift have allowed detailed discussions on the physical implication of the VHE upper limits.
GRB 080430 occurred while the Sun was still above the horizon
at the MAGIC site. The MAGIC observation started at T 0 þ 4753 s,
well after the end of the prompt emission phase, but under very
good observing conditions. Analysis of the data set resulted in
upper limits (ULs) starting at 80 GeV. Fig. 2 shows these MAGIC
ULs in comparison with model expectations of the afterglow emission for this event.
10-9

ν Fν (erg cm-2 s-1)

Nominal duration of observations is from the start of the
observability until 4 h after burst trigger, T 0 þ 4 h. As the redshift
of the source is only known hours to days later, one is obliged to
observe all candidates, although the usefulness of the observation
can be limited if later follow-up reveals the redshift to be too high,
or if it turns out that the redshift could not be measured. Fig. 1
shows the frequency of alerts received by MAGIC in the time per-
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Fig. 1. Frequency of alerts distributed by GCN and those followed up by MAGIC
during 2005–2010.
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! Flight generated: error <4!, signal-to-noise >100, hardness ratio
(counts at 15–50 keV relative to 50–300 keV) <1
! Ground generated: error <4!, signal-to-noise >40.
! The pointing is updated if more precise coordinates arrive.
! Abort of the observation after 1 h if error >1.5!.
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Fig. 2. 95% confidence level ULs derived by MAGIC at various energies as black
triangles, compared with predictions of the SSC emission for the afterglow of GRB
080430 at different time delays after the burst onset. Curves with the same color
refer to the same emission model, but with different models for attenuation by the
EBL. The time delay for the blue curves correspond to the MAGIC observation
window. From [64]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Simultaneous, 95% CL upper limits derived by MAGIC as blue triangles and
by Fermi LAT as red triangles, compared with the expected SSC emission for the
afterglow of GRB 090102. The shaded region denotes the uncertainty in EBL
attenuation. From [65].

The follow-up observation of GRB 090102 by MAGIC started at
T 0 þ 1161 s, while Swift and Fermi were still on the target. For the
first time, simultaneous ULs with LAT and MAGIC could be extracted (Fig. 3), showing the potential impact of ground-based
VHE observations that cover the energy range where EBL attenuation is expected to be substantial.
3.2. H.E.S.S
The H.E.S.S. I array consists of four telescopes with a mirror collection area of 108 m2 each, operational in Namibia since 2004.
Their energy threshold depends on the zenith distance of the
observing position and reaches 100 GeV at zenith. In 2012, the array was complemented with the single H.E.S.S. II telescope with a
600 m2 primary mirror, the largest Cherenkov telescope ever built,
aiming for a significantly lower energy threshold. The discussion
below concerns observations conducted to date with the smaller,
H.E.S.S. I telescopes.
While small compared to the LAT instrument for lower energy
gamma-rays, the field-of-view of the H.E.S.S. telescopes has a
diameter of 5 degrees, significantly larger than those of other past
and current IACTs. This is particularly beneficial in the context of
GRB observations. Several hard-X-ray satellite-borne GRB instruments provide coarse GRB location accuracies at the first trigger
signal. Subsequent on-board or ground analysis improves the positional accuracy with significant latency. All but one GRB trigger followed up by the H.E.S.S. telescopes had error circles associated
with the initial trigger which were fully covered by the field-ofview of the H.E.S.S. telescopes. The H.E.S.S. GRB program follows
up on triggers promptly, whenever the location can be observed
with the H.E.S.S. array. This requires the GRB trigger to arrive when
the telescopes are operational (Sun at least 15 degrees below the
horizon, no moonlight, clear skies), and a burst location at trigger
corresponding to a zenith angle less than 45 degrees. The duration
of the observations extends for at least one hour and depends further on the position of the GRB trigger, potential signals in on-line
analysis, and estimates of the GRB redshift as reported on GCN
alerts or other sources during ongoing H.E.S.S. observations. Triggers from any instrument feeding the GCN trigger system are accepted. In addition a GRB afterglow observing mode is followed,
observing GRB locations as they become observable for H.E.S.S.
with a latency of up to 24 h after the trigger in case of GRBs with
established redshifts. The latency depends on the GRB redshift
and fluence. Optical follow-up observations of GRBs visible for
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H.E.S.S. are obtained with the ROTSE 3c telescope operating at
the H.E.S.S. site.
Triggers for prompt observations are passed on directly from
the local socket connection to the telescope operation system.
Since 2010 they interrupt any ongoing observations if observability
criteria are met automatically. This results in a reduction of the latency of the VHE observations. At any time a GRB shift expert is onduty, supporting the observers with follow-up investigations of
GRB properties, redshift estimates, and further considerations
affecting the GRB observations. Results of these studies have been
published in [67–69]. Neither individual GRB observations nor
stacked analyses provided the detection of VHE signals. In the case
of GRB 070621 the sensitivity of H.E.S.S. allowed establishing
upper limits on the VHE energy flux (in erg cm"2 s"1 , above
200 GeV) which are lower than the detected X-ray energy flux
(0.3–10 keV, observed with XRT) during the period 300–3000 s
after the trigger [67]. Other, particularly noteworthy events are
GRB 060602B [68] and GRB 100621A [69]. Observations of GRB
060602B were remarkable because the trigger occurred within
the field-of-view of H.E.S.S. at the time of the trigger – even if
the position was at the edge of the field-of-view where the sensitivity is significantly reduced compared to on-axis performance.
It was the only event witnessed by an IACT with data being taken
before, during, and after the trigger. Only upper limits have been obtained [68]. The unusually soft X-ray spectrum and the low Galactic latitude of the event suggest, however, that GRB 060602B was
actually a hard Galactic X-ray transient. This notion has been confirmed by [70].
3.3. VERITAS
Located at the Fred Lawrence Whipple Observatory in southern
Arizona, USA, VERITAS is an array of four IACTs using a Davies-Cotton design with a 12 m dish and a 3.5! field-of-view camera composed of 499 photomultiplier tubes. The VERITAS observing
strategy assigns highest priority to GRB observations.
GCN alerts are received at the VERITAS basecamp through a
TCP/IP socket connection which allows prompt notification to the
observers. If the burst localization is higher than 20! elevation
and has less than 10! localization uncertainty, the telescopes are
immediately slewed toward the least uncertain burst localization.
The telescope slewing rate is #1!/s both in azimuth and elevation.
Since VERITAS first light in 2006, 36 burst alerts were promptly responded to. For half of them, data taking could start less than 180 s
after the burst trigger with a record of 91 s.
VERITAS policy is then to continue observation as long as the
target remains above 20! elevation and for at least 3 h in the case
of Swift alerts and 1 h in the case of Fermi GBM alerts (since in most
cases, GBM localization uncertainty is much larger than the VERITAS field-of-view). Additionally, in order to maximize VERITAS
chances of detecting a GBM burst, an observation mode where
the GBM 1-r error box is being continuously scanned is in the process of being implemented [71].
Upper-limits for a sample of 16 Swift-triggered GRBs were
recently published [72]. Among the 9 bursts with measured redshifts, 3 could be constrained to have VHE afterglows less energetic
than the prompt, low-energy gamma-rays measured by Swift in the
15–350 keV range, as shown in Fig. 4.
4. GRB science cases for CTA
4.1. Physics of GRBs
Many fundamental problems remain unsolved concerning the
physical mechanisms behind GRBs. With its large effective area,
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Fig. 4. EBL-corrected VERITAS integral fluence upper limits above 200 GeV, divided
by the fluence measured by the Swift BAT in the 15–350 keV energy band as a
function of t med , the time since the beginning of VERITAS observations at which we
expect to detect half of the photon signal assuming t#1:5 temporal decay [72].

CTA can detect hundreds or more photons from moderate to bright
GRBs (Sections 5 and 6) and and achieve unprecedented temporal
and spectral resolution in the domain above a few tens of GeV.
Here we discuss the prospects for studying the physics of GRBs
with CTA, focusing on issues related to the bulk Lorentz factor,
the prompt emission, and the afterglow emission.
Bulk Lorentz Factor. The bulk Lorentz factor C is a key quantity
characterizing ultra-relativistic outflows in GRBs, particularly their
acceleration mechanism and composition (or degree of baryon
loading and magnetization). The baryon loading is intimately related to jet formation at the central engine, the most enigmatic aspect of GRB physics. In the canonical fireball model of GRB
outflows, an optically thick plasma of e! pairs, photons and some
baryons expands and accelerates because of its own pressure and
(with sufficient baryon loading) converts most of the initial internal energy to the kinetic energy of baryons, a fraction of which is
later dissipated through internal shocks [1,2]. The electrons associated with the baryons are essential for trapping the radiation, and
the corresponding minimum amount of baryons implies an upper
limit on C of
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where L is the isotropic-equivalent luminosity and r0 is the initial
size of the fireball [73].
As discussed in Section 2.3, C can be constrained by identifying
the high-energy spectral cutoff due to internal pair production
(cc ! eþ e# ). Probing the range of C in Eqs. 1 and 2 will test the fireball model as well as alternatives involving magnetic acceleration
e.g., [74–80]. Values of C J 1000 would challenge both the fireball
model and magnetic acceleration models (in which the acceleration
proceeds more slowly with radius) and point to other possibilities,
such as converging jets [81] or baryon entrainment during acceleration [82].
Although the instantaneous emission from a thin shell would
exhibit a photon spectrum with an exponential cutoff,
mF m / Ek exp½#scc ðEÞ(, where scc ðEÞ is the opacity to pair production
for photons of energy E, the shape of the time-integrated spectrum
of a single pulse (or multiple pulses) may depend on the details of
the emission mechanism and geometry. For example, the simple
model of an emitting slab would give

mF m / Ek

1 # expð#scc ðEÞÞ
;
scc ðEÞ

ð3Þ

a smoothly broken power-law spectrum [83]. However, this does
not account for the realistic contribution to the opacity from the

radiation field extending outside the emitting region. It is most
likely that time-dependent and/or multi-zone effects (e.g., the
superposition of emission from multiple internal shocks) modify
the spectral break feature [36–38,40]. As for multi-zone effects,
the external inverse-Compton (EIC) emission from internal shock
electrons at outer radii upscattering seed photons from inner radii
can be potentially important and complicate the resulting spectra
[37,39,58]. The softening of the spectral index could become so mild
that observational distinction would be difficult with Fermi, yet feasible with CTA with much higher photon statistics.
Time-resolved spectral analysis with CTA can clarify the evolution of scc and the corresponding cutoff or break energy E1 where
scc ðE1 Þ ) 1, possibly even within a single pulse of the light curve,
as predicted in time-dependent models [36]. Such analysis is also
crucial to distinguish the prompt emission from the afterglow.
The early afterglow emission could possibly dominate over the
prompt emission at E > E1 and hinder the determination of the
bulk Lorentz factor. This includes not only synchrotron self-Compton (SSC; e.g. [84] and references therein) but also EIC emission
due to upscattering by external shock electrons [85–87]. Obtaining
sufficient photon statistics for the time window of a single pulse in
the prompt emission would help to minimize such contributions
from the afterglow, which is expected to be less variable than
the prompt emission [87,88].
In addition to the break or cutoff due to scc , the high-energy
spectrum may reveal either a cooling break, a maximum energy
cutoff of synchrotron emission [90,82,89], or a Klein-Nishina break
of inverse Compton emission [91,48,92]. External c # c absorption
due to the EBL is also unavoidable and can obscure an intrinsic
break or cutoff (Section 4.3). Detailed information on spectral variability from CTA will be vital to discriminate between these
possibilities.
Prompt Emission. Since the probability of serendipitously
detecting a GRB in the FoV of CTA during standard, pointing-mode
observations is small, rapid follow-up within their duration ("10–
100 s for long GRBs) is generally necessary to catch the prompt
emission (see however, Section 7.3). Although the rate of GRB
detection during the prompt phase is expected to be K 1 per year,
once it is achieved, hundreds or more photons from a single event
can be potentially obtained and provide invaluable clues to the
emission mechanism (Section 6).
The total energy radiated in the GeV band for LAT GRBs is typically a fair fraction of that in the MeV band [28,29], and in some
cases can be considerable. The LAT spectra for some events remain
hard up to the highest measured energies [34,35], and the situation
beyond remains unclear. Robust estimates of the total radiated energy can impose constraints on the central engine. For example, if
the total intrinsic (i.e. collimation-corrected) energy is larger than
a few 1052 erg, this might favor rapid accretion onto a newly born
stellar-mass black hole [93] over a millisecond magnetar central
engine for long GRBs, although the collimation angle is usually
poorly constrained on an event-by-event basis. The energy budget
is also an issue for hadronic models in which the radiative efficiencies are generally limited (Section 4.2).
CTA is potentially capable of delineating the multi-GeV light
curves of GRBs with high photon statistics (Section 5.2), which will
be crucial to pin down the emission site of the high-energy photons. Very rapid and large amplitude variability would favor internal shocks or photospheric emission over an external shock origin.
Variability will also be the key to discriminate leptonic or hadronic
emission mechanisms, since the acceleration and cooling timescales for protons and nuclei relevant for the GeV-TeV emission
are generically much longer than for leptons (Section 4.2).
Although the delayed onset of the high-energy emission may be
generally challenging to address with CTA as the typical delay
tdelay " 1 s, follow-up of a GRB possessing a precursor pulse might
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allow the observation of the onset of main burst phase. Another
possibility is prompt detection during wide-field mode observations (Section 7.3). Detailed characterization of the delay will be
useful for discriminating different models from the different
dependences on key variables such as luminosity L and photon energy ec . For example, if the delayed onset is caused by the evolution
of the pair opacity cutoff, we expect tdelay / L ec for kinetic-energy
dominated jets [37], and tdelay / L0:14 e0:16
for magnetically-domic
nated jets [94]. Alternatively, t delay / L1=3 ec if the delay is related
to jet confinement [81], while t delay is independent of L or ec if it
is determined by the size of the progenitor system in connection
with baryon entrainment [82,58].
Chances are higher for observing GRBs in coincidence with Xray flares seen around t ! 100–105 s. In view of their strong and rapid variability, they are usually attributed to long-lasting activity
of the central engine [88,95], although they may alternatively arise
from sporadic late-time magnetic reconnection events within a
highly magnetized outflow [100]. Investigating the high-energy
properties of the X-ray flares in comparison with the prompt emission can reveal their true origin. Fermi detected a few GeV photons
during the X-ray flaring activity of GRB 100728A [96], but cannot
distinguish whether they originate from internal dissipation processes, long-lasting afterglow emission, or moderately variable
EIC emission from external shock electrons [84,97–99]. High time
resolution studies with the superior photon statistics of CTA will
be crucial to determine whether the high-energy photons and
the X-ray flares are co-spatial, as well as to constrain the bulk Lorentz factor of the emitting region and their emission mechanism.
The prompt emission of short GRBs may only be detectable by
CTA through wide-field mode observations (Section 7.3). However,
it may still be possible to follow up the extended emission of short
GRBs, which is observed in the MeV band to last for ! 102 s and for
which the total radiated energy can sometimes be comparable to
or even larger than that of the initial spike. Although this emission
is most likely related to the activity of the central engine [101,102],
its exact nature is unknown, and CTA observations could provide a
valuable clue.
Afterglow Emission. A promising target for CTA follow-up is
the high-energy afterglow emission of GRBs. Fermi LAT has detected long-lived GeV emission up to t ! 103 s from dozens of
events and in some cases even up to t ! 4000—8000 s, which is
most likely related to the afterglow observed at lower energies
[55,103]. There are good chances for CTA to detect such emission
at higher energies (Section 6).
The known radio to X-ray afterglow emission is generally well
explained as synchrotron radiation from electrons accelerated in
the external forward shocks resulting from the interaction of the
outflow with the ambient medium [104], especially at times later
than t ! 103 s. The simplest explanation of the GeV emission as
the high-energy extension of the synchrotron emission from an
adiabatic blastwave (together with suppression of the SSC emission) requires rather extreme conditions such as a very low ambient density and no magnetic field amplification [53]. The GeV light
curve sometimes decays fairly rapidly as ! t"1:5 , which might be
attributed to a radiative external shock, although the ambient
medium then needs to be enriched in e# pairs at relatively large radii (! 1016 ) cm) [43]. Alternatively, the initial rapid decay may be
related to inverse Compton cooling effects in the Klein-Nishina regime [105], or perhaps more naturally, the gradual turn-off of the
prompt emission overlapping with the afterglow onset
[54,106,107]. An important test for the synchrotron afterglow
model would be detection of the maximum energy cutoff sweeping
across the observing band as the Lorentz factor declines [108]. In
addition, at later times the Klein–Nishina suppressed SSC spectrum
may become visible [105]. CTA could probe these features as well
as the closure relation between the temporal and spectral indices
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and thus help to determine the precise origin of the extended
emission, especially in combination with radio to X-ray multiwavelength observations.
CTA can also provide valuable information on the yet unclear
nature of the early X-ray afterglow at t K 103 s, particularly the
shallow decay phase seen in most Swift bursts [109–111], which
is not expected in standard models and whose origin has been debated [112]. Possible models include late-time energy injection
[111,113,114], long-lasting central engine activity [115,116], time
dependence of shock microphysics [117,118], viewing angle effects
[119,120], shock coasting in a wind medium [121], or contribution
from SSC emission [122]. These predict different high-energy emission signatures (e.g. [84,99]) so that simultaneous observations by
CTA and X-ray instruments would be a key tool to identify the actual mechanism.
4.2. Ultra-high-energy cosmic rays and neutrinos
If the prompt emission from GRBs results from electrons accelerated at internal shocks, the energy in magnetic fields within GRB
outflows is inferred to be a sizable fraction of the equipartition value. Then protons and heavier nuclei are also likely to be accelerated under the same conditions, potentially up to ! 1020 eV and
beyond, compatible with the observed energies of ultra-high-energy cosmic rays (UHECRs) [123–125]. This may also apply to
external shocks, particularly the reverse shock that occurs during
the early afterglow [126], and possibly for the forward shock as
well, albeit with nontrivial issues for acceleration to UHE [127].
UHECR acceleration may also proceed via magnetic reconnection
rather than shocks [128]. For GRBs to be viable sources of UHECRs,
their CR energy output must be consistent with the local UHECR
emissivity,
e2CR dN_ CR =deCR ’ ð0:5—1Þ & 1044 erg Mpc"3 yr"1
at
19
10 eV [129–131]. Compared with the estimated local GRB rate
! 0:1 " 1 Gpc"3 yr"1 [132–135], the necessary isotropic-equivalent
54
energy per burst in accelerated CRs Eiso
erg (depending
CR J 10
somewhat on the assumed spectral index and the minimum CR energy J CAmp c2 , where A is the mass number of accelerated nuclei).
This generally exceeds the observed isotropic energy in MeV gamma-rays Eiso
c by a large amount, entailing efficient CR acceleration
as well as an energetic central engine. It may point to significantly
larger masses of black holes and/or accreted matter than commonly assumed (note that black hole masses of J 30M ' are inferred in some X-ray binaries [136]), or that the outflow
collimation angle is narrower than usually considered so that the
total intrinsic energy is actually not excessive.
If UHECRs are produced in internal shocks, the above discussion
2:5
iso
also points to a high CR baryon-to-electron ratio Eiso
CR =Ee ! 1 " 10
iso
[137–139], as the energy in electrons Ee is considered to be comparable to Eiso
c . Similar considerations are valid for an external
shock origin of UHECRs, implying that the isotropic kinetic energy
of the blastwave is initially much larger than Eiso
c , and either that
only a small fraction of the electrons are accelerated [140], or that
the CRs efficiently escape before the blastwave becomes adiabatic
[141]. Such high proton-to-electron ratios in accelerated particles
are observed in low-energy Galactic cosmic rays and are also
observationally inferred for the non-relativistic shocks of supernova remnants [142], but the physical processes that determine
the relative efficiency of acceleration and energy transfer in collisionless astrophysical shocks are still poorly understood. Dedicated
multi-wavelength and multi-messenger observations are necessary to elucidate all these issues.
Efficient proton acceleration in GRBs may induce distinctive
GeV-TeV band components in the prompt or afterglow emission
[143–151]. Electron–positron pair cascades initiated by photomeson interactions between UHE protons and low-energy photons
can generate synchrotron and inverse Compton (IC) emission with
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a hard spectrum over a wide energy range from eV to TeV. Fermi
indeed detected hard spectral excess components above 0.1 GeV
from several bright GRBs in the prompt phase [34,35,41]. For
GRB 090510 [34] and 090902B [35], low-energy spectral excesses
over the Band component below tens of keV were also seen that
are consistent with extrapolations of the hard GeV spectra. The hadronic pair cascade emission can readily explain both the keV and
GeV excesses [51,52,152]. In the case of GRB 090510, the necessary
isotropic-equivalent
luminosity
in
accelerated
protons
55
!1
Liso
[51] is much larger than the observed gammap J 10 ergs
ray luminosity Liso
c and commensurate with the energetics requirements for the GRB-UHECR hypothesis. Models that attribute the
hard GeV component to proton synchrotron radiation also demand
iso
similarly large Liso
p [50]. On the other hand, the required value of Lp
for GRB 090902B is comparable to Liso
[52],
so
the
fractions
of
enc
ergy carried by protons and electrons may vary from burst to burst.
The limited statistics of multi-GeV photons for GRBs measured
by Fermi LAT does not allow us to distinguish hadronic models
from alternative leptonic models such as those based on synchrotron self-Compton [153,154,49] or external inverse Compton (EIC)
[85,155,37,58] processes in the prompt phase, or even the early
afterglow emission [43,53]. As most models fare reasonably well
in reproducing the observed time-integrated (or coarsely time-resolved) spectra, the key discriminant should be multiband variability data with high time resolution. In the basic internal shock
picture, each pulse in the MeV light curve is interpreted as synchrotron emission from electrons in individual expanding shells
corresponding to shocked regions within the GRB outflow, and
the width of the MeV pulse is mainly determined by the dynamical
timescale of the shell [156]. The light curves at higher energies
should reflect the nature of the emission mechanism. For example,
in one-zone SSC models, the GeV–TeV pulse width and shape
should be similar to those at MeV as the cooling timescales of
the emitting electrons are typically much shorter than the dynamical time, and the GeV light curve should closely track the MeV
light curve except for a marginal delay due to the finite buildup
time of the seed photons. Contrastingly, in hadronic models, the
acceleration and cooling timescales of the highest-energy protons
that trigger the multi-GeV emission are comparable to the dynamical time. While the low-energy and high-energy light curves

Fig. 5. Comparison of light curves at MeV (green) and > 10 GeV (black) of a single
pulse emitted from an expanding shell in the GRB outflow for a hadronic
photomeson-induced cascade model, with bulk Lorentz factor C ¼ 600, initial
emission radius Ri ¼ 1:3 $ 1016 cm, electron power Le ¼ 1:7 $ 1054 erg/s, proton/
electron energy ratio U p =U e ¼ 20, magnetic/electron energy ratio U B =U e ¼ 3, and
redshift z ¼ 4:35 (see also [157]). Realistic GRB light curves would comprise a
superposed series of such pulses. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

should be broadly correlated on longer timescales that reflect the
dynamical history of the central engine, the individual pulse profiles for the multi-GeV component are expected to be appreciably
broader and smoother than at MeV. This is clearly demonstrated
from a detailed model calculation in Fig. 5 (see [157] for more details). High photon statistics measurements of energy-dependent
light curves by CTA (see Section 5.2) will provide a critical discriminant between leptonic and hadronic models, as well as a unique
and valuable test of the GRB origin of UHECRs.
The optical to X-ray bands may also be important for probing
prompt UHECR generation in GRBs. Besides the keV excess components seen in the bursts mentioned above, the bright, prompt optical emission of the ‘‘naked-eye’’ GRB 080319B [158] can also be
interpreted as the lowest-energy portion of the hadronic cascade
emission [52]. Had this GRB occurred after the launch of Fermi,
the accompanying high-energy emission could have been detectable. Future searches for temporal correlations among the eV to
multi-GeV bands including rapid followup by robotic optical telescopes are desired.
For UHECR production in the afterglow, the temporal behavior
in specific energy bands may not be sufficient to clearly decipher
hadronic gamma-ray signatures. However, unlike the prompt
emission, the radiation mechanism at lower frequencies is reasonably well understood as being due to accelerated electrons (Section 4.1). This allows for comparatively robust predictions for the
spectra and light curves of associated, leptonic high-energy components, relative to which one can search for anomalous, hadronic
components [144,146,147]. Broadband coverage including CTA of
the afterglow evolution over a range of timescales should provide
a crucial diagnostic. X-ray flares often seen during the early afterglow may also be potential sites of photohadronic gamma-ray
emission accompanying UHECR acceleration [159], whose detection will be facilitated by its temporal signature.
Except for rare, nearby events, gamma rays in the TeV regime
may be difficult to detect from classical long GRBs in view of the
severe EBL attenuation expected at these energies and their typical
redshifts of z " 1 ! 2. However, low-luminosity GRBs occurring at
much lower z may constitute a separate class of transients and may
possibly be more common, with an estimated local rate of
" 102:5 Gpc!3 yr!1 [160,161]. Such events accompanied by hypernovae are also candidate sources of UHECRs [137,162,163], and
the associated hadronic signals could be interesting targets for
CTA [164,165], in addition to their high-energy afterglows [166].
49
50
For an event like GRB 060218 with Eiso
c " 10 ! 10 erg, duration
T " 3000 s, and distance D " 140 Mpc, the estimated TeV flux is
" 10!10:5 TeV cm!2 s!1 if " 3% of the proton energy is channeled to
radiation [162]. This may be detectable by CTA even at TeV energies if such low-z events can be identified rapidly and (at least part
of) the MSTs can be slewed to achieve sufficient sensitivity.
Recent observations of UHECRs by the Pierre Auger Observatory
in the southern hemisphere give hints that their composition may
be dominated by heavy nuclei rather than protons at the highest
energies [167] (see however [168,169] for contrasting results from
HiRes and Telescope Array in the northern hemisphere). GRBs
should also be able to accelerate heavy nuclei to ultra-high energies, but their survival against internal photodisintegration processes mandates photomeson interactions to be inefficient
[137,170,171], so that K 0:1% of the cosmic-ray energy can be converted into cascade gamma-rays and neutrinos. Nevertheless, as
internal cc attenuation is then mitigated [137], GeV–TeV signals
from nuclear de-excitation, photopair creation or nuclear synchrotron emission may be observable and provide a unique signature of
UHECR nuclei acceleration [172,173]. For example, Lorentzboosted de-excitation gamma rays at energies " TeVðEA =3$
1016 eVÞ, where EA is the energy of CR nuclei, may be detectable
from nearby, low-luminosity GRBs (see however [174]).
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The photomeson interactions described above will also give rise
to high-energy neutrinos, primarily at multi-TeV to PeV energies,
whose detection will provide definitive evidence of hadron acceleration in GRBs [175–177]. Ongoing measurements by the IceCube
neutrino observatory, mainly sensitive to sources in the northern
sky, have begun to provide meaningful constraints on theoretical
predictions. Stacking analyses of data in coincidence with GRBs
indicate that the average photomeson production efficiency during
the prompt phase is not very high [178,179]. However, the current
predictions involve large uncertainties, and it is too early to entirely reject the GRB-UHECR scenario at this moment. As it is difficult to obtain detailed information for individual bursts through
neutrinos alone, gamma-ray observations will play an independent
and complementary role in probing the GRB origin of UHECRs. In
the future, synergy can also be expected with the KM3NeT facility
that will be more sensitive for neutrino sources in the southern sky
[180], as well as the Askaryan Radio Array that is better suited for
the EeV energy range [181].
The UHECRs themselves are expected to arrive at us with significant time delays of up to Dt ! 107 years due to deflections in
intergalactic magnetic fields (IGMFs) during their propagation
[182], long after the emission from the burst itself has faded away.
Thus UHECR observations alone are unable to directly identify the
sources in the case of GRBs, making gamma-ray and neutrino
observations indispensable for this purpose. After the UHECRs have
escaped from their sources, they can experience further photomeson interactions with the CMB and/or EBL during their propagation
and induce secondary cascade gamma rays that are delayed and/or
spatially extended, either through inverse Compton [183] or synchrotron [184] processes. Such emission may be detectable and
would provide a further unique probe of UHECRs, although its
properties depend sensitively on the highly uncertain strength
and structure of IGMFs.
4.3. Extragalactic background light and intergalactic magnetic fields
The extragalactic background light (EBL) refers to the diffuse
and nearly isotropic background of infrared-optical-ultraviolet
radiation originating outside of our Galaxy. Although its principal
source is thought to be emission from the ensemble of normal stars
in the Universe integrated throughout its history, other objects
such as quasars or Population III stars may also provide important
contributions, as well as possibly exotic processes such as dark
matter decay. Since the EBL embodies fundamental information
for studies of cosmology and galaxy formation, understanding its
detailed properties is of paramount importance. However, its
amplitude, spectrum and evolution are difficult to determine precisely from direct measurements, in particular because of the
strong but uncertain contamination from zodical foreground
emission.
An indirect but powerful means of probing the EBL is through
photon–photon (cc) absorption of high-energy gamma-rays.
Gamma-rays emitted from extragalactic sources can be absorbed
during intergalactic propagation by interacting with photons of
the EBL to produce electron–positron pairs, as long as there is
sufficient opacity to the process. The observed spectra of the
gamma-ray sources should then exhibit corresponding attenuation
features, from which one can deduce or constrain the properties of
the EBL in a redshift-dependent way. This method has been effectively utilized in TeV observations of blazars by current groundbased Cherenkov telescopes to set important constraints on the
EBL in the near infrared to optical bands at relatively low redshifts,
z K 0:5 [185,186] (see also [15,16] for reviews).
GRBs are the most luminous and distant gamma-ray emitting
objects known in the Universe, typically arising at redshifts
z ! 1—4, which correspond to the peak epoch of cosmic star forma-
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tion activity [187]. Furthermore, they are known to occur at least
up to z ! 8—9 [8,9,188], well into the cosmic reionization era,
and possibly even beyond, out to the very first epochs of star formation in the Universe [189] (see [190] and references therein
for the possibility of especially luminous emission by GRBs from
Pop III progenitors). The recent detections by Fermi LAT of dozens
of GRBs including GRB 080916C at z ¼ 4:35 [33] clearly demonstrate that at least some GRBs have luminous emission extending
to few tens of GeV (corresponding to rest-frame energies of up to
! 100 GeV), and the duration of the multi-GeV emission can last
up to several thousand seconds. Thus there are good prospects
for CTA of providing a powerful probe of the EBL through the multi-GeV spectra of GRBs with high quality at z > 1, as well as for
GRBs at z J 3 and beyond, a regime that cannot be explored with
active galactic nuclei (AGNs) [191].
Direct observational determination of the cosmic star formation
rate at high redshifts is plagued by various uncertainties, particularly the contribution of faint galaxies below the detection limit
of optical-IR telescopes. An in situ probe of the EBL utilizing gamma-ray absorption in high-z GRBs can circumvent this problem. At
z > 1, the EBL waveband relevant for gamma-ray absorption moves
into the UV, providing a more direct measure of the contribution
from massive stars. Current theoretical predictions at these
redshifts can differ quite strongly among different models, e.g.
[192–199]. Although Fermi detections of AGNs and GRBs up to
z ¼ 4:35 have provided important upper limits to the EBL in this
redshift range [200], the associated spectral cutoffs have not been
measurable because of the limited photon statistics. The much larger statistics expected for GRB detections by CTA (a few tens to
hundreds of photons above 30 GeV for typical events and even
more for brighter events, see Section 6) should allow more robust
measurements of EBL-induced cutoffs, leading to more reliable
determinations of the EBL and thus the total cosmic star formation
at high redshifts.
In the redshift range z ! 3—4, various observations indicate that
HeII (singly ionized helium) in the intergalactic medium was reionized [201], although the details are not yet understood. Since this
process requires photons with energy >54.4 eV and is difficult to
attain with stars alone, the implication is that objects with hard
UV spectra, most likely quasars, make an important contribution
to the UV EBL at these redshifts (e.g. [202–204] and references
therein). EBL absorption measurements in z J 3 GRBs may thus offer invaluable insight into the reionization of intergalactic HeII as
well as the global history of accretion onto supermassive black
holes at these epochs, in addition to cosmic star formation.
An exciting, albeit challenging possibility is the detection of
GRBs at z J 6 in the cosmic reionization era. Some time after the
epoch of cosmic recombination at redshift z ! 1100, the bulk of
the intergalactic hydrogen in the Universe must have been somehow reionized by z ! 6, as indicated observationally from the spectra of high-z quasars and the polarization of the CMB. However, the
sources, history and nature of this cosmic reionization process are
still largely unknown, as most of this redshift range has yet to be
explored through direct observations. Because the first stars and
galaxies in the Universe must have formed during this period,
the primary suspect is photoionization by UV radiation from such
objects, potentially involving metal-free, Population III stars. Alternative possibilities include mini-quasars, supernova remnants and
dark matter decay. Besides providing us with clues to such processes in the early Universe, cosmic reionization also profoundly
affects the ensuing formation of stars and galaxies, so elucidating
this era is one of the most pressing issues in observational cosmology today (for reviews, see e.g. [205,206]). As discussed by a number of authors [207,208,199], UV radiation fields with sufficient
intensities to cause the reionization of the intergalactic medium
(IGM) are also likely to induce appreciable gamma-ray absorption
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in sources at z J 6 at observed energies in the multi-GeV range,
with a potentially important contribution from Pop III stars. Measurements of these effects can thus provide important cross-checks
of current models of cosmic reionization, a unique probe of the
evolving UV EBL during the era of early star formation, as well as
a test for the existence of the yet hypothetical Pop III stars. The
detection of such very high-z GRBs by CTA may be quite rare, however (Section 6).
A generic issue for EBL absorption studies is distinguishing
them from spectral cutoffs intrinsic to the source. In this regard,
the spectral variability inherent in GRBs offers an advantage. In
general, changes in physical conditions of the source that cause
variations in flux should also be accompanied by variations of
the intrinsic cutoff energy, whether they are due to injection of
freshly accelerated particles, changes in the magnetic fields, internal radiation fields, bulk flow velocity, etc. In contrast, cutoffs of
EBL origin should be stable in time and independent of the variability state of each object. Acquisition of time-resolved spectra by CTA
should thus greatly help in the deconvolution of the two effects.
The cc interactions between primary gamma rays from the GRB
and low-energy photons of the EBL generate electron–positron
pairs far away from the source, typically inside intergalactic void
regions. The pairs can then be deflected by weak intergalactic magnetic fields (IGMFs) for a short period within the voids before giving rise to secondary GeV–TeV components by upscattering
ambient CMB photons. Known as ‘‘pair echos’’, they arrive with a
characteristic time delay relative to the primary emission that depend on the properties of the IGMF and hence constitute a valuable
probe of their nature [209–214]. For GRBs at z K 1, the pair echos
can last longer than the prompt emission and be detectable during
the afterglow phase as long as the amplitude of IGMFs in voids are
BIG K 10!18 G and the primary GRB spectra extend into the multiTeV regime [211–213]. They can be distinguished from the highenergy afterglow through their typically hard spectra and exponentially decaying light curves. Pair echos from GRBs at higher redshifts are potentially sensitive to somewhat stronger IGMFs,
although their detectability demands more extreme properties
for the primary emission [214].9 The detection of pair echos or even
upper limits to such components will provide unique and valuable
constraints on IGMFs, whose nature is currently poorly understood
but may be related to physical processes in the early Universe or
the cosmic reionization epoch [216].

sumed to be either linear (n ¼ 1) or quadratic (n ¼ 2). The photon
propagation speed is given by the corresponding group velocity
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where sn ¼ 1 corresponds to the sub-luminal case (v ph < c and a positive time delay), while sn ¼ !1 corresponds to the super-luminal
case (v ph > c and a negative time delay). Taking into account cosmological effects [217], this induces a time delay or lag in the arrival
of a high-energy photon of energy Eh , compared to a low-energy
photon of energy El emitted simultaneously from the same location,
of
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The focus here is on Fermi results for a linear energy dependence
(n ¼ 1), which are the best to date from direct time of flight
measurements.
Applying Eq. (6) to the highest energy photon detected in GRB
080916C, of energy Eh ¼ 13:22þ0:70
which arrived at
!1:54 GeV,
t ¼ 16:54 s after the GRB trigger (i.e. the onset of the El ) 0:1 MeV
emission) resulted in a limit of MQG;1 > 0:11M Planck for the subluminal case (sn ¼ 1), when making the conservative assumption
that it was emitted anytime after the GRB trigger (or the onset of
any observed emission from this GRB) [33], i.e. Dt 6 t. This avoids

4.4. Lorentz invariance violation
Some models of quantum gravity (QG) allow violation of Lorentz invariance, and in particular allow the photon propagation
speed v ph to depend on its energy Eph : v ph ðEph Þ – c, where
c $ limEph !0 v ph ðEph Þ. The Lorentz invariance violating (LIV) part in
the dependence of the photon momentum pph on its energy Eph
can be expressed as a power series,

p2ph c2
E2ph

!1¼

!
"k
1
X
Eph
sk
;
MQG;k c2
k¼1

ð4Þ
th

in the ratio of Eph and a typical energy scale MQG;k c2 for the k order,
which is expected to be up to the order of the Planck scale
MPlanck ¼ ð!
hc=GÞ1=2 & 1:22 ' 1019 GeV=c2 , where sk 2 f!1; 0; 1g.
Since we observe photons of energy well below the Planck scale,
the dominant LIV term is associated with the lowest order non-zero
term in the sum, of order n ¼ minfkjsk – 0g, which is usually as9
For blazar AGNs, the time-integrated energy of the primary emission can exceed
that of GRBs so that for a certain range of IGMF strengths, the secondary emission
may be observable as spatially extended halos rather than through their time delay
[215,191].

Fig. 6. Light curves of GRB 090510 at different energies. For details see text and
[218].
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Table 1
Lower-limits on the quantum gravity (QG) mass scale associated with a possible linear (n ¼ 1) variation of the speed of light with photon energy, M QG;1 ¼ n1 M Planck , that can be
placed from the lack of time delay (of sign sn ) in the arrival of high-energy photons relative to low-energy photons, from Fermi LAT and GBM observations of GRB 090510. See
[218] for more details.
tstart (ms)

limit on jDtj (ms)

Reason for choice of tstart or limit on Dt

El (MeV)

sn

limit on n1

#30
530
630
730

< 859
< 299
< 199
< 99

start
start
start
start

any observed emission
main < 1 MeV emission
> 100 MeV emission
> 1 GeV emission

0.1
0.1
100
1000

1
1
1
1

>1.19
>3.42
> 5:12
> 10:0

—
—

< 10
< 19

association with < 1 MeV spike
if 0.75 GeV

0.1
0.1

'1
±1

>102
>1.33

—

'1

>1.22

j DDEt j < 30

ms
GeV

of
of
of
of

c is from 1st spike

lag analysis of all LAT events

the need to associate the highest energy photon with a particular
spike in the low-energy light curve, which is hard to do in a very
robust way. This limit was the strictest of its kind at that time.
However, the next very bright LAT GRB, 090510, was short and
had very narrow sharp spikes in its light curve (see Fig. 6), thus enabling to set even better limits [218]. The main results for GRB
090510 are summarized in Table 1. The first 4 limits are based
on a similar method as described above for GRB 080916C, using
the highest energy photon, Eh ¼ 30:53þ5:79
#2:56 GeV, and assuming that
its emission time th was after the start of a relevant lower energy
emission episode: th > t start . These 4 limits correspond to different
choices of tstart , which are shown by the vertical lines in Fig. 6. The
low end of the 1 r confidence interval for the highest energy photon (Eh ¼ 28 GeV) and for the redshift (z ¼ 0:900) were used for
conservativeness. The most conservative assumption of this type
is associating tstart with the onset of any detectable emission from
GRB 090510, namely the start of the small precursor that GBM triggered on, leading to n1 ¼ M QG;1 =M Planck > 1:19. However, it is highly
unlikely that the 31 GeV photon is indeed associated with the
small precursor. It is much more likely associated with the main
soft gamma-ray emission, leading to n1 > 3:42. Moreover, for any
reasonable emission spectrum, the 31 GeV photon would be
accompanied by a large number of lower energy photons, which
would suffer a much smaller time delay due to LIV effects, and
would therefore mark its emission time. Such photons with energies above $100 MeV could easily be detected by Fermi LAT, and
therefore the fact that significant high-energy emission is observed
only at later times (see Fig. 6) strongly indicates that the 31 GeV
photon was not emitted before the onset of the observed high-energy emission. One could choose either the onset time of the emission above 100 MeV or above 1 GeV, which correspond to
n1 > 5:12, and n1 > 10:0, respectively.10
The 5th and 6th limits in Table 1 are more speculative, as they
rely on the association of an individual high-energy photon with
a particular spike in the low-energy light curve, on top of which
it arrives. While these associations are not very secure (the chance
probability is roughly $ 5—10%), they are still most likely, making
the corresponding limits interesting, while keeping this big caveat
in mind. The allowed emission time of these two high-energy photons, if these associations are real, is shown by the two thin vertical
shaded regions in Fig. 6. For the 31 GeV photon this gives a limit of
n1 > 102 for either sign of sn .
The last limit in Table 1 is based on a different method, which is
complementary and constrains both signs of sn . It relies on the
highly variable high-energy light curve, with sharp narrow spikes,

10
Note that there is no evidence for LIV induced energy dispersion that might be
expected if indeed the 31 GeV photon was emitted near our choices for t start together
with lower energy photons, for any reasonable emission spectrum. This is evident
from the lack of accumulation of photons along the solid curves in panel (a) of Fig. 6, at
least for the first 3 tstart values, and provides support for these choices of tstart (i.e. that
they can indeed serve as upper limits on a LIV induced energy dispersion).

which would be smeared out if there was too much energy dispersion, of either sign. We have used the DisCan method [219] to
search for linear energy dispersion in the LAT data within the photon energy range 35 MeV–31 GeV11 during the most intense emission interval (0.5–1.45 s). This approach extracts dispersion
information from all detected LAT photons and does not involve binning in time or energy. Using this method we obtained a robust lower limit of n1 > 1:22 (at the 99% confidence level).
The most conservative limits (the first and last limits in Table 1)
rely on very different and largely independent analysis, yet still
give a very similar limit: M QG;1 > 1:2M Planck . This lends considerable
support to this result, and makes it more robust and secure than for
each of the methods separately.
Swift found a separate, small precursor $13 s before the GBM
precursor that marked the trigger time of GRB 090510 [220], itself
about half a second before the start of the main GRB activity. It has
been claimed that this can significantly affect the Fermi limit derived under the assumption that the 31 GeV photon was emitted
after the onset of any observed emission from GRB 090510. However, it is highly unlikely that the 31 GeV photon was indeed emitted during this Swift precursor since (1) as discussed above for the
GBM precursor, it should have been accompanied by a large number of lower energy photons that were in fact not observed, and (2)
fine tuning is required for the 31 GeV photon to arrive on top of the
brightest emission episode (and also exactly on top of a bright and
narrow spike seen at all energies). Therefore, the Swift precursor is
unlikely to have major consequences for the derived LIV limit.
LIV Prospects for CTA. In the conventional mode of IACT observations via followup of GRB alerts, improving on the limit set by
Fermi for GRB 090510 from the arrival time of the highest energy
photon would require detection of a GRB at a similar redshift
(z $ 1) at energies Eh J 1ðT delay =30 sÞ TeV, where T delay is the response time from the GRB trigger to the start of CTA observations.
This would be quite challenging, since T delay J 30 s is generally expected (Sections 3, 7.1), and attenuation by the EBL is also likely to
limit the detectability of photons from z J 1 to Eh K 1 TeV [15,16].
In contrast, for the DisCan method that searches for energy dispersion effects in the light curve, the much larger effective area of
CTA compared to Fermi LAT (by roughly 4 orders of magnitude at
30 GeV [19]) can greatly enhance the photon statistics and allow
significant progress, as long as sufficiently variable emission occurs
at the energies and timescales relevant for CTA. For example,
observing a large number of $ 0:1 TeV photons with strong variability on timescales t v $ 0:1 s from a GRB at z $ 1 (Section 5.2)
might improve the Fermi limit by a factor of $ 30. At least at lower
energies, such variability is seen in some long duration GRBs tens
of seconds after the GRB onset, within the CTA response time.
If a short GRB can be observed from its very onset during the
wide-field mode of CTA observations (Section 7.3), a considerable

11

We obtain similar results even if we use only photons below 3 or 1 GeV.
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number of ! 0:1—1 TeV photons with variability timescale of a few
seconds may be detectable, potentially improving the Fermi limit
by up to a factor of ! 103 . Thus, such wide-field mode observations
can make a profound impact on fundamental physics by probing
LIV with extraordinary precision.
All methods of constraining LIV require large amplitude, short
timescale variability and bright high-energy emission. Hence the
prompt emission is more favorable for this purpose than the afterglow, which is fainter and generally has a smooth temporal profile.
Nevertheless, the X-ray flares that are often observed by Swift
superimposed on the afterglow may also have correlated emission
at GeV–TeV energies, as predicted in some models [97,98,84] and
may have been seen in GRB 100728A [96]. In view of the higher expected detection rates in the afterglow phase with CTA (Section 6),
such late-time flares may also be interesting for probing LIV. However, most X-ray flares have durations Dt J 0:1t with respect to the
post-trigger time t (possibly being a factor of ! 2 longer at GeV–
TeV [84]), and their luminosities rapidly decrease with t [221].
Compared to the prompt emission for which the average duration
and luminosity of spikes in the light curve are roughly constant,
LIV constraints from high-energy flares during the afterglow are
thus expected to be weaker.

5. Simulations of GRB observations
In order to quantify the prospects for CTA observations, we now
present some simulated spectra and light curves of GRBs. Although
our ultimate aim is to assess the different science cases discussed
above, in view of the wide range of uncertainties in the current
physical models, here we take a purely phenomenological approach as a first step. Choosing as templates some prominent
bursts detected by Fermi LAT whose spectra and variability were
relatively well characterized up to multi-GeV energies, we simply
assume that their intrinsic spectra extend to higher energies as
power-law extrapolations, while accounting for the effects of EBL
attenuation based on selected models. These simulations should
be considered exemplary first results on which we can elaborate
further in the future by incorporating more physical ingredients
depending on the specific science motivation.

" Assume 20 deg for the zenith angle of observation.
" Simulate the spectra that would be measured by CTA with the
aforementioned tool, taking exposure times in accord with the
considered t 0 .
" For GRB 090902B, the considered t 0 are all in the extended
emission phase at t 0 >25 s, and we take photon index
C ¼ $2:1 and time decay index dt ¼ $1:5 [35].
" For GRB 080916C, the considered t0 correspond to time interval
‘‘d’’ (t0 ¼ 16–55 s for z ¼ 4:3) with C ¼ $1:85. Note that this
spectral index is from the LAT only fits and not the GBM + LAT
joint fits. The time decay index is always dt ¼ $1:2.
" As the template bursts are at the upper end of the luminosity
distribution and the probabililty of their detection could be relatively low (Section 6), consider also events with the same
intrinsic properties but with fluxes scaled by factor 1/10 that
may correspond to bursts with more typical luminosities.
Some selected results are displayed in Figs. 7–11.
For GRB 090902B, LAT detected 1 photon above 30 GeV at
t0 !80 s, while the CTA simulations for 50 s exposure near this t0
result in !1000–2000 photons depending on the EBL (Fig. 7). This
is roughly consistent with the expected factor ! 104 difference in
effective area at 30 GeV [19].
Luminous bursts at low z can result in enormous numbers of detected photons (Fig. 8) and and permit detailed studies of light
curves and time-resolved spectra (Section 5.2), from which we
may delve into many issues left unsolved by Fermi. For z ¼ 1, note
also the potentially significant detection even up to !400 GeV and
after EBL attenuation by !3 orders of magnitude. However, this
postulates that the whole array has been slewed sufficiently rapidly, whereas in reality, the sensitivity at the higher energies from
the MSTs/SSTs may not be available, at least not very rapidly. Such
simulations and comparison with those for different subarray combinations should be useful for addressing the relative merits/
demerits of slewing the non-LST components.
Distant GRBs may also be detectable, which would serve as
powerful probes of the EBL at z > 2, beyond the expected reach
of AGNs (Fig. 9), and possibly even into the cosmic reionization
epoch at z > 6 (Fig. 10). Even for some EBL models predicting sig-

5.1. Simulations of spectra
A series of spectral simulations have been conducted utilizing
version 4 of the CTA simulation tool developed by Daniel Mazin
and colleagues (see [222] for more details). Our assumptions are
as follows.
" Take as templates the bright LAT GRBs 090902B (z ¼ 1:822) [35]
and 080916C (z ¼ 4:35) [33].
" Extrapolate their spectra to higher energies using the spectral
indices measured by LAT at specific time intervals.
" Using the time decay indices measured by LAT, normalize the
flux at some post-trigger time t0 , allowing for some delay in
the telescope response (sometimes optimistically, e.g. 35 s,
otherwise quite reasonably, e.g. 50–150 s).
" Besides the template bursts with their actual redshifts, consider
also events with the same intrinsic properties but with redshifts
scaled to different values from z ¼ 1 to 6.5, accounting for spectral and temporal redshift corrections.
" Adopt a range of EBL models, e.g. [192,194,196,208,199].
" Generally take array configuration E (perceived as a balanced
choice for a broad range of science goals), but also configuration
B (with optimal performance for the lowest energies) in a few
selected cases. (See [222] for more information on array
configurations.)

Fig. 7. Simulated spectra for GRB 090902B at z ¼1.8, for exposure time 50 s and
array configuration E, adopting the EBL model of Franceschini et al. [194] (red) and
the ‘‘best fit’’ EBL model of Kneiske et al. [192] (blue). The number of detected
photons/background events are denoted for each energy bin beside the data points,
as well as for all energies in the legend. The assumed source flux is
dN=dE ¼ 1:2 % 10$8 ðE=TeVÞ$2:1 cm$2 s$1 TeV $1 (black solid line), representing a
power-law extrapolation of the observed Fermi LAT spectrum at t ¼50 s after
trigger. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

265

10

-6

10

-7

t0=50 sec, F08 EBL, exposure 50 sec

3945/6 4179/3
7210/4
3182/4 3452/2
7022/4
5345/2
4522/2
3352/2
1921/1

10-8

617/0.4
379/0.1

-10

10

excess
/bkgd
18870/12
26434/19

array E
array B

0.01

2

10

98/0.1

-9

GRB 080916C-like, z=6.5

-7

t0=50 sec, array E, exposure 50 sec

10

2

E dN/dE (TeV/cm /s)

2

-6

10

GRB 090902B-like, z=1.0

2

E dN/dE (TeV/cm /s)

S. Inoue et al. / Astroparticle Physics 43 (2013) 252–275

64/0.3

10-8
86/5

-9

10

50/2
22/2

11/0

0.1
energy E (TeV)

1

10

-10

0.01

139/1
121/3

YI12
YI12 + SI10
0.1

excess
/bkgd
263/12
176/9

1

energy E (TeV)

Fig. 8. Simulated spectra for a GRB 090902B-like event scaled to z ¼1.0, for
exposure time 50 s and array configurations E (red) and B (blue), adopting the EBL
model of Franceschini et al. [194]. The number of detected photons/background
events are denoted for each energy bin beside the data points, as well as for all
energies in the legend. The assumed source flux is dN=dE ¼ 6:6 $ 10%8 ðE=TeVÞ%2:1
cm%2 s%1 TeV %1 (black solid line), representing a power-law extrapolation of the
Fermi LAT spectrum of GRB 090902B scaled to z ¼1.0 and t ¼ 50 s after trigger. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 10. Simulated spectra for a GRB 080916C-like event scaled to z ¼6.5, for
exposure time 50 s and array configuration E, adopting the EBL model of Y. Inoue
et al. [199] (red), compared with that of S. Inoue et al. [208] for z > 5 in combination
with Y. Inoue et al. for z < 5 (blue; note that the spectral shape rising sharply with
energy is an unrealistic artifact of combining these different models). The number
of detected photons/background events are denoted for each energy bin beside the
data points, as well as for all energies in the legend. The assumed source flux is
dN=dE ¼ 2:9 $ 10%8 ðE=TeVÞ%1:85 cm%2 s%1 TeV %1 (solid line), representing a powerlaw extrapolation of the Fermi LAT spectrum of GRB 080916C scaled to z ¼ 6.5 and
t ¼50 s after trigger (similar to interval d). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Simulated spectra for GRB 080916C at z ¼4.3 for exposure time 20 s and
array configuration E, adopting the EBL models of Finke et al. [196] (red) and Y.
Inoue et al. [199] (blue). Also shown is the case of array configuration B for the latter
EBL model (green). The number of detected photons/background events are
denoted for each energy bin beside the data points, as well as for all energies in
the legend. The assumed source flux is dN=dE ¼ 1:4 $ 10%7 ðE=TeVÞ%1:85 cm%2
s%1 TeV %1 (black solid line), representing a power-law extrapolation of the observed
Fermi LAT spectrum at t ¼35 s after trigger (interval d). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

few hundred photons per burst, certainly allowing valuable studies
of the various science goals discussed in Section 4. Even non-detections of bursts at z > 2 can provide important new constraints on
the high-z EBL.
One rather alarming fact is that for most cases shown here, EBL
absorption is affecting almost the entire energy range over which
photons are detected, even for the lower redshift bursts. This can
prevent us from reliably ascertaining the intrinsic spectrum before
EBL absorption and leave large uncertainties in the resulting constraints, unless simultaneous measurements with Fermi LAT can
be performed (see Section 3.1).
Fortunately, for all cases, in the lowest plotted energy bin of 30–
40 GeV, the number of excess over background events is still significant. This gives us hope that the detection energy threshold can be
lowered appreciably for GRBs by going beyond standard analysis
criteria as implemented in D. Mazin’s tool and allow access to
the spectral region unaffected by EBL absorption. Array B seems
to be the best for this goal, but array E does not appear significantly
worse; when compared, the latter results in about 30–50% less
photons, but may manage to do a qualitatively competitive job in
determining spectra, for either bright or moderate events. Yet the
real strength of the B-type configurations may be achieving the
lowest thresholds possible, which cannot be properly appreciated
with the current tool, and warrants deeper examination.
5.2. Simulations of light curves

nificant absorption down to !10 GeV [208] with seemingly no
hope for CTA, the simulations surprisingly reveal that a detection
may be possible, notwithstanding heavy attenuation. This is needless to say for less opaque EBL models [198,199].
However, as discussed in detail in Section 6, because of the low
duty cycle and zenith angle constraints inherent in IACT observations, the probability for CTA to detect bursts with such high luminosities and/or very high redshifts may be limited. In this regard,
we chose to simulate more common events with moderate luminosities in a simple way by scaling the fluxes of our template cases
by a factor of 1/10 (Fig. 11). This still leads to detection of up to a

As a first demonstrative study, we have also carried out simulations of GRB light curve measurements, assuming the following:
" Take as template GRB 080916C.
" Normalize the time-dependent flux with the light curve at
E > 0:1 GeV as measured by Fermi LAT.
" Extrapolate the spectra for specific time intervals to higher
energies using the spectral indices as determined by LAT for
each interval.
" Adopt the EBL model of [223].
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Fig. 11. Top: Simulated spectrum for a GRB 090902B-like event at z ¼ 1.8 but with
flux scaled by factor 1/10, for exposure time 50 s and array configuration E,
adopting the EBL model of Franceschini et al. [194]. The number of detected
photons/background events are denoted for each energy bin beside the data points,
as well as for all energies in the legend. The assumed source flux is
dN=dE ¼ 1:2 # 10$9 ðE=TeVÞ$2:1 cm$2 s$1 TeV $1 (black solid line). Bottom: Simulated
spectrum for a GRB 080916C-like event at z ¼ 4:3 but with flux scaled by factor
1/10, for exposure time 50 s and array configuration E, adopting the EBL model of Y.
Inoue et al. [199]. The number of detected photons/background events are denoted
for each energy bin beside the data points, as well as for all energies in the legend.
The assumed source flux is dN=dE ¼ 1:4 # 10$8 ðE=TeVÞ$1:85 cm$2 s$1 TeV $1 (black
solid line).

! Consider array configuration E and zenith angle of observation
20 deg.
! Taking a given time bin as the exposure time, evaluate the flux
in a given energy band that would be measured by CTA with the
aforementioned simulation tool. Repeat the procedure for all
time bins to produce a light curve.
! Consider also a burst with the same properties but with fluxes
scaled by factor 1/10 so as to simulate events with more moderate luminosities.
The results are shown in Figs. 12 and 13. Thanks to its significantly larger effective area compared to Fermi, CTA is potentially
capable of resolving the light curve in exquisite detail for such
bright bursts (and to a lesser extent for moderately bright bursts),
as long as it can begin observing during the prompt phase. The energy-dependent light curves12 would be especially valuable for
12
Note that for the higher energy bands, some time bins with too few photons may
not allow reliable flux measurements, so that studies of the energy-dependent
variability will be restricted to the brighter pulses in the light curve.
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Fig. 12. Simulated light curves of GRB 080916C at z ¼ 4:3 for CTA array E. The EBL
model of [223] was assumed. Top: Light curve for E > 30 GeV from t 0 ¼ 0 s, with
0.5 s time binning. Upper middle: Same as top panel, but plotted from t0 ¼ 30 s.
Lower middle: Same as upper middle panel, but with 0.1 s time binning. Bottom:
Light curves from t 0 ¼ 30 s with 0.5 s time binning, for E > 30 GeV, E > 50 GeV and
E > 100 GeV, from top to bottom.

extracting crucial information on the physics of the emission mechanism (Sections 4.1 and 4.2). In particular, it could reveal definitive
signatures of hadronic emission processes (see Fig. 5) that was
impossible with time-integrated spectra alone. It will also be valuable for distinguishing whether spectral cutoffs are due to EBL attenuation or physics intrinsic to the GRB (Section 4.3; see also [16]), not
to mention searches for Lorentz invariance violation (Section 4.4).
These aspects will be investigated more quantitatively in the future
by incorporating the relevant physics in more detail. For all these
goals, an energy threshold as low as possible is strongly desirable
in order to achieve the broadest spectral lever arm over which we
can exploit the energy-dependent variability. Corresponding studies
for the afterglow emission are also forthcoming.
6. Detection rate expectations
We now discuss expectations for the detection rate of GRBs
with CTA. Two independent approaches are presented, one by Gilmore et al. (see also [224,225]) and another by Kakuwa et al. (see
also [226]). Although they share some similarities in the assumptions, the main difference lies in the modelling of the GRB popula-
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assuming a whole sky rate of ! 600 GRBs/year, a 5! diameter FoV
and a 10% duty cycle, the telescopes will cover a patch of the sky
where a GRB is expected to go off only once every ! 35 years.
(However, note that CTA will also have the ability to observe in a
wide-field mode by splitting its array of MSTs so as to increase
its sky coverage at a given time, albeit with a reduced sensitivity,
a strategy already foreseen for survey and monitoring purposes;
see Section 7.3).
In order to significantly increase the chances of detecting VHE
emission from GRBs, an essential strategy is to follow-up on external GRB alerts to point the telescope array toward a localized GRB.
Such GRB alerts are provided by various space-based missions
through the Gamma-ray Coordinates Network (GCN). Which
GRB-dedicated missions will still be operating at the start of CTA
operation is fairly uncertain and depends mainly on the contingency of mechanical failures and funding issues. Currently the following two instruments are providing the large majority of GCN
alerts:
" Swift BAT [4]: alert rate ! 95 GRBs/year with extremely good
localization ( K 10 arcmin)
" Fermi GBM [230]: alert rate ! 250 GRBs/year with poor localization (several degrees)
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Fig. 13. Same as Fig. 12, but with assumed flux scaled by factor 1/10.

tion, the former based directly on observed GRB samples, and the
latter using a somewhat more theoretical method. The treatment
of the CTA performance is also different; Gilmore et al. employ a
phenomenological model, whereas Kakuwa et al. utilizes the official CTA performance files. The results obtained through the two
approaches are generally within a factor of 2 of each other and
can be considered consistent.
Note that the ‘‘delay time’’ as used below refers to the sum of all
types of delays between the satellite-onboard burst trigger and the
start of targeted CTA observations, including the time for the GRB
alert to reach the telescopes from the satellite, any other kind of
delay before the telescopes can start slewing, as well as the slewing
time of the telescopes.

6.1. Observation-based population model
Despite being high-priority targets for current IACTs, GRBs have
so far escaped detection at VHE and only yielded flux upper limits
despite dozens of follow-up attempts (Section 3). High hopes come
with the CTA observatory to finally succeed in this endeavor,
thanks in particular to its order of magnitude improvement in sensitivity and much lower energy threshold. Unfortunately, because
of their transient nature, GRBs are unlikely to be observed serendipitously in the limited field-of-view of IACTs. For example,

SVOM [231,232], a French–Chinese mission dedicated to the
study of GRBs, is expected to be launched near CTA’s first light.13
It will provide GCN alerts with very similar characteristics as Swift
alerts: alert rate ! 70—90 GRBs/year and excellent localization well
within the CTA field-of-view. Here we estimate the probability for
CTA to detect VHE emission from these two very different types of
GCN alerts: Swift-like (i.e. from Swift itself or SVOM) and GBM-like.
The results presented in this section are taken from an in-depth
analysis published in [225], to be consulted for more details.
A Monte-Carlo simulation was used to model the performance
of the CTA array14 as well as the properties of the GRB emission at
VHE derived from a phenomenological approach, which uses temporal and spectral information of GRBs detected by Fermi LAT and other
instruments operating at sub-MeV energies (Fermi GBM, Swift,
BATSE). Because of our lack of knowledge on the spectral characteristics of GRB very high-energy emission, we constructed two spectral
models in between which we reasonably expect the true GRB population to lie:
" ‘Bandex’ model: a simple extrapolation of the Band function15
to VHE with a maximum limit of #2.0 for the high energy index.
" ‘Fixed’ model: a power-law component is added to the Band
function, with a fixed spectral index of #2.0 and a normalization chosen so that the energy flux ratio between the LAT
(100MeV—300GeV) and BATSE (50—300keV) energy range is
10%.
We note that these two spectral scenarios are consistent with
the LAT detection rate of ! 10 GRBs/year and more specifically
the ‘Bandex’ and ‘Fixed’ models are consistent with the spectral
behavior of GRB 080916C [33] and GRB 090902B [35] respectively.
The redshift distribution of observed GRBs was derived from ! 170
Swift-detected GRBs and all spectra were naturally convolved with
the EBL model of [198]. However, we stress that intrinsic spectral
13

Expected launch in J 2017.
Only the LST and MST array were considered, as the energy range of the SSTs
(threshold ! 1 TeV) is not suitable for studying distant extragalactic sources on
account of the expected spectral attenuation in the EBL.
15
Band function parameters are all drawn from BATSE distributions, although for
Swift simulated bursts, a global fluence multiplier of 0.75 is applied to the BATSE
fluence distribution to provide the best fit between BATSE and Swift BAT fluences in
the 15—150 keV range.
14
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Table 2
Expected detection rates for Swift-like alerts in the observation-based model by
Gilmore et al., for one array site. The numbers should be doubled when considering
both CTA North and South.

baseline [yr$1]
optimistic [yr$1]

Bandex

Fixed

Bandex prompt

Fixed prompt

0.35
0.8

0.6
1.6

0.13
0.28

0.21
0.54

curvature is not considered in our model mostly because of the
large theoretical uncertainty of this feature. As a consequence of
this caveat, the actual CTA detection rate could be lower than
our predictions if strong intrinsic curvature below ! 100 GeV is
common in GRB spectra. Substantially higher detection rates are
considered rather unlikely. The VHE light curve was assumed flat
during the prompt emission to which a duration T 90 (drawn from
the T 90 BATSE distribution) was assigned. Extended VHE emission
was modeled assuming a temporal decay similar to the one measured for bright LAT GRBs [43], proportional to ðt=T 90 Þ$1:5 .
In order to investigate the chances of detecting the prompt
emission, we have also considered the case of light curves where
no high energy emission emerges after the prompt phase, which
are labelled ‘prompt’.
The performance of the LST and MST arrays were derived independently from a simple interpolation of the known performance
of current IACTs (more specifically, the VERITAS effective area
and background rate). The VERITAS energy threshold (! 100 GeV)
was shifted toward lower energies by the ratio of the primary mirror collecting areas (! 4 for LSTs and ! 1 for MSTs). The normalization was then increased assuming a linear scaling with the number
of telescopes (assuming 4 LSTs and 25 MSTs). Finally, the background rate was extrapolated to these new effective areas assuming a spectrum E$2:7 . To allow for uncertainties in the performance
of the LST and MST arrays, we also simulated an ‘optimistic’ CTA
performance. For this, we further reduced the LST low-energy
threshold from 25 GeV to 10 GeV (which might be achieved with
an improved trigger system), increased the MST effective area by
a factor of 3 (to consider additional MST telescopes up to ! 75)
and decreased the background rate for both the LST and MST arrays
by a factor of 3 (to consider improved performance through event
containment regime and advanced analysis techniques). Lastly, we
assumed a typical 60 Section 100 s) delay for the LSTs (MSTs) to
point toward a localized GRB.16 Although this is shorter than the
typical values realized in current IACT observations (e.g. [228]), we
allow for the possibility that future improvements to the GCN and
telescope alert procedures and observer response time could lower
the delay times.
For a GRB to be detected by CTA, a first necessary criterion is
that it is observable by the array at the time of the alert. In our
study, we assume a 10% duty cycle although we recognize that
observations under moonlight (albeit with a higher energy
threshold) could increase the duty cycle to ! 13% or more. We
considered CTA capable of observing a GRB when its zenith
angle is smaller than 75! and we parametrized the increase in
energy threshold with zenith angle as: Eth ðZenithÞ ¼ Eth ð0Þ&
cosðZenithÞ$3 . Finally, we also included the effect of the anti-solar
bias present in Swift-detected GRBs, as discussed in [227].
In case the simulated GRB was deemed observable, the significance for various observation timescales was computed following
the procedure described in [229]. Depending on the phenomenological emission model and array performance used, the average
detection rates for Swift-like alerts obtained for one array site
(either CTA North or South only) are summarized in Table 2.

16
This includes the delay for GCN alerts to be sent out to the ground, the response
time of the observers as well as the slewing time for the telescopes to be on target.

In comparison, the estimated detection rates are around
! 0:1 $ 0:2 GRB/year for current IACTs. These numbers would naturally be increased by a factor of ! 2 as long as both CTA North and
South are built with similar numbers of LSTs. In case of detection,
CTA will provide photon statistics about an order of magnitude
higher than achievable with currently operating IACTs. In particular, CTA-detected bursts will have significant statistics below
100 GeV where the spectrum is hardly absorbed by the EBL, which
makes such detection a golden case for EBL studies.
We also investigated how the average GRB detection rate varies
as a function of critical instrument parameters. The low-energy
threshold was found to be the most important for CTA’s capability
to detect GRBs. For example, if the energy threshold were decreased from ! 25 GeV to ! 10 GeV, the average detection rate
would increase by a factor of ! 2 (see Fig. 14, top panel). It is there-

Fig. 14. Top: GRB detection rate for one CTA site and Swift-like alerts as a function
of the LST energy threshold. Solid black: ‘bandex’ model; dashed blue: ‘fixed’ model.
Background rate from the baseline CTA performance is assumed. Bottom: GRB
detection rate for one CTA site and Swift-like alerts as a function of the LST delay
time. Solid dark black: ‘bandex’/baseline; Dashed dark blue: ‘fixed’/baseline; Solid
gray: ‘bandex’/optimistic; Dashed light blue: ‘fixed’/optimistic. The LST delay time
includes the delay for GCN alerts to be sent to the ground and the response time of
the observers as well as the slewing time for the LSTs to arrive on target. The
standard delay time used in our simulations is 60 s. The numbers should be doubled
when considering both CTA North and South. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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fore crucial to develop an efficient triggering scheme in order to
lower the energy threshold of the LSTs as much as possible.17
The time delay for the telescopes to slew onto the burst position is
an important parameter if one wants to acquire photon statistics
early during the burst light curve and hopefully catch the end of
the prompt emission of long GRBs. However, changing the time delay from ! 40 s to ! 80 s changes the burst detection rate by only
! 20% (see Fig. 14, bottom panel). The LST design already has
! 20 s slewing time to any position in the sky so that it seems difficult to further increase the number of GRBs with this parameter. GRB
science may benefit from minimizing other sources of time delay,
such as GCN reporting time or that due to operator intervention
upon receiving a GRB alert. Finally, as previously mentioned, a
! 30% or more increase in observing time could be obtained by performing moonlight observations (although with a higher energy
threshold), an improvement in duty cycle which seems very reasonable to reach.
Finally, we investigated the case of GBM-like alerts which come
at a much higher rate but with quite a poor localization.18 The statistical plus systematic error radius ranges from !3! to !20! which
is in many cases larger than the LST field-of-view (!4.6! diameter).19
A simple strategy where the whole CTA array is pointed to the best
burst localization yields very poor results (detection rate ! 10 times
lower than for Swift-like alerts). However, it is possible to implement
smarter observing strategies, such as a ‘scanning mode’ where the
LSTs would scan over the whole GBM error box [71], a ‘divergent
pointing mode’ where the LSTs would be initially offset so as to cover
the entire error box, or an ‘array splitting mode’ where the MST array
would be divided into sub-arrays to cover a larger part of the sky
(although the latter two strategies would have the disadvantage of
increasing the energy threshold of the observation). We found the
scanning mode to yield a detection rate about half that for Swift-like
GRBs, which makes GBM alerts competitive in terms of detection
rate although photon statistics will certainly suffer from such
strategies.
6.2. Theory-based population model
Using a somewhat more theoretical approach for modelling of
the GRB population than in the preceding section, here we independently estimate the detection rate with CTA and study how
the results depend on properties such as array configuration, delay
time, etc. For this section, we mainly consider Fermi GBM as the
GRB alert facility, although estimates for the case of SVOM alerts
are also given at the end. These can be compared with the respective results for GBM-like and Swift-like alerts of the previous section. More details together with complementary discussions are
presented in a separate publication [226]. We adopt the cosmological parameters H0 ¼ 70 km s#1Mpc#1 ; Xm ¼ 0:3 and XK ¼ 0:7.
Intrinsic GRB Properties. We simulate the GRB population
using Monte Carlo methods. Following [135], the GRB luminosity
function, i.e. the GRB rate per unit comoving volume at redshift z
per logarithmic interval of 1–104 keV peak luminosity Lp is assumed to be WðLp ; zÞ ¼ qðzÞ/ðLp Þ, where qðzÞ / ð1 þ zÞ2:1 for
z < 3:1,
qðzÞ / ð1 þ zÞ#1:4 for z > 3:1, /ðLp Þ / L#0:17
for
p
Lp < 1052:5 ergs#1 , and /ðLp Þ / L#1:44
for Lp > 1052:5 erg s#1 , which is
p
consistent with the observed characteristics of Swift GRBs. From
the measured properties of a sample of GBM bursts, we also determine the relations between Lp , time-averaged luminosity La and
17

Building the array at higher altitude would also be beneficial.
We also took into account the fact that GBM bursts are significantly brighter than
Swift bursts, on average by a factor of ! 3.
19
We point out that reducing GBM localization uncertainties is a key objective of
the GBM team which might well succeed in further reducing GBM error radius by the
time of CTA’s first light.
18
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isotropic-equivalent
energy
Eiso
as
La ¼ 0:31Lp
and
log Eiso;52 ¼ 0:9 log Lp;52 þ 0:6. Then the duration evaluated by
T 90 ¼ ð1 þ zÞEiso =La forms a distribution that provides a good match
to the one observed by GBM for long GRBs.
The light curve of the prompt emission is assumed to have a
top-hat shape with luminosity La and duration T 90 . Its fiducial
spectrum is described by the Band function [30], with normalization fixed by La as above, the spectral peak energy Ep given by
the observed Ep –Lp relation [233,234], and the low-energy and
high-energy spectral indices a and b sampled from the distribution
observed in bright BATSE bursts [235] with the restriction b < #2.
We also consider cases with an extra spectral component with
photon index #2 and whose 0.1–100 GeV luminosity is a fraction
Rextra ¼ 0:1 of La . The high-energy afterglow is characterized by a
spectrum with fiducial photon index pE ¼ #2 and 0.1–100 GeV
luminosity that evolves as LAG ðtÞ ¼ 1052 erg s#1 ðEiso =1054 ergÞ
ðt=ð1 þ zÞ10sÞpt as a function of postburst observer time t, taken
to be nonzero only for t > T 90 and with fiducial temporal decay index pt ¼ #1:5 [43].
We adopt the EBL model of Razzaque et al. [223] which is limited to z < 5, so the redshift range z > 5 cannot be treated in this
calculation. For comparison, the EBL model of Kneiske et al. [192]
is also employed.
CTA Follow-up observations. For GBM alerts, the trigger
threshold in peak photon flux is taken to be 1:5 ph cm#2 s#1 in
the 8 # 103 keV band, which is satisfied by 90% of actual GBM
bursts. Follow-up with CTA will be feasible for only a fraction of
them that is sufficiently well localized so that they can be reasonably covered by the FoV of the LSTs. Here we choose the criterion
for initiating follow-up to be when the GBM error radius is
< 5 deg (note the current condition of < 4 deg for MAGIC; Section 3.1). Compared with the ! 4:6 deg diameter currently foreseen for the LST FoV, this implies that a considerable fraction of
the bursts can be missed by falling outside the FoV. Although the
actual situation would vary somewhat from burst to burst, we
approximate the probability that such GBM bursts are still caught
within the LST FoV with a constant value of ! 0:1 (see [226] for
more details), which is incorporated in all calculations below. Nontrivial LST follow-up strategies such as divergent initial pointing
(currently under study by the CTA Monte Carlo simulation group)
or scanning of the GBM error circle [71], as well as future improvements in the GBM localization algorithm can significantly increase
this probability, the quantitative effects of which will be discussed
in subsequent studies. We also evaluate the probability that a given GBM localization accuracy is realized as a function of the fluence by making use of actually measured values as reported in
the GCN. The delay time T delay between the burst trigger and the
start of CTA observations is assumed to obey a log-normal distribution, with a fiducial peak at sdelay ¼ 100 s, dispersion
rdelay ¼ 0:4 dex, and a lower bound of T delay > 20 s. This accounts
for a plausible degree of improvement from the delay times actually realized during MAGIC-I observations in 2005–2008, which
can be fit by a similar distribution but with sdelay ¼ 160 s and
rdelay ¼ 0:5 dex, and for which the average telescope slewing time
was ! 90 s (c.f. [66,228]).
For the performance of CTA, we make use of the information
provided by the CTA Monte Carlo simulation group such as effective area, background rate and energy resolution, particularly from
the simulations of the Heidelberg group [222]. The array configurations B, D, and I, are considered, the latter being the fiducial choice.
Since the performance files are currently available only for zenith
angles hzen ¼ 20 and 50 deg, the results are presented for both of
these values, i.e. supposing that all GRBs are observed either at
hzen ¼ 20 or 50 deg; the true situation should lie in between. We
also employ the performance files for which the event selection
has been optimized for 0.5 h exposure time, the shortest available
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Table 3
Expected detection rates for the fiducial parameters of the model by Kakuwa et al., for
one CTA site. The numbers (except Init) should be doubled when considering both
CTA North and South.

Fermi GBM [yr#1]
SVOM ECLAIRS [yr#1]

Init

CTAobs

Pobs

Pdet

Adet

200
56

1.8
2.0

0.66
0.65

0.013–0.033
0.09

0.09–0.2
0.53

at the moment. For the minute-timescale exposures more appropriate for GRB observations, the actual performance is expected
to be better as the background rate should be lower and the effective area higher [19]. The duty cycle is taken to be 10%, although it
may be increased up to !15% under moonlight at the expense of a
higher energy threshold and lower sensitivity. We also set a limit
of hzen < 60 deg on the observable range of zenith angles.20
In accord with the standard criteria for IACT observations
[236,17], a detection is declared when the number of photons
N c;i obtained within a given energy interval during a given exposure time
satisfy all of the following: (1) N c;i > N min , (2)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N c;i > m N BG;i , and (3) N c;i > eNBG;i , where N BG;i is the number of
background events, N min ¼ 10; m ¼ 5 and e ¼ 0:05. We designate
detection in terms of the differential flux when the above applies
to one or more energy bins whose widths correspond to the energy
resolution. The assumed exposure time is T 90 # T delay for the
prompt emission and up to 4 h maximum for the afterglow.
Results. For convenience, we classify our model GRB sample
into the following subsets:

Fig. 15. Cumulative distribution of photon counts with energies < 300 GeV in the
case of prompt detections Pdet for our fiducial parameters (red curves), compared
with that for prompt observable events Pobs (black curves). Solid and dashed curves
correspond to hzen ¼ 20 deg and hzen ¼ 50 deg, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

$ Init: GRBs triggered by GBM that satisfy T 90 > 2 s and z < 5.
$ CTAobs: GRBs belonging to Init whose hzen < 60 deg, localization
accuracy < 5 deg and occur during the 10% duty cycle, i. e.
bursts which are observable (but not necessarily detectable)
by CTA.
$ Pobs: GRBs belonging to CTAobs that satisfy T delay < T 90 , i. e.
bursts which are observable (but not necessarily detectable)
during the prompt phase.
$ Pdet: GRBs that are caught within the LST FoV and whose
prompt photons are detected.
$ Adet: GRBs that are caught within the LST FoV and whose afterglow photons are detected.
Table 3 summarizes the results for our fiducial parameters
Rextra ¼ 0; pE ¼ #2; pt ¼ #1:5; sdelay ¼ 100 s and rdelay ¼ 0:4 dex, for
one CTA site. The number for both CTA North and South will simply
be double these values. Note that the dispersion in the detection
rates corresponds to the range of hzen ¼20–50 deg.
Fig. 15 shows the cumulative distribution of photon counts with
energies below 300 GeV in the case of prompt detections, compared with that for Pobs, events observable during the prompt
phase by CTA. When successfully detected, we expect N c > 60–
150 with 60% probability and N c > 450 with 20% probability even
for hzen ¼ 50 deg.
In Fig. 16, we plot the redshift probability distribution functions
(PDFs) separately for the cases of prompt and afterglow detections,
compared with that for CTAobs, events observable by CTA. Note
that although the curves for hzen ¼ 20 and hzen ¼ 50 can differ significantly, in particular for the afterglow detections, the true result
should lie in between them as discussed above. One also sees that
90% of the prompt detection bursts have redshifts z <2.7–3.4.
Fig. 17 summarizes the dependence of the detection rate on
sdelay and other parameters. The prompt detection rate is quite sen-

20
The contribution from hzen > 60 deg is expected to be small on account of the
correspondingly high energy threshold.

Fig. 16. Redshift probability distribution functions for our fiducial parameters in
the cases of prompt detections Pdet (red curves, top panel), afterglow detections
Adet (blue curves, bottom panel), and CTA observable events CTAobs (black curves).
Solid and dashed curves correspond to hzen ¼ 20 deg and hzen ¼ 50 deg, respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

sitive to sdelay , as the relatively steep tail of the duration distribution implies that the number of bursts satisfying T delay < T 90
varies strongly. The addition of an extra spectral component with
Rextra ¼ 0:1 increases the detection rate by a factor of ! 2, regardless of sdelay or hzen . On the hand, the detection rate for afterglows
does not depend greatly on sdelay on account of their long-lasting
nature. Except for some cases with Rextra ¼ 0:1; pE ¼ #1:5 or #2:5,
the detection rates do not differ by more than 20% for variations
in our parameters (see [226] for details).
We also estimate the detection rate for the case of alerts from
SVOM in a simplified way as follows. Its ECLAIRS instrument will
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With these assumptions, Table 3 shows the resulting CTA detection rate for SVOM alerts, together with Init, CTAobs and Pobs defined analogously to the GBM case. Compared to GBM alerts, the
detection rates for both prompt and afterglow emission are appreciably higher, even though the frequency of SVOM alerts suitable
for CTA follow-up is comparable. This underscores the importance
of GRB facilities with good localizations in the CTA era.
7. Following up alerts and wide-field mode observations
As discussed above, CTA has major scientific potential to advance our understanding of GRBs. It can both follow up GRBs found
with other facilities (Sections 6, 7.1) and also find GRBs using both
standard and survey (i.e. wide-field) modes of operation
(Section 7.3).
7.1. GRB alerts from satellites and other facilities

Fig. 17. Detection rate relative to the fiducial result as a function of sdelay . Solid and
dashed curves correspond to hzen ¼ 20 deg and hzen ¼ 50 deg, respectively. Top
panel: Prompt detection events Pdet. Black curves labelled ‘‘quasi-fiducial’’ are the
case with fiducial parameters except for the mean delay time sdelay . Red curves
labelled ‘‘rdelay ¼ 0:0’’ are the case neglecting the dispersion of T delay , and blue
curves labeled ‘‘Rextra ¼ 0:1’’ are the case with an extra spectral component. Bottom
panel: Afterglow detection events Adet. Black curves labelled ‘‘quasi-fiducial’’ are
the case with fiducial parameters except for the mean delay time sdelay . Red and
blue curves are the cases with temporal decay index pt ¼ "1:3 and pt ¼ "1:8,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

provide alerts with localization < 100 at a rate ! 80 yr"1 ([232]). As
its energy band (4–250 keV) is similar to Swift BAT (15–150 keV),
we assume that the duration distribution will be the same, as presented at the Swift website.21 Since ! 90% of BAT bursts are long
GRBs, and 80% of SVOM bursts are expected at z < 6 ([232]), the fraction of SVOM bursts with T 90 > 2 s and z < 5 is taken to be 70%. For
brevity we set T delay ¼ 80 s for all SVOM alerts, anticipated to be
faster than GBM. Thus the fraction of long GRBs with T 90 > T delay is
estimated to be ’ 33%.
Compared to GBM, alerts from SVOM will lead to a larger fraction of bursts that are fainter for CTA, since it (1) can achieve good
localization at lower fluences and (2) is more sensitive to softer
bursts, including those at higher redshifts that are more affected
by EBL attenuation. Here we choose not to account for these effects
in detail, but simply assume that the CTA detection efficiency, i. e.,
the ratio of detectable events (Pdet or Adet) to events that are followed up by CTA (CTAobs), is one-half of that for GBM alerts. We
believe this to be a reasonable approximation; for reference, if
the trigger threshold in peak photon flux for Swift BAT alerts is
set to 0.4 ph s"1cm"2 in the 15–150 keV band (satisfied by 90 %
of actual BAT bursts), the CTA detection efficiency with
sdelay ¼ 80 sec would be about 0.4 times that for GBM alerts with
sdelay ¼ 100 s. In addition, we incorporate a factor of 1.4 enhancement due to anti-solar bias, following [227].

The study of GRBs depends crucially on localising them in an efficient manner with a positional accuracy good enough to enable multi-wavelength follow-up. Launched in 1991, the BATSE instrument
on CGRO discovered thousands of these explosive events [237] but
with relatively poor localization accuracy, of order degrees. The
sky and flux distributions of the BATSE GRBs strongly suggested an
extragalactic origin. Proof, however, only came in in 1997 when
the BeppoSAX satellite [238], which could be slew in a few hours, began to detect X-ray afterglows [239]. The BeppoSAX X-ray localization accuracies (arcmin) were sufficient to search for optical
afterglows [240] and soon led to determination of the first GRB redshifts [241].
More recently, the study of GRBs has been revolutionised by the
GRB-dedicated Swift satellite [242]. Launched in 2004, Swift can slew
very rapidly once it detects a GRB and use its on-board multiwavelength capability to probe the physics of both the prompt and afterglow emission. The GRB detection capabilities of Swift compared to
other current and planned satellite facilities are summarized in Table 4. Although Swift is not the most prolific GRB finder, it currently
provides the most accurate (arcsec), rapid (few minute) localizations. Thus the number of GRBs for which redshifts and host galaxies
have been identified has dramatically increased. Swift is also used,
via a Target of Opportunity upload, to provide accurate localizations
for GRBs first discovered by other satellites. The French–Chinese
SVOM satellite [231,232] will provide similarly accurate GRB locations during the period when CTA becomes fully operational.
For CTA to be able to respond to an incoming trigger from another facility, it must be designed to accept such triggers using a
standard protocol such as VOEvent or a GCN notice, and then act
accordingly. The system must be capable of computing visibility
constraints and deciding which CTA telescopes to slew. It would
also be desirable to provide a real-time analysis and information
distribution system that could be used to rapidly (within a minute)
communicate to the community what it has found, again using a
standard protocol. This capability will also be required for CTA to
be used in real-time, transient survey mode (Section 7.3).
Some alerts may also be provided by ground-based air-shower
detectors sensitive to TeV gamma-rays such as HAWC.22 or LHAASO23 For example, HAWC should be able to detect bright bursts
similar to GRB 090510 or GRB 090902B on its own, possibly down
to energies as low as 50 GeV [243]. Despite having less sensitivity
and higher energy threshold compared to IACTs, their much wider
FoV and higher duty cycle make them valuable facilities for discovering VHE transients that may be more or less guaranteed to be
detectable by CTA if followed up sufficiently rapidly.
22

21

<http://swift.gsfc.nasa.gov/docs/swift/swiftsc.html>.

23

<http://hawc.umd.edu/>.
<http://english.ihep.cas.cn/ic/ip/LHAASO/>.
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Table 4
Summary of the main currently operating and near-future planned GRB-triggering satellites and their most relevant high energy instruments.
Satellite/Instrument

Energy range

Observed GRB rate (yr"1)

Typical localization error (radius)

Typical delay time

Swift BAT
Swift XRT
Fermi GBM
Fermi LAT
INTEGRAL IBIS
Wind-KONUS
Suzaku WAM
MAXI-ISS
IPN
SuperAGILE
SVOM Eclairs
SVOM MXT

15–150 keV
0.3–10 keV
8 keV–40 MeV
20 MeV–300 GeV
20–100 keV
50–200 keV
50–5000 keV
2–10 keV
various
10–40 keV
4–250 keV
0.3–7 keV

95
90
250
10
25–50
100
95
<10
few
few
80
50

few arcmin
< 300
10!/1–3!
few deg/10 " 600
few arcmin
–
–
1!
arcmin-degrees
few arcmin
70
2000

20 s
!70 s
20–300 s/20 min–2 h
<1 min/4–8 h
!60 s
1–25 h
several hr
20 min – few hr
1–1.5 days
1–3 h
10 s
>5 min

We also note that some non gamma-ray survey facilities, such
as the GAIA satellite [244], have the potential to find GRBs via their
optical light, providing additional targets for CTA.
7.2. Multiwavelength follow-up
As GRBs emit at all frequencies their study benefits from a suite
of facilities in space and on the ground to follow them up. Examples of follow-up facilities currently in use or planned in the near
future are given in Table 5. These facilities can monitor GRBs on
timescales ranging from seconds to months or even years after
the event. Fast-response smaller facilities are generally used as filters to identify the most important candidates, such as potential
high-redshift or heavily reddened objects, which can then be investigated using the larger facilities or space-based assets.
It would be a valuable addition to the CTA observatory to have
an on-site robotic telescope observing in the optical/near-infrared.
This telescope — probably of 1–2 m class — could provide real-time
monitoring of all CTA science targets as well as providing rapid follow-up capability for transients such as GRBs. It will be especially
crucial for obtaining redshifts for the bursts, either on its own or by
providing further alerts with good localization to larger telescopes.
The failure to measure a redshift can seriously limit the physics
that can be explored even when a CTA detection is achieved.
In addition to photons, GRBs are prime candidates for the study
of cosmic non-electromagnetic signals that will be studied by neutrino telescopes such as IceCube [245] (see Section 4.2), as well as
gravitational wave experiments such as Advanced LIGO [246].
Gravitational waves may potentially be emitted by GRB progenitors and correlated with electromagnetic radiation in various ways
(e.g. [247–250]). The future simultaneous detection of photons,
neutrinos and gravity waves from a GRB would be one of the greatest achievements in astrophysics.
7.3. Observations of GRBs and other transients in standard or widefield modes
CTA also has the potential to open up a unique discovery space
for GRBs at very high energies by finding GRBs in its own right,
including those with unusual spectral energy distributions which
did not trigger gamma-ray instruments. GRBs discovered by CTA itself would lead to complete coverage of the prompt emission
phase, addressing important questions on the origins of both long
and short-duration GRBs and on Lorentz invariance. Such observations are in fact the only way for CTA to detect or set limits on very
high energy prompt emission from short GRBs, which, in the era of
gravitational wave capability with Advanced LIGO, will be of great
importance. Note that operation in such observing modes requires
a real-time analysis routine which identifies new sources, reports
new transients to the community upon detection as described in
Section 7.1 and may override the current observation.

Standard observing mode. While observing a science target
CTA can also be searching for transients within the field of view.
Although each field of view is modest in standard mode, the total
integration time would be large, CTA would be operating at maximum sensitivity and can be used during the entire duty-cycle.
Wide-field mode. In wide-field or survey mode the telescopes
are offset and spread over a wide field of view to maximize solid
angle [251]. Although GRBs occur equally in all regions of the
sky, those around the Galactic plane are affected by interstellar
absorption that hampers X-ray and optical followup efforts, necessary for good localization and redshift determination. Thus spreading the MSTs centered at a high Galactic latitude may be the most
promising strategy. The much increased solid angle implies a
greater GRB rate at the cost of a decrease in sensitivity, so would
be complementary to transient searches in the standard observing
mode. While a substantial fraction of time would have to be spent
in a wide-field mode, this need not be done consecutively and
could be done in parallel while the LSTs/SSTs are observing other
sources, providing a low-cost transient survey mode for CTA. This
mode also permits a large-area sky survey to be built up over time.
We can estimate the rates for GRBs that are potentially observable in wide-field mode, based on the sky-rates derived from current GRB-triggering satellites Swift and Fermi (Table 4). In
contrast to the case of responding to external triggers (Section 6),
we would not need to consider satellite time delays for reporting
a GRB, nor the size of localization errors. We assume a configuration of 25 MSTs which cover 2.5% of the sky (minimal overlap with
no gaps in the field of view) and have a duty cycle of 10%. Multiplying the observed GRB rate to account for the instrument solid angle
and the fraction of time spent able to trigger on GRBs, we arrive at
all-sky annual GRB rates of ! 800 and ! 600 for BAT and GBM
respectively. The rate of Swift- and Fermi-like GRBs that are observable by CTA in wide-field mode is roughly 2–3 per year, or 0.2–0.3
events per 100 h of observation. Of this, the fraction that is actually
detectable requires knowledge of the sensitivity in this mode near
the energy threshold on short exposure times that is currently
being studied by the MC group and will be available in the future.
A wide-field survey will be of great interest to the wider scientific
community, encompassing the study of all transient phenomena,
e.g. supernovae and accretion powered sources including active galaxies and X-ray binaries. Further value can be added if the timing
and/or field of view were to coincide with comparable surveys at
other wavelengths providing a means of characterizing newly discovered phenomena. (For other aspects of surveys with CTA, see
[251].)
8. Conclusions and outlook
With high photon statistics measurements of their multi-GeV
spectra and temporal variability, the science cases that can be explored by observing GRBs with CTA are varied and far-reaching. In
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Table 5
Summary of the main currently operating and near-future planned GRB follow-up facilities in alphabetical order, grouped by size and wavelength. Acronyms are expanded only
for the >2 m optical/near-infrared (nIR) telescopes.
6–10 m Optical/nIR

Bolshoi Teleskop Altazimuth
Gemini (North + South)
Gran Telescopio Canarias
Hobby–Eberly telescope
Keck (1–2)
Large binocular telescope
Magellan (Baade + Clay)
South African Astronomical observatory
Subaru
Very Large telescope (1–4)

>2–5 m Optical/nIR

Anglo–Australian telescope
Bok
Calar Alto
Canada–France–Hawaii telescope
ESO 3.6 and 2.2 m
Hale telescope
Lick Shane telescope
Magnum Mirror telescope
New Technology telescope
Nordic Optical telescope
Telescopio Nazionale Galileo
UK InfraRed telescope
William Herschel telescope
WIYN telescope

Up to 2 m Optical/nIR

ABT
Aristarchos
BOOTES
CrAO
Danish
Faulkes
FLWO
GRAS
GRT
INT
KAIT
Kanata
Konkoly
Lightbuckets
Liverpool

Sub-mm/mm/radio

ALMA
APEX
ASKAP
CARMA
GBT
JCMT
LOFAR
MeerKAT
e-MERLIN
Mullard
PdB
SMA
EVLA
WSRT

LOAO
Lulin
Maidanak
MASTER
McDonald
MITSuME
MOA
Mondy
Newcastle
OSN
PAIRITEL
Palomar 6000
Pi of the Sky
PROMPT

RAPTOR
REM
ROTSE
ROVOR
RTT
SARA
SkyMapper
SMARTS
SuperLOTIS
Tarot
THO
TLS
Xinglong TNT
Yunnan

addition to the many mysteries surrounding the physics of GRBs
themselves, they include the origin of ultra-high-energy cosmic
rays and prospects for high-energy neutrinos via hadronic gamma-ray signatures, the cosmic history of star formation, black hole
accretion and intergalactic reionization via extragalactic background light attenuation features, and precision tests of special relativity via searches for energy-dependent delays, etc. Further
simulations of spectra and light curve observations in greater detail than presented here will be helpful to better quantify the prospects. In view of the modest expected detection rate of a few bursts
per year, a key issue will be to assure that all GRB alerts observable
with CTA are followed up sufficiently rapidly under stable conditions. Achieving an energy threshold as low as possible will also
be crucial, not only for enhancing the detection rate, but also to improve the photon statistics per detection, as well as to attain the
broadest energy range over which time-resolved spectra or energy-dependent light curves can be studied to address the science
cases discussed here. The principal GRB alert facilities in the CTA
era are likely to be SVOM and Fermi GBM, especially if the latter’s
localization accuracy can be appreciably improved by that time,
and possibly also Swift if its instrumental performance and funding
can be maintained. Other potential satellites such as the All-Sky
Transient Astrophysics Reporter (A-STAR) will undoubtedly be of
great value. An onsite optical-infrared telescope would be valuable
for ensuring that redshift measurements are performed for all CTA
bursts. Dedicated, wide-field survey mode observations will be a
unique way to discover GRBs with CTA alone including short GRBs
and to detect long GRBs from their onset, as well as to conduct an
unbiased search for transients.

Space-based

Astro-H
Astrosat
Chandra
GEMS
Herschel
HST
NuSTAR
SRG-eROSITA
SVOM-VT
Swift-UVOT
UFFO
XMM-Newton
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[22] M.M. Gonźalez et al., Nature 424 (2003) 749.
[23] J. Granot, D. Guetta, ApJ 598 (2003) L11.
[24] A.A. Pe’er, E. Waxman, ApJ 613 (2004) 448.
[25] A. Giuliani et al., A&A 491 (2008) L25.
[26] D.L. Band et al., ApJ 701 (2009) 1673.
[27] D. Guetta, E. Pian, E. Waxman, A&A 525 (2011) A53.
[28] P. Beniamini, D. Guetta, E. Nakar, T. Piran, MNRAS 416 (2011) 3089.
[29] M. Ackermann et al., ApJ 754 (2012) 121.
[30] D. Band et al., ApJ 413 (1993) 281.
[31] B.-B. Zhang et al., ApJ 730 (2011) 141.
[32] Y. Lithwick, R. Sari, ApJ 555 (2001) 540.
[33] A.A. Abdo et al., Science 323 (2009) 1688.
[34] M. Ackermann et al., ApJ 716 (2010) 1178.
[35] A.A. Abdo et al., ApJ 706 (2009) L138.
[36] J. Granot, J. Cohen-Tanugi, E. do Couto e Silva, ApJ 677 (2008) 92.
[37] Z. Li, ApJ 709 (2010) 525.
[38] J. Aoi, K. Murase, K. Takahashi, K. Ioka, S. Nagataki, ApJ 722 (2010) 440.
[39] Y.-C. Zou, Y.-Z. Fan, T. Piran, ApJ 726 (2011) L2.
[40] R. Hascoët, F. Daigne, R. Mochkovitch, V. Vennin, MNRAS 421 (2012) 525.
[41] M. Ackermann et al., ApJ 729 (2011) 114.
[42] E. Nakar, Phys. Rep. 442 (2007) 166.
[43] G. Ghisellini, G. Ghirlanda, L. Nava, A. Celotti, MNRAS 403 (2010) 926.
[44] A.A. Abdo et al., ApJ 712 (2010) 558.
[45] R. Sari, R. Narayan, T. Piran, ApJ 473 (1996) 204.
[46] H. Papathanassiou, P. Mészáros, ApJ 471 (1996) L91.
[47] R.P. Pilla, A. Loeb, ApJ 494 (1998) L167.
[48] Z. Bosnjak, F. Daigne, G. Dubus, A&A 498 (2009) 677.
[49] K. Asano, P. Mészáros, ApJ 739 (2011) 103.
[50] S. Razzaque, C.D. Dermer, J.D. Finke, OAJ 3 (2010) 150.
[51] K. Asano, S. Guiriec, P. Mészáros, ApJ 705 (2009) L191.
[52] K. Asano, S. Inoue, P. Mészáros, ApJ 725 (2010) L121.
[53] P. Kumar, R. Barniol Duran, MNRAS 400 (2009) L75.
[54] H.N. He, X.F. Wu, K. Toma, X.Y. Wang, P. Mészáros, ApJ 733 (2011) 22.
[55] M. De Pasquale et al., ApJ 709 (2010) L146.
[56] Z. Li, E. Waxman, ApJ 651 (2006) 328.
[57] A. Giuliani et al., ApJ 708 (2010) L84.
[58] K. Toma, X.F. Wu, P. Mészáros, MNRAS 415 (2011) 1663.
[59] R. Atkins et al., ApJ 630 (2005) 996.
[60] A.A. Abdo et al., ApJ 666 (2007) 361.
[61] T. Aune, P.M. Saz, Parkinson for the Milagro Collaboration, in: Proc. of the 31st
ICRC, 2009, p. 1436.
[62] G. Aielli et al., ApJ 699 (2009) 1281.
[63] G. Aielli et al., Astropart. Phys. 32 (2009) 47.
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Ž. Bošnjak, F. Daigne, G. Dubus, A&A 498 (2009) 677.
A. Corsi, D. Guetta, L. Piro, A&A 524 (2010) 92.
K. Toma, X.-F. Wu, P. Mészáros, ApJ 707 (2009) 1404.
S. Kobayashi, R. Sari, T. Piran, ApJ 490 (1997) 92.
K. Asano, P. Mészáros, ApJ 757 (2012) 115.
J.L. Racusin et al., Nature 455 (2008) 183.
K. Murase, S. Nagataki, Phys. Rev. Lett. 97 (2006) 051101.
A.M. Soderberg et al., Nature 442 (2006) 1014.
E. Liang, B. Zhang, F. Virgili, Z.G. Dai, ApJ 662 (2007) 1111.
K. Murase, K. Ioka, S. Nagataki, T. Nakamura, ApJ 651 (2006) L5.
X.Y. Wang, S. Razzaque, P. Mészáros, Z.G. Dai, Phys. Rev. D 76 (2007) 083009.
K. Asano, P. Mészáros, ApJ 677 (2008) L31.
K. Murase, Phys. Rev. Lett. 103 (2009) 081102.
H.N. He, X.Y. Wang, Y.W. Yu, P. Mészáros, ApJ 706 (2009) 1152.
J. Abraham et al., Pierre Auger Collaboration, Phys. Rev. Lett. 104 (2009)
091101.
R.U. Abbasi et al., HiRes Collaboration, Phys. Rev. Lett. 104 (2010) 161101.
Y.
Tsunesada
et
al.,
Telescope
Array
Collaboration,
2011.
<arXiv:1111.2507[astro-ph]>.
X.Y. Wang, S. Razzaque, P. Mészáros, ApJ 677 (2008) 432.
B.D. Metzger, D. Giannios, S. Horiuchi, MNRAS 415 (2011) 2495.
K. Murase, J.F. Beacom, Phys. Rev. D 82 (2010) 043008.
S. Inoue, in preparation.
F. Aharonian, A.M. Taylor, Astropart. Phys. 34 (2010) 258.
E. Waxman, J. Bahcall, Phys. Rev. Lett. 78 (1997) 2292.
C.D. Dermer, A. Atoyan, Phys. Rev. Lett. 91 (2003) 071102.
K. Murase, S. Nagataki, Phys. Rev. D 73 (2006) 063002.
R. Abbasi et al., IceCube Collaboration, Phys. Rev. Lett. 106 (2011) 141101.
R. Abbasi et al., IceCube Collaboration, Nature 484 (2012) 351.
P. Sapienza et al., Km3Net Collaboration, Nucl. Phys. B Proc. Suppl. 217 (2011)
272.
P. Allison et al., ARA Collaboration, Astropart. Phys. 35 (2012) 457.
J. Miralda-Escude, E. Waxman, ApJ 462 (1996) L59.
E. Waxman, P.S. Coppi, ApJ 464 (1996) L75.

S. Inoue et al. / Astroparticle Physics 43 (2013) 252–275
[184]
[185]
[186]
[187]
[188]
[189]
[190]
[191]
[192]
[193]
[194]
[195]
[196]
[197]
[198]
[199]
[200]
[201]
[202]
[203]
[204]
[205]
[206]
[207]
[208]
[209]
[210]
[211]
[212]
[213]
[214]
[215]
[216]
[217]
[218]

F.A. Aharonian, S.R. Kelner, A.Yu. Prosekin, Phys. Rev. D 82 (2010) 043002.
F.A. Aharonian et al., Nature 440 (2006) 1018.
J. Albert et al., Science 320 (2008) 1752.
N.R. Butler, J.S. Bloom, D. Poznanski, ApJ 711 (2010) 495.
A. Cucchiara et al., ApJ 736 (2011) 7.
V. Bromm, A. Loeb, ApJ 642 (2006) 382.
K. Toma, T. Sakamoto, P. Mészáros, ApJ 731 (2011) 127.
H. Sol, A. Zech, C. Boisson, et al., The CTA Consortium, Astropart. Phys. (2012).
Current issue.
T.M. Kneiske, T. Bretz, K. Mannheim, D. Hartmann, A&A 413 (2004) 807.
F.W. Stecker, M.A. Malkan, S.T. Scully, ApJ 648 (2006) 774.
A. Franceschini, G. Rodighiero, M. Vaccari, A&A 487 (2008) 837.
R.C. Gilmore, P. Madau, J.R. Primack, R.S. Somerville, F. Haardt, MNRAS 399
(2009) 1694.
J. Finke, S. Razzaque, C.D. Dermer, ApJ 712 (2010) 238.
A. Dominguéz et al., MNRAS 410 (2011) 2556.
R.C. Gilmore, R.S. Somerville, J.R. Primack, A. Dominguéz, MNRAS 422 (2012)
3189.
Y. Inoue, S. Inoue, M.A.R. Kobayashi, R. Makiya, Y. Niino, T. Totani, ApJ,
submitted for publication, <arXiv:1212.1683[astro-ph]>.
A.A. Abdo et al., ApJ 723 (2010) 1082.
P. Jakobsen et al., Nature 370 (1994) 35.
S.R. Furlanetto, S.P. Oh, ApJ 691 (2008) 1.
C.-A. Faucher-Giguère, A. Lidz, L. Hernquist, M. Zaldarriaga, ApJ 688 (2008)
85.
C.-A. Faucher-Giguère, A. Lidz, M. Zaldarriaga, L. Hernquist, ApJ 703 (2009)
1416.
R. Barkana, A. Loeb, Phys. Rep. 349 (2001) 125.
B. Ciardi, A. Ferrara, Space Sci. Rev. 116 (2005) 625.
S.P. Oh, ApJ 553 (2001) 25.
S. Inoue, R. Salvaterra, T.R. Choudhury, A. Ferrara, B. Ciardi, R. Schneider,
MNRAS 404 (2010) 1938.
R. Plaga, Nature 374 (1995) 430.
S. Razzaque, P. Mészáros, B. Zhang, ApJ 613 (2004) 1072.
K. Ichiki, S. Inoue, K. Takahashi, ApJ 682 (2008) 127.
K. Takahashi, K. Murase, K. Ichiki, S. Inoue, S. Nagataki, ApJ 687 (2008) L5.
K. Murase, B. Zhang, K. Takahashi, S. Nagataki, MNRAS 396 (2009) 1825.
K. Takahashi, S. Inoue, K. Ichiki, T. Nakamura, MNRAS 410 (2011) 2741.
A. Neronov, D. Semikoz, Phys. Rev. D 80 (2009) 123012.
L. Widrow, Rev. Mod. Phys. 74 (2002) 775.
U. Jacob, T. Piran, JCAP 01 (2008) 031.
A.A. Abdo et al., Nature 462 (2009) 331.

[219]
[220]
[221]
[222]
[223]
[224]
[225]
[226]
[227]
[228]
[229]
[230]
[231]
[232]
[233]
[234]
[235]
[236]
[237]
[238]
[239]
[240]
[241]
[242]
[243]
[244]
[245]
[246]
[247]
[248]
[249]
[250]
[251]

275

J.D. Scargle, J.P. Norris, J.T. Bonnell, ApJ 673 (2008) 972.
E. Troja, S. Rosswog, N. Gehrels, ApJ 723 (2010) 1711.
R. Margutti et al., MNRAS 417 (2011) 2144.
K. Bernlöhr et al., The CTA Consortium, Astropart. Phys. (2012).
<arXiv:1210.3503[astro-ph]> . Current issue.
S. Razzaque, C.D. Dermer, J.D. Finke, ApJ 697 (2009) 483.
R.C.
Gilmore,
J.R.
Primack,
A.
Bouvier,
A.N.
Otte,
2011,
<arXiv:1102.2112[astro-ph]>.
R.C. Gilmore, A. Bouvier, V. Connaughton, A. Goldstein, A.N. Otte, J.R. Primack,
D.A. Williams, Exp. Astron., in press. <arXiv:1201.0100[astro-ph]>.
J. Kakuwa, K. Murase, K. Toma, S. Inoue, R. Yamazaki, K. Ioka, MNRAS 425
(2002) 514.
R.C. Gilmore, F. Prada, J.R. Primack, MNRAS 402 (2010) 565.
M. Garczarczyk et al., <arXiv:0907.1001[astro-ph]>.
T. Li, Y. Ma, ApJ 272 (1983) 317.
C. Meegan et al., ApJ 702 (2009) 791.
S. Schanne et al., 2010, in: Proc. of of Science( extremesky2009, 097), 2009,
<arXiv:1005.5008[astro-ph]>.
J. Paul, J. Wei, S. Basa, S.-N. Zhang, Comptes Rendus Physique 12 (2011) 298.
<arXiv:1104.0606[astro-ph]> .
D. Yonetoku, T. Murakami, T. Nakamura, R. Yamazaki, A.K. Inoue, K. Ioka, ApJ
609 (2004) 935.
G. Ghirlanda, L. Nava, G. Ghisellini, A. Celotti, C. Firmani, A&A 496 (2009) 585.
Y. Kaneko, R.D. Preece, M.S. Briggs, et al., ApJS 166 (2006) 298.
F.A. Aharonian, A.K. Konopelko, H.J. Völk, H. Quintana, Astropart. Phys. 15
(2001) 335.
W.S. Paciesas et al., ApJS 122 (1999) 465.
G. Boella et al., A&AS 122 (1997) 299.
E. Costa et al., Nature 387 (1997) 783.
J. van Paradijs et al., Nature 386 (1997) 686.
M. Metzger et al., Nature 387 (1997) 878.
N. Gehrels et al., ApJ 611 (2004) 1005.
A.U. Abeysekara et al., Astropart. Phys. 35 (2012) 641.
M.A.C. Perryman, Ap&SS 280 (2002) 1.
F. Halzen, S.R. Klein, Rev. Sci. Instrum. 81 (2010) 081101.
G. Harry et al., Classical Quantum Gravity 27 (2010) 084006.
C.S. Kochanek, T. Piran, ApJ 417 (1993) L17.
S. Kobayashi, P. Mészáros, ApJ 589 (2003) 861.
G.E. Romero, M.M. Reynoso, H.R. Christiansen, A&A 524 (2010) A4.
C.L. Fryer, K.C.B. New, Living Rev. Relativ. 14 (2011) 1.
G. Dubus et al., The CTA Consortium, Astropart. Phys. (2012).
<arXiv:1208.5686[astro-ph]> . Current issue.

Astroparticle Physics 43 (2013) 276–286

Contents lists available at SciVerse ScienceDirect

Astroparticle Physics
journal homepage: www.elsevier.com/locate/astropart

Gamma-ray signatures of cosmic ray acceleration, propagation, and
confinement in the era of CTA
F. Acero e, A. Bamba h, S. Casanova a,b,c,⇑⇑, E. de Cea f, E. de Oña Wilhelmi b, S. Gabici a,⇑, Y. Gallant e,
D. Hadasch f, A. Marcowith e, G. Pedaletti f, O. Reimer d,⇑⇑, M. Renaud e, D.F. Torres f,g, F. Volpe b,
for the CTA Consortium
a

Astroparticule et Cosmologie (APC), CNRS, Université Paris 7 Denis Diderot, 10 rue Alice Domon et Leonie Duquet, F-75205 Paris Cédex 13, France
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
Unit for Space Physics, North-West University, Potchefstroom 2520, South Africa
d
Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität Innsbruck A-6020 Innsbruck, Austria
e
LUPM-UMR5299, Université de Montpellier II, Place Eugène Bataillon - CC 72, 34095 Montpellier Cédex 05, France
f
Institut de Ciències de l’Espai (IEEC-CSIC), Campus UAB, Torre C5, 2a planta, 08193 Barcelona, Spain
g
Institució Catalana de Recerca i Estudis Avançats (ICREA), Spain
h
College of Science and Engineering, Aoyama Gakuin University, 5-10-1 Fuchinobe, Chuo-ku, Sagamihara, Kanagawa 252-5258, Japan
b
c

a r t i c l e

i n f o

Article history:
Available online 23 June 2012
Keywords:
Cosmic rays
Gamma rays
Supernova remnants
Molecular clouds
Starburst galaxies
Clusters of galaxies

a b s t r a c t
Galactic cosmic rays are commonly believed to be accelerated at supernova remnants via diffusive shock
acceleration. Despite the popularity of this idea, a conclusive proof for its validity is still missing. Gammaray astronomy provides us with a powerful tool to tackle this problem, because gamma rays are produced
during cosmic ray interactions with the ambient gas. The detection of gamma rays from several supernova remnants is encouraging, but still does not constitute a proof of the scenario, the main problem
being the difficulty in disentangling the hadronic and leptonic contributions to the emission. Once
released by their sources, cosmic rays diffuse in the interstellar medium, and finally escape from the Galaxy. The diffuse gamma-ray emission from the Galactic disk, as well as the gamma-ray emission detected
from a few galaxies is largely due to the interactions of cosmic rays in the interstellar medium. On much
larger scales, cosmic rays are also expected to permeate the intracluster medium, since they can be confined and accumulated within clusters of galaxies for cosmological times. Thus, the detection of gamma
rays from clusters of galaxies, or even upper limits on their emission, will allow us to constrain the cosmic
ray output of the sources they contain, such as normal galaxies, AGNs, and cosmological shocks. In this
paper, we describe the impact that the Cherenkov Telescope Array, a future ground-based facility for
very-high energy gamma-ray astronomy, is expected to have in this field of research.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
According to the most popular scenario, galactic cosmic rays
(CRs) are accelerated at supernova remnants (SNRs) via diffusive
shock acceleration (for a review, see e.g. [1]). The main argument
supporting this scenario is the fact that SNRs alone would be able
to maintain the CR population at the observed level, if some fraction (some 10%) of their kinetic energy were somehow converted
into CRs. Moreover, diffusive shock acceleration predicts a spectral
shape for the accelerated particles that, after taking into account
propagation effects in the Galaxy, fits fairly well with the observed
⇑ Corresponding author. Tel.: +33 157277024, fax: +33 157276071.
⇑⇑ Corresponding authors.

E-mail addresses: Casanova@mpi-hd.mpg.de (S. Casanova), stefano.gabici@apc.
univ-paris7.fr (S. Gabici), olr@stanford.edu (O. Reimer).
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.05.024

CR spectrum, and, under certain assumptions for particle injection,
is roughly compatible with the observed chemical composition of
CRs (see, e.g., [2] and references therein). All these facts are encouraging, but an unambiguous and conclusive proof for (or against)
the validity of this scenario is still missing. The main problem in
this respect is connected to the isotropy of the arrival directions
of CRs in the sky. This is due to their diffusive behavior in the galactic magnetic field, which prevents the identification of CR sources
as is done for sources of photons in astronomy.
Very tight connections exist between CR studies and gammaray astronomy, due to the fact that CR protons can undergo hadronic interactions with the interstellar medium producing neutral
pions that in turn decay into gamma rays (e.g. [3,4]). This is of particular relevance for the identification of CR sources, since the production of gamma rays is expected, at some level, during CR
acceleration. If SNRs indeed are the sources of CRs, they have to
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convert !10% of their explosion energy into accelerated particles.
Since the explosion energy of a supernova is a remarkably constant
quantity close to 1051 erg, a rough estimate of the expected gamma-ray flux from a given SNR can be obtained if one knows the
density of the ambient medium, and the SNR distance. Such estimates fall within the capabilities of currently operating Cherenkov
telescopes [5,6]. In agreement with these early estimates, several
SNRs have been detected at TeV energies (for recent reviews see
e.g. [7,8]) and, though their detection fits well with the general scenario described above, the origin of such radiation might still be
leptonic, and thus unrelated to the acceleration of hadronic CRs.
In particular, for the best studied SNR in TeV gamma rays, RX
J1713.7-3946 [9], evidence has been put forward, both from Xray [10] and GeV gamma-ray [11] observations, supporting a leptonic origin of the TeV emission. This does not mean that the
SNR RX J1713.7-3946 is not accelerating hadronic CRs at the level
required to explain the flux of galactic CRs, but simply that the leptonic contribution to the gamma ray production is dominant over
the contribution from hadrons. This may naturally happen if the
ambient gas density is low. On the other hand, the gamma-ray
emission detected from the historical SNR Tycho, seems to favor
an hadronic origin [12] (but see [13] for an alternative interpretation). Further multiwavelength studies of SNRs are needed in order
to find a conclusive evidence of the fact that SNRs, as a class, accelerate hadronic CRs and are quantitatively able to provide the measured flux of CRs.
At some stage of the SNR evolution, CRs have to be released into
the interstellar medium. The details of the process of particle escape from SNRs are still to be fully understood, though it is generally believed that particles with the highest energies escape first,
while particles with lower and lower energies are gradually released as the SNR shock speed decreases (e.g. [14]). Once escaped,
CRs diffuse away from the acceleration site and, before being dispersed in the galactic CR background, they remain for some time
diffusively confined in the vicinity of the accelerator. The details
of CR diffusion in the interstellar medium are also not fully understood (see e.g. [15] and references therein). However, by assuming
that CR diffusion proceeds isotropically, and that at a given time
CRs have diffused away from the source and fill a region of radius
R, it is possible to estimate the average energy density of CRs as
[16]: wCR " 0:55ðW CR =1050 ergÞðR=100 pcÞ%3 eV/cm3, where W CR is
the total energy carried by CRs when released by the source. This
means that, in regions up to 100 pc or so away from SNRs (or from
any other source injecting 1050 erg in form of CRs), and at some given time, depending on the details of CR escape and diffusion, the
CR intensity might well be above the background intensity of
galactic CRs, which is "1 eV/cm3. As a consequence, the gammaray emission from CR interactions also would be correspondingly
enhanced. Thus, searching for excesses of gamma-ray emission
from the regions surrounding candidate CR sources might provide
an indirect way to identify and locate CR sources. The detection of
this radiation is more likely if massive molecular clouds are located
within the region filled by CRs, since they would provide a thick
target for CR hadronic interactions [16,17]. Such radiation might
have been already detected at TeV energies from some regions in
the Galaxy, including the massive molecular clouds located within
"100 pc from the galactic center (the SNR Sgr A East might be one
of the potential sources of CRs in that region) [18] and the molecular clouds located in the vicinity of the SNR W28 [19–22]. However, further detections are needed in order to test the reliability
of such interpretation.
CRs escaping from SNRs and from any other CR source in the
Galaxy eventually mix with the CR background and sustain it
against CR escape from the Galaxy. Except for localized (both in
time and space) excesses around CR sources, the CR intensity is expected to be, both spatially and temporally, quite homogeneous
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throughout the Galaxy. The interactions between CRs and the
interstellar gas makes the galactic disk a prominent source of diffuse gamma rays at energies above "100 MeV [23]. No diffuse
emission has been firmly detected at TeV energies from the galactic disk, though some evidence for the presence of diffuse emission
at "15 TeV has been presented by the MILAGRO collaboration [24].
Studying the diffuse emission is of crucial importance in order to
probe large scale spatial variations in the distribution of CRs and
thus constrain the properties of their propagation in the turbulent
galactic magnetic field.
The detection by the Fermi satellite of gamma rays from nearby
galaxies [25–27], as well as the detection in both the GeV and TeV
energy range of the starburst galaxies NGC 253 and M82 [28–30]
also can be interpreted as the result of CR interactions with the
interstellar gas. Similarly to what it is done for our Galaxy, such
gamma-ray emission can be used to infer the CR intensities in
these objects. Thus, the study of this emission and the detection
of more galaxies in gamma rays will serve to investigate the possible differences in the acceleration of CRs in galaxies different from
our own, and in their transport and confinement properties. The
lessons of these systems will also indirectly contribute to solving
the problem of the origin of galactic CRs.
Moving to even larger scales, one may wonder where CRs end
up after escaping the galaxy within which they have been accelerated. If the parent galaxy is a member of a group or a cluster of galaxies, CRs will remain confined for cosmological times in the
magnetized ("0.1. . .1 lG) intracluster medium. This is because of
the very large, Mpc-scale size of these objects that makes the confinement time of CRs larger than the Hubble time [31,32] (see [33]
for a recent discussion of CR confinement in clusters of galaxies).
As a consequence, all the CRs injected by all the sources within a
cluster of galaxies accumulate in the intracluster medium, and
for this reason clusters of galaxies often have been considered as
potential gamma-ray sources. The reason is that, despite the very
low ambient density ("10%4 cm%3), one may still expect a copious
production of gamma rays from proton–proton interactions due to
the huge amount of CRs that possibly can be stored within clusters
(for a review see [34] and references therein). To date no cluster of
galaxies has been detected in GeV nor TeV gamma rays (e.g. [35–
37]) and the upper limits on the gamma-ray fluxes can be used
to constrain the total power of all the CR sources hosted by clusters. The list of such sources includes, besides normal and starburst
galaxies, active galactic nuclei and cosmological shock waves.
The Cherenkov Telescope Array [38], currently in the design
phase, is planned to be the most sensitive array operating in the
TeV energy domain. The sensitivity at energies J 100 GeV is expected to be improved by a factor of 5–10 with respect to currently
operating instruments, and the accessible energy range to be extended down to a few tens of GeV and up to "100 TeV. Such an
instrument will considerably increase the number of detected
sources (of particular relevance here are SNRs, localized molecular
clouds, and nearby galaxies), facilitate population studies, and
potentially detect new classes of sources, such as clusters of galaxies at gamma-ray energies. It is important to remind that both
SNRs and MCs are extended object. Thus the large field of view
of CTA ("5–10!), coupled with an improved angular resolution
("0.05! above 1 TeV) will allow us to perform imaging studies with
unprecedented accuracy. This is of particular relevance, for example, in order to identify SNRs based on their shell-like morphology,
or to perform correlation studies between TeV maps and maps obtained in other energy bands, most notably in the X-ray domain.
The large field of view will also facilitate the study of SNR/MC associations, namely MCs which are illuminated by CRs coming from
nearby SNRs. A determination, with high sensitivity, of spatially resolved gamma-ray sources related to the same accelerator would
lead to the experimental determination of the local diffusion coef-
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2.1. Population studies of supernova remnants with CTA

rays exhibit a clear shell-like morphology: RX J1713.7-3946 [9],
Vela Junior [41], RCW 861 [42], SN 1006 [43], and HESS J1731-347
[44]. Other SNRs have been detected, but their morphology remains
unresolved (for an updated list see e.g. [45]). However, the total
number of detected objects is still too small to allow population
studies or a satisfactory statistical analysis of the SNR properties in
gamma rays. The situation is expected to change significantly after
CTA will begin to take data, since the number of SNRs detected in
TeV gamma rays will undoubtedly increase significantly.
A rough estimate of the total number of SNRs that CTA will detect can be computed as follows: let us assume that the SNRs detected so far in TeV gamma rays are good representatives of the
whole class of SNRs. In other words, let us assume that the gamma-ray luminosities of these objects (or their average luminosity)
can be considered as typical luminosities for all SNRs. Then, from
the expected sensitivity of CTA we can derive the maximum distance at which a generic SNR would be detected. We call this distance the horizon of detectability. Finally, from the knowledge of the
spatial distribution of supernovae in the Galaxy [46], their explosion rate [47], and the duration of the TeV emission (believed to
last a few thousand years, see e.g. [14]) we can obtain the prediction for the number of objects detectable by CTA.
Normally, TeV-bright SNRs are detected by pointing the telescope in the direction of SNRs known from other wavelengths.
However, SNR detection can also happen in reverse order, as in
the case of the SNR HESS J1731-347, where the discovery of the
radio shell follows the SNR detection in gamma rays [44]. Similar
situations are expected to happen frequently once the number of
detections has increased. Of course, if the gamma-ray source
clearly exhibits a shell-like structure, it can be confidently identified as an SNR, while for unresolved sources follow-up at other
wavelengths is mandatory. For this reason, it seems appropriate
to define a horizon of resolvability, defined as the maximum distance up to which the shell of an SNR can be spatially resolved
and distinguished from a simple gaussian shape [48]. Then one
can proceed as explained above and compute the number of SNRs
detectable and resolvable by CTA.
Note that here we limit ourselves to consider isolated SNRs only,
i.e. SNRs which are not interacting with a molecular clouds. One of
the best studied objects belonging to this category is IC 443, which
is discussed in Section 2.2. An extended discussion on SNR/MC
associations can be found in Section 2.3.
Before proceeding to such estimates, it is important to investigate the capability of the angular resolution of CTA in identifying
SNRs based on their shell-like morphology. For this purpose, we
show in Fig. 1 the simulated image of a RX J1713-like SNR located
at a distance of 3 kpc (the actual distance would be !1–1.5 kpc).
Configuration I has been used, with 20 h of observations. The different panels show the simulated map (top-left), the signal-tonoise ratio per pixel (top-right), the uncorrelated (i.e. per pixel) excess map, correlated with a 2-dimensional gaussian PSF (bottomleft), and finally the signal-to-noise ratio, calculated on a circular
region whose root-mean-square radius is the same as for the PSF
(bottom-right). The PSF is shown in the bottom-left corner of each
panel and has a size of 0.04!. The maps’ pixel size is 0.01!. At a distance of 3 kpc the shell structure is clearly still visible. This is evident from Fig. 2, where the surface brightness profile for the RX
J1713-like SNR is fitted with a gaussian (blue line) and with a shell
(red line). The shell morphology is clearly favored. This method has
been used to compute the resolvability horizon of SNRs described
above.

Being characterized by an improvement of a factor of 5–10 in
sensitivity with respect to currently operating telescopes, CTA is
expected to detect a large number of new gamma-ray sources. To
date, only five of the SNRs that have been detected in TeV gamma

1
Note that in this case a shell-like morphology fit on the source radial profile is
only slightly favored statistically over a simple sphere fit.

ficient and/or the local injection spectrum of cosmic rays. To conclude, the large effective area coupled with an excellent energy resolution (!10% above 1 TeV) will allow us to determine with great
accuracy sources’ spectral parameters. This will in turn constrain
the spectrum of the CRs which are producing the observed radiation. These high quality spectral data, combined with the data
available in the GeV energy range (i.e. from the Fermi and Agile
satellites), will allow to perform a detailed spectral modeling and
possibly resolve the ambiguity between hadronic and leptonic
emission from SNRs. All these studies will constitute a large advance for understanding the acceleration, transport and confinement of CRs in our Galaxy and more generally in galactic
systems. The aim of this paper is to discuss the role that CTA will
play in driving this field of research by presenting detailed simulations of CTA observations for a number of selected science cases.
This is the first paper fully devoted to the description of the impact that the Cherenkov Telescope Array will have on future CR
studies. Previous general discussions on the role of CTA that also
mentioned CR studies can be found in [38,48].
In the following discussion, several of the configurations (i.e.
number of small/middle/large telescopes, their spatial distribution,
etc.) proposed for CTA will be investigated. Different configurations
will result in different instrumental characteristics such as effective area, angular resolution, or sensitivity. Here, we use configurations B, D, and I (or E) as representative of the configurations which
are characterized by a sensitivity optimized in the low, high, and
over a broad energy range, respectively. A description of the different configurations can be found in a companion paper in this issue
[39]. Here we briefly summarize the main differences between the
proposed configurations for CTA. For all configurations, large size
telescopes (LSTs, dish " 23 m) will be placed at the center of the array. Thanks to their large mirror area, dim flashes of Cherenkov
light from the low energy events ("50 GeV) are expected to be
reconstructed. Tens of medium size telescopes (dish " 11 m) will
be placed in a surrounding ring, covering a large fraction of the
light pool and thus enhancing the reconstruction of medium energy ("1 TeV) events. Finally, an outer ring will be composed of
small size telescopes (SSTs, dish " 7 m) enlarging the effective area
of the array for the bright but rare high energy events (above
"50 TeV). While this characteristic stay for most of the configurations explored, the simulated arrays can be divided in 3 main classes of constant estimated cost: low energy focus, well balanced,
high energy focus. In the low energy focus (configurations A, B, F,
G), the number of LSTs is increased at the expenses of SSTs, depleting sensitivity at energies 10 TeV. As the name of the class suggests, the well balanced type array (configurations E, I, J, K)
reaches a compromise in performances in the whole energy range
and the high energy focus one (configurations C, D, H) increase the
number of SSTs with little or no LSTs.
The paper is structured as follows: galactic sources (namely
supernova remnants and molecular clouds) are discussed in Section 2, extragalactic sources (namely starburst galaxies and clusters of galaxies) are discussed in Section 3. Conclusions are in
Section 4. The paper is mainly focused on the hadronic component
of CRs, which constitute the bulk of the cosmic radiation. For a brief
and recent review on CR electrons see [40].

2. Supernova remnants and molecular clouds
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Fig. 1. Simulated image of a RX J1713-like SNR located at a distance of 3 kpc. Configuration I has been considered for 20 h of exposure time. The PSF (68% containment radius)
is shown in the bottom-left corner of each panel. The four panels show, from top-left clockwise, the simulated map, the signal-to-noise ratio per pixel, the correlated signalto-noise map, and the correlated excess map, respectively. See text and [48] for more details.
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Fig. 2. Radial profile of the RX J1713-like SNR from Fig. 1 (data points) fitted with a
gaussian profile (blue line) and a shell (red line). The latter fit is clearly favored. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

We can now proceed to compute the expected number of SNRs
detectable and resolvable by CTA. The main results are shown in
Fig. 3. The simulated spatial distribution of SNRs in the galaxy is
shown in the left panel. A logarithmic model of spiral arms of
[49] has been adopted, with an arm dispersion which is a function
of the distance from the Galactic center [50]. The SNR Galactocentric distribution is provided in [46]. The Sun and the Galactic center
are depicted by the red cross and the black dot, respectively.
The fraction of SNRs located within a given distance from the
Sun and visible with zenith angle <45!, for a ground-based instrument located in the southern hemisphere, at the same latitude as
the H.E.S.S. experiment is plotted as a dashed line in the middle

and right panels of Fig. 3. The horizon of detectability and of resolvability have been computed for three TeV-bright shell type SNRs:
Vela Jr (circles), RCW 86 (downward triangles), and RX J1713 (upward triangles). The horizon of resolvability is indicated with the
filled symbols and is defined as the distance up to which the
shell-like morphology of those objects would be significantly identified by CTA and favored at 3 r over the uniform sphere model.
The horizon of detectability is indicated by the open symbols and
indicates the maximum distance up to which the three SNRs would
be detectable by CTA with a peak significance of 5 r, regardless of
their morphology. The two horizons have been defined after simulating 100 SNR images per distance bin for an observing time of
20 h. Different colors refer to three different configurations of the
array: B (black), D (red), and I (blue).
If the three objects considered here indeed are typical representatives of the whole SNR class, the results from Fig. 3 could be considered as a valid estimate of the actual fraction of galactic SNRs
detectable by CTA. If we assume that an SNR is bright in TeV gamma rays for !3000 yr (this is approximatively the age of Vela Jr),
and we recall that !2.8 supernovae are expected to explode each
century in the Galaxy [47], we can infer that the number of SNRs
currently emitting TeV gamma rays is !80. One can then use the
results from Fig. 3 (middle and right panel) to infer the number
of SNRs detectable (or resolvable) by CTA. The difference between
the middle and the right panel is in the PSF that has been assumed
in the calculations. In the middle panel the 68% containment radius
of the PSF is the one estimated for the given configuration of CTA,
while in the right panel is half this value. Thus, the difference between the two plots demonstrates how an improvement in the
instrument angular resolution would affect the results. While the
number of detectable SNRs slightly increases by a factor of <1.2,
the gain factor in the number of resolvable SNRs ranges from 1.5
to 1.9. In producing Fig. 3 we assumed a zenith angle of 20!. The
PSF is assumed to be gaussian. It is clear from Fig. 3 that CTA will
have the capability to detect SNRs as luminous as RX J1713, Vela Jr,
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Fig. 3. Left: simulated distribution of Galactic core-collapse SNRs. The Sun and the Galactic center are depicted by the red cross and the black dot, respectively. Middle:
Fraction of SNRs visible with zenith angle <45!, for a ground-based instrument located at the same latitude as the H.E.S.S. experiment, as a function of distance from Earth
(dashed line). Configurations B (in black), D (in red) and I (in blue), for an observing time of 20 h, and for three known VHE-emitting SNRs: Vela Junior (circles), RCW 86
(downward triangles) and RX J1713.7-3946 (upward triangles). Open symbols refer to the horizon of detectability, filled symbols to the horizons of resolvability. Right: same
as middle, except that the original CTA PSF from the configuration files has been improved by a factor of 2. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

or RCW 86 up to the other side of the Galaxy. So, if the assumptions
made here are correct, virtually all the TeV bright SNRs in the Galaxy will be detected. However, for distances larger than the horizon of resolvability, identifying an object as an SNR might be
difficult in the absence of observations at other wavelengths. As
a consequence, a significant fraction of the SNRs that will be detected by CTA will be classified at first as unidentified sources.
As a consistency check, we also computed the horizon of detectability of the SNRs Cas A and Tycho, which are also detected at both
GeV and TeV energies, like the SNRs considered in Fig. 3, but are
significantly younger, with an age of few hundreds years. For
CTA in configuration I and for an observation time of 20 h, the horizon of detectability for these two objects is !9 kpc and !5 kpc,
respectively. Such numbers are comparable with the ones reported
in Fig. 3. Since Cas A and Tycho are not resolved in gamma rays, the
horizon of resolvability cannot be computed.
The key observational parameters characterizing the SNRs that
have been used to compute the horizons are summarized in
Table 1.

2.2. Spectral studies of supernova remnants with CTA: probing cosmic
ray acceleration
Another important issue to be investigated is the capability of
CTA to perform spectral studies of SNRs and identify possible spectral features such as breaks or cutoffs. This is of crucial importance
in order to determine with good accuracy the spectral shape of the
underlying CR population (be they hadrons or electrons) which are
responsible for the gamma-ray emission. To date, a spectral cutoff
in the TeV range has been clearly identified only in the spectrum of
the bright SNR RX J1713.7-3946 [51], for all the other (fainter) TeVbright SNRs the statistics at high energies does not permit to draw
firm conclusions on the spectral shape. Determining the cutoff energy in the gamma-ray spectrum is required in order to obtain
Table 1
Observational parameters for the SNRs considered in the text. The first three columns
refer to SNR name, age, and distance, respectively. The columns 4–7 refer to the best
fit spectral parameters to the FERMI and TeV data, assuming that the differential
spectrum has the shape N ¼ N 0 $ ðE=TeVÞ"C exp "ðE=Ec Þb cm"2 s"1 TeV"1 .
Name

t age
(kyr)

d
(kpc)

N 0 (10"12 /cm2/s/
TeV)

C

Ec
(TeV)

b

Vela Jr
RCW 86
RXJ1713
Cas A
Tycho

1.7–4.3
1.8
1.6
0.33
0.44

0.8
2.5
1.3
3.4
3.0

35.0
3.72
58.2
4.46
0.126

1.80
2.54
1.62
2.10
2.30

3.0
–
0.78
0.625
–

0.5
–
0.38
0.5
–

information about the maximum energy of the particles accelerated at SNR shocks. Moreover, in the context of diffusive shock
acceleration, the shape of the cutoff in the proton or electron spectrum is different if the maximum energy is determined by particle
escape, by the age of the accelerator, or by possible particle energyloss processes. Also, the dependency on energy of the particle diffusion coefficient at the shock shapes the resulting spectrum of
CRs, the stronger the dependence, the sharper the cutoff. These differences are also present in the resulting radiation spectrum. Thus,
high quality spectra can be used to constrain the properties of the
acceleration mechanism operating at SNR shocks, or to distinguish
between an hadronic or leptonic origin of the gamma-ray emission
(see e.g. [52,53]).
However, if a source is less powerful (or with a steeper spectrum) than RX J1713.7-3946 it might not be straightforward (even
for CTA) to identify spectral features such as cutoffs/breaks if they
are located at very high energies, where the photon statistics are
meager. In order to investigate this scenario, we consider here
the SNR IC 443, which has been detected at both GeV [54] and
TeV [56,57] energies and exhibits a quite steep spectrum. It is
important to stress here that for IC 443 the centroids of the GeV
and TeV emission are misplaced, a fact that has been tentatively
interpreted as the result of the escape of high energy CRs from
the SNR shell and of their interaction with the ambient medium
(for details see [58]). However, also in this scenario, the presence
of a cutoff in the gamma-ray spectrum is expected in correspondence to the maximum energy of accelerated particles.
Here and in the following, in order to obtain the spectral points
for a simulated object the following procedure is adopted. The energy domain of CTA is divided in logarithmically equally spaced energy bins. Excess and significances are calculated following [55, Eq.
(5)], with a fixed number of 5 background control regions (a = 0.2).
For each bin, ON and OFF number counts are calculated from the
intrinsic source spectrum convoluted with Monte Carlo simulated
response functions of the array and from expected background
rates (dominated by the cosmic ray background. These numbers
are then randomized. A bin is kept when its significance passes
the threshold of 3 standard deviations. Further cuts relate to the
minimum level of excess above background in a bin (3%) and the
minimum number of excess counts (10).
In Fig. 4 the spectrum of IC 443 has been simulated for CTA in
configuration D and for 50 h of exposure (filled data points). The
input spectrum adopted is a power law with slope-3 with an exponential cutoff at 3 TeV (top panel) and 5 TeV (bottom panel). Also
the data from MAGIC [56], VERITAS [57], and Fermi [54] are indicated with open data points. The best power-law fit to MAGIC data
provides a slightly different spectral slope equal to "3.1, consistent
within errors with the spectrum measured by VERITAS, which is
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Fig. 4. The spectrum of IC443 is simulated (filled data points) with layout CTA-D for
50 h of observation, assuming an input spectrum in the form of a power law with an
exponential cut off of 3 (top panel) and 5 (bottom panel) TeV. A power law index of
E!3 has been used. Fermi, VERITAS and MAGIC data points are also shown with open
points.

!2.99. The dotted lines represent a power-law fit to the simulated
data, while the solid lines show a fit for a power law with an exponential cutoff. It can be seen from the figures that a cutoff can be
identified in the spectrum only if it is at energies no greater than
5 TeV. For the top panel (cutoff at 3 TeV) the reduced-v2 is 44.36/
10 (fit probability 2 " 10!6 ) and 2.87/9 (fit probability 0.96) for
the power-law and power-law plus cutoff fits, respectively. For
the bottom panel (cutoff at 5 TeV) these quantities are 33.4/11
(fit probability 4 " 10!4 ) and 4.9/10 (fit probability 0.89). In both
cases the evidence for the cutoff is clear. Conversely, for cutoffs located at higher energies the pure power-law model fits as well the
data, and the position of the cutoff cannot be constrained. It is
important to remark that with present TeV data it is not possible
to perform such an accurate study on the spectral shape due to
the larger error bars.
For brighter sources or for sources with a harder spectrum than
IC 443 (e.g. RX J1713.7-3946), CTA will be able to determine with
good accuracy the spectral shape of cutoffs/breaks or other spectral
features (see e.g. [48]). Different CTA configurations will give a different level of accuracy at low, intermediate, or high energies. We
have chosen here configuration D because it is the one which gives
the best performances at high energies, i.e. it is the most optimistic
scenario. To provide the reader with conservative numbers, we repeated the simulation by using configuration I, which constitutes a
good compromise between the sensitivity at both low and high
photon energies. In this case a discrimination between single
power-law and power-law plus cutoff fits is still possible though
quite less significant. If the cutoff is at 3 TeV the reduced-v2 is
44.32/10 (fit probability 2:88 " 10!6 ) and 0.287/9 (fit probability
0.96) for the power-law and power-law plus cutoff fits, respectively. On the other hand, if the cutoff is at 5 TeV these quantities
are 20.24/11 (fit probability 4:2 " 10!2 ) and 12.13/10 (fit probability 0.28).
2.3. Molecular clouds with CTA: probing the intensity of cosmic rays in
the Galaxy and their diffusion properties
Massive molecular clouds (MC) are an important subject of
investigation because they can provide a thick and massive target
for CR hadronic interactions [59,60]. For this reason, MCs are expected to emit gamma rays and, indeed, the emission observed
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from some MCs in the Galaxy has been interpreted as the result
of the decay of neutral pions produced by CR protons interacting
with the dense gas that constitutes the cloud (e.g. the MCs in the
galactic center region [18], the ones close to SNRs such as W28
[19] or IC 443 [56], just to mention the most prominent cases).
The gamma-ray luminosity of the MC would be proportional to
the cloud mass and to the CR intensity in the cloud.
For these reasons, the search for gamma-ray emission from MCs
with measured mass and distance has been proposed as a tool to
probe the CR intensity at the cloud’s location (e.g. [60–62]). If the
MC is embedded in the galactic CR background (sometimes referred to as CR sea), then the expected gamma-ray flux is propor2
tional to the quantity M cl =d , where M cl is the cloud mass and d
is its distance, and the MC is called passive. Since the CR background is known not to vary a lot throughout the Galaxy,2 the
detection of a MC in gamma rays with a flux significantly larger than
the one expected for a passive cloud of the same mass would indicate that a source of CRs is present in the vicinity of or inside the
cloud. Thus, gamma-ray-bright MCs can be used, in principle, to locate the sources of CRs [64–66,16,67,68].
For these reasons, an investigation of the capability of CTA to
detect MCs is of paramount importance. To this purpose, we consider four different situations: (i) a passive MC (i.e. with no CR
accelerator in its proximity); (ii) a CR accelerator inside a MC;
(iii) a MC illuminated by CRs from a nearby accelerator; (iv) a CR
accelerator located in a region filled with dense, diffuse gas.

2.3.1. Passive molecular clouds
Consider a cloud with mass M 5 ¼ M=105 M $ located at a distance dkpc ¼ d=kpc. If the cloud is embedded in the CR background,
with an intensity of J bg % 2:2E!2:75 cm!2 s!1 sr!1 GeV!1 its gammaray flux due to proton–proton interactions can be calculated and
has an energy spectrum as shown in Fig. 5 with a dotted blue line
(for M 5 ¼ dkpc ¼ 1). All the other curves in Fig. 5 will be described
in the next Section. The flux of the passive MC at 1 TeV is roughly
%3 " 10!13 TeV/cm2/s, roughly three times above the CTA sensitivity for a point-like source and 50 h of observation. However,
the angular extension of MCs is expected to be much larger than
the angular resolution of Cherenkov telescopes. Thus a more detailed discussion is needed in order to assess the capability of
CTA to detect such extended objects.
Let us then estimate the expected angular extension of a MC
and compare its flux with the instrumental sensitivity for a source
! 3 is the average cloud density in units of
with that extension. If n
1000 protons per cubic centimeter, then the angular size (radius)
!1
! 3 Þ1=3 . For a passive cloud with
of the cloud is #cl % 0:6& dkpc ðM 5 =n
homogeneous density, the 68% containment radius of the gamma-ray emission is given by #68% % 0:7#cl , which for the values
considered here is approximately 0.4!. This has to be compared
with the angular resolution of CTA that is expected to be of the order of #CTA % 0:05& [48, see e.g.]. The sensitivity of a Cherenkov telescope for an extended source scales approximately as the ratio
between the source size and the instrumental angular resolution,
and is thus a factor of #68% =#CTA % 8 worse than the sensitivity for
a point source, resulting in a sensitivity (very roughly) of the order
of %10!12 TeV/cm2/s. Thus, from these considerations and from
Fig. 5 one can see that the detection of a passive cloud is challenging even for an array as sensitive as CTA. Results from a detailed
study are reported in Fig. 5 and demonstrate that a dense
(%103 cm!3) cloud of mass 105 M $ will be marginally detectable
at sub-TeV energies if located at a distance of %1 kpc (Fig. 5, middle
2
Theoretical expectations for the spatial fluctuations of CR density in the Galaxy
are of the order of %10% for TeV CRs [63]. Thus our assumption of a constant
background of CR is very well justified.
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Fig. 5. Gamma-ray emission from a molecular cloud of mass 105 M ! with a CR
accelerator located at the cloud’s center. The accelerator releases instantaneously
1050 erg of CRs with a spectrum / E"2:2 . Black, red, and green lines represent the
gamma-ray flux for 103 , 104 , and 105 yr after the release of CRs. The dotted blue line
represents the emission from a passive cloud. Data points are simulated CTA
observations for 50 h of exposure. Top panel: cloud density and radius are 130 cm"3
and &20 pc, respectively. Diffusion coefficient is D ¼ 1028 ðE=10 GeVÞ0:5 cm2/s.
Middle panel: same as in the top panel, but cloud density and radius are
1300 cm"3 and &9 pc. Bottom panel: same as in the top panel except for the cloud
distance (5 kpc) and for the diffusion coefficient which is reduced by a factor of 10.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

panel). A stacking approach (i.e. summing the pointed observations
of several nearby MCs) might improve the chances of a detection.
A number of MCs with masses in the range 104 . . . 105 M ! are located well within a kiloparsec from the Earth [69,70]. As an example, detailed studies of massive clouds in the Perseus, Taurus, and
Auriga region can be found in [71], while for the Orion–Monoceros
complex we refer to [72,73]. Even though these MCs have masses
in the relevant range, they are very often very extended (several
degrees) making their individual detection at TeV energies
problematic.
2.3.2. Cosmic ray accelerator inside a molecular cloud
If a CR accelerator is located inside a MC, the expected gammaray flux from the cloud is enhanced due to the presence of the
accelerated CRs. In Fig. 5 the situation in which an accelerator is
releasing instantaneously, i.e. over a time scale much shorter than
the CR diffusion time, 1050 erg of CRs is considered. The spectrum
of these runaway cosmic rays is assumed to be a power law of
the form / E"2:2 . In the top panel, CRs are assumed to diffuse away
from their accelerator with a (homogeneous and isotropic) diffusion coefficient given by D ¼ 1028 ðE=10 GeVÞ0:5 cm2/s. This
assumption for D is consistent with CR data (e.g. [74]). The assumed MC gas proton density is 130 cm"3, implying, for a total
gas mass of 105 M ! and for a homogeneous gas distribution, a radius of &20 pc for the cloud. The CR accelerator is located at the

center of the MC. The black, red, and green lines represent the gamma-ray spectrum from the cloud after 103 , 104 , and 105 yr, respectively. Spectra have been calculated following [16]. Note that for
times of the order of &105 yr the MC emission coincides with that
expected from a passive cloud, represented by the dotted blue line.
This indicates that CRs that escaped the accelerator are diluted
over a large volume, and thus their contribution to the cloud emission is negligible if compared with the contribution from the CR
background. Data points represent simulated observations with
CTA, configuration E, for 50 h of exposure. For this choice of parameters, the cloud is clearly detectable for & 104 yr after the release of
CRs from the accelerator. By comparing the red and the blue (i.e. a
passive cloud) lines, we can conclude that an overdensity of CRs
above the galactic sea of a factor of a few suffices to make a nearby
(d & 1 kpc) MC of 105 solar masses detectable by CTA. Larger CR
overdensities and/or a larger cloud mass are necessary to detect
a cloud at distances significantly beyond 1 kpc. Such large overdensities can be obtained for shorter times, of the order of &103 yr (e.g.
[16]).
The middle panel of Fig. 5 is identical to the top panel, except
for the fact that the cloud density is enhanced by a factor of 10,
to get ncl & 1:3 ' 103 cm"3 . This corresponds to a cloud radius of
&9 pc. Thus, the angular extent of the gamma-ray emission is
smaller, making a detection easier. This is indicated by the smaller
error bars in the simulated data, and by the fact that the cloud is
now detected over a broader energy range, if compared to the
cloud considered in the top panel.
Finally, in the bottom panel of Fig. 5, all the parameters are set
as in the top panel (i.e. gas density &130 cm"3, cloud mass 105 M ! )
except for the diffusion coefficient which is now one order of magnitude smaller: D ¼ 1027 ðE=10 GeVÞ0:5 cm2/s and for the fact that
the cloud is now assumed to be at a distance of 5 kpc. A diffusion
coefficient significantly smaller than the average galactic one
might be justified close to CR accelerators since runaway CRs can
enhance the level of magnetic turbulence due to streaming instability and in turn suppress the diffusion coefficient (see e.g. [75]).
If the diffusion coefficient is small, CRs are confined more effectively within the MC. As a consequence, the resulting gamma-ray
fluxes are significantly enhanced, and the cloud is detectable up
to significantly larger distances. For the case considered here,
d = 5 kpc, the cloud is detectable for an age of [104 yr after the release of CRs. Moreover, for this choice of the parameters, a break
appears in the spectrum, and its position corresponds
toﬃ the CR
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
particle energy that satisfies the relation: Rcl & 6DðEÞt . This is
the energy of the particles that in a given time t are able to diffuse
up to the cloud’s border. Thus, at time t, all the particles with lower
energy are confined inside the cloud and thus the corresponding
gamma-ray spectrum simply mimics the CR injection spectrum,
/ E"2:2 . On the other hand, above that energy CRs begin to leak
away from the MC. The escape is more pronounced at higher energies and thus the resulting spectrum is steeper than the injection
one. The break energy moves to lower and lower energies with
time (in the case considered here as / t"2 ) as CRs with lower and
lower energy leak out of the cloud. This is why the break is only
barely visible in the red curve (t ¼ 104 yr) and absent in the green
one (t ¼ 105 yr). The effective confinement of CRs inside the cloud
enhances the gamma-ray emission and makes the molecular cloud
detectable at much larger distances than the ones considered in
the top and middle panel. A detailed treatment and an extended
discussion of the scenario presented in this section will be discussed elsewhere [76].
2.3.3. Gamma-ray emission from a molecular cloud illuminated by
cosmic rays from a nearby accelerator
Another scenario that needs to be investigated is the one in
which a MC is located at a certain distance from a CR accelerator.
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CRs escaping from the accelerator can then illuminate the MC and
produce gamma rays due to proton–proton interactions. Notably,
besides being an indirect way to identify CR sources, studies of illuminated MCs may serve to estimate the CR diffusion coefficient in
the vicinity of CR accelerators, since the properties of the expected
gamma-ray emission depend on the exact value and on the energy
dependence of the diffusion coefficient. For a general discussion of
this scenario see [16]. In a more recent study, where SNRs were
considered as the illuminating sources, it was realized that the
superposition of the gamma-ray emission from background CRs
(with a steep spectrum) and CRs coming from the nearby CR source
(with a hard spectrum) could produce characteristic concave, or Vshaped gamma-ray spectra [68]. The detection of such V-shaped
spectra would be a very important achievement since it would allow to test the generally accepted ideas about CR escape from
sources and their propagation away from the production site.
In order to test the feasibility of a detection of such sources, we
plot in Fig. 6 the expected gamma-ray emission from a cloud of
105 M ! at a distance of 1 kpc. A SNR emitting 3 " 1050 erg in form
of CR is located at 50 (black solid), 100 (red dashed), and 200 pc
(green dotted line) from the MC. Data points are simulated CTA
observations of 50 h in configuration I. The age of the SNR is
2000 yr and a CR diffusion coefficient equal to 1028 ðE=GeVÞ0:5 has
been used in the calculations. Details of the modeling can be found
in [68]. The expected spectra exhibit a concave shape, with minimum energy E% (in E2 FðEÞ) that varies in a broad energy range between tens of GeVs to TeVs. In Fig. 6 the difference in the energy of
the concavity is due to the varying distances to the SNR, but also a
difference in the SNR age, or a different assumption for the value of
the diffusion coefficient would produce a shift in E% (for details see
[68]). To date, no such spectra have been observed, despite the relatively high fluxes expected. One possible explanation for this is
the fact that such emission, exhibiting a clear V-shaped spectrum,
is expected to last [104 yr only (under standard assumptions for
the value of the diffusion coefficient). After that E% moves into
the GeV range and the total spectrum resembles a power law. Thus,
MCs with a V-shaped spectrum might be rare, distant objects, with
fluxes below the sensitivities of currently operating instruments.
From Fig. 6 we can see that illuminated massive clouds could be
easily detected if located at 1 kpc from the Earth. A MC which is

Fig. 6. Gamma-ray spectra for a MC illuminated by CRs coming from a nearby SNR
(lines) and simulated observations (data points) for 50 h for CTA configuration I.
Black solid, red dashed and green dotted lines refer to distances between the SNR
and the MC of 50, 100, and 200 pc, respectively. The distance of the MC is 1 kpc,
cloud mass is 105 M ! and SNR age is 2000 yr. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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quite close to the SNR (e.g. 50 pc, as for the black solid line in
Fig. 6) could be detected up to roughly the distance of the Galactic
center, thing that would be hardly possible with current telescopes. However, despite the high fluxes expected, detecting the
concavity in the spectrum will be difficult even for an instrument
as sensitive as CTA. The reason is that the dip of the concavity is
in most cases located at low energies, close to or below the smallest ones probed by CTA. This suggests that studies that will combine observations with CTA with Fermi observations in the GeV
range will be the most powerful to investigate the scenario of illuminated MCs.
2.3.4. Gamma-ray emission from interactions of runaway cosmic rays
in a diffuse gas surrounding the accelerator
Finally, we consider the case of a CR accelerator located in a relatively dense and diffuse (i.e. not a massive MC) interstellar medium. Once CRs are released from the acceleration site, they diffuse
away in the surrounding medium and produce a diffuse emission
of gamma rays due to proton–proton interactions. The detection
of such emission might serve to identify the source of CRs and, under certain assumptions (i.e. on the source age and distance), to
constrain the properties of CR diffusion in the vicinity of the accelerator. To investigate this scenario, we take as an example the SNR
RX J1713-3946, for which a detailed study on CR escape and subsequent diffusion and related gamma-ray emission exist [77].
The assumptions made in [77] are the following: CR protons are
released gradually in time from the SNR shock, the one with the
highest energy (assumed to be &500 TeV) at the end of the free
expansion phase of the SNR evolution (i.e. &100 yr), and those with
lower energies later in time according to the relationship
Eesc & 500ðt=100yrÞ'd TeV, with d = 0.43. The CR acceleration efficiency at the SNR shock is assumed to be 30% of the total supernova explosion energy, for which the standard value 1051 erg has
been considered. This is the maximum amount of (hadronic) CRs
that can be considered without violating the GeV observations that
suggest that the observed gamma-ray emission from RX J17133946 is probably of leptonic origin [11]. The spatial distribution
of CRs around the source is calculated by solving the diffusion
equation with an isotropic diffusion coefficient of the form:
D ¼ D0 ðE=10 GeVÞ0:5 . The diffuse gamma-ray emission is calculated
following [78] and using the gas density distribution inferred from
observations of the CO molecular line (obtained with the NANTEN
telescope, [79] and references therein) and of the HI line (as in the
LAB survey, [80]). In [77], the distance of the system (SNR+gas) was
assumed to be 1 kpc. A map of the resulting diffuse emission for
D0 ¼ 1028 cm2/s is shown in Fig. 7.
In Fig. 8 the gamma-ray spectrum is plotted from the small gas
clump indicated in the map by the black cross. The blue and magenta curves refer to D0 ¼ 1027 and 1028 cm2/s, respectively. The
brightness distributions along the two black lines is plotted in
the two insets in Fig. 7. Thus, the data points in Fig. 8 have been
obtained by approximating the emission from the clump with a
Gaussian distribution with r ) 0:15* and for 50 h of observation
for CTA configuration E. As can be seen, the flux levels are within
the capabilities of CTA, though the hard gamma-ray spectra expected in this scenario might be detected at significantly only at
high energies (i.e. J 1 TeV).
It must be noted that the study of the diffuse emission is a very
difficult task for Cherenkov telescopes. An accurate background
subtraction has to be performed, and a strategy for mapping regions of size comparable with the instrument field of view needs
to be implemented. In producing Fig. 8 we did not take into account the bright emission from RXJ1713.7-3946, nor we performed
a complete background subtraction that takes into account the diffuse excess of gamma rays in the region surrounding the simulated
clump. For these reasons, the results reported here have to be con-
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Fig. 7. Top panel: diffuse gamma-ray emission from the region surrounding the SNR RX J1713-3946 as calculated in [77]. The position of the SNR shell is indicated in purple.
Units in the color scale are GeV/cm2/s/sr. Bottom panels: brightness profile (same units) of the emission along the two black lines in the map. The x-axis is in pixel units. One
pixel is 0.066!. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Although proposed and predicted as high-energy gamma-ray
emitters over two decades ago (see e.g. [81]), starburst galaxies
were finally established through VHE- [29,30] and GeV observations [28] only recently. Although the two archetypal starburst galaxies, M82 and NGC253, appear as point sources to current
instruments, it became clear that the starburst phenomenon re-

lates to the core of the systems, where a potentially high CR density is sustained by higher star formation rates and greater
amount of gas and dust that reprocess light into the IR band and
can then serve as targets for gamma-ray production by CR electrons and nuclei. Due to the large density of targets (both gas
and photons) for CR interactions, which diminishes the CR energy
loss time, the conversion efficiency of protons into gamma-rays exceeds that in our Milkyway by up to an order to magnitude. To
date, the scientific return beyond the physics scenarios that led
to the prediction of their high-energy emission is still limited, as
the spectrum is only coarsely measured and, accordingly, no observations exist that could address the question of the maximum energy, or the potential existence and shape of spectral cutoffs. A
detailed spectral study will be in reach with CTA.
This is demonstrated in Fig. 9, where the simulated spectrum
for M82 is shown (black data points) for 30 h of observations with

Fig. 8. Gamma-ray flux from the gas clump indicated by a black cross in the map
shown in Fig. 7. The curves represent the predicted emission and the data points are
the simulated CTA observations (configuration E) for 50 h of exposure.

Fig. 9. Simulation of 30 h CTA observations (array configuration I) for the starburst
galaxy M82. The curves represents the predicted emission and the data points
based on the measured spectrum from M82 and a spectral model of [82].

sidered as qualitative, but still encouraging, hints for the fact that
CTA will be able to perform studies of the diffuse emission surrounding CR sources and possibly will be capable of resolving the
details of such emission. Besides locating the sites of CR acceleration in the Galaxy, these studies will also serve to investigate the
transport of CRs at specific locations in our Galaxy, an aspect that
is still at the limit of the capabilities of current instruments.
3. Starburst galaxies and galaxy cluster

F. Acero et al. / Astroparticle Physics 43 (2013) 276–286

CTA in configuration I. Grey data points refer to VERITAS observations. The simulated spectrum is based on the model presented in
[82]. It is evident that, if present, a cutoff in the TeV energy range
will be easily identified by CTA.
In contrast to starburst galaxies, the detection of high energy
gamma-ray emission from galaxy clusters still eludes present-day
GeV (AGILE, Fermi) and TeV (H.E.S.S., MAGIC, VERITAS) observatories and experiments. There are, however, good reasons to assume
that clusters of galaxies emit high-energy gamma-radiation: Galaxy
cluster are evolving massive structures in the Universe that should
dissipate certain amounts of energy through (merger and accretion)
shocks, winds or turbulence, and they host objects like Active Galactic Nuclei and/or radio galaxies, which are both prone for relativistic
outflows and accordingly relevant for particle injection and energetic feedback in galaxy clusters. With the anticipated sensitivity
of CTA, the minimal hadronic model for the gamma-ray flux in a galaxy cluster [83] will be testable. So far, the deep exposure obtained
by the MAGIC telescope of the Perseus cluster [83] constitute the
most stringent constraints from gamma-ray observations regarding
CR energy (ECR =Eth < 5 . . . 3%), CR-to-thermal pressure (hX CR i < 8%
for the entire cluster and <4% for the core), maximum shock acceleration efficiency, and value of the magnetic field in a galaxy cluster.
Since the upper limits are only a factor of !2 larger than the model
prediction for the CR-induced c-ray emission [83], the discovery potential to finally detect a galaxy cluster at gamma-rays is clearly given, but also a non-detection at CTA-sensitivity level would imply
CR fluxes that are way too small to produce sufficient electrons
through hadronic interactions with the ambient matter to explain
the observed synchrotron emission-thus bringing yet another very
intriguing science aspect into cluster research.

4. Conclusions
In this paper we discussed the expected impact of future observations with the Cherenkov Telescope Array for cosmic ray studies.
With its improved sensitivity, CTA is expected to significantly increase the number of detected sources. This will make population
studies of SNRs possible, which are to date the most promising
candidate sources for CR acceleration in the Galaxy. Being able to
detect such objects up to the other side of the Galaxy, CTA is expected to provide us with a sample of several tens of TeV-bright
young SNRs (see Section 2.1). Also, its improved sensitivity over
a large energy range will substantially increase the quality of spectral studies. This will possibly allow the detection of cutoffs or
breaks in gamma-ray spectra of SNRs, which to date has been possible for the bright and best studied SNR RX J1713.7-3946 only.
These studies will shed light on the details of the mechanism of
particle acceleration at shocks, especially for what concerns the
maximum energy of the accelerated particles.
Also their propagation of CRs in the interstellar turbulent magnetic field needs to be understood. Gamma-ray observations of the
regions surrounding SNRs (or any other source of CRs) are an
important tool to constrain the diffusive behavior of CRs. This is because CRs after leaving their sources produce gamma rays in interactions with the ambient gas surrounding the accelerator. With its
large field of view and improved sensitivity, CTA is expected to be
able to detect this diffuse emission surrounding nearby (!1 kpc)
and powerful (a few 1050 erg) sources of CRs. If massive !105 M"
MCs are located in the vicinity of the CR source, the expected emission is at a level detectable even for large distances of the MC, comparable with the distance of the galactic center. This seems to
ensure that CTA will significantly increase the number of MCs detected at TeV energies.
After escaping the sources, CRs diffuse in the turbulent magnetic field of the Galaxy and finally escape into the intergalactic
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medium. For this reason, both galaxies and clusters of galaxies
are expected to emit gamma rays due to CR interactions with the
interstellar and intracluster gas and radiation field. Starburst galaxies, with an enhanced star formation rate and high density and
radiation field, are ideal target for observations. Though to date
only two starburst galaxies and no clusters of galaxies have been
detected in the TeV domain, the chances for more detections seems
favorable. In the case of clusters of galaxies, a detection would
establish a new class of TeV sources. Since starburst galaxies and
clusters of galaxies are the storage rooms of CRs after their acceleration, detecting and understanding their gamma-ray emission will
indirectly tell us something about the nature and efficiency of CR
sources and will also help us in constraining the characteristics
of CR propagation in turbulent magnetic fields.
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a b s t r a c t
The last few years have seen a revolution in very-high c-ray astronomy (VHE; E > 100 GeV) driven largely
by a new generation of Cherenkov telescopes (namely the H.E.S.S. telescope array, the MAGIC and MAGICII large telescopes and the VERITAS telescope array). The Cherenkov Telescope Array (CTA) project foresees a factor of 5 to 10 improvement in sensitivity above 0.1 TeV, extending the accessible energy range
to higher energies up to 100 TeV, in the Galactic cut-off regime, and down to a few tens GeV, covering the
VHE photon spectrum with good energy and angular resolution. As a result of the fast development of the
VHE field, the number of pulsar wind nebulae (PWNe) detected has increased from one PWN in the early
’90s to more than two dozen firm candidates today. Also, the low energy threshold achieved and good
sensitivity at TeV energies has resulted in the detection of pulsed emission from the Crab Pulsar (or its
close environment) opening new and exiting expectations about the pulsed spectra of the high energy
pulsars powering PWNe. Here we discuss the physics goals we aim to achieve with CTA on pulsar and
PWNe physics evaluating the response of the instrument for different configurations.
! 2012 Elsevier B.V. All rights reserved.

1. Pulsars and pulsar wind nebulae at very high energy
Pulsars and their synchrotron nebula have been extensively
observed in radio and X-ray wavelengths. The non-thermal synchrotron emission detected from these systems provides evidence
for particle (lepton) acceleration to extremely high energies,
susceptible to inverse-Compton (IC) scattering to target soft photons in the surrounding medium and produce VHE c-ray emission.
Recent observations of Galactic sources with Imaging Cherenkov
Atmospheric telescopes (IACTs) have revealed PWNe to be the most
effective Galactic objects for the production of VHE c-ray emission.
As recently as 2004, only the Crab PWN was detected with a steady
c-ray flux above 1 TeV of ð2:1 " 0:1stat Þ $ 10%11 cm%2 s%1 [16,46]. The
development of new sensitive IACTs in the last years has raised the
number of likely PWNe detected to at least 27 sources, whereas
⇑ Corresponding authors. Addresses: Max-Planck-Institut für Kernphysik, P.O.
Box 103980, D 69029 Heidelberg, Germany (E. de Oña-Wilhelmi), Centrum Astronomiczne im. M. Kopernika PAN, Bartycka 18, 00-716 Warszawa, Poland (B. Rudak).
E-mail addresses: emma@mpi-hd.mpg.de (E. de Oña-Wilhelmi), bronek@ncac.
torun.pl (B. Rudak).
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many of the unidentified c-ray sources are widely believed to be
PWNe (or old relic PWNe).
These VHE PWNe are believed to be related to the young and
energetic pulsars that power highly magnetized nebulae (a few
lG to a few hundred lG). In this scenario, particles are accelerated
to VHE along their expansion into the pulsar surroundings, or at
the shocks produced in collisions of the winds with the surrounding medium. Leptons accelerated to relativistic speeds interact
with the low energy radiations fields produced by synchrotron,
thermal or microwave-background origins. As a result, non-thermal radiation is produced from the lowest possible energies up
to &100 TeV. For a few lG magnetic fields, freshly injected electrons (and positrons) create a small synchrotron nebula around
the pulsar which should be visible in X-rays, in contrast to an often
much larger TeV nebula, generated by IC processes (for a recent review see [32]). Typically only young pulsars with large spin-down
33
_
power (E>10
erg s%1) produce prominent PWNe [18]. This is illustrated in Fig. 1 where the spin-down power of radio pulsars from
the ATNF catalog [37] is shown versus their characteristic age. Pulsars powering VHE c-ray PWNe are marked with red bullets
whereas pulsars in which periodic emission originating in the pul-

Spin Down Power/Distance2 [erg/s/Kpc2]
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Little is known, however, about the properties of pulsars above
!10 GeV where LAT performance is limited. Recent results from
VERITAS [23] and MAGIC [20,21] have shown, for the Crab pulsar,
a clear detection, up to 400 GeV of pulsed power-law type emission,
as opposed to an exponential cutoff as might have been expected.
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Fig. 1. Spin-down energy loss rate of radio pulsars listed in the ATNF catalog versus
their characteristic age. The blue dots overlaid indicate the pulsars detected at high
energies with the Fermi-LAT telescope whereas the red ones mark the pulsars
associated to TeV PWNe. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

sar magnetosphere (as detected by the Fermi-LAT satellite,
100 MeV < E < 100 GeV) are shown in blue.
The discovery of this large population of TeV PWNe has provided
a large input for multi-wavelength models of particle evolution and
acceleration in these objects. Theoretical MHD models (carried out
by e.g. [47]) describe well the observed emission by a relativistic
wind of particles driven by a central pulsar blowing into the ambient medium creating a termination shock. The particles are believed
to be accelerated somewhere between the light-cylinder and the
termination shock, although this question is still open. The broadband spectrum of a PWN thus provides constraints on the integrated
energy injected by the pulsar as well as on the effects of adiabatic
expansion and the evolution of the magnetic field. The spectral energy distribution (SED) consists of two components, (1) synchrotron
emission extending from the radio into the X-ray and, in some cases,
the MeV band, and (2) IC emission producing GeV and TeV photons.
The combined observations at VHE, X-rays and radio wavelength
are crucial to constrain the evolution of the nebula magnetic field
as well as the magnetic-to-kinetic energy conversion [27].
Pulsars are sources of non-thermal radiation which in some
cases extends over many decades in energy, from radio bands to
c-rays. Thanks to Fermi LAT observations pulsars are now acknowledged as a distinct class of galactic c-ray sources. Fermi LAT Second
Source Catalog [1] contains nearly 90 individual pulsars including
27 firm detections of millisecond pulsars (MSPs). Different models
of pulsar activity give different predictions for emission characteristics in terms of directionality and energy spectra. Due to the
highly anisotropic (beamed) and energy-dependent structure of
pulsar emission the observed radiation patterns, i.e. the light
curves and spectra, depend strongly on the line-of-sight with respect to the spin axis. In most cases, a simple power-law with
exponential cutoff located at a few GeV fits the LAT spectra satisfactorily. The c-ray light curves are mostly either single-peaked
or double-peaked; their absolute phasing with radio light curves
provide important clues to determine topology and spatial extent
of the emission region. It came as a surprise that in most cases of
MSPs their c-ray properties are similar to those of normal pulsars
despite much weaker magnetic field strengths of the former. Moreover, unpulsed c-rays from 11 globular clusters have been detected; this is interpreted as due to the ensembles of MSPs in
these clusters. Some support for such interpretation comes from
the case of J1823-3021A in globular cluster NGC6624, the first
MSP in a GC detected so far as a source of pulsed c-rays [31].

Observations at VHE have revealed PWNe as the most efficient
type of source in accelerating particles and producing c-ray through
IC mechanisms, even allowing the detection of such systems outside our own Galaxy [36]. Moreover, the VHE part of the SED or IC
peak contains information of the total energy released by the pulsar
in its life time. This is due to the slower cooling time of TeV
"1=2
electrons (s !(4.8 kyr)B"2
"5 ETeV ) compared with the live-time of
"3=2 "1=2
keV-emitting electrons (s !(1.2 kyr)B"5 EkeV ). PWNe thus act like
calorimeters at VHE and observations with Cherenkov telescopes,
and in particular with CTA, permit the investigation of the timeevolution of such systems. This also implies a better understanding
of the still unknown mechanism of how the pulsar releases its rotational energy from a cold relativistic wind blowing out the light cylinder to a kinetic one with Lorenz factor of !3#106 at the
termination shock. Within the context of temporal evolution of
PWNe, two types of object seem to be emerging: (1) young plerions
such as the Crab Nebula [16], SNR G0.9 + 0.1 [14], MSH 15-52 [15]
and the newly discovered Crab-like VHE c-ray sources SNR G21.50.9 and Kes 75 [42] and (2) evolved (extended and resolved) systems (i.e. with characteristic ages s>104 yr), such as Vela X [12],
HESS J1825-137 [11], HESS J1718-385 [9] and HESS J1809-193 [10].
The young systems show in general a good match with the morphology seen in X-rays, while in the latter group, very often the
pulsar powering the TeV plerion is found offset with respect to
the center of the TeV emission, with large size ratios between
the X-ray and VHE c-ray emission regions. The evolution of the
supernova remnant (SNR) blast wave into an inhomogeneous
ISM and/or the high velocity of the pulsar, together with a low
magnetic field value (!5lG), may explain these large offsets as
being the relic nebulae from the past history of the pulsar wind inside its host SNR. Electrons responsible of the VHE radiation (with
energy Ee =(18 TeV)E1=2
TeV to inverse Compton scatter CMBR seed
photons to energies ETeV , to be compared with the required electron energy in a transverse magnetic field of strength B =
10"5 B"5 G, to radiate synchrotron photons of mean energy
1=2
EkeV ; Ee = (70 TeV)B"1=2
"5 EkeV ) do not suffer from severe radiative
losses and the majority of them may survive from (and hence
probe) early epochs of the PWNe evolution. This interpretation
has been further supported by the discovery of the spectral softening of the VHE nebula HESS J1825-137 as a function of the distance
from the pulsar [11]. All these new observations have allowed a
fast development of the field and a better understanding of the
physics of PWNe as well as opened new questions about e.g. particle transport and dynamics, energy loses, inter-play between the
high spin-down energy pulsar and its surrounding nebula and
interaction between PWNe and the hosting SNR.
As the largest and most efficient population of VHE c-rays sources,
it is clear that a deeper understanding of PWNe is one of the key goals
of the CTA observatory. The following research lines have been pursued and evaluated for the three different configurations described
previously in this volume to asses the CTA best response:
$ Maximum and minimum resolvable size of the PWN.
The majority of VHE PWNe have a very large size up to 1.2!
depending on their evolutionary stage and proximity (see e.g.
Vela X or HESS J1825-137). One of the key factors for the exponential increase of the PWN number in the last years has been
the large field of view of the third generation of Cherenkov tele-
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scopes (! 5 ), which has allowed the detection of the large c-ray
halo produced by cooled electrons. Similar features will be
required for CTA to be able to image the whole plerionic emission. At least a flat response up to 1.5! should be aimed for.
Together with a large field of view, to be able to resolve substructures on the VHE emission and thus sites of VHE c-ray production, a good angular resolution is required of at least <30 .
Given the smaller size and complexity of the nebulae detected
in X-rays, an angular resolution comparable to systematic
pointing error (500 per axis) should be achieved for CTA (as well
for the study of composite SNRs, see below).
Electron cooling effect. The large energy range covered by CTA
will be crucial to understand cooling effects in the electron parent populations, including the resolution of internal structures
and the possibility to disentangle between synchrotron or adiabatic losses.
Composite SNRs. One of the most intriguing aspects of the new
observations is the interaction between the host SNR and its
PWN, and how much of the c-ray emission is originated by the
SNR. A good angular resolution is required to understand those
composed systems, which often are unresolved when observed
with the present instruments (i.e. Kes 75 with a shell radius of
1.750 or SNR G21.5-0.9, with a radius of 2.50 , to compare with
the current Cherenkov telescopes angular resolution of !30 ).
Population studies. PWNe have been proven to be the most efficient Galactic sources in producing VHE c-ray. This large efficiencies and large size (detection sensitivity is proportional to
1/d, where d is the source size, for extended sources and not
1/d2) permit the detection of PWNe up to 50 kpc (i.e. PSR
J0537-6910 on the LMC). Observations with CTA will allow an
homogeneous sampling of the Galaxy.
PWN Modeling. The new observations and results will constrain
and provide input for MHD simulations of PWNe, such as estimation of magnetic field, electron population behind the c-ray
(and synchrotron) emission, spectral characteristics, etc.

1.2. Pulsars physics goals with CTA
One of the key issues in pulsar studies is the question on how
far the non-thermal spectra of pulsed radiation from known
c-ray pulsars actually extend in the energy domain and what are
the shapes of their cutoffs. The shape and position of the spectral
cutoff vary depending on the emission model considered and the
observer orientation. In polar cap models (e.g. [28]) electrons are
accelerated at low altitudes and radiate c-rays via synchrotroncurvature radiation. Since these c-rays are created in super-strong
magnetic fields, magnetic pair production is unavoidable, and
hence, only those secondary photons which survive pair creation
(a few GeV for typical pulsar magnetosphere) escape to infinity
as an observed pulsed emission. A natural consequence of the polar
cap process is a super-exponential cutoff of the spectrum above a
characteristic energy Eo . The way to maintain the magnetic pair
creation above the gap and avoid super-exponential cutoffs is to
extend the gaps spatially. This is a property of the slot-gap model
by Muslimov et al. [38]. In outer gap models, e.g. [33], c-ray production is expected to occur further away from the stellar surface.
In this case the cutoff is determined either by photon-photon pair
production or by maximal energy reached via inverse Compton
scattering. Apparent absence of super-exponential cutoffs in the
Fermi LAT pulsar spectra have called into question, therefore, the
classical picture of polar cap activity in pulsars.
One of the main motivations of CTA is to explore the energy range
of 10 GeV to 100 GeV, by using very large reflectors to decrease the
energy threshold to a few tens of GeV. CTA should thus offer a unique
opportunity to explore the most extreme energetic processes in pulsar magnetospheres and beyond their light cylinders. The goal is to
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formulate self-consistent electrodynamic theory of pulsar activity
and the VHE domain should play an important role in it.
1.2.1. Pulsed VHE from the Crab pulsar – the theoretical context
Pulsed VHE emission from the Crab pulsar is of particular interest for pulsar physics. In the context of outer gap models its presence and properties depend strongly on the actual location of outer
boundary of the outer gap with respect to the light cylinder. Above
a few GeV it is synchro-curvature emission due to primary electrons which dominates all other intrinsic spectral components
[33,34]. However, it is strongly attenuated by the dense field of
magnetospheric soft photons. The emerging radiation is then dominated by IC scattering of secondary and tertiary pairs with the soft
photon field.
There have been other suggestions about possible sources of
pulsed HE and/or VHE radiation from pulsars, like the slot-gap
model [38], the magnetospheres with a force-free structure [24],
the striped wind model [40] or IC scattering of soft thermal and
non-thermal photons from the pulsar with ultra-relativistic electrons in its pulsar wind zone [17,7].
In all present-day outer-gap models the location of the outer
boundary (as well as the inner boundary) of the outer gap is not
determined self-consistently; therefore, it is a free parameter.
The particular choice of the outer boundary location results in a
particular extent and shape of the HE-VHE radiation: the outer
boundary located at around 75% of the light cylinder radius results
in the spectrum with exponential cutoff before even reaching
25 GeV [33]. But the outer boundary closer to the light cylinder
leads to a lower attenuation probability of the intrinsic VHE photons in the field of soft photons. In particular, the VHE spectral
component in pulsed radiation from the Crab pulsar as discovered
by VERITAS [23] and MAGIC [20,21] may be accommodated by
shifting the outer boundary to a higher value (K. Hirotani, private
communication); moreover, the cutoff shape changes from an
exponential-like to a double-power-law (Fig. 15 in [20]). This does
not mean, however, that a power law combined with an exponential cutoff to describe the pulsar spectra as inferred from Fermi LAT
are invalidated with the VERITAS discovery. The power law with
exponential cutoff is just one of several template shapes used in
the spectral analysis of Fermi LAT pulsar data. A statement that
the best fit for a given pulsar data is a power law with exponential
cutoff does not rule out significant deviations from this shape,
especially at the highest energy bins. With large error bars at the
highest energy bins there may be plenty of room to accommodate
an additional component (e.g. expected due to some ICS at VHE).
The discovery of pulsed VHE emission shows that the outer gap
models should undergo major modifications if the gaps are to be
closer to the light cylinder than assumed before. More accurate
treatment of the electrodynamics, including currents and possibly
going beyond the light cylinder is necessary. High quality spectral,
phase-resolved properties of the VHE radiation from Crab will be
essential to help to develop realistic models of the magnetospheric
gaps. CTA is expected, therefore, to contribute significantly to the
progress in our understanding of the magnetospheric activity of
high-spin-down pulsars.
1.2.2. Unpulsed VHE from globular clusters
Globular clusters are known to contain many MSPs and they are
expected to be the sources of unpulsed VHE radiation e.g. [25,44].
The most attractive globular cluster harboring probably as many as
200 MSPs (more than 20 radio-pulsars are known to date) is GC 47
Tucanae (47 Tuc). The upper limit from H.E.S.S. on the VHE flux
above 800 GeV from 47 Tuc is at the level 6:7 $ 10%13 cm%2 s%1
[8]. The unpulsed VHE flux expected from 47 Tuc in the model
by [44] is the sum of two IC scattering components due to primary
electrons up-scattering ambient starlight and CMB photons but its
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level depends heavily on the strength of ambient magnetic field in
the cluster. The H.E.S.S. UL appears stringent enough to constrain
the parameter space (number of MSPs vs. ambient magnetic field
strength) in the simple model of 47 Tuc [44]. H.E.S.S. reported recently on the discovery of the VHE radiation from vicinity of Terzan
5 (Ter 5) [5]. This radiation may be due to MSPs in the cluster, however a significant offset from the location of Ter 5 has no satisfactory explanation so far. For other globular clusters, with lower
content of MSPs, the expected flux level between 100 GeV and
10 TeV may not be within the reach of present-day IACTs. However, CTA may be sensitive enough to detect some globular clusters
and even to resolve their spectral shapes at VHE.
CTA will, therefore, in principle allow the detailed study of the
major ingredients of globular clusters which link MSPs to the expected VHE emission.

2. CTA response simulations
2.1. Pulsar wind nebulae
2.1.1. The Crab Nebula
The Crab Nebula (M1, NGC 1952) is the first source detected at
TeV energies and it is considered traditionally the standard candle
of the TeV sky. It was first detected in 1989 with the Whipple Cherenkov telescope [46] followed by the HEGRA telescopes [16] which
reported and confirmed a bright steady source (at the instrument’s
sensitivity) with a flux at 1 TeV of ð2:83 " 0:04Þ $ 10%11 TeV%1 s%1
cm%2 and a spectral index of 2.62 ± 0.02. With the third generation
of Cherenkov telescopes, namely MAGIC, H.E.S.S. and VERITAS, the
Crab Nebula has been extensively observed, putting constraints to
the low and high ends of the energy spectrum, size and variability
[19,13,4,41]. But even if the Crab Nebula is perhaps the best studied/observed source in the TeV sky, it is still one of the most mysterious sources. The multi-wavelength nebula spectrum shows an
undisputed synchrotron nature of the non-thermal radiation from
radio to low energy c-rays, indicating the existence of relativistic
electrons of energies up to 1016 eV. The Compton scattering of the
same electrons leads to effective VHE emission while the synchrotron component is responsible for the radiation from radio to relatively low energy c-rays (E < 1 GeV) [35]. Recently, the AGILE and
Fermi collaborations have reported flaring activity above 1 GeV from
the nebula [4,41]. If these flares are related to synchrotron emission
of electrons from the wind termination shocks, only the highest energy electrons above 100 TeV (in fact much higher than 100 TeV) can
be responsible for this emission in the E > 100 MeV band and only
these electrons can provide changes on scales of days for any reasonable assumption about the magnetic field. That implies a corresponding IC photon flux above at least 10 TeV.
Observations with CTA will be crucial to finally understand the
non-thermal processes occurring within the Crab nebula. At high
energies, CTA should be able to constrain the maximum energy
of the accelerated electrons and determine the cutoff energy with
precision. Searches of variation of the spectrum at the highest
energies should help us to unveil the origin of the Fermi and AGILE
detected flares at short time scales. These tails may be also visible
at the lowest part of the CTA-detected energy spectrum if the energy threshold is low enough.
We evaluated three proposed configurations, CTA_B_ifae, CTA_C_ifae and CTA_E_ifae1 (B, C, E) using CTAmacrosv6 for two different
energy spectra. For the lowest energies, we used the Crab Nebula
spectrum measured by the MAGIC telescope. The photon spectrum
1
Monte Carlo Simulation from IFAE using configuration B – optimized for low
energy events, C – optimized for high energy events and E – balanced configuration
between the lowest and highest energies.

Table 1
Fit values resulting from the simulation of a HESS-like and MAGIC-like Crab Nebula
spectrum.
Configuration

Io (10%11 TeV%1 cm%2 s%1 )
Ecut

HESS-like
B
C
E

14.0 ± 0.7
14.7 ± 0.4
14.3 ± 0.6

C
3.52 ± 0.03
3.48 ± 0.02
3.50 ± 0.03

b
MAGIC-like
B
C
E

0.249 ± 0.005
0.255 ± 0.005
0.260 ± 0.005

2.385 ± 0.004
2.388 ± 0.004
2.387 ± 0.004
a

0.600 ± 0.002
0.601 ± 0.002
0.601 ± 0.003

2.312 ± 0.004
2.307 ± 0.005
2.308 ± 0.004

between 60 GeV and 9 TeV is well described by a curved power-law
dN/dE = Io(E/300 GeV)[%a%b$log10(E/300 GeV)] with a flux normalization
at 300 GeV of Io = (6.0 ± 0.2) $10%10 TeV%1 s%1 cm%2 , a = %2.31 ± 0.06
and b = %0.26 ± 0.07 TeV. To evaluate the cutoff energy, we used
the spectrum measured by H.E.S.S. between 440 GeV up to 20 TeV.
A fit to a power-law function with an exponential cutoff dN/dE = Io(E/1 TeV)%Cexp (-E/Ecut ) results on a differential flux normalization at
1 TeV of (3.45 ± 0.07) $10%11 TeV%1 s%1 cm%2 , with C = 2.39 ± 0.03 and
a cutoff energy Ecut = 14.3 ± 2.1 TeV. These two spectral shape are
simulated and the reconstructed spectra as detected by CTA with
the different configurations are fitted with a MAGIC- and HESS-like
function. The results of the fits are listed in Table 1.
Fig. 2(a) shows the reconstructed spectrum for the three configurations using the MAGIC spectrum. A zoom of the lowest energies
is shown on Fig. 2(b). The original spectrum is shown in black. The
three configurations have similar performance although the energy
threshold obtained for configuration B and E is lower (0.13 TeV)
than for C (0.32 TeV), which is optimized to be more sensitive at
high energies. Between the two first, the balanced configuration
(E) seems to reconstruct more accurately the original spectrum
at low energy (see Table 1). The simulations show that the spectrum at low energy where the IC peak is measured should be derived with high accuracy in a relatively short observation time,
although, configurations B and E provide a lower energy threshold
with respect configuration C, allowing a better determination of
the IC peak position.
A similar analysis is shown in Fig. 3, using the HESS-like spectrum shape. A zoom of the cutoff region is displayed on the right
(b) (with fit values listed in Table 1). It shows clearly that similar
to the previous case the three configuration reconstruct the high
energy part of the spectrum correctly, with slight differences between them. Simulations with configuration C allows the extension
of the spectrum up to 50 TeV, which might be relevant with lower
statistics.
Concerning the variability observed at low energy (up to a few
tens of GeV) it seems unlikely (given the minimum energy threshold obtained in 25 h) to detect directly emission for eventual flares
like the ones detected by AGILE and Fermi LAT. Nevertheless, if
those flaring episodes are due to a change in the maximum energy
reached of the underneath electron population or a change in its
spectrum, it should be reflected on the IC emission at the highest
energies. To evaluate the response of the different configuration
to this type of effect, we simulate a softer cutoff, which translate
in a harder spectral shape like dN/dE = Io(E/1 TeV)%C[exp (-E/
Ecut )]0.5 for an observation time of 25 h. The reconstructed spectrum (see Fig. 4) is fit with the corresponding original spectra.
Fig. 5 shows the 1 and 2r contours for the best-fit parameters.
Configuration C and B reconstruct the spectral parameters correctly for the two type of functions used while configuration E
seems to have a worse response when deriving the energy cut.
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Nevertheless, the three configuration lead to compatible results
and a hardening of the Crab Nebula spectrum should be detectable
with any of the three proposed configuration in less than 25 h.
Finally we check the capability of CTA to detect changes in the
Crab Nebula size due, for instance, to cooling effects. In that scenario, an enlargement of the size (IC produced by low energy electrons around the compact PWN) could be expected at very low
energy when comparing with the highest energies. We used again
the B, E and C configurations and considered the case cooling in
CTAmacrosv6.C with soft (C = 2.7) Gaussian (r = 0.1) point-like
source and a second slightly smaller (r = 0.07) Gaussian-shaped
source with harder spectral index (C = 2.0) for an observation time
of 25 h. The resulting photon image is then fitted with a Gaussian
function convolved with the configuration point spread function
(PSF) and the fit sigma is recovered for two energy bands, a low energy range between 0.05 and 0.1 GeV and a high energy range between 1 and 10 TeV. The results are listed in Table 2. At high
energies, the Gaussian is well reconstructed for all configurations
and Crab Nebula flux level, configuration C being the one that reports smaller errors in the fitted sigma. On the contrary, at low
energies, the flux has to be increased at least up to 10 Crab unit
(c.u.) (for 25 h observation time) in case of configuration C and E,
and up to 5 c.u. for configuration B (as expected since B should
be optimized for low energy events).
2.1.2. PWNe morphology
To assess the capability of CTA to resolve the morphology of
PWNe, different VHE c-ray shapes for given spectral inputs were
simulated. The c-ray flux is then convolved with the CTA response
and the VHE c-ray excess is recovered after subtracting the cosmicray background. Fig. 6 shows two particular cases. On the left, the
excess as it will be observed with CTA for configuration E for a
2-dimension Gaussian-shape source is displayed whereas the right
panel shows a second source composed by a Gaussian point-like
source surrounded by a shell-like excess (composite SNR). The
reconstructed sigma of different Gaussian-shape excesses do not
show large uncertainties for the different configurations (or different energy bands). Fig. 7 shows one example (1 c.u., 25 h) for the
three configurations (in green, blue and red for configurations E,
C and B, respectively) in the 1 to 10 TeV energy band.
To evaluate the response of the different configuration for very
large sources, we simulated a Gaussian source with r = 1.2!, similar to the extension observed by H.E.S.S. in Vela X [12]. The results
show a precise reconstructed Gaussian r with errors of the order of
0.001 for all configurations.
Finally, the radial profile of a simulated composite SNR is derived for the three configurations and two integral fluxes, 1 and
0.1 c.u. in 50 h. For a composite SNR at 1 c.u., a fit to double Gaussian as opposite to a single one fits better the data for the three configurations (in the whole CTA energy range from 0.05 to 100 TeV)
(Fig. 8 left) whereas for 0.1 c.u. in 50 h, the components are only
clearly distinguished for configuration C (in blue in Fig. 8 right).
In conclusion, no large differences are observed, being the configuration C the most appropriated for composite SNRs.
2.1.3. Cooling effects
CTA observations were simulated in order to study energydependent morphologies in extended sources. The case of HESS
J1825-137 is used as an example of morphology shaped by synchrotron cooling. The reference paper is [11], from which we take
the surface brightness and spectral index distribution. We also assume that those distributions can be extended with the same
behavior out to larger radii than those probed by the H.E.S.S.
observation.
Configuration B and E were used, for which offset-dependent
Monte Carlo simulations are available. As the majority of the inves-
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tigated spectra are rather steep, we anyway expect these two to be
the most important configurations (configuration D/C are optimized for high energies).
In order to simulate the spectral evolution and maps, we simulate similar wedges to those used in [11]. For each wedge, the photon spectrum is a power-law (dN=dE ¼ N 0 ðE=E0 Þ$C ) with spectral
index C.
Examples of the simulated index distribution are shown in Fig. 9.
It can be seen that with the assumed index and surface brightness
distribution, E will be able to probe out to a 2.5! distance with only
5 h of observation time. Within 50 h, the error on the index determination is much reduced, but we will not be able to probe out to
a much larger extension. Configuration B will probe out to larger
extension and with a better error estimation on the photon index
(see Fig. 10). This is due to the better sensitivity at lower energies,
necessary for the rather steep spectra of the outer shells.
We can also simulate the capability of CTA to disentangle different spectral indices for the same surface brightness distribution. In
20 h observation time it is possible to distinguish among scenarios
of synchrotron cooling or adiabatic cooling (constant spectral index). This is shown in Fig. 11 where x refers to the angular distance
to pulsar.
Maps can be derived for a more generalized case of cooling,
with an exponentially decreasing surface brightness distribution
and a steepening spectral index with increasing distance form
the center of the object. The assumed distributions are shown in
Fig. 12. Dividing the energy range in five logarithmically spaced energy bins, we obtain the profiles shown in Fig. 13(left). The profiles
at lower energies tend to be more extended for the case of index
steepening. In the case of constant index distribution, the extension of the source is not energy-dependent. An adiabatic cooling
scenario would lead to a less extended emission even for the same
surface brightness distribution (see Fig. 14). Both configuration E
and B allow the reconstruction of the expected results. However,
due to a better sensitivity, configuration E allows us to probe the
energy dependent morphology to higher energies.
2.1.4. Population studies
To understand the feasibility of population studies, including the
completeness and uniformity of the sample in the Galaxy, we have
selected three PWNe detected in VHE gamma-rays, namely SNR
G21.5-0.5, HESS J1356-645 and Kes 75, which have relatively low
0.3–30 TeV luminosities (of the order of 1034 erg s$1 ) compared to
the other VHE PWNe. Monte-Carlo simulations of these three nebulae with CTA have been performed, according to their spectral and
morphological properties as measured with H.E.S.S., for different array configurations (CTA_B, CTA_D and CTA_I2), assuming an observation time of 20 h with a mean zenith angle of 20% . By varying the PWN
distances from 1 to 20 kpc, we have calculated the so-called horizon
of detectability, defined as the distance at which the source has a peak
significance of 5 r (see ([6])). In order to convert these horizon estimates into numbers of detectable PWNe with CTA, we have modeled
the Galactic PSR/PWN distribution according to the [43] logarithmic
spiral arms, together with the [26] galactocentric distribution, and
an arm dispersion as a function of the galactocentric radius following
the Galactic dust model of [29]. Any potential displacement from pulsar birth place due to the kick velocity has been ignored.
The resulting source distribution is shown in Fig. 15, together
with the fraction of visible3 PWNe as a function of the distance to
the Sun.
2
B (resp. D) is optimized for low-energy (resp. high-energy) events, while I is the
balanced configuration which provides a better performance over the whole energy
range.
3
The visibility is defined here as the fraction of the sky seen by an observatory
located at the same latitude as the H.E.S.S. site, at zenith angles 645!.
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Fig. 2. On the left (a) MAGIC-like reconstructed spectrum for the Crab Nebula using configurations B (blue), E (green) and C (red) in 25 h. On the right (b) zoom of the lowest
energies for the MAGIC-like spectral shape. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. On the left (a) HESS-like reconstructed spectrum for the Crab Nebula using configurations B (blue), E (green) and C (red) on 25 h. On the right (b) zoom of the highest
energies for the HESS-like spectral shape. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A large fraction f PWN ð" 0:4 # #0:8Þof SNR G21.5-, HESS J1356and Kes75-like nebulae should be detectable with configuration D
and I. de Jager et al. [27] have estimated the lifetime of TeV-emitting
leptons in such sources to be "40 kyr (for B = 3 lG, similar to what
has been found in several PWNe such as Vela X). This gives a total
number of detectable G21.5-0.5-, HESSJ1356-645- and Kes75-like
PWNe with CTA of NPWN "800fPWN(sPWN /40kyr) (mPWN /2), where
mPWN is the Galactic VHE-emitting-PWN rate (in units of number
of sources per century). This implies that "(300–600) PWNe should
be detected with CTA (for configurations CTA-I and CTA-D). These
estimates should be taken with care, since we have implicitly assumed that the three considered PWNe are representative of the
whole population of VHE nebulae, i.e. we have not accounted for
any time evolution of the PWN sizes and luminosities, which both
depend on many parameters.
2.2. Pulsars

6
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100
energy E(TeV)

Fig. 4. HESS-like reconstructed spectrum for the two type of spectral cutoff
considered (see text) for configurations B (blue), E (green) and C (red) for a
simulated 25 h observation. The solid line corresponds to an exponential cutoff plus
power-law spectral shape, whereas the dashed line represent a softer exponential
cutoff. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

2.2.1. The Crab pulsar
The Crab pulsar is the only pulsar detected so far at VHE energies with Cherenkov telescopes. In 2008, MAGIC announced the
detection of the Crab pulsation above 25 GeV making use of an novel trigger system [22]. Contrary to what one could expect from
EGRET [30], AGILE [39] (and later on Fermi [2]) observations, the
characteristic double-peaked structure of the Crab light-curve
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version of this article.)

Table 2
Fit values resulting from cooling effects simulation for a Crab-like source, for 25 h observation time. At low energies (LE) the reconstructed Gaussian sigma should be 0.1! whereas
at high energies (HE) a shrink should be observed (r=0.07!).
Conf.

1 c.u.

5 c.u.

10 c.u.

50 c.u.

100 c.u.

PSF

HE
B
C
E

0.07 ± 0.04
0.07 ± 0.02
0.07 ± 0.03

0.07 ± 0.01
0.072 ± 0.006
0.073 ± 0.009

0.073 ± 0.007
0.072 ± 0.004
0.072 ± 0.005

0.072 ± 0.003
0.072 ± 0.002
0.072 ± 0.002

0.072 ± 0.002
0.072 ± 0.002
0.072 ± 0.002

0.046
0.058
0.058

LE
B
C
E

0
0
0

0.14 ± 0.05
0
0

0.10 ± 0.03
0.1 ± 0.3
0.2 ± 0.2

0.11 ± 0.01
0.1 ± 0.1
0.14 ± 0.08

0.104 ± 0.007
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Fig. 6. Gaussian-shape and composite SNR-shape simulations for a source with a Crab-like spectrum as detected with CTA Configuration E after 50 h.

was still visible above 25 GeV. Recently, VERITAS [23] and MAGIC
[20,21] have reported the detection of the Crab pulsar at even higher energies, providing measurements of the pulsed spectrum
which in both cases is well described by a power-law, ruling out
in consequence an exponential cutoff shape of the spectrum proposed by Fermi LAT. VERITAS spectrum for the total pulsed emission (P1 + P2) from 100 GeV up to 400 GeV follows a power-law
with photon index around 3:8 ! 0:5. In turn, MAGIC has been able
to measure the spectra of each peak separately in a broader energy
range, from 50 up to 400 GeV. The spectra of both peaks are compatible with power-law functions of photon indices 4:0 ! 0:8 and
3:42 ! 0:26 for P1 and P2, respectively.
In order to estimate the CTA potential for detecting the Crab
pulsar, we have generated a full simulated spectrum for a 50 h

observation with CTA configurations B, E and C using CTAmacrosv6.
In the case of pulsar observations, the signal is expected only at
certain pulsar rotational phases, coinciding with the peaks seen
in the pulsar pulse profiles. One can then make use of the arrival
time of the photons to further discriminate between c-ray-like
events and background (both hadronic and nebular). The Crab light
curve at VHE energies is characterized by two narrow peaks,
extending no more that a 10% of the rotational period [23,21].
Therefore we have assumed a 90% background reduction coming
from a proper timing analysis of the recorded events. Fig. 16(a)
shows the results for CTA configuration B of simulating the joint
fit of the VERITAS and Fermi-LAT data reported in [23], as well as
the MAGIC spectrum for the total pulsed emission (P 1M +P2M ) from
[21]. It is clear from the figure that CTA should be able to collect
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colour in this figure legend, the reader is referred to the web version of this article.)
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(blue) and it is shown as a black solid line. On the left (a) 5 h of observations with configuration E. On the right b) 50 h of observations with configuration E. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sufficient photons to reveal the extent of the Crab pulsed emission
in energy out to at least 1 TeV. In fact, the bare detection of the pulsations would take less than one hour. Fig. 16(b) shows the expected CTA spectra for both Crab peaks using MAGIC
measurements. Emission of P1 will vanish at energies above
!500 GeV. To quantify the goodness of the reconstruction, the
simulated spectral points were fitted to a power-law function.
The results of the fit and its uncertainties are listed in Table 3 for
different CTA configurations. Configurations B and E reconstruct

the original emission accurately. Configurations without large-size
telescopes (LSTs), such as C, produces significantly higher errors in
the fitting parameters.
2.2.2. Prospects for new pulsar detections at VHE energies
With exponential cutoff energies between 0.7 GeV and 7.7 GeV
according to the 1st Fermi LAT Catalog of Gamma-ray Pulsars [3],
the current detection prospects with CTA for additional Fermi pulsars appear dim at first. Not even the Crab pulsar would be detected
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Fig. 12. Assumed distributions of index (left) and surface brightness (right) for the general case of cooling.

at VHE energies under this scenario. To illustrate this further, Fig. 17
shows the spectral fits (power-law with exponential cutoff) of the
Fermi pulsars taken from [1], in comparison with the standard
CTA sensitivity curve for configuration B in 50 h. The fits of Vela,
the Crab pulsar and Geminga are indicated explicitly while the
shaded area contains the fits for the remaining 43 pulsars.

The Crab detection by MAGIC and VERITAS discussed above,
along with the fact that at the highest energies measured by Fermi
some pulsars already seem to deviate from a simple exponential fit,
led us to investigate what would happen if all the Fermi pulsars
were to present a power-law tail like the one seen in Crab. While
it is unclear that VHE emission is present in every pulsar, CTA could

296

CTA-E, 50.00h observation
Energy 0.05-0.23 TeV and σ=1.482+/-0.026
Energy 0.2-1.0 TeV and σ=0.530+/-0.006
Energy 1.0-4.8 TeV and σ=0.348+/-0.004
Energy 4.8-21.9 TeV and σ=0.276+/-0.004
Energy 21.9-100.0 TeV and σ=0.232+/-0.008

1
0.8
0.6
0.4
0.2
0

0

0.2

1.2

0.4

0.6

0.8

1
1.2
x (deg)

CTA-E, 50.00h observation
Energy 0.05-0.23 TeV and σ=0.476+/-0.002
Energy 0.2-1.0 TeV and σ=0.402+/-0.003
Energy 1.0-4.8 TeV and σ=0.376+/-0.005
Energy 4.8-21.9 TeV and σ=0.370+/-0.010
Energy 21.9-100.0 TeV and σ=0.361+/-0.033

1
0.8
0.6
0.4
0.2
0

0

0.2

0.4

0.6

0.8

1
1.2
x (deg)

Scaled count number

1.2

Scaled count number

Scaled count number

Scaled count number

E. de Oña-Wilhelmi et al. / Astroparticle Physics 43 (2013) 287–300

1.2

CTA-B, 50.00h observation
Energy 0.05-0.23 TeV and σ=1.427+/-0.018
Energy 0.2-1.0 TeV and σ=0.524+/-0.005
Energy 1.0-4.8 TeV and σ=0.341+/-0.005
Energy 4.8-21.9 TeV and σ=0.273+/-0.006
Energy 21.9-100.0 TeV and σ=0.230+/-0.017

1
0.8
0.6
0.4
0.2
0

0

0.2

1.2

0.4

0.6

0.8

1
1.2
x (deg)

CTA-B, 50.00h observation
Energy 0.05-0.23 TeV and σ=0.484+/-0.002
Energy 0.2-1.0 TeV and σ=0.396+/-0.002
Energy 1.0-4.8 TeV and σ=0.368+/-0.006
Energy 4.8-21.9 TeV and σ=0.365+/-0.015
Energy 21.9-100.0 TeV and σ=0.359+/-0.076

1
0.8
0.6
0.4
0.2
0

0

0.2

0.4

0.6

0.8

1
1.2
x (deg)

1

1.0

0.9

CTA, 50.00h observation

0.8

Cooling with index steepening and σ=1.371+/-0.009

0.7

Adiabatic cooling and σ=0.398+/-0.000

Fraction of PWNe (Z.A. < 45°)

Scaled count number

Fig. 13. Example of cooling scenario profiles. Top: with spectral index change as in Fig. 12. Bottom: adiabatic cooling.

0.6
0.5
0.4
0.3
0.2
0.1
0.2

0.4

0.6

0.8

1

Fig. 14. The different fit extensions in an adiabatic or in a cooling for the same
surface brightness distribution are shown. In black: The adiabatic case is simulated
for a 0.4! extended source. In red: A simulated case in which the index changes as in
Fig. 12 in a 1.4! source. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

10-9

CTA expected signal, using VERITAS spectrum
VERITAS spectrum (Aliu et al. 2011)
CTA expected signal, using MAGIC spectrum
MAGIC spectrum (Aleksic et al. 2011)
MAGIC Crab Nebula spectrum

E2 dN/dE (TeV cm-2 s-1)

10-10

10-11

10

-12

10-13

10-14
0.01 0.02

0.1

0.2

2
1
Energy (TeV)

3 4 56

10

G21.5-0.9
HESS J1356-645
Kes 75

0.1

1.2
x (deg)

20 30

100

5

10
15
distance (kpc)

20

Fig. 15. Fraction of visible PWNe as a function of the distance to the Sun. For each
source and each CTA configuration considered here, filled and open symbols give
respectively the horizons of detectability and resolvability, as defined in the text.

10-10

E2 dN/dE (TeV cm-2 s-1)

0

B D I

10-11

Expected Crab spectrum with CTA in 50h
Spectrum for P1 only
Spectrum for P2 only
Total Spectrum: P1+P2
Crab Nebula (MAGIC)

10-12

10-13

10-14
0.01

0.02 0.03

0.1

0.2 0.3 0.4
Energy (TeV)

1

2

3

4

Fig. 16. Left (a): Simulated spectrum of the Crab Pulsar for 50 h with CTA configuration B. The input models correspond to the joint fit (blue line) of VERITAS and Fermi-LAT
data used in [23], and the MAGIC power-law fit (grey line) from [21]. Right (b): Simulated spectra of each Crab pulsar peak for 50 h with CTA configuration B, using MAGIC
power-law fits given in [21]. The Crab Nebula spectrum from MAGIC is shown in both figures.

search for and place stringent constraints on the putative pulsed
emission above a few tens of GeV down to a sensitivity of 0.001 c.u.
To test such Ansatz, we have calculated how may pulsars would
be seen with CTA depending on the array configuration. In practical

terms, we have extended the spectra measured by Fermi above
their cutoff energy with a power-law tail that assumes the same
spectral index as the one found for the Crab by VERITAS, when a
broken power-law is applied to fit both Fermi LAT and VERITAS
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Table 3
Fit parameters with their uncertainties to a power-law function (dN=dE ¼ I0 # ðE=100 GeVÞ&C ) for configurations B, E and C.
Spectral index

Configuration

I0 # 10&11 ðTeV &1 cm&2 s&1 Þ
(P1 + P2)

P1

P2

(P1 + P2)

P1

P2

B
E
C

13:62 ' 0:03
13:61 ' 0:04
14:95 ' 1:10

4:34 ' 0:21
4:51 ' 0:26
4:10 ' 1:54

9:10 ' 0:24
9:29 ' 0:30
9:11 ' 0:75

3:57 ' 0:03
3:58 ' 0:04
3:71 ' 0:08

3:89 ' 0:07
3:84 ' 0:10
3:72 ' 0:85

3:40 ' 0:04
3:40 ' 0:04
3:44 ' 0:07
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Fig. 17. Pulsar spectra fits with power-law and exponential cutoff obtained by Fermi [1] are compared to the CTA sensitivity curve for configuration B in 50 h. The fits for Vela,
Crab and Geminga are indicated explicitly with continuos lines (red, blue and black, respectively). The shaded area contains the fits for the remaining 43 pulsars. An extension
of the Fermi pulsars’ spectra to the CTA energy range by adding a power-law tail is shown with long-dashed lines for Vela, Crab and Geminga. The photon index b of the
power-law tail is taken equal to 3:52 (see text for explanation).

detections, i.e b ¼ 3:52. The final extrapolated spectral shapes for 3
out of 46 pulsars are shown in Fig. 17. With such hypothetical (except for the case of the Crab pulsar) additional power-law tails all
46 pulsars were then considered as targets for 50 h observations
with the CTA configurations: B, C and E. We found that 20 pulsars
would be detected with the configuration B and E; this number reduces to 12 for configuration C. This indicates that configurations B
and E are better suited for pulsar studies than C. Fig. 18 shows how
the detectability with configuration B depends on the exponential
cutoff energy value (as determined by Fermi LAT) and the photon
flux density at this energy. In conclusion, it seems that under the
hypothesis of the existence of the VHE Crab-like energy tails, a
large fraction (up to " 40% for configuration B and E) of the brightest Fermi pulsars may be detected with CTA.

On a second step, we can speculate on power-law tails in pulsar
spectra with other slopes than b ¼ 3:52. To test such cases we used
broken power-law spectral shapes in the form proposed by VERITAS [23]. The key parameters in this form are: E0 – the break
energy (usually, quite close to the exponential cutoff energy),
a – the slope of the photon flux spectrum in the Fermi LAT range
well below E0 ; b - the slope of the photon flux spectrum in the tail,
i.e. well above E0 (note: we define a and b with a sign opposite to
the original notation in [23]). For all 46 pulsars the values of E and
a were used based on [3]. With the limit of 50 h observation time
on one hand and the condition of the overall spectral shape to be
convex b > a on the other hand, the detectability of these pulsars
in function of b was studied for configurations B, C and E. As
expected, configuration B is the optimal one for all the possible

Fig. 18. Pulsars detectable in 50 h with CTA configuration B under the assumption of Crab-like VHE tails as a function of their cutoff energy and flux.
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ter results give higher percentage of detectable pulsars than the
former ones. The reason for this is that each analysis was performed by an independent group. The two groups used somewhat
different analytical functions to approximate the HE-VHE pulsar
spectra. Moreover, their treatment of background effects, of pulsed
fraction as a function of energy for each pulsar (timing plays an
important role in improving the sensitivity) etc., was not identical.
However, in both cases the detectability of pulsars with putative
VHE tails is quite high – no less than " 40%. Needless to say, there
is little hope that all gamma-ray pulsars will cooperate in the way
described above. However, some theoretical models of young and
energetic pulsars as well as old millisecond pulsars speak in favor
of pulsed spectral components located in the VHE domain. CTA will
be the only facility in near future capable of solving this problem,
at least to some extent.
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CTA pulsar population
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35
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2.2.3. Globular clusters
The two main candidates for detections of unpulsed VHE emission from globular clusters are 47 Tuc and Ter 5 due to their large
population of MSPs.
To assess the detectability of these two clusters, we evaluate
only the CTA response using configuration E and B. Indeed, due
to the expected sharp drop of the emission at energies of 10 TeV,
we assumed that a configuration optimized for the high energies
would not bring any improvement. Simulations using prediction

Fig. 19. The detectability of 46 pulsars from [3] in 50 h under the assumption of
power-law VHE tails as a function of the slope b (see text) for configurations B, C
and E.

E2 dN/dE (TeV cm-2 s-1)

values of b; the second best is configuration E and the worst one is
C (see Fig. 19).
For b ¼ 3:52 the results presented in the previous paragraph
should be identical to those of Fig. 18. This is not the case – the lat-
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Fig. 20. The expected CTA response in configuration B for the models of 47 Tuc by [25] (green line) and [44] (black line for high magnetic field in the cluster, red line for low
magnetic field). The H.E.S.S. upper limit is shown in blue. Top (a) the results for assumed 100 MSPs in the cluster. Bottom (b) rescaled to the number of 23 (as known) MSPs.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 21. The expected CTA response for the models of Ter 5 by [25] (green line) and [44]. (black line for high magnetic field in the cluster, red line for low magnetic field). The
level of HESS J1747–248 is shown in blue. Configuration B is shown on the top (a) while the E one is shown on the bottom (b). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

from [25,44] (calculated for a population of 100 MSPs) are shown
in Fig. 20 and 21. From the figure it can be derived that the detection of 47 Tuc is expected in all the explored models with observation times up to 50 h. Since the VHE spectrum is linearly
dependent on the number of MSPs in the system the model relative
to 47 Tuc is also scaled by a factor of 0.23 (relative to considering
only the 23 detected MSPs in the system). For this case, CTA will
also be able to detect it even when high magnetic field values
are considered. For the second candidate, Ter 5 the fluxes predicted
are lower. However, detection can still be achieved with a moderately long observation time. For comparison, we show also the best
fit spectrum from the 90 h observation of HESS J1747-248 (positionally coincident with Ter 5). Different models were re-scaled
and discussed in the detection paper. Observations with CTA will
provide a detailed study of the spectrum and will allow us to associate it or not with the cluster itself (see Fig. 20 and 21 for the simulations). Only the response from configuration E and B was
investigated. The results for the two configurations considered
are comparable. Indeed, the low energies for which configuration
B is optimized are not crucial for the distinction of the models
investigated here.
3. Outlook
The wide range of phenomenological research comprised on the
studies of PWNe and Pulsars requires diverse specifications.

For PWN, in general, the simulations described above tend to favor a balance configuration (either D or E) in comparison with the
configurations B and C, optimized for low and high energies,
respectively. In particular, the horizon of detectability optimizes
for configuration D and/or E as well as the sensitivity to cooling effects, given the larger range of energy covered with good sensitivity. Moreover, although the detailed morphological and spectral
investigations show an improvement when using configurations
which are optimized for low and high energies for these particular
cases, an intermedium solution seems the most sensible compromise for PWNe.
The prospects for high-quality pulsar studies with CTA should be
considered with caution; the Fermi LAT results are quite meaningful. A sizable progress in studies of individual pulsars will be possible with the configurations optimized for very low energy range,
especially below 50 GeV. None of the planned configurations will
be sensitive enough to deal with pulsed radiation of Fermi LAT-type
energy cutoffs. However, the discovery by VERITAS and MAGIC of
pulsed radiation from the Crab pulsar well above the LAT-inferred
exponential cutoff energy came as a surprise and yet another example supporting a statement by Trevor Weekes twelve years ago that
‘‘VHE astronomy is still observation-driven and that theoretical
VHE astrophysics still lags as a predictive discipline’’ [45].
If other LAT pulsars are similar to the Crab pulsar and contain a
power-law type turnover then configurations B or E may detect a
good fraction of these pulsars. More promising results with B or
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E configurations are expected in future studies of globular clusters.
The actual performance of B and E configurations will depend
strongly on (still unknown) population of MSPs in GCs as well as
on physical properties of ambient fields in the GCs like the strength
of magnetic field and the field of ambient soft photons. In principle
CTA may be able to study both spectral shapes as well as angular
extension of the VHE radiation from GCs.
Acknowledgements
B.R. acknowledges support through the grants MNiSW
N203387737 and NCBiR ERA-NET-ASPERA/01/10. J.A.B., J.L.C.,
T.H., M.L. and N.M. acknowledge the support of the Spanish MICINN under project code FPA2010-22056-C06-06. E. de O. W., M.L.
and N.M. gratefully acknowledge support from the Spanish MICINN through a Ramón y Cajal fellowship. D.H., G.P and D.F.T.
acknowledge support from the Ministry of Science and the Generalitat de Catalunya, through the grants AYA2009-07391 and
SGR2009-811, as well as by ASPERA-EU through grant EUI-200904072 and the Formosa Program TW2010005.
References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

A.A. Abdo et al., ApJS 199 (2012) 31.
A.A. Abdo et al., Fermi Collaboration, ApJ 708 (2010) 1254.
A.A. Abdo et al., Fermi Collaboration, ApJS 187 (2010) 460.
A.A. Abdo et al., Fermi Collaboration, Science 331 (6018) (2011) 739.
A. Abramowski et al., H.E.S.S. Collaboration, Astron. Astrophys. 531 (2011) L18.
Acero, et al., ‘‘Gamma ray signatures of cosmic ray acceleration, propagation,
and confinement in the era of CTA’’ this paper, 2011.
F.A. Aharonian, S.V. Bogovalov, D. Khangulyan, Nature 482 (2012) 507A.
F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 499 (2009) 273.
F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 472 (2007) 489.
F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 472 (2007) 489.
F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 460 (2006) 365.

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 448 (2006) L43.
F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 457 (2006) 899.
F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 432 (2005) L25.
F.A. Aharonian et al., H.E.S.S. Collaboration, Astron. Astrophys. 435 (2005) L17.
F.A. Aharonian et al., HEGRA Collaboration, ApJ 614 (2004) 897.
F.A. Aharonian, S.V. Bogovalov, New Astron. 8 (2003) 85.
F.A. Aharonian, A. Atoyan, T. Kifune, MNRAS 291 (1997) 162.
J. Albert et al., MAGIC Collaboration, ApJ 674 (2008) 1037.
J. Aleksic et al., MAGIC Collaboration, ApJ 742 (2011) 43.
J. Aleksic et al., MAGIC Collaboration, Astron. Astrophys. 540 (2012) A69.
E. Aliu, MAGIC Collaboration, Science 322 (2008) 1221.
E. Aliu, et al., VERITAS Collaboration (2011) <arXiv:1108.3797>.
X.N. Bai, A. Spitkovsky, ApJ 715 (2010) 1282.
W. Bednarek, J. Sitarek, MNRAS 377 (2007) 920.
G.L. Case, D. Bhattacharya, ApJ 504 (1998) 761.
O.C. de Jager, A. Djannati-Ataï, Neutron Stars and Pulsars, ASSL 357 (2009) 451.
J.K. Daugherty, A.K. Harding, ApJ 458 (1996) 278.
R. Drimmel, D.N. Spergel, ApJ 556 (2001) 181.
J.M. Fierro, P.F. Michelson, P.L. Nolan, D.J. Thompson, FApJ 494 (1998) 734.
P.C.C. Freire et al., Fermi Collaboration, Science 334 (2011) 1107.
B.M. Gaensler, P.O. Slane, Ann. Rev. Astron. Astrophys. 44 (2006) 17.
K. Hirotani, 2008. <arXiv:0809.1283>.
K. Hirotani, High-energy emission from pulsars and their systems, in: Rea
Nanda, Torres Diego F. (Eds.), Proceedings of the First Session of the Sant Cugat
Forum on Astrophysics Series: Astrophysics and Space Science Proceedings,
2010, p. 117.
C.F. Kennel, F.V. Coronity, ApJ 283 (1984) 694.
N. Komin, et al., H.E.S.S. Collaboration, in: Proceedings of the 32nd ICRC, 2011.
R.N. Manchester, G.B. Hobbs, A. Teoh, M. Hobbs, AJ 129 (2005) 1993.
A.G. Muslimov, A.K. Harding, ApJ 606 (2004) 1143.
A. Pellizzoni et al., ApJ 691 (2009) 1618.
J. Petri, MNRAS 412 (2011) 1870.
Tavani et al., The Agile Collaboration, Science 331 (2011) 6018.
R. Terrier, et al., H.E.S.S. Collaboration, in: Proceedings of the 4th AIP, vol. 1085,
2008, p. 316.
J.P. Vallée, AJ 135 (2008) 1301.
C. Venter, O. De Jager, A. Clapson, ApJ 696 (2009) 52.
T. Weekes, VHE Astronomy before the New Millenium, 1999. <arXiv:astro-ph/
9910394v1>.
T.C. Weekes et al., Whipple Collaboration, ApJ 342 (1989) 379.
Zhang et al., Phys. Rev. D 80 (2008) 023007.

Astroparticle Physics 43 (2013) 301–316

Contents lists available at SciVerse ScienceDirect

Astroparticle Physics
journal homepage: www.elsevier.com/locate/astropart

Binaries with the eyes of CTA
J.M. Paredes a,⇑, W. Bednarek b, P. Bordas c, V. Bosch-Ramon d, E. De Cea del Pozo e, G. Dubus f, S. Funk g,
D. Hadasch e, D. Khangulyan h, S. Markoff i, J. Moldón a, P. Munar-Adrover a, S. Nagataki j, T. Naito k,
M. de Naurois l, G. Pedaletti e, O. Reimer m,n, M. Ribó a, A. Szostek n,o, Y. Terada p, D.F. Torres q,e, V. Zabalza a,r,
A.A. Zdziarski s, for the CTA Consortium
a

Departament d’Astronomia i Meteorologia, Institut de Ciències del Cosmos (ICC), Universitat de Barcelona (IEEC-UB), Martí i Franquès 1, E-08028 Barcelona, Spain
Department of Astrophysics, University of Lódź, ul. Pomorska 149/153, 90-236 Lódź, Poland
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a b s t r a c t
The binary systems that have been detected in gamma rays have proven very useful to study high-energy
processes, in particular particle acceleration, emission and radiation reprocessing, and the dynamics of
the underlying magnetized flows. Binary systems, either detected or potential gamma-ray emitters,
can be grouped in different subclasses depending on the nature of the binary components or the origin
of the particle acceleration: the interaction of the winds of either a pulsar and a massive star or two massive stars; accretion onto a compact object and jet formation; and interaction of a relativistic outflow
with the external medium. We evaluate the potentialities of an instrument like the Cherenkov telescope
array (CTA) to study the non-thermal physics of gamma-ray binaries, which requires the observation of
high-energy phenomena at different time and spatial scales. We analyze the capability of CTA, under different configurations, to probe the spectral, temporal and spatial behavior of gamma-ray binaries in the
context of the known or expected physics of these sources. CTA will be able to probe with high spectral,
temporal and spatial resolution the physical processes behind the gamma-ray emission in binaries, significantly increasing as well the number of known sources. This will allow the derivation of information
on the particle acceleration and emission sites qualitatively better than what is currently available.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
The many spectacular discoveries made in recent years by both
satellite-borne (AGILE, Fermi) and ground-based gamma-ray telescopes (H.E.S.S., MAGIC and VERITAS) have revealed a variety of
⇑ Corresponding author.

E-mail address: jmparedes@ub.edu (J.M. Paredes).
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new sources of high-energy particles in the Galaxy. Among these
sources we can mention star-forming regions, accreting black holes
and microquasars, early-type stars with very strong stellar winds,
young isolated pulsars and their nebulae and pulsars in binary
systems. The physics of particle acceleration and interaction in the
complex environment of such astrophysical systems is extremely
rich. The detection of very high energy (VHE) gamma rays
ðE > 100 GeVÞ by the current imaging atmospheric Cherenkov
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telescopes (IACT) from the systems PSR B1259-63 [1,2], LS 5039 [3],
LS I +61 303 [4,5] and HESS J0632+057 [6], as well as the hint of a VHE
flare in the black hole binary Cygnus X-1 [7], provides a clear evidence of very efficient particle acceleration in binary systems containing compact objects (see e.g. [8]). In addition, one of the
brightest Fermi/LAT sources, 1FGL J1018.6-5856, has been proposed
to be a new gamma-ray binary [9] that could be associated with a
H.E.S.S. source [10]. Furthermore, there are other binary systems
from which VHE emission is expected from a theoretical point of
view [11]. Although they have not yet been detected with the current generation of Cherenkov telescopes, their emission at HE gamma-rays (E >100 MeV) has already been reported in some cases (e.g.
Cygnus X-3, V 407 Cyg and Eta Carinae). It is expected that CTA will
find new gamma-ray binaries, allowing population studies that will
have an impact on evolutionary models of high-mass binary systems. With a few exceptions, most of the gamma-ray binaries detected, either accreting or non-accreting sources, are all within
3 kpc of the Sun, in a volume equal to about ! 10% of the volume
of our Galaxy. Assuming a uniform distribution, although they
should follow population I stars with more objects in the spiral arms,
this is consistent with >50 or so gamma-ray binaries in our Galaxy.
This number is also dependent on the duty cycle of gamma-ray emission: VHE emission in HESS J0632 +057, LS I +61 303, PSR B1259-63
is strongly dependent on orbital phase and in some sources the orbital periods can be (very) long. With a ten times improvement in sensitivity, CTA should be able to probe for gamma-ray binaries of
comparable luminosities up to the Galactic center. CTA can thus be
reasonably expected to detect a couple of dozen gamma-ray binaries. The VHE counterparts of LS 5039, HESS J0632+057 and (possibly) 1FGL 1018.6-5856 were discovered in the H.E.S.S. Galactic
Plane survey. The ten times more sensitive Galactic Plane survey
planned for CTA should thus enable many discoveries of such systems, which are otherwise very difficult to uncover by X-ray, optical
or radio surveys. A survey of the central portion of the galactic plane
is planned for the beginning of CTA operation (see [12]), which will
pinpoint new gamma-ray binaries candidates.
The study of known and/or new compact binary systems at VHE
is of primary importance because their complexity allows us to
probe several physical processes that are still poorly understood.
Some of these systems are extremely efficient accelerators that
could shed new light, and eventually force a revision of, particle
acceleration theory (see e.g. [13]). The particle injection and radiation emission mechanisms in binary systems vary periodically due
to an eccentric orbit and/or interaction geometry changes. This
may provide information on the location of the high energy particles, on the energy mechanism(s) powering relativistic outflows,
on the nature of the accelerated particles, and on the physical conditions of the surrounding environment. The presence of strong
photon fields allows the study of photon-photon absorption and
electromagnetic cascades. All these processes occur on timescales
K 1000 s, a proper study of which would require at least a 5r
(standard deviations) detection for ! one hour exposure times.
The interaction of binary systems with the Interstellar medium
(ISM) could also be powering a new class of TeV sources, which could
be resolved/detected with enough resolution/sensitivity. For a deep
study of the processes taking place in compact binary systems we
need to go beyond the present IACT’s capabilities. Below, we report
on examples of numerical simulations performed to show how the
forthcoming CTA observatory [14] could fulfill these objectives.
The structure of the paper is as follows: in Section 2 we outline
the stellar gamma-ray source classes that are idoneous targets for
CTA. In Section 3 we introduce key questions in high-energy astrophysics that CTA can address and the requirements to achieve
them. In Section 4 we present the results of some performance
tests of the capability of CTA to achieve the aims. Finally we present a summary in Section 5.

2. Binary systems with gamma-ray emission
2.1. Binary systems with young non-accreting pulsars
PSR B1259-63 was the first variable galactic source of VHE gamma-rays discovered [1]. It has also been detected at HE by
AGILE[15] and Fermi/LAT [16,17]. The system contains a O9.5 Ve
main sequence donor (LS 2883) and a 47.7 ms radio pulsar orbiting
its companion every 3.4 years in a very eccentric orbit (see [18]
and references therein). Particles are accelerated in the shock between the relativistic wind of the young non-accreting pulsar
and the stellar wind of the massive companion star [19–21]. These
particles, by inverse Compton (IC) up-scattering of stellar UV photons should produce VHE gamma rays. The strong wind-wind
interactions may also produce extended synchrotron radio emission, as recently reported by [18].
The other binary systems that have been unambiguously detected at TeV energies, showing gamma-ray flux modulations coincident with their orbital periods, are LS 5039 with P orb " 3:9 d [22]
and LS I +61 303 with Porb " 26:5d [23]. Fermi has also detected
emission modulated with the orbital period in both systems
[24,25]. Although the nature (black hole or neutron star) of the
compact object in LS I +61 303 and LS 5039 has not yet been determined [26,27], both systems present some similarities with PSR
B1259-63. They show variable milli-arcsecond scale radio structure [28–30], similar to that found in PSR B1259-63. VLBA images
of LS I +61 303 obtained during a full orbital cycle show a rotating
elongated morphology [30], which may be consistent with a model
based on the interaction between the relativistic wind of a young
non-accreting pulsar and the wind of the stellar companion [20].
A similar behavior has been observed in LS 5039. This system
was observed with the VLBA during five consecutive days showing
an orbital morphological variability, displaying one sided and bipolar structures, but recovering the same morphology when observing at the same orbital phase [31]. The broadband emission from
radio to VHE gamma-rays of the three sources is variable and periodic, peaking at MeV–GeV energies.
For LS I +61 303 and LS 5039, the GeV and TeV emission are well
anticorrelated. In particular, in LS 5039, the GeV emission peaking
around the compact object superior conjunction/periastron, and
the TeV radiation around inferior conjunction/apastron. The GeV
and TeV spectra are also roughly anticorrelated, with the GeV
emission getting harder for lower fluxes, and the TeV emission
for higher ones (e.g., [22,32]). In both sources, the behavior is more
or less compatible with radiation produced by IC and moderate
gamma-ray absorption, processes through which the changing
geometry along the orbit induces a modulation in both flux at
TeV and GeV, and spectrum at TeV (and GeV if cascades were
important). Additional effects like varying radiative and adiabatic
losses could also affect spectra and fluxes [33]. We note that also
IC e# pair moderate cascading can be important [34–36]. However,
the relatively low flux around 10 GeV in both LS 5039 and LS I +61
303, below the extrapolation of data and model predictions,
strongly indicates that the emitter, although of likely leptonic+IC
nature, should be quite complex (and probably located in the
periphery of the binary system for LS 5039).
The most recent addition to the selected group of gamma-ray
binaries emitting up to very high energies is HESS J0632+057
[37]. The source was initially detected by the H.E.S.S. experiment
[6], but the subsequent non detection by VERITAS excluded it as a
steady gamma-ray emitter [38]. The gamma-ray variability was
confirmed recently by VERITAS and MAGIC which reported an
increase of gamma-ray flux during 2011 February 7–9 (see Refs.
[39,40], respectively). The increase in TeV flux coincides with the
time of a large X-ray peak, that could imply that the same population of electrons is producing the X-ray and TeV emission [41],
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similarly to that found in LS I +61 303 [42] and LS 5039 [33]. The
source shows an X-ray periodicity of 321 ! 5 d which has been
associated to its orbital period [41,43]. No X-ray pulsations have
been detected so far [44]. In the radio band, VLBI observations reveal an extended and variable non-thermal radio source [45], with
its position being compatible with the B0pe star MWC 148. Overall,
these results are very similar to the multi-wavelength data
obtained for the other gamma-ray binaries, although HESS
J0632+057 displays a spectral energy distribution (SED) one order
of magnitude fainter. This may provide new constraints on the
luminosity distribution of this subclass of binary systems in our
Galaxy.
A promising candidate to be a new VHE gamma-ray source
associated to a binary system has emerged recently. 1FGL
J1018.6-5856 was discovered by searching for periodicities of Fermi sources, and shows intensity and spectral modulation at GeV
energies with a 16.6-day period [9]. Given the variability of the
proposed X-ray and radio counterparts, and the spatial coincidence
with an O6V((f)) star, these authors proposed this source as a new
gamma-ray binary.

similar to that found in the Sedov-expansion phase of supernova
remnants (SNRs), MQ jets propagating into the medium are eventually decelerated, developing forward/reverse shocks into the
ISM/jet-ejection. In these shocks particles can undergo efficient
acceleration and could produce gamma-ray emission through IC,
relativistic Bremsstrahlung and proton-proton collision processes.
The dynamics of these interactions (see e.g. [61]) and the possibility of the production of gamma-ray emission [62,63] have been recently addressed. The expected fluxes may depend on the MQ jet
power, the source age, the external medium particle density profile, and the duty cycle if transient, and could reach values
F E > 10 GeV " few #10$14 erg cm$2 s$1 , which is a few times below the sensitivity level of the current IACTs. These sources may
be therefore good targets for the improved capabilities of CTA.
Large-scale interactions are also expected in the case of binaries
hosting a young pulsar, when mixed stellar and pulsar winds interact with the environment. The expected radiative outcome of this
interaction is similar to that of microquasar jets [64].

2.2. Microquasars

Hot stars can generate strong winds and form colliding wind
binary systems (CWB). Shocks are expected to form in massive star
binaries, in the region where the winds from both stars collide.
Non-thermal synchrotron emission from the colliding wind region
in one source has been detected [65], which indicates the presence
of highly relativistic electrons (see also [66]). These systems may
also be embedded in dense photon fields where IC losses would
be unavoidable, making CWBs potential high-energy emitters
[67,68].
An extreme example is the Eta Carinae system [69]. Gamma-ray
emission has been theoretically predicted from this source (see e.g.
[70,71]) and the emission has been tentatively confirmed recently
by the Fermi/LAT [72,73] and AGILE[74] instruments. The predominant GeV emission of Eta Carinae, shown in the top panel of Fig. 1,
seems to agree with what is expected from IC and/or neutral pion
decay processes in such type of system. At VHE, Eta Carinae has not
been detected so far [75]. The reported HE flux levels and the spectrum make however this source a good target for CTA, since it will
provide a significantly improved sensitivity at energies in the range
30 to 100 GeV as compared to present IACTs. MAGIC observations
of WR 146 and WR 147 produced the first bounds on the high-energy emission from Wolf–Rayet binary systems [76].

Microquasars (MQ) are X-ray binaries (XRB) with relativistic jets
emitting non-thermal radio emission through synchrotron radiation. The gravitational energy released by accretion feeds the relativistic radio jets and powers the non-thermal emission. Two MQs,
Cygnus X-3 [46,47] and Cygnus X-1 [48], have been recently detected at HE gamma-rays and there is evidence of VHE gamma-ray
emission associated with Cygnus X-1 during a flare [49] but not with
Cygnus X-3 [50]. The gamma-ray emission detected by Fermi from
Cygnus X-3 is modulated with the orbital period of the system and
is correlated with the radio emission, which is associated with the
relativistic jets. Other MQs, like SS 433 [51], GRS 1915–105 [52] or
Sco X-1 [53], have also been observed at HE and VHE but they have
not been detected yet. They show however synchrotron radio emission that probes their capability to accelerate particles up to relativistic energies, and their transient nature makes necessary to look at
the sources at the right time to detect their high-energy radiation
[54]. The presence of strong photon fields provided by the companion star may offer a good scenario for the production of gamma-rays
through IC processes [55]. Furthermore, proton-proton interactions
could also take place in the collision between relativistic protons and
the stellar wind [56]. However, photon-photon absorption may also
take place in the inner regions of the system, and the VHE photons
may be strongly attenuated [57,34,58].
It is noteworthy that, potentially, the non-thermal processes
leading to radio and high-energy radiation in high-mass microquasars can be difficult to distinguish from those in young non-accreting pulsars. As pointed out, e.g. in [59,60], the complex and variable/
periodic radio structures found in gamma-ray binaries, some with a
compact object of unknown nature, may be also produced by jet disruption or gamma-ray absorption and secondary radio emission,
respectively. In addition, the processes underlying or affecting the
high-energy radiation, for instance in LS 5039 and LS I +61 303 (as
described in Section 2.1), would also take place in high-mass microquasars. Therefore, despite some differences in the non-thermal
radiation are expected, they are likely to be more of quantitative
than of qualitative nature, and only high-quality data may be able
to allow the identification of the underlying engine.
2.3. Collision of the outflow with the interstellar medium
The termination regions of MQ jets can also generate non-thermal emission. The detection of VHE emission from those regions
would represent a new type of gamma-ray emitter. In a scenario

2.4. Colliding wind binaries

2.5. Cataclysmic binaries
Regarding cataclysmic binary systems, variable high-energy
gamma-ray emission has been recently detected from an optical
nova of the symbiotic star V407 Cygni [77]. According to the source
SED shown in the bottom panel of Fig. 1, the extrapolated VHE
gamma-ray fluxes are too low for current IACTs sensitivities, and
even with its improved capabilities, CTA may require of relatively
long exposure times to detect it.
3. Key questions and CTA requirements
3.1. Relativistic outflows in binary systems with young non-accreting
pulsars
The rapid rotation of the magnetosphere of PSR B1259-63 generates a highly relativistic wind that spins down the young neutron
star. The properties of such winds are a long-standing issue of
astrophysics. Constraints on pulsar winds have been inferred from
observations of their interaction with the surrounding medium:
the supernova ejecta in pulsar wind nebulae (PWN) or the ISM in
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spectral range is also crucial to study the connection to the
MeV–GeV emission (due e.g. to IC emission from cascade electrons) and to constrain the high-energy cut-offs linked to particle
acceleration.
Gamma-ray binaries, in particular LS 5039, present a very high
acceleration efficiency [13,33]. CTA good sensitivity in the range
10–100 TeV will allow us to probe the acceleration mechanism,
the strength of the magnetic field, intrinsic orbital/short timescale
variability of the accelerator/emitter, and the emitting particle nature. This will be possible since the opacity and orbital dependence
of photon-photon absorption, and the angular IC dependence,
sources of extrinsic variability, are smaller in this energy range.
In addition, the spectrum of the emission is expected to be different depending on whether the emitting particles are protons or
electrons.
Finally, several studies have tried to synthesize the population
of high-mass X-ray binaries from assumptions on the progenitor
distributions and their evolutionary paths. Some include
predictions on the number of binaries in the spinning down
pulsar+massive star stage as a byproduct [78–80]. They are quite
uncertain, with numbers ranging from 100 to 1000 depending on
the details of binary evolution and on the adopted lifetime of this
phase. Constraining the population of PSR B1259-63-like objects
is important as this impacts HMXB populations but, ultimately,
also the population of double neutron stars that are targeted by
Virgo/LIGO.
3.2. The accretion/ejection link in microquasars

Fig. 1. Top: spectral energy distributions (SED) of two Fermi/LAT sources at the
position of Eta Carinae: 2FGL J1045.0-5941 (red points) and PSR J1048-5832 (green
points). The best-fit model for the average spectrum is shown as a red dashed line
[73]. Bottom: SED of V407 Cyg measured over the period from 10 March to 29 March
2010. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

isolated, fast moving pulsars. In a binary system, the pulsar wind
interacts with the stellar wind of its companion in a periodic fashion. The binary nature determines the matter and radiation densities to be sampled by the pulsar during its orbital motion, and
allows the production of relativistic outflows in the asymmetric
postshock region of the pulsar wind. Phase-resolved spectra of
binaries powered by a young pulsar offer novel tests of pulsar wind
models on spatial scales !104 –105 times smaller than in isolated
objects.
The study of pulsar winds requires phase-resolved light curves
and spectra from binary pulsars. The systems LS 5039 and LS I +61
303 have been suggested to be powered by a young pulsar [20].
The orbital periods of these systems range from a few days (LS
5039) to years (PSR B1259-63). In LS 5039 the spectrum changes
drastically between orbital phases of high flux as compared to
phases of low flux. PSR B1259-63 and LS I +61 303, on the other
hand, are only detected during high flux phases. Information on
the low flux phases is therefore essential for modeling purposes,
and this requires the increased sensitivity of CTA. An extended

The possible detection of Cygnus X-1 by MAGIC may indicate
that MQs are able to emit VHE gamma-rays. These systems, like
active galactic nuclei (AGN) and gamma-ray bursts (GRBs), are
powered by accretion. How and where the energy is released
are still poorly understood. Part of the material is ejected at relativistic speeds and this is invariably associated with non-thermal
emission. Importantly, emission from both accretion and ejection
processes is detected in MQs. Their interplay can be studied when
the mass accretion rate changes during outbursts. The MQ environment is better constrained and the timescales are more accessible than in GRBs and AGNs. Emission beyond a few MeV in
some MQs found by CGRO/COMPTEL is essentially terra incognita,
probably because of variability and lack of sensitivity. Exploring
the VHE domain and connecting it to the known anti-correlations
between thermal X-ray emission (from accreting material) and
non-thermal radio emission (from the jet) should bring new insights into the accretion/ejection processes. Determining the time
variability of the TeV to X-ray spectrum will help to know
whether the jets have electron-positron or hadronic components,
and will help as a consequence to understand the physics of the
jet production. Interestingly, powerful radio flares are likely associated with the production of gamma rays [47,81,82]. As these
radio flares occur in a specific area of the hardness intensity diagram, relatively precise predictions of a suitable trigger for CTA
can be made.
Achieving this goal requires the monitoring of selected sources
or target-of-opportunity (ToO) quick response with enough sensitivity to detect flaring episodes on ! hour timescales. The discrete
ejections observed in X-rays, infrared and radio in GRS 1915+105,
for instance, occur on such timescales, and these could also be detected in gamma rays. The full CTA array should detect a 10-mCrab
flare in one hour, corresponding to a luminosity above 100 GeV of
about 10"5 LEdd for a 10 M# black hole at the Galactic center distance. A significant advantage of CTA compared to current IACTs
is subarray observations of specific sources. This will allow longterm monitoring that is currently too time-consuming for presently operating IACTs. A 0.1-Crab flare would be detected in one
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hour by a HESS-like subarray and could trigger follow-up
observations of the whole array. Relating this emission to the
known disk/jet/corona phenomenology will require on the one
hand multi-wavelength campaigns, and on the other hand to have
the possibility of a quick CTA response to ToO’s from Fermi/LAT,
X-ray satellites or radio interferometers like LOFAR and the SKA
pathfinders MeerKAT, ASKAP and ATA. We note that ASKAP and
LOFAR are starting all-sky transient monitoring in 2012.
3.3. Collision of the outflow with the interstellar medium
MQs are capable to transfer large amounts (!1049 –1051 erg) of
kinetic energy and momentum to the surroundings through
discrete or continuous ejections. Significant non-thermal gammaray emission in the jet/medium shocked regions could be
produced, although dense ambient conditions are required. ISM
particle densities can vary from !10"3 cm"3 (hot ISM regions) to
! 104 cm"3 (inside molecular clouds). In the case of typical galactic
densities !cm"3 , the predicted VHE fluxes above 100 GeV are a few
#10"14 erg s"1 cm"2 , accounting for both relativistic Bremsstrahlung and p–p interactions. The size of the interaction structures
would be !1 pc, i.e. !1 arcminute for a source located at 3 kpc.
The detection of VHE emission from the jet/medium interaction
structures would reveal a new type of VHE emitter, probing the
acceleration/radiation from large-scale shocks and constraining
fundamental properties of galactic jets (e.g. energetics, magnetic
field, etc.).
To detect the jet/medium interaction region requires to improve
the present IACTs sensitivity (! few #10"13 TeV s"1 cm"2 ) about
one order of magnitude and to have an angular resolution of
1 arc-minute. Additionally, the possibility of probing the
[50 GeV energy range would be extremely helpful, since this is
where most of the gamma-ray flux is expected to be produced.
There are no required special timing/monitoring CTA configurations, since the emission is expected to be steady and the source
injection variability is supposed to be smoothed out at the large
termination regions.
Similar requirements to those of jet termination regions are
met also when observing the termination of outflows produced
in pulsar binaries.
3.4. Colliding winds of massive stars in binary systems
VHE emission is theoretically expected from binary systems
with high-mass loss and high-velocity winds. These systems display some of the strongest sustained winds among Galactic
objects and have the highest known mass-loss rate of any stellar
type. Colliding winds of massive star binary systems are potential VHE gamma-ray emitters, via leptonic and/or hadronic processes after acceleration of primary particles in the collision
shocks.
The detection of VHE emission from colliding winds requires
an improved sensitivity with respect to current IACTs. To further
study these systems in case of detection, phase-resolved light
curves and spectra would be required. Such spectra could give
us a clue to understanding the physical processes behind the
emission, since the non-thermal particle distribution strongly
depends on the shock conditions at each orbital phase. A lowenergy array is favoured; a cutoff at a level of !100 GeV due to
the modest shock velocity and finite size of the acceleration zone
is predicted, and CTA should be able to operate at a lower energy
threshold than present IACTs. Finally, the orbital distances between the two stars (!1013 –1015 cm) make the emission region
too small to be resolved out by the current designs of CTA
configurations. Angular resolution is therefore not a requirement
in this case.
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4. Performance tests
Several of the studies herein presented are meant as examples
of the capability of CTA in comparison with current IACTs; thus
we take here several of the already detected gamma-ray binaries,
for which a well known set of assumptions can be established.
We have used Monte Carlo simulations of the sensitivity of the array for several possible configurations in order to explore the capability of CTA to study binary systems. In particular, we have
conducted simulations using configurations B, D, E, I, NA and NB,
and subarrays 1s4-2-120, and s9-2-120. The southern configurations are optimized for low energies (B), high energies (D), balanced
with a focus on low energies (E), and balanced with a focus on medium and high energies (I). The northern configurations are optimized for low energies (NA), and balanced (NB). The subarrays are
HESS-like arrays (s4-2-120) and expanded HESS-like arrays (s92-120). All details can be found in Hinton et al., this issue.
4.1. CTA flux error reduction in known TeV sources
Accurate estimates of the flux, spectral shape, and evolution of
known TeV sources are very important for constraining the physical parameters of the high-energy emitting region. This is even
more needed when there are several parameters that have to be
left free when fitting data. To explore the CTA capability to derive
observables and constrain theoretical models, we simulated the
CTA response on LS 5039. This source might not be representative
of the class of binaries, but will allow us to compare the improvement from CTA data on the present generation of IACTs. We based
our simulations on the results obtained by H.E.S.S. on the source,
simulating the CTA response under similar conditions (above
1 TeV). Since the H.E.S.S. data were taken over a long time span
and under different zenith angles, the energy threshold was not
constant. To make a fair comparison with the H.E.S.S. analysis,
we treated our simulated data the same way as the H.E.S.S. collaboration did [22]. The simulated counts and the flux normalization
were extracted above 1 TeV assuming an average photon index derived from all data: C ¼ 2:23 for dN=dE ! E"C . Based on the H.E.S.S.
results we assumed a sinusoidal shape of the light curve with a
period of 3.9 d. For each phase point, and using configuration I,
we then evaluated the light curve and simulated spectra of the
form described above as seen by CTA, for a certain observation
time in each phasogram bin. By integrating these spectra, we got
the flux above 100 GeV in each bin. We then extrapolated the obtained flux value to the integral flux above 1 TeV and propagated
the error correspondingly. The result for 70 hours of exposure time
of CTA is shown in Fig. 2. The improvement of observations by CTA
is clearly visible. The error bars are reduced by a factor of !2–4
with respect to the H.E.S.S. data points, assuming the average photon index of C ¼2.23. This can be taken as a direct comparison to
the published H.E.S.S. results. However, the spectral index of the
LS 5039 VHE emission changes as a function of orbital phase. A variation of the spectral index affects the error estimate. Softening the
assumed photon index ðC ! 3Þ, CTA data would improve the errors
by up to a factor of 7, whereas a harder spectrum (C !2) results in
a minor error reduction of less than a factor of 2. We have also performed similar simulations but taking a time binning of 10, 20, 50
and 100 bins per full phase period and using a binning of 14 and 28
minutes. With 10 bins per full orbital period the sinusoidal shape
can hardly be seen, whereas with 20 bins a sine function can be
fitted to the data points. Taking 50 bins of 28 minutes even
1
The first number indicates the number of telescopes, the second indicates the
type (1 for small size telescope, 2 for medium and 3 for large), and the last number
indicates the separation in meters. The subarray s9-2-120 is composed of nine
medium sized telescopes located at a distance of 120m from each other.
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Fig. 2. CTA simulations of LS 5039. Phasograms of H.E.S.S. (gray) and simulated CTA
observations (blue). With CTA observations the error on the flux can be reduced by
a factor 2–4 above 1 TeV. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

substructures can be resolved. To obtain the same results and similar error bars like those reported by H.E.S.S., CTA would only need
!1/6th of its observation time, that is, 50 bins of 14 min each,
pointing towards the possibility of performing a long-term monitoring of the global behavior of the source, and accessing the duty
cycle of the observed features, if any.
Furthermore we studied the minimum observation time for CTA
to detect the period of LS 5039 in comparison with the H.E.S.S. one.
To do so, we simulated CTA observations using a sine function over
time that reproduces the time structure of the H.E.S.S. flux points.
From the simulated CTA observations we derived flux points for
each time bin and used those to construct the power spectrum of
LS 5039. Whereas H.E.S.S. used 160 bins of 28 minutes (!70 hours
in total) to detect the 3.9 days period of the system, CTA could detect the period with more than 5 r with only 160 bins of 3 min
(8 hours in total). This would be a significant reduction of observation time for CTA. It has to be kept in mind that the significance of
the period estimation in the H.E.S.S. data is larger than 5 r (i.e. 8 r),
as all the data available at the time were used.
We studied the modulation of the photon index and the flux
normalisation with the orbital period for a source like LS 5039.
To compare with the H.E.S.S. measurements, we assumed 7 hours
of observation time for each phase bin and simulated the CTA spectra for each phase bin with the spectral parameters obtained by
H.E.S.S. (photon index and differential flux at 1 TeV). By fitting
these simulated spectra, we obtained the fit parameters with the
corresponding error. The results are shown in Fig. 3. The direct
comparison of the errors of the H.E.S.S. and CTA measurements
shows that observations with CTA can reduce the errors on the
spectral parameters by a factor between 2 and 4.5.
The larger sensitivity of CTA would allow tracking the behavior
of a source in shorter timescales. In particular, it would allow comparing with predictions of the spectral evolution of a source such
as LS 5039, even at the minimum of its TeV flux. As an example,
we used the spectra in phases 0.2 and 0.3 as derived by [83], where
electromagnetic cascades were included. In Fig. 4 we show the results of our simulations: in the top panel, the two simulated spectra are plotted, assuming an observation time of 5 hours. Since the
reconstruction of the energy spectra in true energy requires a complicated unfolding procedure we conservatively choose to compare
the two spectra on the level of the excess events as a function of
reconstructed energy. The two corresponding distributions are
shown in the middle panel of Fig. 4. The distributions are compared
to each other by calculating the residuals between the two, which
is shown in the bottom panel. The probability of these spectra to be
consistent (i.e. to originate from the same original distribution) is
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Fig. 3. CTA simulations of LS 5039. Top: Photon index versus phase (CTA blue,
H.E.S.S. gray). Bottom: Flux normalisation versus phase (CTA blue, H.E.S.S. gray). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

"1%. We conclude that CTA would easily distinguish between
spectra at different phase bins.
4.2. Short timescale flux variability
We have studied the capabilities of CTA to detect short timescale flux and spectral variabilities from gamma-ray binaries.
The perfect candidate for such studies is LS I +61 303. A simultaneous multiwavelength campaign on this source resulted in the
discovery of correlated X-ray/VHE emission with the MAGIC IACT
and the X-ray satellites XMM-Newton and Swift in the energy
range 0.3–10 keV [42] (see however [84,85]). Additionally, fast
X-ray variability on timescales of a thousand seconds has been
detected [86,87], so it is natural to think that such fast variability
may be present in its VHE emission. The detection of such a
variability would have strong implications on the location and
size of the non-thermal emitter. Several theoretical models put
forward until now consider the possibility of short timescale
(!100 s), correlated X-ray/VHE variability as the result of leptonic
emission in small scale instabilities and shocks within, e.g. a relativistic jet [88] or the interaction of the pulsar wind with a clumpy stellar wind [89]. The detection of such a feature with CTA will
provide information on the dynamical mechanisms underlying the
VHE emission, which is a crucial step in understanding the apparently erratic variability of LS I +61 303. This knowledge will be
also valuable in understanding other gamma-ray binaries with
complex stellar wind geometries owing to the decretion disk of
Be stars, such as PSR B1259-63 and HESS J0632+057.
Under the assumption that the X-ray/VHE emission correlation
found by [42] holds at shorter timescales, we took the X-ray light
curve from a !100 ks long Chandra observation [86] and computed
the expected VHE emission from the source. We considered the
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100 ks X-ray light curve. Given the foreseeable pressure to obtain
observation time with CTA, this campaign would not be done with
the full array but with a so-called subarray, a subset of the 100
telescopes that may operate independently. Here we chose a subarray configuration similar to an expanded H.E.S.S.: nine medium
sized telescopes located at a distance of 120 m from each other,
known as s9-2-120. This kind of configurations will be readily
available after the construction of CTA begins, and thus the science
case described could be achieved even before the whole array becomes operational. In Fig. 5 (left) we see that the longer observation time allows the campaign to probe a wider range of X-ray
fluxes than the variation of a factor 1.5 used for the shorter, full
CTA array observation discussed above. Even with the reduced sensitivity of the subarray as compared to the full array, the correlation is well recovered (see Fig. 5 right), partly owing to the
aforementioned wider X-ray flux coverage.
To further explore the shortest time scales in which CTA can resolve a flare, we simulated a 20 hours event whose flux variation
follows a Gaussian distribution and assuming the best-fit spectral
shape reported by MAGIC for the Cygnus X-1 signal [49]. 20 hours
represent the total duration of the flare (i.e. the mean of the Gaussian distribution is at 10 hours from the start of the observation).
With a binning of 5 min for each data point, CTA could clearly resolve this assumed Gaussian-shaped flare. A 5 min integration
would result in a detection with a significance of 7r at the assumed low state and 25r in high state, whereas with the sensitivity of MAGIC it is only possible to detect the peak of this flare. This
is a clear example of the better sensitivity of CTA with respect to
the existing IACTs. Although the limited duty cycle of Cherenkov
telescopes prevents them to observe a source for 20 hours in a
row, a realistic exposure time of 5 hours would be enough for
CTA to resolve parts of the flare in bins of !10 min.
As a conclusion from this simulation exercise, we see that the
full CTA array will be a powerful tool to probe into the fast flux variability of gamma-ray binaries, which could allow the characterization of the dynamical processes taking place in the emitting
plasma. In addition, we have shown that subarray operations must
be encouraged since they are able to provide very interesting
results using only a fraction of the full array. They will prove
invaluable not only in observational campaigns where the longterm variability is important, but also to monitor flaring sources
such as gamma-ray binaries and AGNs.
4.3. Sensitivity to spectral shape variations

large statistical errors in the correlation by varying the parameters
following normal distributions with a width equivalent to the
uncertainties for each of the points in the light curve.
We considered two feasible observation scenarios. In the first,
the full CTA I array is used to perform a deep, short observation
of LS I +61 303. In this case, the observation length would be of
the order of 4 h, which is the typical time span for which a source
is visible under optimum conditions for a single night. To simulate
this scenario, we selected 10 ks of the X-ray observation and obtained the simulated VHE fluxes for energies above 100 GeV, taking
advantage of the improved low-energy threshold of CTA with respect to MAGIC. We note that the CTA performance simulation is
for an observation at low zenith angles, and a 4 h observation is
likely to cover a large range of zenith angles resulting in an
increased energy threshold.
CTA is able to clearly detect the fast variability exhibited by the
X-ray light curve at scales down to 1000 s, as well as recover the
X-ray/VHE correlation, with r P 0:9, for flux variations of a factor
1.5.
The second observation scenario consists of a longer observational campaign of about ten nights with three hours of observation per night, which we here simulate from the continuous

There have been some hints of VHE spectral variability of LS I
+61 303 along the orbit [90], but they were not significant enough
to be claimed as real. The proper characterization of the spectral
variability would allow the characterization of the radiation mechanism, and more generally, as mentioned in Section 4.1, the determination of the conditions in the high-energy emitter. To explore
the power of CTA to disentangle different spectral indices, we have
considered a variation of the power-law VHE spectrum of LS I +61
303 within the statistical error obtained in the MAGIC campaign on
September 2007 (See [42]) and test the time required by CTA to
significantly detect it. The measured spectral index was
C ¼ 2:7 # 0:3, so we took the two extreme values (2.4 and 3.0)
and obtained the simulated CTA spectra. We computed the CTA
spectra above the energy thresholds of 70 GeV and 100 GeV for
the full array configuration E and the subarray s9-2-120, respectively. We found that an observation with the full CTA E array of
3 hours for each of the spectral states (i.e., one night per state) provides a set of spectra from which the photon index variations can
be clearly seen. An example of such a realization can be seen in
Fig. 6, left. The difference between the hard (CH ¼ 2:4) and soft
(CS ¼ 3:0) is detected at a confidence level of more than 3r in
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Fig. 5. CTA simulations of LS I +61 303 during 100 ks, a time span similar to that of a 10 night observation campaign with around three hour of observation per night. Left:
X-ray and VHE light curves for CTA s9-2-120. Measured X-ray flux (top, 0.3–10 keV) and simulated VHE fluxes obtained with the subarray s9-2-120 (bottom, E > 100 GeV
in units of ph cm%2 s%1 ) for the case of a campaign of ten nights of observation and binning time of 2500 s. Right: X-ray/VHE correlation for CTA s9-2-120. X-ray/VHE
correlation plot from the ten-night, subarray s9-2-120 observation plotted in 2500 s bins. The Pearson correlation factor, the chance probability of correlation and the
parameters of the fitted correlation are shown as insets.

Fig. 6. CTA simulations of LS I +61 303. Left: Sensitivity of CTA E to spectral variations. Simulated spectra and power-law fits for 3 hours of observation with the full CTA E
array for each of the spectral states. The measured power-law indices and the significance of the variations are shown. Right: Sensitivity of CTA s9-2-120 to spectral
variations. Simulated spectra and power-law fits for 10 hours of observation with the subarray s9-2-120 for each of the spectral states. The measured power-law indices and
the significance of the variations are shown.

99% of the realizations, with a mean value of ð7:8 " 1:8Þr. Considering the variation with the mean spectral shape of CM ¼ 2:7, the
significance of the variation with respect to the hard and soft spectra is lower but still above 3r for 85% and 74% of the realizations,
respectively. We note that an increase in observation time to 5 h
per spectrum leads to a detection rate above 95% for all the spectrum pairs (see Fig. 7). We also considered the possibility of longer
observations with the subarray s9-2-120. In this case, for an
observation of 10 hours for each of the spectral states, the spectral
variation between the soft and mean spectra is still significant at a
level higher than 3r for 82% of the simulation realizations. A
representative realization of three simulated spectra with the
subarray s9-2-120 can be seen in Fig. 6, right.
To further test the CTA spectral capabilities, we have used the
derived spectrum of Cygnus X-1 during the flare to simulate 20 energy spectra with photon indices ranging from %2 to %4. We have
also simulated different exposure times: 5, 15, 30 and 60 min, to
study the minimum time scale to distinguish between the slope
of different spectra. Fig. 8 left) shows the photon index error versus
the simulated photon index in the fitting of the resulting CTA spectra. CTA would be able to distinguish the different spectral slopes
in all cases except those showing the softest spectra, where the
error bars are too large to properly distinguish them at a high

Fig. 7. Results of 10,000 realizations of the spectral observation of LS I +61 303 with
the array E during 5 hours per spectral state.Top: Distribution of recovered spectral
indices for soft (CS ), mean (CM ), and hard (CH ) spectra. Bottom: Distribution of
significances of the difference between each of the spectrum pairs. The legend
indicates the fraction of realizations with a significance larger than 3r.
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Fig. 8. CTA simulations of Cygnus X-1. Left: error on the photon index versus the fitted photon index. The photon index error can be understood as a proxy of the finest
possible resolution. The lines show the fit of a parabolic function to the data points normalized to the first point. Right: integral sensitivity above 30 GeV as a function of
integration time for the spectrum of Cygnus X-1 [7], above 5 and 10 standard deviations threshold (see text). The shaded area represents a variation of 10% from the spectrum
of Cygnus X-1 during the 2007 flare.

confidence level. In that case, the observation of a flare as that reported in Cygnus X-1 would require exposures P15 min. Should
such a kind of flare happen again, the minimum timescale for a 5
standard deviations detection of a flare within 10% of the reported
spectrum from Cygnus X-1 is in the range of 2–3 min. However, in
order to have a spectrum determination, one can consider a 10 r
detection threshold. With this constraint, the minimum timescale
accessible is in the range of 8.5–12.5 min. This is shown in Fig. 8
right. The above estimates hold, provided that the responses of
the array are as stable as simulated for 30 minutes exposure and
that the timescales are probed a priori.
It is clear that CTA will be a powerful tool for the detection of
spectral variations in gamma-ray binaries. The statistical errors
we obtained for these simulations are nearly an order of magnitude
lower than the ones obtained with MAGIC in 2007, thus demonstrating the capability of CTA to deliver new and exciting science
in the following years.
4.4. Exploring the minimum detectable time delay between X-ray and
TeV emission in gamma-ray binaries
As stated in Section 4.2, the MAGIC collaboration reported on the
existence of a correlation between the X-ray emission and VHE
gamma-ray emission from the gamma-ray binary LS I +61 303
[42] (see however [84]). The electron cooling times owing to synchrotron, IC and adiabatic losses inside the system are expected
to be around a few thousand seconds (see, e.g. [91]). If there is a
time delay between the non-thermal emission at different bands
(e.g., X-ray and TeV) larger than the electron cooling time scale,
the emission from these bands would most likely have an origin
in different locations in the binary. The detection of such a delay
has been impossible with the current generation of IACTs, so here
we present a study of the capability of CTA for such a study. Furthermore, since CTA will operate together with a new generation of
X-ray telescopes, such as the Japanese X-ray telescope Astro-H, we
have done this study considering the capabilities of this new instrument. LS I +61 303 is the binary system selected for this study.
Based on the short X-ray flares from LS I +61 303 detected in
[86], we have chosen to model a Gaussian flare with a width of
1500 s. In the Chandra observations, these flares have a baseline
count rate of 0.35 s!1 and a peak of 0.8 s!1 , corresponding to unabsorbed energy fluxes of " 8 and " 19 times 10!12 erg cm!2 s!1 ,
respectively. We used these parameters to simulate the light curve
detected by Astro-H. Using the correlation between X-rays and VHE
gamma rays found in [42] and the tools for simulating the CTA response, we generate the corresponding VHE light curves of the

flare as seen by CTA array above 65 GeV in configuration I. We
have used a time binning of 600 s for both the CTA and the Astro-H light curves (LC), and studied positive delays of the TeV light
curve with respect to the X-ray light curve in the range 0 to 2000 s
in steps of 100 s. We show in the top panels of Fig. 9 the simulated
light curves corresponding to 500-s delay (left) and 1000-s delay
(right). In the middle panels of Fig. 9 we show the X-ray fluxes
as a function of the TeV fluxes in both cases. A low correlation coefficient is obtained due to a loop structure induced by the delay.
When the delay is 0 the average correlation coefficient is
r = 0.86#0.04.
To clearly detect such delayed correlations, we have used the ztransformed discrete correlation function (ZDCF), which determines 68% confidence level intervals for the correlation coefficient
for running values of the delay (see, e.g. [92,93]). We show in the
bottom panels of Fig. 9 the ZDCF in the case of 500-s delay (left)
and 1000-s delay (right). The detection of correlated signals is clear
in both cases. Since the VHE LC is generated from the X-ray one,
their errors are correlated and the scattering of one original (Xray) light curve affects the second one (VHE). To correct this problem we went through simulations: we started with 100 Astro-H LC.
With each of this 100 LC we produced 10 other X-ray LC by adding
a Gaussian noise to the original ones, for each simulated delay.
Then we simulated the corresponding VHE LC. At the end we
had, for each delay, a sample of 1000 pairs of LC. For each pair of
light curves we have calculated the ZDCF. To evaluate how significant is the measurement of a delay using the ZDCF we have fitted
Gaussian functions to the maxima of the ZDCF. At the end we have
1000 values of the peak for each simulated delay distributed
around the real delay (see Fig. 10). The measured delay is then calculated as the mean value of the distribution and its uncertainty is
the standard deviation. In Fig. 11 we show the measured delay as a
function of the simulated delay following the procedure described
above. Considering all possible uncertainties, delays of "1000 s can
be significantly detected at a 3r confidence level in simultaneous
light curves obtained with Astro-H and CTA. These results are, to
first order, independent of the duration of the short flares, as far
as they last longer than the binning. Overall, these results indicate
that CTA will allow us to localize and constrain the X-ray ant TeV
emitting regions of gamma-ray binaries and their properties.
4.5. Exploring the collision of microquasar jets with the interstellar
medium
To simulate the CTA response to the observation of MQ jet/ISM
interactions, we have used the theoretical predictions for a source
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Fig. 9. CTA simulations of LS I +61 303. Top left: X-ray and VHE light curves of a Gaussian flare with sigma of 1500 s and 500-s delay. Top right: same with 1000-s delay. Middle
left: X-ray flux vs. VHE flux for 500-s delay. Middle right: same with 1000-s delay. Bottom left: ZDCF for 500-s delay. Bottom right: same with 1000-s delay.

with a jet power of 1038 erg s!1 , a source age of 105 yr embedded in
a medium with particle density of 1 cm!3 [62]. Gamma-ray spectra
with Cph " 2:45 and Cph " 2:85 are derived from current theoretical models for the leptonic and hadronic contribution, respectively
[62,63]. We studied the CTA performance in 50 hours of observation time using the simulation tools for the B and E array configurations. Fig. 12 shows the obtained SED. The simulated flux is at a
level "1% of that of the Crab Nebula, although the steepening of the
spectrum at high energies would make it difficult to detect the
sources above a few TeV.
Regarding the extension of the emission as seen in gamma rays,
accelerated particles emitting at VHE do not have time to propagate to large distances since radiative cooling is very effective.
The emission will be mostly confined to the accelerator region itself. The emitter size may not largely exceed the width of the jet,
" 1 pc, in the reverse shock region. In the case of the bow shock,

although it may extend sideways for much larger distances, only
the region around its apex (" few pc) will effectively accelerate
particles up to the highest energies. The total angular size of the
emission from a source located 3 kpc away may then be K few
arcmin, and CTA would image a point-like source with only a marginal extension roughly perpendicular to the jet direction.
To resolve the TeV emission produced in the jet/medium interaction regions and disentangle it from the putative contribution
produced close to the jet base, the reverse/bow shocks need to
be located at a distance J 1019 cm. Although the precise location
of the interaction regions for a particular source can be difficult
to predict since they depend on the jet power and age and the
medium density surrounding the system, hot spots displaying
non-thermal emission at similar distances have been found, e.g.
in SS 433 [94]. Upper limits to the TeV emission from jet/medium
interaction regions have been already reported for some
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Fig. 12. CTA simulations of the emission from the MQ jet/ISM interaction regions. A
jet power of 1038 erg s"1 , a source age of 105 yr and a medium with a particle
density of 1 cm"3 have been used. The gamma-ray spectra of IC and relativistic
Bremsstrahlung and that of p–p interactions through p0 -decay for the adopted
parameter values are adapted from [62,63], respectively. Only the results from the B
array configuration are displayed, since they are very similar to those obtained with
the E array.

the angular resolution at the level of few arcminutes expected for
CTA. Possible fast diffusion of accelerated particles behind the
shocks would complicate further the situation.
4.6. Exploring the colliding winds of massive star binary systems

Fig. 11. CTA simulations of LS I +61 303. Measured time delay as a function of the
simulated delay. Delays as short as 1000 s can be significantly measured.

microquasars, e.g. Cygnus X-1 [49] and GRS 1915+105 [52]. However, clear evidences of non-thermal emission at the interaction
sites in those cases are still lacking (see, e.g. [95–97]).
Steady gamma-ray fluxes are predicted in jet termination regions. A constant flux pedestal level could be observed on top of
the orbital modulations expected from the central parts of the system for a wide range of orbital geometries and system inclinations
due to IC and pair-creation angle dependencies in their respective
cross-sections, and/or due to orbital variations of the accretion rate
in both hadronic and leptonic scenarios. We note that CTA may not
be able to separate the possible contribution coming from the reverse shock and the forward (bow) shocks. The shocked jet and
medium material are separated by the contact discontinuity, and
although the extent and relative position of it with respect to both
shocks is difficult to predict (see e.g. [98]), it may be too short for

We performed numerical simulations of the response of CTA for
a CWB like Eta Carinae. We based our simulations on the measurements of the energy spectrum of Eta Carinae (see top panel of
Fig. 1) by the Fermi/LAT [73] and the upper limits derived by the
H.E.S.S. Collaboration [99]. The spectrum between 0.1 and
100 GeV is best fit by a power law with an exponential cutoff plus
an additional power law at high energies. In the TeV range, Eta
Carinae has not been detected. In Fig. 13 (left) we show the Fermi/LAT data points and the H.E.S.S. upper limits in gray. From these
measurements, it seems that there must be a cutoff in the spectrum at high energies. For our simulations we assume exponential
cutoffs at E ¼ 100; 150; 200 GeV and test how well CTA could detect those. We produced simulations at increasing observation
times in order to study the minimal time required to detect the
source and to get a meaningful spectra with such CTA observations.
In Fig. 13 (left), we show the simulated energy spectra with different cutoffs as they would be measured by CTA. Simulations for 10
hours of observation time are displayed. To detect Eta Carinae, CTA
would need 2–10 hours of observations, depending on the energy
cutoff in the spectrum; together with Fermi/LAT data, it should be
possible to determine the cutoff energy using a combined fit. However, it would take a longer time to determine the cutoff energy
using CTA data alone. The minimum observation time needed to
significantly determine the cutoff energy, i.e. to distinguish between a simple power law and a cutoff power law, is established
using the likelihood ratio test for the two hypothesis. In Fig. 13
(right), we show the resulting significance that a cutoff power
law is a better fit to the data than a pure power law versus integration time for the different energies of the cutoff. For this study we
simulated 100 spectra for each cutoff energy and for different
observation times as shown in the plot. Taking 3r as a limit to distinguish between the two different spectral hypothesis, one can
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Fig. 13. CTA simulations of Eta Carinae. Left: Intrinsic and CTA simulated spectra after 10 hours of observation time with high energy cutoffs at 100, 150 and 200 GeV. Right:
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see that 20 hours are enough to detect the cutoff only if it is above
150 GeV. For a cutoff 6150 GeV, 30 to 50 hours are needed. From
our simulations, we can conclude that CTA observation times of
>15 hours are necessary to make meaningful physics interpretation and modeling, whereas >20 hours are necessary to precisely
measure the energy cutoff in the spectrum. A proper characterization of the highest energy cutoff will give important clues on the
acceleration efficiency of the source, which may be operating close
to the limit predicted by diffusive shock acceleration, and on the
nature of the radiation mechanism, either leptonic (IC) or hadronic
(proton-proton interactions). It is noteworthy that other colliding
wind binary systems hosting powerful WR and O stars may be also
powerful non-thermal emitters, as hinted by hard X-ray observations or WR 140 with Suzaku [100].
5. Summary and conclusion
The sensitivity of CTA will lead to a very good sampling of light
curves and spectra on very short timescales. It will allow as well
long source monitoring using subarrays, still with a sensitivity 2–
3 times better than any previous instrument operating at VHE
energies. In particular, it is noteworthy that CTA will reduce by a
factor of a few the errors in the determination of fluxes and spectral indexes. The high sensitivity and good angular resolution will
allow also for imaging of possible extended emission in gammaray binaries, expected at the termination of the generated outflows. The low energy threshold will also permit to study the maximum particle energy achievable in massive star binaries, trace the
effects of electromagnetic cascades in the spectra of gamma-ray
binaries, or catch the most luminous part of the spectrum in some
sources. Finally, under CTA the population of gamma-ray binaries
(and their different subclasses) may easily grow by one order of
magnitude, which will imply a strong improvement when looking
for patterns and trends, tracing the physical mechanisms behind
the non-thermal activity in these sources. For all this, CTA, either
in highly sensitive observations of the whole array, or under the
more suitable for monitoring subarray mode, will be a tool to obtain the required phenomenological information for deep and
accurate modeling of gamma-ray binaries. This can mean a qualitative jump in our physical knowledge of high-energy phenomena
in the Galaxy.
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a b s t r a c t
Surveys open up unbiased discovery space and generate legacy datasets of long-lasting value. One of the
goals of imaging arrays of Cherenkov telescopes like CTA is to survey areas of the sky for faint very high
energy gamma-ray (VHE) sources, especially sources that would not have drawn attention were it not for
their VHE emission (e.g. the Galactic ‘‘dark accelerators’’). More than half the currently known VHE
sources are to be found in the Galactic Plane. Using standard techniques, CTA can carry out a survey of
the region j‘j 6 60! ; jbj 6 2! in 250 h (1/4th the available time per year at one location) down to a uniform sensitivity of 3 mCrab (a ‘‘Galactic Plane survey’’). CTA could also survey 1/4th of the sky down to a
sensitivity of 20 mCrab in 370 h of observing time (an ‘‘all-sky survey’’), which complements well the surveys by the Fermi/LAT at lower energies and extended air shower arrays at higher energies. Observations
in (non-standard) divergent pointing mode may shorten the ‘‘all-sky survey’’ time to about 100 h with no
loss in survey sensitivity. We present the scientific rationale for these surveys, their place in the multiwavelength context, their possible impact and their feasibility. We find that the Galactic Plane survey
has the potential to detect hundreds of sources. Implementing such a survey should be a major goal of
CTA. Additionally, about a dozen blazars, or counterparts to Fermi/LAT sources, are expected to be
detected by the all-sky survey, whose prime motivation is the search for extragalactic ‘‘dark accelerators’’.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
Surveys constitute an unbiased, systematic exploratory approach; they favor discoveries of unknown source classes; they allow for scheduling ease and homogeneous data reduction; they
provide legacy datasets for future reference. Surveys of different
extents and depths are amongst the scientific goals of all major
facilities that are planned or in operation. This is particularly critical for observational domains that are opening up, such as very
high energy (VHE P 30 GeV) gamma rays, with wide scope for surprises. Indeed, the Galactic Plane survey carried out by HESS led to
the detection of dozens of sources, many of which were unexpected; among these, the dark accelerators, have no obvious counterparts at other wavelengths [1–3]. In high energy gamma rays
(HE P 30 MeV), the Fermi/LAT catalog [4] has a major impact on
our knowledge of the HE sky with statistical studies rendered
⇑ Corresponding author.
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possible for several classes of sources (blazars, pulsars, globular
clusters and normal galaxies), with HE emission associated with
unexpected objects (e.g. nova V407 Cyg), with "30% of the 1873
HE sources listed in the second catalog unassociated with known
objects [5].
Compared to previous imaging arrays of Cherenkov telescopes
(IACTs), surveys with CTA can only benefit from the increased sensitivity (detection of fainter sources), larger field-of-view (to study
multiple or extended sources), improved angular resolution (to
alleviate source confusion), broader energy range and better energy
resolution (to help determination of the source spectral energy distribution). Surveys provide an immense, if not necessary, service to
the research community in the context of an open observatory. Surveys constitute versatile datasets that enable the detection of unexpected sources and provide testing ground for new theoretical
ideas. Surveys are an indispensable tool to assist the community
in formulating open time proposals for in-depth studies.
Here, we review current work and perspectives on possible surveys with CTA, their advantages and drawbacks, their relationship
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with current state-of-the-art and their place in the multi-wavelength context. More precisely, we focus on two easily-defined
general purpose surveys that may serve as flagship projects for
CTA: a deep Galactic Plane survey and a more shallow, wider allsky survey (both being limited in practice by the fraction of the
sky accessible at zenith angle 6 60! from the chosen CTA sites in
the Northern and Southern hemispheres). The general scientific
objectives and multi-wavelength context are described in Section 2.
Simulations have been carried out to study the implementation
and achievable sensitivities of these surveys using the latest response files for CTA (Section 3). Their potential in terms of number
of detections to expect, based on the current knowledge of various
source populations, is then presented in Section 4. We conclude on
the strengths and limitations of both survey proposals.
2. Scope and motivation for CTA surveys
2.1. A CTA Galactic Plane survey
More than half of the currently known VHE sources are located
within a few degrees of the Galactic Plane: 69 are within jbj 6 2!
out of the 136 VHE sources listed in the TeVCat catalog1 (see
Fig. 1). The spatial density of VHE sources is greater close to the
Galactic Plane (56 sources with jbj 6 2! and j‘j 6 60! ), even if there
is a bias due to the larger exposure accumulated close to the Galactic
Plane. VHE Galactic sources are, but for a few exceptions (Galactic
Center, gamma-ray binaries, blazars), extended and non-variable
making a Galactic Plane survey an attractive solution to maximize
coverage and observing efficiency without losing sources.
The first Galactic Plane survey at VHE energies by an imaging
array of Cherenkov telescopes (IACT) was carried out by the HESS
collaboration [1]. The initial survey used 230 h of livetime to cover
j‘j 6 "30! ; jbj 6 3! (#0.9% of the sky). This survey led to the detection of 17 sources (including 3 previously known sources) with the
faintest ones having a VHE flux equivalent to #5% of that of the
Crab nebula (50 mCrab). The survey has now been extended to cover $90! < ‘ < 60! (#2.2% of the sky) with the detection of close to
50 sources and a sensitivity reaching 20 mCrab [6]. The current
Galactic Plane survey is estimated to be complete down to
#85 mCrab [7]. The total observing time reaches 1500 h i.e. about
1.5 years of available observing time. The Milagro collaboration
surveyed the region 30! < ‘ < 120! ; jbj 6 10! (#7.3% of the sky)
using 2300 days #6.3 years of observations with a water Cherenkov extensive air shower (EAS) array. In total, Milagro detected 8
sources above a median energy of 20 TeV, down to a sensitivity
#200 mCrab, some of which have an extension of several degrees
[8].
Galactic Plane surveys are well suited to IACTs given the limited
area to cover, as well as their lower energy thresholds and lower
confusion levels compared to EAS arrays. A ten-fold improvement
in sensitivity means that CTA, with an investment in time similar
to the initial HESS survey (250 h), can reach at least 5 mCrab over
a similar sized region of the Galactic Plane. Detailed simulations
show that a 3 mCrab sensitivity is achieved (Section 3). Such a sensitivity is equivalent to the deepest #100–200 h exposures that are
carried out by the current generation of IACTs on a few selected objects (e.g. the supernova remnant SN 1006). More than 300 sources
are expected at a sensitivity of 2 mCrab based on an extrapolation
of the current log N $ log S diagram for VHE Galactic sources [7]
(see Section 4.3 below). Half of the sources in the TeVCat catalog
are within 1.5! of the Galactic Plane. Few sources have been detected further away from the Plane by the HESS survey: one exception is HESS J1507-622 at b ¼ $3:5! [9]. The density of known VHE
1

See http://tevcat.uchicago.edu and http://www.mpp.mpg.de/rwagner/sources/.

Fig. 1. Known VHE sources as of July 2011 from the TeVCat catalog, plotted in
Galactic coordinates. The colored regions show the accessible sky from the HESS
(red) and Veritas/MAGIC (blue) sites. Point color identifies sources type: pulsar
wind nebulae (magenta), AGN (red), SNR (green), binaries (yellow), starburst
(orange), other identified (blue), unidentified (grey). The proposed CTA southern
sites (Argentina, Namibia) cover almost the same region of the sky as HESS. The
blind spots correspond to zenith angles > 50! . (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

sources also increases closer to the Galactic Center, favoring the
use of the CTA array in the southern site for such an exploration
(Fig. 1). Both proposed sites for the southern CTA array cover well
the central regions of our galaxy. However, a full exploration of the
Galactic Plane requires both southern and northern array.
A CTA Galactic Plane survey would give access to dozens of
supernova remnants (SNRs) and pulsar wind nebulae (PWNe) with
no pointing a priori [10,11], enabling the first population studies of
these objects at VHE (e.g. LVHE vs SNR age or vs pulsar power). Such
a dataset can be used to search for emission from cosmic ray interaction with molecular clouds, stellar clusters, dark accelerators or
binaries (with the caveat that the latter are variable). Once the
most promising sources have been identified, dedicated pointed
observations can be requested for detailed spectro-imaging or variability monitoring [12–14].
2.2. A CTA all-sky survey
All-sky VHE surveys are well suited to water Cherenkov extensive air shower (EAS) arrays that observe the whole sky with high
duty cycles. Large surveys with IACTs are hampered by the low
observation duty cycle (night time and moonlight constraints)
and limited field-of-views (few degrees). The Milagro and Tibet
air shower arrays have carried out a survey for sources in the
Northern hemisphere down to an average sensitivity of 600 mCrab
above 1 TeV [15,16]. The HAWC project aims for a sensitivity to 1
Crab sources in a day (50 mCrab in a year), a median energy around
a TeV and a 1! angular resolution.2 EAS arrays have lower angular
resolution (# 1! ), higher energy thresholds (P1 TeV) and are less
sensitive than IACTs. Yet, because of their high duty cycles and large
field-of-views, EAS arrays remain irreplaceable tools to study the
transient VHE sky. Still, with an increased sensitivity and larger
field-of-view compared to the current generation of IACTs, a largescale CTA survey would bring improvements in survey depth, energy
threshold and angular resolution over the HAWC map even with a
moderate investment in time.
For an IACT, a quarter of the sky (104 square degrees) is accessible when keeping only zenith angles < 60! to ensure an energy
threshold 6100 GeV. Assuming each pointing has a useable fieldof-view of 5! (about 20 square degrees) then a survey of the whole
accessible sky needs about 500 different pointings. The CTA design
reaches a sensitivity of 20 mCrab at 5r significance level in 30 mn
2

HAWC website at http://hawc.umd.edu/.
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[17]. Hence, a quarter of the sky could be reasonably surveyed
using about a quarter of the observing time in a year (250 h) down
to a level of 20 mCrab, equivalent to the flux level of the faintest
AGN currently detected at VHE energies (see Section 3.2 for a discussion of the feasibility). The northern CTA site, with more
emphasis on a low energy threshold, would be well suited to survey the extragalactic sky and detect faraway VHE sources, which
are significantly affected by gamma-ray absorption on the extragalactic background light (EBL). However, both southern and northern sites are required for access to the whole extragalactic sky.
Such an ‘‘all-sky’’ blind survey has never been done by Cherenkov arrays and would improve over current or planned VHE surveys of comparable extent in area. Key scientific questions that
such a survey could impact include a census of VHE emitting Active
Galactic Nuclei (AGN), looking for emission from radio galaxies
cores, kpc jets, low luminous AGN or nearby galaxies. Blind surveys
avoid possible biases (with the caveat that highly variable sources
may be missed). For instance, there are blazars such as 1ES
0229 + 220 that are detected by current IACTs but not by Fermi/
LAT. The number of such sources, which bring important constrains on the intergalactic magnetic field strength [18], is expected to increase with CTA. Most importantly, such a survey
could uncover new, unsuspected classes of extragalactic VHE
sources (dark accelerators). Such a survey could constrain the density in the Galactic halo of cloudlets, cold and dense clumps of
material that may constitute a sizable fraction of baryonic matter,
which are mostly invisible but for their gamma-ray emission from
cosmic ray interaction [19,20]. Blind search for annihilation in dark
matter subhalos of the Milky Way [21] can be performed without
any a priori association with an astrophysical object (dwarf galaxy,
Galactic Center). Conservative estimates [22] show that a 1/4th sky
survey could obtain the best constraints on dark matter in the TeV
regime, with a sensitivity to the natural value of the annihilation
cross section for thermally-produced dark matter. Diffuse emission
can be probed on scales of several degrees, constraining the distribution of cosmic rays in our Galaxy, notably the presence of a
Galactic wind [23,24]. The survey could be correlated with allsky maps obtained by ultra-high energy cosmic ray and high energy neutrino experiments. Localized anisotropies in the arrival
directions of multi-TeV charged particles [25–27], could also be
investigated. Limits on this program are that the sensitivity to diffuse emission declines with source size and the angular scales that
can be probed cannot be much larger than the field-of-view because of background uncertainties.
2.3. Multi-wavelength context
There are 1873 sources in the second Fermi/LAT catalogue corresponding to an average of one HE source per 20 square degrees
i.e one in every CTA field-of-view. Hence, CTA survey observations
at VHE nicely complement the HE Fermi/LAT observations. Indeed,
a targeted survey to Fermi/LAT sources is an alternative to a blind
all-sky survey, albeit one that introduces biases (see Section 4.2).
The one year Fermi/LAT point source sensitivity is
P 10!12 erg cm !2 s!1 around 1 GeV. Diffuse emission in the Galactic Plane worsens the sensitivity at low energies by a factor as large
as " 10 near the Galactic Center. The limiting flux in the second
Fermi/LAT catalogue is 5 # 10!12 erg cm !2 s!1 [5]. Above 30 GeV,
the sensitivity is P 10!11 erg cm!2 s!1. Any CTA survey would go
deeper than Fermi/LAT above " 50 GeV, even taking into account
that Fermi/LAT could have accumulated nearly 10 years of observations of the HE sky by the time CTA enters operation (Fig. 2). The
number of Fermi/LAT sources detectable by CTA based on an
extrapolation of their HE spectra is discussed below (Section 4.2).
CTA surveys would also complement all-sky X-ray monitoring by
MAXI, which associates degree angular resolution to mCrab
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Fig. 2. CTA surveys in their multi-wavelength context. The orange region corresponds to the Fermi/LAT differential sensitivity after 10 years of observations, in the
Galactic Plane (upper envelope) and outside the Galactic Plane (lower envelope).
The yellow region corresponds to the HAWC sensitivity2 after 1 and 5 years. The
CTA sensitivity region corresponds to pointings of one (upper envelope, also
comparable to the sensitivity achieved in the HESS Galactic Plane survey) and 10 h
(lower envelope), illustrating achievable sensitivities for the all-sky and Galactic
Plane surveys Boxes show roughly the sensitivity of other surveys covering at least
25% of the sky. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

sensitivity (in one week) in the 0.5–30 keV range, and LOFAR in
the low frequency radio bands.
Fig. 2 shows how the proposed CTA surveys complement other
wide area surveys across the electromagnetic spectrum. For a given
instrument, the sensitivities depend on many parameters including wavelength, pointing direction, extension etc. They have been
roughly translated as boxes in a mF m diagram: this plot does not
claim to provide a highly accurate view of the respective sensitivities. For example, the LOFAR box corresponds to a survey sensitivity of 0.1 mJy from 15 MHz to 200 MHz. The HAWC integrated
point source sensitivity is for one year and five years (HAWC website). The Fermi/LAT box covers the 10-year point source integrated
sensitivity within the Galactic Plane (upper envelope), where diffuse emission is strong, and outside the GP (bottom envelope)
[28].3 The upper envelope of the CTA region assumes a sensitivity
"20 mCrab, achievable for the all-sky survey. Note that this limit
corresponds roughly to the sensitivity of the HESS Galactic Plane survey [29]. The bottom solid line assumes 10 h per pointing, achievable
for the Galactic Plane survey. CTA surveys bring significant improvements and probe mF m fluxes comparable to the best X-ray or IR allsky surveys.
Fig. 2 can be compared to the typical spectral energy distribution (SED) of various types of objects to investigate the best wavelengths and strategies for detection. A pulsar wind nebula 50 times
fainter than the Crab would be detected in the CTA Galactic Plane
survey yet would be missed by HAWC or Fermi/LAT. A SNR like
RX J1713.6–3946 is detectable in the Galactic Plane survey essentially anywhere in the Galaxy but the faintest are missed by other
gamma-ray instruments. However, a faint SNR such as SN 1006 is
barely detected in the Galactic Plane survey. A gamma-ray binary
like HESS J0632 + 057 can be detected at close to 10 times fainter
fluxes (3 times further away) in the Galactic Plane survey (with
the caveat that the source is known to be variable on yearly

3
The curves have been derived from http://www.slac.stanford.edu/exp/glast/
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
groups/canda/lat_Performance.htm assuming a time scaling.
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timescales). Interestingly, such an object would not be detected in
surveys at any other wavelength: CTA is the prime instrument to
discover such sources. Comparing to the blazar sequence SEDs,
the all-sky survey is most interesting for the extreme-peaked blazars which have very hard, faint fluxes in the Fermi/LAT range.
Again, CTA is the instrument of choice for discoveries, with VHE
observations drawing attention to candidate AGNs that may otherwise escape notice [30]. A detailed study is presented in
Section 4.1.
3. Survey feasibility, performance and implementation
The feasibility, performance and implementation of the proposed CTA surveys depends on several technical issues: the array
configuration, field-of-view, the off-axis performance, the sensitivity to point sources and extended sources, the pointing mode, the
operational mode (full array vs sub-array), etc. Particularly critical
numbers are the field-of-view (> 5! ) and sensitivity (< 10 mCrab
for 5r in one hour). We report here on the detailed studies that
have been carried out to quantify the sensitivity using the latest
CTA responses. The responses are calculated for various array configurations differing in the number, size and position of the telescopes and labeled by letters A, B, C, etc. The Monte Carlo
simulations and array configurations that lead to the CTA responses used here are described elsewhere in this volume.
3.1. Simulation tool
The evaluation of different survey strategies and their achieved
source sensitivity was done in a realistic way, by taking into account the anticipated CTA performance as well as the requirements
of the data analysis stage. For that purpose, we used the ctools, a
set of tools built from GammaLib, an open-source C++ library that
contains all the functionalities needed for the high-level analysis of
astronomical gamma-ray data.4 In our simulations, CTA is defined
by its energy-dependent effective area, point-spread function and
instrumental background. These were taken from the Monte-Carlo
studies of the configuration E for most cases, but we also assessed
alternative array configurations and subarrays of a few telescopes.
We used the instrument response functions (IRFs) optimized for
50 h observation time in most cases, except for the all-sky surveys
where short exposures of 30 mn/1 h are involved; in the latter case,
the sensitivities were computed with the IRFs optimized for 30 mn.
We also tested 5 h IRFs for the Galactic Plane survey, finding differences of less than 1 mCrab in computed sensitivity. We kept 50 h
IRFs for ease of comparison with other studies. The dependence of
the background and effective area on the off-axis angle was assumed
to be Gaussian in off-axis angle squared, with a standard deviation
rFoV ¼ 3! (where FoV stands for Field-of-View). This is a good
approximation of the Monte Carlo simulation output for configuration E and energies around 1 TeV, where the array is most sensitive.
However, this is an over/underestimate at 0.1/10 TeV (respectively)
because of the dependence of acceptance on energy and the different
fields-of-view of large/small-sized telescopes. In configuration E,
large-sized telescopes (most important at low energies) have
hFoV ¼ 4:6! , medium-sized telescopes have hFoV ¼ 8! and small-sized
telescopes (most important at high energies) have hFoV ¼ 10! . Configuration I, which also has a balanced sensitivity across the whole energy range, uses medium-sized telescopes with the same field-ofview but more small-sized telescopes with hFoV ¼ 9! . Configuration
E should be representative although other configurations may have
slightly different values of rFoV , a key parameter of this study.
Regarding the point-spread function, any off-axis angle dependence
4

see http://cta.irap.omp.eu/ctools/.

has been ignored in this study, which may result in an overestimation of the angular resolution of up to a factor of 2 at the edge of
the field-of-view.
For a specified pointing strategy (layout and observing time)
and source model (position, shape, and flux), mock datasets were
generated that consist of background and source events defined
by their reconstructed energy and direction. No astronomical visibility constraints have been applied. Hence, the effects of the
pointing zenith angle are not taken into account and only IRFs
determined for a zenith angle of 20! were used. This implies
slightly optimistic values for the effective areas or PSF compared
to the average values that would be obtained in a real implementation, where observations would be taken with larger zenith
angles.
The source contribution only comes from discrete sources and
no Galactic diffuse emission was input at this stage. These observations were then analyzed by model-fitting using a maximum likelihood procedure for unbinned data. The Monte-Carlo spectrum for
the background is fitted to the data simultaneously to a convolved
model for the source, and this provides measurements for the
source flux, index and extent. The sensitivity over the surveyed
area for a given pointing strategy was determined iteratively by
adding a test source in the field and finding for that position the
source flux that leads to a 5r detection, defined by the obtention
of a Test Statistic (TS) >25. In the process, only the source flux
was fitted. All other properties like spectral index, position, and
shape were fixed at their true values; this means that our sensitivity estimates are slightly optimistic. The results presented thereafter correspond to the 100 GeV–100 TeV energy range, and are
expressed in terms of flux density at 0.3 TeV relative to the Crab.
For a test source spectral index C = 2.5, which is what we used in
most cases, this is an actual scaling in integrated flux (assuming
the Crab spectrum is a single power-law spectrum with C = 2.5).
3.2. Evaluation of survey pointing strategies
We examined two survey strategies to cover a given area of the
sky: a single row of pointings (e.g. Galactic Plane survey) and multiple evenly-spaced rows of pointings (e.g. wide area ‘‘all-sky’’ survey). For the latter option, the tiling motif is an equilateral triangle
(Fig. 3). Hence, the grid is uniquely characterized in both cases by
the angular step between adjacent pointings.
For the Galactic Plane survey, the objective is uniform sensitivity over the longitude range #60! 6 ‘ 6 60! using a total observing
time of 240 h ($1/4th observing time in one year of operations at
one CTA site, and equivalent to the initial HESS Galactic Plane

Fig. 3. Tiling strategy for surveys: single row for Galactic Plane (top) or equilateral
triangles for ‘‘all-sky’’ (bottom).
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survey). This area of the sky is fully accessible from the proposed
southern sites for CTA (Fig. 1). We searched for the optimal longitude step in between pointings, for a single row of pointings
aligned along the Galactic plane at b ¼ 0" . Fig. 4 shows the 5r sensitivity obtained in and slightly off the plane for various steps (the
longitude range of the plot is restricted for simplicity). A sensitivity
of 3 mCrab is reached within jbj 6 1" for all steps 6 4" . Steps larger
than that lead to inhomogeneous coverage along the plane, with
systematic sensitivity fluctuations of about an order of magnitude
for a step of 6" . The superposition of circular FoVs also leads to
increasingly inhomogeneous coverage off the plane as the step gets
larger. For steps up to 2" , the sensitivity decreases with latitude,
reaching 7 mCrab at b ¼ 2" , but remains quite uniform at any given
latitude. For larger steps, the sensitivity exhibits significant variations with longitude off the plane, preventing a uniform coverage
beyond 1" in latitude.
The number of pointing directions increases with decreasing
step size. The sensitivity along the plane at b ¼ 0" is the same in
all cases but the exposure time required for each pointing direction
changes with step size. For spacings of 1" , 2" , 3" , or 4" , this implies
120, 60, 40, or 30 pointings of 2 h, 4 h, 6 h, or 8 h each, respectively.
A value of 2" appears as a good compromise between latitude coverage and number of pointings. A two-row strategy with a spacing
of 3" is an alternative for the Galactic Plane survey. It provides a
more uniform coverage in latitude, at the expense of a reduced
sensitivity in the midplane. As an example, a double-row survey
with a spacing of 3" and a total time of 240 h gives a sensitivity
ranging from 4 mCrab in the plane to 5 mCrab at b ¼ 2" , to be compared with a sensitivity ranging from 3 mCrab in the plane to
7 mCrab at b ¼ 2" for a single-row strategy with a spacing of 2" .
The double-row strategy requires more pointings (80 instead of
60 in this specific case). The number of currently known sources
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drops rapidly with latitude, most being within 1" , which tends to
favor the single-row strategy with high mid-plane sensitivity. On
the other hand, an extended latitudinal coverage may help for
background subtraction, as it provides more off observations.
The same analysis was performed to find the optimal 2D grid
for a wide-area survey, using IRFs appropriate for 30 mn exposures. Steps 6 2" were found to provide nearly uniform coverage,
while systematic sensitivity variations appear for greater step
sizes because of the non-overlap of the circular FoVs. Quantitatively, for pointings of 1 h each, steps of 1" lead to average sensitivities over the field of about 3 mCrab with deviations of #4%. The
sensitivities for steps of 2" , 3" , 4" , or 5" are 6 mCrab, 10 mCrab,
14 mCrab, or 24 mCrab with deviations of 3%, 12%, 9%, or 47%,
respectively. Using pointings of 0.5 h each, the typical duration
of an IACT run, gives average sensitivities for steps from 1" to 5"
of 5 mCrab, 9 mCrab, 15 mCrab, 22 mCrab or 36 mCrab with the
same deviations as before. These results show that pointing steps
P 5" would not provide a homogeneous sampling of the sky. If
sensitivity variations at the 10% level can be considered as acceptable, a uniform survey of about 1/4th of the sky can be done at the
22 mCrab level (P 100 GeV) with a 4" evenly-spaced grid of about
740 pointings of 0.5 h each (370 h compared to the 1000 h available in a year of operations). We find that the sensitivity above
1 TeV is somewhat better (38 mCrab) than the HAWC one-year
sensitivity above the same energy threshold (50 mCrab). A CTA
all-sky survey offers better angular resolution and a much lower
energy threshold, a major advantage for extragalactic sources,
which tend to be soft. On the other hand, the CTA all-sky survey
cannot be expected to offer much variability information because
each position on the sky is visited a couple of times at most (see
Fig. 4). HAWC remains the instrument of choice to explore the
variable and transient sky.

Fig. 4. Sensitivity along longitude ‘ to a point source with spectral index C = 2.5 over the 100 GeV–100 TeV range, for simulated 240 h Galactic plane single-row surveys with
different pointing steps. Solid, dashed, and dot-dashed lines correspond to the sensitivity at latitudes b of 0, 1, and 2" , respectively.
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3.3. Effect of spectral index and source size
The sensitivities given so far hold for point sources with a spectral index C = 2.5 integrated over the 100 GeV–100 TeV energy
range. Since TeV sources such as SNRs and PWNe are expected to
have a distribution in spectral index and size, we investigated
the effect of these parameters on the anticipated sensitivities. We
performed that study for the two survey strategies identified above
as promising scenarios: a single-row Galactic Plane survey with a
2! spacing and 60 pointings of 4 h each (giving an effective exposure time " 8 h at each location on the sky), and a multiple-row
all-sky survey with a 4! spacing and 740 pointings of 0.5 h each
(giving an effective exposure time " 0.5 h per location). Only the
flux of the test source is fitted, while all other source parameters
are fixed to their true values.
For the Galactic Plane survey, the sensitivity to a point source
with C = 2.0, 2.5, or 3.0 is about 1 mCrab, 3 mCrab or 5 mCrab
respectively. For the all-sky survey, the sensitivity as function of
C becomes 10 mCrab, 22 mCrab and 25 mCrab (respectively). The
higher sensitivity to hard sources is due to the combined effects
of lower instrumental background, sharper point-spread function,
and larger effective area at higher energies. For the Galactic Plane
survey, the sensitivity to a source with C = 2.5 and a disk-like uniform intensity distribution of radius 0.0!, 0.1!, 0.2!, or 0.3! is
3 mCrab, 5 mCrab, 9 mCrab, and 12 mCrab (respectively). The
numbers for the all-sky survey are 22 mCrab, 28 mCrab, 42 mCrab,
and 58 mCrab (respectively). This comes from the signal being
increasingly spread in the instrumental background.
3.4. Surveys with subarrays
The large number of individual telescopes involved in CTA can
provide important flexibility in operation and the ability to pursue
several scientific objectives in parallel by using subsets of the entire array. We assessed the survey performances of several subarray configurations5 studied by the Monte-Carlo group: s4-1-105,
s4-2-120, s9-2-120, and s3-3-260. The first and last ones can be exactly implemented in array configuration E, but the other two cannot
and were considered only to see the impact of using subarrays of
medium-sized telescopes only.
The energy-dependent effective area, on-axis point-spread
function and instrumental background for each subarray were obtained from the Monte-Carlo studies. The off-axis dependences are
the same as those assumed above for the entire array E. We
emphasize again that this approximation needs to be improved
at low/high energies, especially when using only large/small telescopes. In the context of surveys with subsets of telescopes of
the same kind, this means that the pointing step and duration
should be adjusted for each subarray (for instance, large-sized telescopes with a small field-of-view may require a smaller step to get
a uniform sensitivity coverage).
We simulated a survey of the Galactic Plane with the strategy
outlined in the previous subsection using different subarrays.
Fig. 5 shows the integrated sensitivities above a given energy
achieved for each array/subarray along the Galactic Plane. These
hold for a point source with spectral index C ¼ 2:5. The integrated
sensitivity above 100 GeV is lower by a factor of 2 ("6 mCrab) when
using only the 4 large-sized telescopes (s4-1-105) instead of the full
array E. The sensitivity loss worsens as the threshold energy increases since the subarray lacks the small-sized telescopes that provide high-energy sensitivity. Note that surveys with this subarray
5
In the subarray designations, the first number refers to the number of telescopes
in the subarray, the second to the type of telescope – 1 for LST, 2 for MST, 3 for SST –
the last number is the separation in meters between telescopes, e.g. s4-2-120 is a
HESS-like configuration of 4 medium-sized telescopes with a separation of 120 m.

Fig. 5. CTA integrated sensitivity to a point source at b ¼ 0! with spectral index
C ¼ 2:5 in a 240 h survey of the Galactic Plane using either the full array in
configuration E or subarrays. The integrated sensitivity is given as a function of the
threshold energy.

are likely to require a much greater number of pointings than assumed here to cover the same area because of the narrower FoV
of large-sized telescopes (4:6! compared to 8! for the medium-sized
telescopes). Using only 3 small-sized telescopes (s3-3-260) leads to
a sensitivity drop by at least 20 compared to the performance of the
full array, at a level of 70 mCrab at best. A HESS-like array of 4 medium-sized telescopes (s4-2-120) provides a sensitivity of about
10 mCrab above 100 GeV, and this decreases to 6 mCrab for 9 medium-sized telescopes (s9-2-120). In both cases, the sensitivity difference compared to array E remains approximately constant over
the energy range considered here. However, the angular resolution
of a subarray is not as good as that of the full array (68% containment radius of " 0:08! for subarray s4-2-120 compared to about
0:05! at 1 TeV for the full array E), which may worsen the issue of
source confusion in the Galactic Plane (Section 4.3).
3.5. Surveys in divergent mode
An alternative strategy for a survey with CTA is to move from
convergent to divergent pointing of the telescopes. Considering a
$25 medium-sized telescope subarray, the angles between telescope pointing directions can be adjusted such that a 20! % 20!
patch of sky can be covered with an average of 2–3 telescopes
observing a given event. This situation can be approximated by
considering the sensitivity of the HESS-like subarray s4-2-120
(the sensitivity is essentially set by the telescope multiplicity)
but with uniform exposure over a 20! % 20! FoV. The small-sized
telescope array could be used to cover the same FoV with increased
telescope multiplicity, or covering a wider FoV due to the increased
number and FoV of the telescopes. For the large-sized telescopes
only a modest increase in sky coverage is possible due to the small
number of telescopes. Toy model simulations suggest that the
overall survey depth achieved by CTA is rather flat as a function
of the degree of divergence. This mode sacrifices precision, the energy and angular resolution are comparable to HESS, for instantaneous sky-coverage.
The large area surveyed with each pointing of the array greatly
helps an all-sky survey. Assuming the sensitivity of the s4-2-120
subarray, an exposure duration of "4 h is required to reach about
20 mCrab over 100 GeV–100 TeV for a source with spectral index
2.5. To cover 1/4th of the sky, about 25 pointings of the 20! % 20!
enlarged FoV are required, which makes a total of about 100 h. This
is nearly 4 times less than the total time for convergent pointing
with the full array E at the same sensitivity of 20 mCrab
(Section 3.2). The time to complete the survey is smaller in
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divergent mode as long as each pointing covers more than
10! " 10! uniformly with the s4-2-120 subarray sensitivity, a goal
that appears quite achievable using a dozen mid-sized telescope
with a FoV of 8! . A large extension in latitude b is not required
for the Galactic Plane survey (see Section 2.1). In this case, pointings diverging only in longitude could be considered instead of
divergent pointings covering a 20! " 20! patch. However, the gain
in observing time compared to successive convergent pointings
may not be as great for such a unidimensional survey.
Divergent mode also appears promising in the search for transient phenomena. The successive visits required to build up sensitivity in a targeted patch of extragalactic sky provide chances to
detect sources flaring at P 60 mCrab, based on the sensitivity for
detection of a point source in a single visit. The visits can be spread
out to probe various timescales. For example, four visits can be divided into two visits per night on consecutive nights to probe hour
to day timescales. Two additional visits can be scheduled the following week and another two the following month, allowing for
detection of variability on longer timescales while ensuring the total number of visits (8) is sufficient to reach the survey sensitivity
goal for steady sources. Such a program is observationally feasible
in principle, although we have not studied in detail its practical
implementation.
Divergent pointing offers clear advantages in terms of variability studies and investment in observing time. However, divergent
modes require non-standard analysis with possible complications
to e.g. background estimation since each telescope observes a
slightly different direction on the sky. Further studies are being
carried out to assess precisely the potential of this observing mode.
4. Source population accessible in surveys
The rationale for surveys depends largely on the ability of the
observations to cover known populations of sources. Several studies have been carried out to quantify the numbers of detections expected from surveys for different populations, extrapolating from
current knowledge: the population of blazars in the extragalactic
sky (Section 4.1), the overall population of Fermi/LAT sources (Section 4.2), the population of SNRs and PWNe in the Galactic Plane
(Section 4.3). A full simulation of the CTA Galactic Plane Survey
was carried out and is discussed in Section 4.4. The blazars and Fermi/LAT sources have been considered as point sources for CTA. Spatially-extended VHE emission has been taken into account for the
Galactic sources.
4.1. Blazars in a wide area survey
Blazars are the dominant population in the extragalactic gamma-ray sky: almost all of the extragalactic sources detected by
EGRET and Fermi/LAT are blazars [31,32]. Current IACTs have already found more than 40 blazars out of 100 VHE sources, up to
a redshift z ¼ 0:536. The number of VHE blazars and maximum detected redshift will increase with CTA. A population study of VHE
blazars with CTA would provide keys to understanding AGN populations, high-energy phenomena around supermassive black holes,
the cosmological evolution of AGN and the extragalactic background light (EBL) [33].
The prospects for future blazar surveys by CTA are considered
here. To evaluate the potential of surveys for such studies, we
use a model of the blazar gamma-ray luminosity function and
spectral energy distribution (SED) to predict the expected number
and distributions of physical quantities of VHE blazars in a future
CTA sky survey. We use the new blazar luminosity function presented in [34,35], which takes into account the blazar SED
sequence [36,37] and is in agreement with the EGRET and Fermi/
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LAT data [35,38]. Standard cosmological parameters are adopted,
ðh; XM ; XK Þ ¼ ð0:7; 0:3; 0:7Þ.
Following [35], we consider the case for a blind sky survey (allsky survey) and a targeted survey (e.g. to Fermi/LAT-selected targets, see also Section 4.2 below). The dependence of source counts
on the key parameters of the survey — Field-of-View (FoV), observing time per FoV, tFoV , total observing time, t obs — is analytically
estimated as follows. The total source counts Nð> FÞ above a certain flux limit F is given as

Nð> FÞ ¼ N 0

! "n
F
" Aobs ðtobs Þ;
F0

ð1Þ

where N 0 is the expected cumulative source counts per one square
degree down to a flux limit F 0 ; n is the slope index of the cumulative
source distribution, and Aobs ðt obs Þ is the total survey area given by

Aobs ðt obs Þ ¼ AFoV

tobs
;
tFoV

ð2Þ

2
where AFoV ¼ phFoV
=4 and hFoV is the FoV in degrees.
When the flux limit depends on the inverse square root of tFoV ,
Eq. (1) can be rewritten using a reference flux limit F 0 for observing
time t0 as

N½> FðtFoV Þ' ¼ N0
/ tobs h2FoV tFoV

!
"(n=2
t FoV
h2 t obs
" p FoV
t0
4 t FoV

ð3Þ

:

ð4Þ

(ð1þn=2Þ

When sources are uniformly distributed in the Euclidean universe,
n ¼ (1:5. Then,

N½> FðtFoV Þ' / tobs h2FoV t(0:25
FoV ;

ð5Þ

clearly showing the importance of as large a FoV as possible and
favoring a shallow survey to cover as wide an area as possible within a limited observing time.
Fig. 6 shows the cumulative source count distributions in the entire sky above five energy thresholds (30 GeV, 100 GeV, 300 GeV,
1 TeV, and 10 TeV) from more detailed calculations [35]. The model
predicts *800 blazar detections with Fermi/LAT, which agrees well
with observed numbers (see [39] and Section 4.2). The expected
detections for a follow-up of these Fermi/LAT blazars (a targeted
survey instead of a blind survey) is also shown. Absorption of blazar
spectra by the EBL was taken into account using [40]. For high limiting fluxes there is little difference in count numbers between allsky and targeted surveys. An all-sky survey is favored over a targeted survey in terms of number of detections as the limiting flux
gets closer to the 5r/50 h limit, but such an exposure is unrealistic
for a wide survey limited in time. However, even if the number of
detections is similar, note that blind surveys and targeted surveys
are not sensitive to the same classes of sources (e.g. the case of
1ES 0229 + 220 discussed above).
Table 1 show the expected source counts with 250 h of total
observing time for 0.5 h (total survey area 19000 sq. degrees),
1.0 h (9600 sq. degrees), 5 h (1900 sq. degrees), and 50 h (190 sq.
degrees) per FoV in the case of 7! FoV and array configuration I.
Sensitivities for various observational time per FoV are calculated
by using internal CTA tools. Serendipitous discoveries of blazars
are favored by wider, shallower surveys. CTA can be expected to
detect * 20 blazars with a 250 h blank survey.
4.2. Fermi/LAT sources with CTA
The Second Fermi/LAT catalog (2FGL) represents the most complete list of sources in the GeV sky to date. To assess the potential
of CTA surveys, the reported 2FGL spectral parameters for the 1873
sources were extrapolated to the very high energy range (15 GeV –
300 TeV). We used the integral flux from 1 to 100 GeV in

324

G. Dubus et al. / Astroparticle Physics 43 (2013) 317–330

Fig. 6. Expected cumulative source counts as a function of the integral gamma-ray flux of VHE blazars. The five panels correspond to different photon energies, as indicated in
the panels. Green curves correspond to a blank field all-sky survey, blue curves for a follow-up of Fermi blazars (assuming a Fermi/LAT sensitivity limit of
3 & 10!9 photons cm!2 s!1 above 100 MeV). The horizontal thin solid line is the total expected number of blazars above the Fermi/LAT sensitivity. Solid curves include EBL
absorption, dashed curves do not. The CTA 5r, 50 h detection limit with array E is also shown. The blue solid curve in the panel of 10 TeV is shifted upward artificially by a
factor of 1.2 for the purpose of presentation, because the blue solid and green solid curves totally overlap with each other. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Expected blazar source counts for CTA all-sky survey (total time 250 h) with
sensitivity of array I assuming a FoV of 7$ and various energy thresholds.
Area (deg )
Exposure (hr/FoV)

19000

9600

1900

190

0.5

1

5

50

>30 GeV
>100 GeV
>300 GeV
>1 TeV

26
25
14
4.3

19
18
9.1
2.9

7.5
7.2
4.0
1.2

1.7
1.7
0.87
0.28

2

ph cm!2 s!1 units (F1000) and spectral index ðCÞ furnished by the
2FGL catalog. For each individual source, we adopt the corresponding power-law or LogParabola parameters prescribed in [5]. Once
the extrapolated flux is fixed, it is weighted with the simulated
CTA effective area for different telescope configurations. Actual statistical significances were calculated using Eq. 17 in [41], assuming
N on (on region) to be the number of source photons plus the number of photons from the background, N off fixed at the background
rate (off-region) and the number a given by the ratio of the sizes
of the two regions, the ratio of the exposure times and the respective acceptances. For simplicity, 5 off-regions for each on-region
observation and a 5% systematic error were considered [17]. A
detection must exceed a significance above 5r and a signal over
5% of the background.
Galactic Surveys. For Galactic sources, we consider all associated/unassociated sources at low Galactic latitude (jbj < 2$ ). The
Galactic sample includes high-mass binaries, supernova remnants
(SNRs), pulsar wind nebulae (PWNe) and unassociated sources.
Throughout, we have excluded sources listed in the Second Fermi/LAT AGN Catalog [39] and highly variable unidentified sources

(with a Fermi/LAT Variability Index (VI) greater than 41.6, as described in the catalog) in order to strictly collect bona fide or potential Galactic sources. This strategy resulted in a total of 196
tentatively tagged sources in the Galactic category at jbj < 2$ .
Repeating the exercise for sources at jbj < 5$ increases the initial
sample to 297. Given the limited spatial information from the
2FGL, we model the entire sample as point sources. The key variable to consider is the time employed per pointing. Fig. 7 shows
that P 70 2FGL sources (or 35% of the initial sample) are detected
by CTA with exposure times of 5 h or more when using full-array
configurations (B, D, E or I). The performance of smaller subsets
of the array (s4-2-120 and s9-2-120 with 4 and 9 medium-sized
telescopes, respectively) has also been considered. While not as
effective as a fully dedicated array, the fraction of detected sources
remains significant (Fig. 7). One option would be to use large-sized
telescopes for extragalactic sources (which tend to have soft spectra) and small/medium-sized telescopes for the Galactic Plane
sources (which tend to have hard spectra). Although this is not
possible within a survey strategy, note that up to % 50% of the
2FGL sample of Galactic sources are within the reach of CTA, using
exposure times as long as 50 h/source (Table 2). The best array configurations for this are B and E. With the observed Fermi/LAT source
density in the Galactic plane (jbj < 5$ ) and a 25 square degree FoV
gives an average of 2 sources per field, a total of 4000 h would be
needed to complete a targeted survey returning 50% of the Fermi/
LAT Galactic catalog.
Extragalactic Surveys. In the case of extragalactic sources, we
consider a subset of 561 Fermi-labeled extragalactic sources [33].
For the latter, the extrapolated VHE spectra were attenuated using
current estimations of the EBL absorption as a function of redshift
[40]. For nearby hard sources C < 2, a straight extrapolation could
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4.3. SNRs, PWNe in the Galactic Plane and source confusion

Fig. 7. Cumulative distribution of the number of Fermi/LAT Galactic sources
detected by CTA at the 5r level as a function of observing time and for various
array configurations. The parent population consists of 196 sources in the 2FGL
catalog within jbj < 2$ .

Table 2
Number of Fermi/LAT sources selected from the 2FGL catalog that are detected by CTA
using exposure times up to 50 h and various array configurations (see also Figs. 7 and
8).
Array

Extragalactic (561 sources)

Galactic (196 sources)

B
D
E
I

192
138
171
159

101
84
98
90

Fig. 8. Cumulative distribution of the number of Fermi/LAT extragalactic sources
detected by CTA at the 5r level as a function of observing time and for various array
configurations. The parent population consists of 561 sources in the 2 fied as
extragalactic.

create runaway integrations, therefore we applied an ad hoc broken power law with C = 2.5 starting at 100 GeV to soften such
spectra. Using the expected effective areas and background rates
from Monte Carlo simulations, our models find that a CTA all-sky
survey with typical exposure time of 0.5 h (as envisioned in Section 3.2) would detect only !20 Fermi/LAT extragalactic sources
over the whole sky (Fig. 8), i.e. 5 within the 1/4th of the sky observable with good zenith angle (assuming the sources are distributed
uniformly over the sky). With 5 h/pointing the number of sources
increases to 80 (i.e 20 in practice). The total number of Fermi/LAT
extragalactic sources detectable with CTA exposure times up to
50 h/source is P 170 (30% of the initial sample) with the most
favorable array configurations (B and E, Table 2).

The population study of PWNe and SNRs, the two main classes
of VHE sources in the Galactic Plane, is based on the morphological
and spectral characteristics of three representative shell-type SNRs
(RX J1713.7-3946, Vela Jr and RCW 86) and PWNe (G21.5-0.9, Kes
75 and HESS J1356-645) as measured with HESS [42,13]. MonteCarlo simulations of these two source classes were carried out
for different CTA array layouts, assuming a uniform exposure time
of 20 h everywhere along the Galactic Plane (giving a sensitivity of
about 2 mCrab for a point source with spectral index C = 2.5). This
is a higher exposure time than in the initial first-year survey that is
detailed later (with a uniform sensitivity corresponding to 8 h of
exposure time, Section 3.2) but a reasonable expectation of the
exposure CTA can ultimately achieve after several years of
operation.
For SNRs, about 20 to 70 SNRe are detected by CTA (configurations I and D, optimized for providing the best sensitivity over the
whole energy range or above 1 TeV, respectively). VHE morphology
is a powerful discriminant to identify shell-type SNRs but only a
small fraction (7 to 15 sources) will be resolved i.e. those for which
a shell-type fit on the source radial profile is favored at >3r over a
simple gaussian fit. The above-mentioned numbers are obtained by
assuming a Galactic core-collapse SN rate of 2.5 century"1 [43, see]
and a timescale during which a SNR shines in the TeV domain of
5 kyr.
For PWNe, 300 to 600 PWNe should be detectable with the I or
D configurations, assuming that the lifetime of TeV-emitting leptons in such sources (with a Galactic rate of 2 per century) amounts
to #40 kyr (i.e. equal to the radiative timescale in a 3 lG magnetic
field, as estimated in several PWNe with HESS such as Vela X [44]).
To evaluate source confusion, the Galactic source distribution
model of [42] was used to estimate the fraction of sources per
square degree along each line-of-sight within "60$ < ‘ < 60$ and
jbj < 5$ (see also Section 4.4). At first order (i.e. neglecting the local
variations at the locii of the spiral arm tangents), the resulting
Galactic distribution is well fit with a 2D Gaussian lying at the
Galactic center position, with a standard deviation !40$ and 0.5$
in ‘ and b, respectively and a maximal value of #4 (NPWN /500)
sources per square degree. This implies that CTA should detect almost 200 sources in the central regions of the Galaxy, at j‘j < 30$
and jbj < 0:5$ , i.e.#3 sources per square degree on average. Given
that a large fraction of VHE-emitting (middle-aged) PWNe are expected to be extended (on scales of r # 10–30 pc = 0.1$ –0.3$ at
6 kpc), source confusion within the Galactic Plane survey performed with CTA will be an issue. Possible mitigating strategies include source identification using the highest energies, where the
angular resolution improves and PWNe are more compact.
4.4. Simulated CTA Galactic Plane survey
To illustrate the potential of a Galactic Plane survey, we simulated scanning observations using the ctools, following the strategy
identified in Section 3.2 (a row of 60 pointings of 4 h in steps of 2$
along b ¼ 0$ ). The on-axis 68% containment radius for array configuration E is about 70 at 100 GeV, about 30 at 1 TeV, and about 20
above 10 TeV. Two different population models were used to
bracket the anticipated content in VHE emitters.
The first (model I) is based on the VHE source population model
presented in [11]. The expected VHE emission from SNRs is derived
from a prescription for hadronic interactions of freshly-accelerated
cosmic rays and a Sedov law for the size evolution. Monte-Carlo
sampling of the spatial and energy distribution of supernova produces realizations of a Galactic population of VHE SNRs. The global
model has free parameters – supernova rate, SNR TeV lifetime,
explosion energy conversion efficiency, average density, scale
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Fig. 9. Simulated image of a 240 h long CTA Galactic Plane survey using population model I as input.

height – which were fitted so that the model population properties
match the distributions of fluxes, positions, and angular sizes of
observed VHE sources. The contribution of PWNe has been added
to the VHE population model described in [11]. PWNe are modeled
from the ATNF pulsar catalog.6 For each pulsar, the age is used to
obtain a gamma-ray luminosity from a fit to the observed VHE gamma-ray luminosity versus age relation, and a size from a fit to the observed size versus age relation. Given that the oldest VHE PWNe
known are ! 106 years old, a cutoff at this age is applied to the luminosity-age relation. With these hypotheses, the PWN model population has no free parameter. The SNR and PWNe populations are
added and the free parameters for the SNR population is readjusted
so that the resulting total population is consistent with the observed
source properties, with approximately half of the HESS sources being
explained by SNRs and the other half by PWNe. A typical realization
of the total Galactic population has about 4 times more SNRs than
PWNe.
The second (model II) focuses on PWNe only. PWNe are assumed to be produced at a rate of " 2 per century and have a lifetime of 40 kyr. Their distribution in longitude-latitude-distance is
taken from the Galacto-centric SNR distribution [46] with the spiral arm pattern of [47] and a scale height of 130 pc. Simulated
source properties are sampled from the observed distributions: a
normal distribution of the logarithm of the 1–10 TeV luminosity
with a mean of 34.4 and a standard deviation of 0.6 log(erg/s), a
uniform distribution between 2.0 and 2.5 for the spectral index
C, and a uniform distribution between 5 and 30 pc for the size.
About 500 PWNe are simulated based on the above assumptions
within j‘j ¼ 60$ and jbj ¼ 5$ . The dominant source populations in
the Galactic Plane are, at present, PWNe and SNRs but additional
6

see http://www.atnf.csiro.au/research/pulsar/psrcat [45].

sources (binaries, dark accelerators, stellar clusters, diffuse emission etc.) are/could be expected. We have not attempted to take
these into account in model I or II because of the very large uncertainties in the number and VHE properties of such sources. A better
characterization of these sources would be a major goal of the
survey.
Simulated counts maps of the full Galactic Plane survey for the
two population model are shown in Figs. 9 and 10. The intensity
distribution of a SNR is assumed to be a projected shell, the shell
having a thickness equal to 10% of its size. A 2D Gaussian intensity
distribution is adopted for PWNe. The two input populations result
in different VHE skies, illustrating the potential of CTA for population studies. Model II has many more bright and extended objects.
Model I is dominated by a handful of bright PWNe, some of them
being quite extended (e.g. close to the Galactic Center); the rest
is then composed of numerous fainter SNR clustered along the
plane. Both cases suggest that source confusion will likely be a
challenge within the Galactic Plane (see above, Section 4.3).
5. Discussion
We have investigated two survey programs benefiting from the
increased sensitivity and field-of-view that are planned for CTA.
Realistic simulations using the CTA responses show (Section 3) that
uniform coverage of the Galactic Plane within j‘j ¼ 60$ and jbj ¼ 2$
can be achieved down to a 3 mCrab sensitivity using 250 h of
observing time (Galactic Plane survey, Section 2.1). A wide survey
covering 1/4th the sky is also possible down to the 20 mCrab limit
using 370 h of observing time (all-sky survey, Section 2.2). These
assume a sequential observing strategy where the surveyed area
is sampled with a high-sensitivity, relatively narrow field. A promising alternative is to use the divergent observing mode where the
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Fig. 10. Simulated image of a 240 h long CTA Galactic Plane survey using population model II as input.

surveyed area is sampled with a low-sensitivity, wide field (Section 3.5). Preliminary studies show the all-sky survey could then
be achieved down to the same sensitivity using only 100 h of
observing time.
Both surveys can be achieved within the available observing
time in a year of operations but may need to be spread over several
years for visibility constraints (these were not taken into account
here so the exact scheduling and accessible sky area for each CTA
site remain to be determined). The sensitivities that are reached
are competitive in the multi-wavelength context (Section 2), complementing well the surveys carried out by the Fermi/LAT (at lower
energies) and EAS (at higher energies). In terms of implementation,
there may be some practical advantage in using subarrays with
large-sized telescopes concentrating on the extragalactic sky while
the others work on Galactic projects. The loss in sensitivity (and
angular resolution, Section 3.4) is about a factor 2 when using a
subarray with 4 large-sized telescopes or a subarray with 9 medium-sized telescopes (Fig. 5). For end-to-end spectral coverage
and high angular resolution, the array must be fully dedicated.
The Galactic Plane survey is expected to lead to the detection of
P 70 VHE counterparts to sources listed in the second Fermi/LAT
catalog (Section 4.2). The expected number goes down to P 50 with
a 9 telescope subarray (Fig. 7). Population models for PWNe and
SNRs based on current knowledge predict the detection of hundreds
of sources with such a survey, source confusion likely becoming a
difficulty (Section 4.3). Inversely, a uniform survey will allow
unprecedented constraints on population models (Section 4.4). A
Galactic Plane survey helps pinpoint sources for detailed morphological, spectral or timing studies, which will be necessarily limited
for faint sources. Some timing information may be available
depending upon the survey implementation: with 60 pointings of
4 h, each location is visited at least 8 times by runs of 0.5 h, giving

in principle a sensitivity to variability with amplitudes P 20 mCrab
(for instance for gamma-ray binaries [14]).
A small number of detections are expected in the all-sky survey,
based on current knowledge. The cost in observing time is reasonable if the survey can be achieved within 100 h in divergent mode.
Divergent pointings would also allow to probe for variable sources
with amplitudes 60–100 mCrab, an attractive feature given that
blazars are known to be variable and constitute the most numerous population of VHE sources in the extragalactic sky. The price
to pay is the specific analysis tools that would need to be developed. A handful of counterparts to Fermi/LAT sources should be
seen by a wide/shallow survey (Section 4.2). Predictions based on
blazar population modeling (the dominant extragalactic source
population) point to 10–20 detections (Section 4.1). Note though
that these estimates do not take into account blazar flaring activity.
For instance, the study presented in Section 4.1 assumes an average blazar spectral energy distribution. Incorporating the poorly
known duty cycle of blazars in the luminosity function models remains very difficult and could affect the numbers significantly.
Another approach to extragalactic population studies is to target known candidate sources, albeit at the cost of observational
bias. Selecting times of flaring, as determined from other wavelengths, also increases the chance for AGN detections. Such strategies have enabled current IACTs to detect !50 extragalactic
sources. A targeted survey would still cover a significant area of
the sky, allowing for serendipitous discoveries of sources in the
FoV of the target (e.g. IC 310 in the FoV of NGC 1275 [48]). For instance, the !20 brightest counterparts of Fermi/LAT sources observable by CTA are detected with a 5 h exposure on each source,
requiring a reasonable total time of 100 h to complete (Section 4.2).
The survey would cover a total area !200–400 square degrees
(0.5–1% of the sky), depending on the fraction of the FoV covered
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with uniform sensitivity (10–20 sq. degrees). Using only largesized telescopes would make sense for targets affected by extragalactic background light absorption, although their smaller FoV reduces the survey footprint, freeing the rest of the array for the
Galactic Plane survey. The area covered is much smaller than the
envisioned ‘‘all-sky survey’’ but with much better sensitivity (typically 3 mCrab compared to 20 mCrab, Section 3.2). At this sensitivity, a couple of serendipitous blazar detections are to be expected
besides the targeted Fermi/LAT sources (Table 1). As a follow-up,
continuous regions of interest could be identified and imaged deeply (P5 h) to complement the initial targeted survey. Such a
explorative survey could aim for well-mapped areas at other wavelengths and be oriented to guide the design of subsequent observations. After several years, targeted observations at various
extragalactic targets will add up to an increasingly wider portion
of the sky surveyed, albeit not with uniform sensitivity, much like
the coverage of the hard X-ray sky achieved by INTEGRAL/IBIS [49].
6. Conclusion
CTA will allow a survey of the inner Galactic Plane to unprecedented sensitivity (! 3 mCrab), close to the confusion limit, using
! 250 h of observing time. Simulations find hundreds of sources
can be detected by the survey, enabling population studies and
to pinpoint the most interesting sources for deeper follow-up. A
Galactic Plane survey should be a major objective of CTA. A
wide-area ‘‘all-sky’’ survey down to 20 mCrab is also feasible using
! 400 h of observing time using standard techniques, or 100 h
using divergent pointing mode. Detailed studies of this mode,
which takes advantage of the large number of telescopes in the
CTA array, remain to be carried out. The prime motivation for such
a survey is the search for new, unsuspected classes of VHE-bright
sources (extragalactic ‘‘dark accelerators’’) — admittedly a gamble,
but one with large payoff.
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a b s t r a c t
With its unprecedented light-collecting area for night-sky observations, the Cherenkov Telescope Array
(CTA) holds great potential for also optical stellar astronomy, in particular as a multi-element intensity
interferometer for realizing imaging with sub-milliarcsecond angular resolution. Such an order-of-magnitude increase of the spatial resolution achieved in optical astronomy will reveal the surfaces of rotationally flattened stars with structures in their circumstellar disks and winds, or the gas flows between
close binaries. Image reconstruction is feasible from the second-order coherence of light, measured as
the temporal correlations of arrival times between photons recorded in different telescopes. This technique (once pioneered by Hanbury Brown and Twiss) connects telescopes only with electronic signals
and is practically insensitive to atmospheric turbulence and to imperfections in telescope optics. Detector
and telescope requirements are very similar to those for imaging air Cherenkov observatories, the main
difference being the signal processing (calculating cross correlations between single camera pixels in
pairs of telescopes). Observations of brighter stars are not limited by sky brightness, permitting efficient
CTA use during also bright-Moon periods. While other concepts have been proposed to realize kilometerscale optical interferometers of conventional amplitude (phase-) type, both in space and on the ground,
their complexity places them much further into the future than CTA, which thus could become the first
kilometer-scale optical imager in astronomy.
! 2012 Elsevier B.V. All rights reserved.

1. Resolution frontiers in astronomy
Many efforts in optical astronomy aim at improving the spatial
resolution in order to obtain ever sharper views of our Universe.
Projects include the construction of extremely large telescopes utilizing adaptive optics, or placing instruments in space. The highest
resolution is currently obtained from amplitude (phase-) interferometers which combine light from telescopes separated by baselines up to a few hundred meters. Since effects of atmospheric
turbulence are less severe at longer wavelengths, such instruments
are preferentially operated in the near infrared. Tantalizing results
from such facilities show how stellar disks start to become resolved, beginning to reveal stars as a vast diversity of individual
objects, although so far feasible only for a small number of the largest ones which extend for tens of milliarcseconds (mas). More typical bright stars have diameters of only a few mas, requiring
interferometry over many hundreds of meters or some kilometer
to enable surface imaging. Using a simple k/r criterion for the
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required optical baseline, a resolution of 1 milliarcsecond at k
500 nm requires around 100 m, while 1 km enables 100 las.
Since we currently are at the threshold of starting to resolve
stars as extended objects, a great step forward will be enabled by
improving the resolution by just another order of magnitude. However, since ordinary amplitude interferometers require precisions
in both their optics and in the atmosphere above to within a small
fraction of an optical wavelength, atmospheric turbulence constrains their operation to baselines not much longer than some
100 m, especially at shorter visual wavelengths.
The scientific promise of very long baseline optical interferometry for imaging stellar surfaces has been realized by several
[63,99], and concepts to circumvent atmospheric turbulence include proposals for large amplitude interferometer arrays in space:
Stellar Imager [11] and the Luciola hypertelescope [65], or possibly
placed at extreme terrestrial locations such as Dome C in
Antarctica [116]. However, the complexity and likely cost of these
projects make the timescales for their realization somewhat uncertain, prompting searches for alternative approaches. Although not
a complete replacement for the many capabilities of large spacebased interferometers, comparable science can begin to be realized
very much sooner, and with much less effort, by ground-based
intensity interferometry, utilizing large arrays of air Cherenkov
telescopes.
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1.1. Intensity interferometry
Intensity interferometry was pioneered by Hanbury Brown [35],
for the original purpose of measuring stellar sizes, and a dedicated
instrument was built at Narrabri, Australia. It measures temporal
correlations of arrival times between photons recorded in different
telescopes to observe the second-order coherence of light (i.e., that
of intensity, not of amplitude or phase). The name intensity interferometer is sort of a misnomer: actually nothing is interfering in the
instrument. This name was chosen for its analogy to the ordinary
amplitude interferometer, which at that time had similar scientific
aims in measuring source diameters. Two separate telescopes
simultaneously measure the random and very rapid intrinsic fluctuations in the light from some particular star. When the telescopes are placed sufficiently close to one another, the
fluctuations measured in the two telescopes are correlated, but
when moving them apart, the fluctuations gradually become independent and decorrelated. How rapidly this occurs for increasing
telescope separations gives a measure of the spatial coherence of
starlight, and thus the spatial properties of the star. The signal is
a measure of the second-order spatial coherence, the square of that
visibility which would be observed in any classical amplitude
interferometer. Spatial baselines for obtaining any given resolution
are thus the same as would be required in ordinary interferometry.
The great observational advantage of intensity interferometry
(compared to amplitude interferometry) is that it is practically
insensitive to either atmospheric turbulence or to telescope optical
imperfections, enabling very long baselines as well as observing at
short optical wavelengths, even through large airmasses far away
from zenith. Telescopes are connected only with electronic signals
(rather than optically), from which it follows that the noise budget
relates to the relatively long electronic timescales (nanoseconds,
and light-travel distances of centimeters or meters) rather than
those of the light wave itself (femtoseconds and nanometers). A
realistic time resolution of perhaps 10 ns corresponds to 3 m
light-travel distance, and the control of atmospheric path-lengths
and telescope imperfections then needs only to correspond to
some reasonable fraction of those 3 m.
The measured second-order coherence provides the square of
the ordinary visibility and always remains positive (save for measurement noise), only diminishing in magnitude when smeared
over time intervals longer than the optical coherence time of starlight (due to finite time resolution in the electronics or imprecise
telescope placements along the wavefront). However, for realistic
time resolutions (much longer than an optical coherence time of
perhaps ! 10"14 s), the magnitude of any measured signal is tiny,
requiring very precise photon statistics for its reliable determination. Large photon fluxes (and thus large telescopes) are therefore
required; already the flux collectors used in the original intensity
interferometer at Narrabri were larger than any other optical telescope at that time.
Details of the original intensity interferometer at Narrabri and
its observing program (mainly measuring angular sizes of hot
stars) were documented by Hanbury Brown et al. [39,40], including
retrospective overviews [35,37,38]. The principles are also explained in various textbooks [64,100,108].
The original intensity interferometer at Narrabri had two
reflecting telescopes of 6.5 m diameter, formed by mosaics of
numerous hexagonal mirrors, providing star images of 12 arcmin
diameter. Following the completion of that program, the design
for a second-generation intensity interferometer was worked out
[16,36,38]. This larger facility was envisioned to have 12 m diameter telescopes, movable over 2 km, however it was never realized.
The same physical principles of measuring intensity correlations
have since been actively utilized in high-energy particle physics
(where also other bosons, i.e., particles with an integer number

of their quantum spin, have a tendency to bunch together in a similar way as photons, while electrons and other fermions show the
opposite behavior). In astronomy, however, intensity interferometry has not undergone further development, largely due to its
demanding requirements for large optical flux collectors, spread
over long baselines, and equipped with fast detectors and highspeed electronics.
1.2. Air Cherenkov telescopes
The parameters of air Cherenkov telescopes are remarkably
similar to the requirements for intensity interferometry. In the
Narrabri interferometer, movable telescopes were used to maintain a fixed baseline while tracking a source across the sky. Nowadays, electronic time delays can compensate for the different
arrival times of a wavefront to different telescopes in fixed
positions.
The most remarkable potential comes from the Cherenkov Telescope Array [1,14] which foresees a total of 50–100 telescopes with
differently sized apertures between about 5 and 25 m, distributed
over an area of 2–3 km2. Such a large array permits an enormous
number of optical baseline pairs to be synthesised, enabling measurements of angular scales between milli- and microarcseconds.
The potential of using such arrays for intensity interferometry
has indeed been noticed by several authors [19,69–71]. Within
the CTA project, a task group was set up to specify how to enable
it for also such uses. If a baseline of 2 km could be utilized at k
=350 nm, resolutions would approach 30 las, an unprecedented
spatial resolution in optical astronomy. Such numbers are challenged only by radio interferometers operating between Earth
and antennas in deep space [56], or possibly by futuristic X-ray
interferometers [78].
2. Principles of intensity interferometry
In its simplest form, an intensity interferometer consists of two
optical telescopes or light collectors, each with a photon detector
feeding one channel of a signal processor for temporally cross correlating the light-intensity signals from the two telescopes. The
intensities measured at detectors 1 and 2 are the respective values
of the electric light-wave amplitude times its complex conjugate,
averaged over some time interval corresponding to the signal
bandwidth of the detectors and associated electronics:

hIðtÞi ¼ hEðtÞE& ðtÞi

ð1Þ

where & marks complex conjugate and hi denotes averaging over
time. The intensities measured in the two telescopes are cross
correlated:

hI1 ðtÞI2 ðtÞi ¼ hE1 ðtÞE&1 ðtÞ ' E2 ðtÞE&2 ðtÞi

ð2Þ

This expression can be expanded by dividing the complex field
amplitudes into their real and imaginary parts. Here one must
make an assumption that is fundamental to the operation of an
intensity interferometer: the light must be chaotic, i.e., with a
Gaussian amplitude distribution; also called thermal- or maximum-entropy light [4,31,73,108]. To a good approximation this applies to all ‘ordinary’ light sources (but not necessarily to
nonthermal ones such as lasers). Such light may well be quasimonochromatic, as long as the light waves undergo random phase
shifts, so that intensity fluctuations result on timescales corresponding to the optical coherence time. For chaotic light, the real
and imaginary parts of E1 and E2 are Gaussian random variates,
i.e., the values of E1 and E2 measured at different times can be treated as random variables obeying a normal distribution. Then the
Gaussian moment theorem applies, which relates all higher-order
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correlations of Gaussian variates to products of their lower-order
correlations (described in detail by Mandel and Wolf [76]). It is
then possible to show [64] that, for linearly polarized light:

hI1 ðtÞI2 ðtÞi ¼ hI1 ihI2 ið1 þ jc12 j2 Þ

ð3Þ

where c12 is the mutual coherence function of light between locations 1 and 2, the quantity measured in ordinary amplitude
interferometers.
Defining the intensity fluctuations DI as:

DI1 ðtÞ ¼ I1 ðtÞ % hI1 i DI2 ðtÞ ¼ I2 ðtÞ % hI2 i;
one obtains:
2

hDI1 ðtÞDI2 ðtÞi ¼ hI1 ihI2 ijc12 j ;

ð4Þ

since hDIi ¼ 0.
An intensity interferometer thus measures jc12 j2 with a certain
electronic time resolution. This quantity remains positive irrespective of atmospheric or optical disturbances although – since realistic time resolutions do not reach down to optical coherence times –
it may get strongly diluted relative to the full value it would have
had in the case of a hypothetical ‘perfect’ temporal resolution
(shorter than the light-wave period). For realistic values of nanoseconds, this dilution typically amounts to several orders of magnitude and thus the directly measurable excess correlation becomes
quite small. This is the reason why very precise photon statistics
are required, implying large flux collectors.
3. Optical aperture synthesis
The original intensity interferometer at Narrabri used two telescopes, movable on railroad tracks, which could be positioned at
different separations r, to deduce angular sizes of stars from the
observed function jc12 ðrÞj2 , analogous to what can be measured
with a two-element amplitude interferometer. Systems with
multiple telescopes and different baselines (Fig. 1) enable correspondingly more complete image reconstructions. Techniques for
interferometric imaging and aperture synthesis were first

Fig. 1. Principle of a multi-element stellar intensity interferometer. Several
telescopes observe the same source, simultaneously recording its rapidly fluctuating optical light intensity In ðtÞ. Cross correlations of the intensity fluctuations are
measured
between
different
pairs
of
telescopes:
hI1 ðtÞI2 ðtÞi; hI1 ðtÞI3 ðtÞi; hI1 ðtÞI4 ðtÞi; hI2 ðtÞI3 ðtÞi; hI2 ðtÞI4 ðtÞi, etc. These yield a measure of the second-order spatial coherence of light, from which an image of the
source can be deduced, with an angular resolution corresponding to the optical
diffraction over the projected baseline distance between each pair of telescopes.
Numerous telescopes enable a very large number of baselines to be synthesised,
permitting a high-fidelity reconstruction of the source image. Telescopes distributed over also km-long baselines enable an angular resolution so far unprecedented
in optical astronomy.
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developed for radio telescopes [111,112], but have since been elaborated also for the optical [34,64,80,100]. Here we recall the basics.
The separation vector between a pair of telescopes in a plane
perpendicular to the line of observation, the ðu; v Þ-plane, is
r1 % r2 , so that for an optical wavelength k; r1 % r2 ¼ ðuk; v kÞ. If
the telescopes are not in such a plane, also a third coordinate enters: the time-delay w for the propagation of light along the line
of sight to the source; r1 % r2 ¼ ðuk; v k; wÞ.
With the angular coordinate positions of the target ðl; mÞ, one
can deduce the following expression for the correlation function
C12 ¼ hEðr1 ÞE& ðr2 Þi:

Cðu; v Þ ¼

ZZ

Iðl; mÞe%2piðulþv mÞ dl dm:

ZZ

Vðu; v Þe2piðulþv mÞ du dv ;

ð5Þ

This equation represents the van Cittert–Zernike theorem,
equating the quantity measured by an [amplitude] interferometer
for a given baseline to a component of the Fourier transform of the
surface intensity distribution of the source. This Fourier transform
can be inverted:

Im ðl; mÞ ¼

ð6Þ

where Vðu; v Þ equals the normalized value of cðu; v Þ. Thus, by using
multiple separations and orientations of interferometric pairs of
telescopes, one can sample the ðu; v Þ-plane and reconstruct the
source image with a resolution equal to that of a telescope with a
diameter of the longest baseline. This is the technique of aperture
synthesis.
In intensity interferometry, however, an additional complication enters in that the correlation function for the electric field,
c12 , is not measured directly, but only the square of its modulus,
jc12 j2 . Since this does not preserve phase information, the direct
inversion of the above equation is not possible.
This limitation will be removed in intensity interferometry carried out with larger telescope arrays. For CTA, with some 50 or
more elements, the possible number of baselines between telescope pairs becomes enormous; N telescopes can form
NðN % 1Þ=2 baselines, reaching numbers in the thousands (even if
possibly periodic telescope locations might make several of them
redundant). Since such telescopes are fixed on the ground, the projected baselines trace out curves in the ðu; v Þ-plane, as a source
moves across the sky. With proper signal handling, all successive
measures of jc12 j2 can be allocated to their specific ðu; v Þ-coordinates, producing a highly filled ðu; v Þ-plane, with a superior coverage of projected orientations across the source image. As will be
discussed below, such complete data coverage indeed enables
reconstruction of the phases of the Fourier components, and thus
permits full two-dimensional image reconstructions (although
the completeness of such coverage depends on how the source
moves across the sky and thus on, e.g., whether it is located near
the celestial equator or close to its poles).
For large numbers of telescopes, another advantage of intensity
interferometry becomes obvious. Since telescopes connect only
with electronic signals, there is in principle no loss of data when
synthesising any number of baselines between any pairs of telescopes: the digital signal from each telescope is merely copied
electronically. By contrast, amplitude interferometry in the optical
(as opposed to radio) requires optical beams of actual starlight between telescopes since the very high optical frequency (combined
with rapid phase fluctuations in chaotic light) precludes its amplification with retained phase information. In order to obtain the
many baselines needed for efficient aperture synthesis (such as
realized in radio), starlight from each telescope is split and sent
to beam combiners to interfere with the light from other telescopes, each combination with its own delay-line system. While
such ambitious arrangements can be made for a moderate number
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of telescopes [13], the complexity (and the dilution of light between different baselines) rapidly increases if any greater number
of telescopes would be engaged.

4. The Cherenkov Telescope Array
CTA is envisioned to have on the order of 50–100 telescopes
with various apertures between about 5 and 25 m, with currently
favored configurations reaching an edge-to-edge distance of some

baselines) measure high-frequency Fourier components, corresponding to small structures on the target, while short baselines
sample the low frequencies. For an Earth-bound interferometer
(in a plane perpendicular to the line of observation) with a baseline
B ¼ ðBNorth ; BEast Þ the associated coordinates in the Fourier ðu; v Þplane are ðu; v Þ ¼ 1k ðBNorth ; BEast Þ.
For stationary telescopes, the projected baselines, Bp , will
change while the target of observation moves across the sky, with
each telescope pair tracing out an ellipse in the Fourier plane
according to the following expression [105]:
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2 km. A number of candidate array layouts for the CTA were
considered within its design study [1,6,14,44]: Fig. 2, of which
examples representing qualitatively different types of layouts are
in Table 1. For interferometry, large telescope separations (long

ð7Þ

where l is the latitude of the telescope array, and d and h are the
declination and hour angles of the star. The w component corresponds to the time delay in the wavefront arrival time between
the two telescopes (dependent on also the elevation difference of

Fig. 2. Different telescope array layouts evaluated within the CTA design study, and also considered for their suitability to intensity interferometry. Each of the configurations
labeled A through K is a subset of the all-encompassing hypothetical large array shown at bottom right. In this work, configurations B, D and I were selected as representative
for three different classes of array geometry.
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Table 1
Properties of the three examined array layouts (B, D, and I in Fig. 2) from the CTA
design study [1]. N is the number of telescopes, A is the light-collection area of each
type of telescope, b is the number of unique baselines available, Bmin ; Bmax indicate the
range of baselines for observations in zenith. The corresponding range of angular
diameters in milliarcseconds ð1:22k=rÞ for observations at k 400 nm is indicated by
hmin ; hmax .
Array

N

A [m2]

b

Bmin ; Bmax [m]

hmin ; hmax [mas]

B
D
I

42
57
77

113, 415
113
28, 113, 415

253
487
1606

32, 759
170, 2180
90, 2200

0.13, 3.2
0.05, 0.6
0.05, 1.13

the telescopes, Bup ). The extensive coverage of the ðu; v Þ-plane that
results from the Earth’s rotation enables the synthesis in software
of a very large telescope and – of course – is the very principle used
in much of radio interferometry.
Fig. 3 illustrates these capabilities for three among the potential
layouts considered for CTA, here taken as examples of qualitatively
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different telescope arrangements. One is a compact configuration;
another a sparse and rather uniform one; and a third has telescopes of different sizes grouped with successively different spacings. The latter type of layout seems to lie close to those currently
favored for CTA in general, and is also the most capable one for
interferometry. As seen in Fig. 3, already short observations of just
an hour or so, may cover much of the ðu; v Þ-plane (and the coverage can be increased by observing at different wavelengths).
5. Signal-to-noise ratios in intensity interferometry
For one pair of telescopes, the signal-to-noise ratio is given by
[35,114]:

ðS=NÞRMS ¼ A $ a $ n $ jc12 ðrÞj2 $ Df 1=2 $ ðT=2Þ1=2

ð8Þ

where A is the geometric mean of the areas (not diameters) of
the two telescopes; a is the quantum efficiency of the optics plus

Fig. 3. Coverage of the interferometric ðu; v Þ-plane for three types of evaluated CTA layouts (top to bottom: B, D and I of Fig. 2). Left: ðu; v Þ-plane coverages at one instant in
time, for a star observed in the zenith. Upper right-hand squares expand the central 400 % 400 m area. Right: ðu; v Þ-plane coverages for a star moving from the zenith through
20! to the west. The numerous telescopes enable a huge number of baseline pairs which largely fill the entire ðu; v Þ-plane.
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detector system; n is the flux of the source in photons per unit optical bandwidth, per unit area, and per unit time; jc12 ðrÞj2 is the second-order coherence of the source for the baseline vector r, with
c12 ðrÞ being the mutual degree of coherence. Df is the electronic
bandwidth of the detector plus signal-handling system, and T is
the integration time.
Most of these parameters depend on the instrumentation, but n
depends on the source itself, being a function of its radiation temperature. For a given number of photons detected per unit area and
unit time, the signal-to-noise ratio is better for sources where
those photons are squeezed into a narrower optical band. This
property implies that (for a flat-spectrum source) the S/N is independent of the width of the optical passband, whether measuring
only the limited light inside a narrow spectral feature or a much
greater broad-band flux. Although perhaps somewhat counterintuitive, the explanation is that realistic electronic resolutions of
nanoseconds are very much slower than the temporal coherence
time of broad-band light (perhaps 10#14 s). While narrowing the
spectral passband does decrease the photon count rate, it also increases the temporal coherence by the same factor, canceling the
effects of increased photon noise. This property was exploited already in the Narrabri interferometer [41] to identify the extended
emission-line volume from the stellar wind around the Wolf–Rayet
star c2 Vel. The same effect could also be exploited for increasing
the signal-to-noise by observing the same source simultaneously
in multiple spectral channels, a concept foreseen for the once proposed successor to the original Narrabri interferometer [16,36,38].
6. Simulated observations in intensity interferometry
To obtain quantitative measures of what can be observed using
realistic detectors on Cherenkov telescopes, a series of simulations
were carried out.
6.1. Numerical simulations
An intensity interferometer using two photon-counting detectors A and B and a digital correlator measures the squared modulus
of the complex degree of coherence of the light:

jcj2 ¼

h DI 1 DI 2 i
hI1 ihI2 i

ð9Þ

NAB
N;
NA NB

ð10Þ

or, in a discrete form:

g ð2Þ ¼

where N A and NB are the number of photons detected in A and B
respectively, N AB is the number of joint detections (i.e., the number
of time intervals in which both detectors record a photon), and N is
the number of sampled time intervals. Since a strict Monte–Carlo
simulation would be computationally very demanding, a simplified
procedure was used by generating random numbers NA ; NB and
NAB , and inserting these into Eq. (10). These are Poisson-distributed
random variables with mean values lA ¼ P A % N; lB ¼ P B % N and
lAB ¼ PAB % N. Here, PA and PB are the probabilities of detecting a
photon in A and B respectively, within a small time interval Dt,
and PAB is the probability of a joint detection within Dt.
These probabilities can be written out in terms of variables
depending only on the instrumentation and the target of study:

PA ¼ aA hIA iDt;
PB ¼ aB hIB iDt;

PAB ¼ PA PB þ aA aB hIA ihIB ijcAB j2 sc Dt:

ð11Þ

ð12Þ

ð13Þ

Here a denotes the quantum efficiency of the detectors, hIi is the
mean light intensity, sc is the coherence time of the light (determined by the wavelength and optical passband) and cAB is the degree of optical coherence (proportional to the Fourier transform of
the target image, assuming telescope sizes to be small compared to
the spatial structure in this transform). Such simulations were carried out for various telescope-array configurations and for various
assumed sources. Here, examples are shown for a close binary star
with components taken as uniform disks of diameters 200 and
150 las. Both the pristine original image and its pristine Fourier
transform in the ðu; v Þ-plane are shown in Fig. 4. Across the Fourier
plane, the magnitude of various patterns varies greatly. To enhance
the visibility of also fainter structures (and later to better see the
effects of noise), the Fourier-plane figures use a logarithmic scaling
and a shading to enhance the contrast (the exact numerical values
of the measured correlations are not significant in this context).
Also results from the simulated observations are mostly given
as such Fourier-plane images rather than full image reconstructions. The simulated observations produced values at many different discrete locations in the ðu; v Þ-plane, which were used in a
linear interpolation to obtain the Fourier magnitude over a regular
grid. This image format makes the effects of noise and changing
telescope arrangements easier to interpret since it is independent
of the performance of algorithms for image reconstruction or data
analysis. As discussed below, optimal image reconstruction is a
developing research topic of its own. Even though reconstructed
images do reflect the capability of the simulated telescope array,
some reconstructions are still limited by the algorithms used. By

Fig. 4. Image of a close binary star with 200 and 150 las diameter components, used to simulate observations, and the (logarithmized) magnitude of its Fourier transform.
This noise-free pattern is what would be measured by a perfect interferometer of projected size 2000 ' 2000 m. Corresponding patterns in later figures cover only some part
of this ðu; v Þ-plane (due to finite extent of the telescope array on the ground), and become noisy for fainter sources and finite integration times.
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contrast, the information recovered in the ðu; v Þ-plane is independent of such algorithm performance.
6.2. Limiting stellar magnitudes
The question of how faint sources that can be usefully observed
has been examined [28,71], with the conclusion that a conservative
practical limit for two-dimensional imaging with a large array of the
CTA type is around mV = 6. However, if only some one-dimensional
measure would be sought (e.g., a stellar diameter or limb darkening), the data can be averaged over all position angles, and the limiting magnitude will become somewhat fainter. In any case, there
are thousands of stars bright enough to be observable.
7. Imaging with intensity interferometry
An intensity interferometer directly measures only the absolute
magnitudes of the respective Fourier transform components of the
source image that cover the ðu; v Þ-plane, while the phases are not
directly obtained. Such Fourier magnitudes can well be used by
themselves to fit model parameters such as stellar diameters, stellar limb darkening, binary separations, circumstellar disk thicknesses, etc., but two-dimensional images cannot be directly
computed from the van Cittert–Zernicke theorem, Eq. (6). However, a multi-component interferometer offers numerous baselines, and gives an extensive coverage of the ðu; v Þ-plane, and it
is already intuitively clear that the information contained there
must place rather stringent constraints on the source image.
7.1. Phase reconstruction
A number of techniques have been developed for recovering the
phase of a complex function when only its magnitude is known.
Methods specifically intended for intensity interferometry have been
worked out for one [49] or two dimensions [50]. Once a sufficient
coverage of the Fourier plane is available, and phase recovery has
been performed, image reconstruction becomes straightforward.
7.2. Image reconstruction
Various mathematical methods (of different numerical sophistication and sensitivity to various types of noise) can be applied for
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the reconstruction of images, and the development of optimum
algorithms is a research topic of its own like, perhaps, was the case
in early radio interferometry, before today’s standard procedures
(such as CLEAN) were developed. Nuñez et al. [88–90] applied Cauchy–Riemann based phase recovery to reconstruct images from
simulated observations of oblate rotating stars, binary stars, and
stars with brighter or darker regions, demonstrating that also
rather complex images can be reconstructed on submilliarcsecond
scales. A limitation that remains is the non-uniqueness between
the image and its mirrored reflection.
Fig. 5 shows the results from such simulations of three binary
stars, where the radius of one of them is varied. Already a change
of the diameter of the secondary component by only a few tens
of microarcseconds shows up clearly in the Fourier magnitude,
and also the reconstructed images reproduce the stellar diameters
and separations with quite satisfactory accuracy.
The fidelity of the reconstructed image depends not only on
‘obvious’ factors such as the brightness of the target and the efficiency of the detectors but also on the position of the source in
the sky, the geometric layout of the telescope array, and the latitude of the observatory. Aperture synthesis is achieved by the
Earth’s rotation carrying the star across the sky and – since the
telescopes are fixed on the ground – the effective baselines, i.e.,
the separations between pairs of telescopes as seen along the line
of sight, gradually change, filling in various portions of the ðu; v Þplane. The geometry of the array and the celestial position of the
source determine what projected baselines will be generated during the source’s passage across the sky. For example, sources near
the celestial poles do not move, and layout geometries with telescopes in repetitive patterns offer fewer unique baselines.
7.3. Stellar diameters and binary separations
The main purpose of the classical interferometer at Narrabri
was to measure angular diameters of stars, practical already with
only two telescopes. It was also possible to study parameters such
as binary separations by fitting models to the data [35]. With CTA,
one will be able to perform such measurements in a much more
accurate and model-independent manner, since such an array samples the Fourier plane in thousands of points as compared to the
#5 points for typical past measurements at Narrabri. For such
studies, utilizing some prior knowledge of the source (assuming

Fig. 5. Reconstructed images of binary stars (with varying diameter of the secondary) from simulated CTA observations. These simulations were for the array layout B (Fig. 2),
for sources assumed to have visual magnitude mV = 3, and effective temperature T eff ¼ 7000 K. The assumed pristine images are shown below while the corresponding ðu; v Þplane coverage is in Fig. 6.
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Fig. 6. Fourier magnitudes in the ðu; v Þ-plane, resulting from simulated observations with CTA layout B of binary stars with different diameters. Already small changes in the
diameter of the secondary star by a few tens of l as show up clearly, also well visible in the image reconstructions of Fig. 5.

Fig. 7. Subsets of the candidate configurations (B, D, I from top to bottom). In the leftmost column one half of the telescopes of the superset configurations (Fig. 2) were
selected in a pseudo-random fashion. In the middle column, one in four telescopes was selected, and in the rightmost column one in eight.
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it to be a binary star, for example), one can fit a model to the ‘raw’
data in the Fourier plane, without going into any (possibly algorithm-dependent) image reconstruction.

7.4. Observations with subsets of the configurations
Quite probably, not all CTA telescopes will be available for
intensity interferometry at any one time. Even if most of the hardware installed for Cherenkov-light measurements could be utilized
for stellar observations, its specific requirements with regard to
signal handling (and possibly also auxiliary optics and detectors),
combined with finite resources, are likely to limit the number of
telescopes initially equipped for interferometry. Observations
using only a subset of the telescopes may thus represent a realistic
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mode of operation, and we now consider the choice of subsets of
telescopes.
For each of the array layout configurations B, D and I (Fig. 2),
three subsets were generated, as shown in Fig. 7. The configurations shown in the leftmost column, designated B2, D2 and I2, were
obtained by selecting half of the full set of telescopes in a semi-random manner, attempting to preserve the overall ‘shape’ of the array [54]. In the middle column, one in four telescopes was
retained (B4, D4, I4) and in the rightmost column only one telescope in eight was kept (B8, D8, and I8).
Fig. 8 shows the output from simulations of the binary star in
Fig. 4 using these subsets. The magnitude of the star was now fixed
to mV = 5 and a long integration time was chosen in order to depress measurement noise and thus highlight sampling effects for
the various configurations.

Fig. 8. Simulated observations of the binary star in Fig. 4 with subsets of configuration B (top row), D (middle row) and I (bottom row). The left column is for subsets
containing half of the telescopes; the center for a quarter, and the rightmost for one eighth of the total (cf. Fig. 7). Best imaging is achieved with those arrays that have a
balanced mix of different baselines.
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Fig. 9. Approximated angular diameters of the stars in the Bright Star Catalogue [47], containing all stars in the sky with mV K 6.5. Effective temperatures were estimated
from the B-V color index listed there, using a polynomial fitted to the relation between that index and Teff by Bessell et al. [8]. The temperatures were then used to calculate
the angular diameters by approximating stars as blackbodies with uniform circular disks.

It is obvious that more numerous telescopes, with a wider distribution of baselines, are better in terms of Fourier-plane sampling, and having only few telescopes restricts the results. Also,
the optimal distribution of baselines depends on the actual size
of the target. In this example, much of the information is at lower
spatial frequencies, better sampled by the configuration B8 which
for those provides a denser sampling of the ðu; v Þ-plane. Although
D8 in principle enables higher angular resolution, its sparse sampling with only a small variation of baseline lengths does not allow
the Fourier magnitudes to be correctly estimated at low spatial frequencies, resulting in a somewhat blurred pattern.
Note, however, that here it was not attempted to optimize the
telescope selection for optimal sampling.
8. The new stellar physics
With optical imaging approaching resolutions of tens of microarcseconds (and with also a certain spectral resolution), we move
into novel and previously unexplored parameter domains (Fig. 9).
This requires attention not only to optimizing the instrumentation
but also to a careful choice of targets to be selected which should
be both astronomically interesting and realistic to observe. With
a foreseen brightness limit of perhaps mV = 6 or 7, and with sources
of a sufficiently high brightness temperature, initial observing programs have to focus on bright stars or stellar-like objects [26].
Among the about 9000 objects in the Bright Star Catalogue [47],
some 2600 objects are both hotter than 9000 K and brighter than
mV = 7, among which the brightest and hottest should be those
easiest to observe. A selection of some 35 stars brighter than
mV = 2 or hotter than Teff = 25,000 K, and of special astrophysical
interest were listed as candidates for early observations by Dravins
et al. [28], including the following categories:
8.1. Rapidly rotating stars
Rapid rotators are normally hot and young stars, of spectral
types O, B, and A. Some are rotating so fast that the effective gravity in their equatorial regions becomes very small, easily enabling
mass loss or the formation of circumstellar disks. Rapid rotation

causes the star itself to become oblate, and induces gravity darkening: equatorial regions become dimmer, and polar ones brighter.
A number of these have now been studied with amplitude interferometers. By measuring diameters at different position angles,
the rotationally flattened shapes of the stellar disks are determined.
For some stars, also their asymmetric brightness distribution across
the surface is seen, confirming the expected gravitational darkening
and yielding the inclination of the rotational axes. Aperture synthesis has permitted the reconstruction of images using baselines up to
some 300 m, corresponding to resolutions of 0.5 mas in the nearinfrared H-band around k 1.7 lm [123].
Two stars illustrate different extremes: Achernar (a Eridani) is a
highly deformed Be-star (Vrot sin i = 250 km s#1; >80% of critical).
Its disk is the flattest so far observed – the major/minor axis ratio
being 1.56 (2.53 and 1.62 mas, respectively); and this projected ratio is only a lower value – the actual one could be even more extreme [20]. Further, the rapid rotation of Achernar results in an
outer envelope seemingly produced by a stellar wind emanating
from the poles [57,58]. There is also a circumstellar disk with
Ha-emission, possibly structured around a polar jet [55]. The presence of bright emission lines is especially interesting: since the S/N
of an intensity interferometer is independent of the spectral passband, studies in the continuum may be combined with observations centered at an emission line.
Going to the other extreme, Vega (a Lyrae, A0 V) has been employed as one of the standard northern hemisphere calibration
stars for optical astronomy, but its true spectrum has turned out
to be quite complex. First, space observations revealed an excess
flux in the far infrared, an apparent signature of circumstellar dust.
Later, optical amplitude interferometry showed an enormous (18fold) drop in intensity at k 500 nm from stellar disk center to the
limb, indicating that Vega is actually a very rapidly rotating star
which just happens to be observed nearly pole-on. The true equatorial rotational velocity is estimated to 270 km s#1; while the projected one is only 22 km s#1 [3,95]. The effective polar temperature
is around 10,000 K, the equatorial only 8,000 K. The difference in
predicted ultraviolet flux between such a star seen equator-on,
and pole-on, amounts to a factor five, obviously not a satisfactory
state for a star that should have been a fundamental standard.
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Fig. 10. Types of primary targets for kilometer-scale intensity interferometry. Top row: Stellar shapes and surfaces affected by rapid rotation – the measured shape of
Achernar [20]; expected equatorial bulge and polar brightening of a very rapid rotator [113]; deduced surface brightness of the rapidly rotating star Vega, seen pole-on [95];
possible donut-shape for a rapidly and differentially rotating star [75]. Middle row: disks and winds – modeled interferometric image of the circumstellar disk of the Be-star f
Tauri [10]; a magnetic stellar wind compresses a circumstellar disk [97]; simulation of how stronger magnetic fields distort wind outflow from hot stars [115]; the strongest
stellar wind in a binary opens up cavities around the other star: the geometry around the Wolf–Rayet star c2 Velorum as deduced from interferometry [81]. Bottom row:
stellar surroundings – interferometric image of the giant star T Leporis surrounded by its molecular shell [72]; an analogous image of the giant ! Aurigae, while partially
obscured by a circumstellar disk [61]; artists view of the interacting b Lyrae system with a gas stream, accretion disk, jet-like structures and scattering halo [43]; an adaptiveoptics, high-resolution image of the mysterious object g Carinae, the most luminous star known in the Galaxy [30].

8.2. Circumstellar disks
Rapid rotation lowers the effective gravity near the stellar equator which enables centrifugally driven mass loss and the development of circumstellar structures. Be-stars make up a class of rapid
rotators with dense equatorial gas disks; the ‘e’ in ‘Be’ denotes the
presence of emission in Ha and other lines. Observations indicate
the coexistence of a dense equatorial disk with a variable stellar
wind at higher latitudes, and the disks may evolve, develop and
disappear over timescales of months or years [97]. The detailed
mechanisms for producing such disks are not well understood,
although the material in these decretion (mass-losing) disks seems
to have been ejected from the star rather than accreted from an
external medium.
8.3. Winds from hot stars
The hottest and most massive stars (O-, B-, and Wolf–Rayet
types) have strong and fast stellar winds that are radiatively driven
by the strong photospheric flux being absorbed or scattered in
spectral lines formed in the denser wind regions. Not surprisingly,
their complex time variability is not well understood. Stellar winds
can create co-rotating structures in the circumstellar flow in a way

quite similar to what is observed in the solar wind. These structures have been suggested as responsible for discrete absorption
components observed in ultraviolet P Cygni-type line spectra.
Rapid stellar rotation causes higher temperatures near the stellar poles, and thus a greater radiative force is available there for locally accelerating the wind. In such a case, the result may be a
poleward deflection of wind streamlines, resulting in enhanced
density and mass flux over the poles and a depletion around the
equator (opposite to what one would perhaps ‘naively’ expect in
a rapidly rotating star). Surface inhomogeneities such as cooler
or hotter starspots cause the local radiation force over those to differ. This leads to locally faster or cooler stellar-wind streamers
which may ultimately collide, forming co-rotating interaction regions. Further, effects of magnetic fields are likely to enter and –
again analogous to the case of the solar wind – such may well
channel the wind flow in complex ways [115].
8.4. Wolf–Rayet stars and their environments
Being the closest and brightest Wolf–Rayet star, and residing in
a binary jointly with a hot O-type star, c2 Velorum is an outstanding object for studies of circumstellar interactions. The dense
Wolf–Rayet wind collides with the less dense but faster O-star
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wind, generating shocked collision zones, wind-blown cavities and
eclipses of spectral lines emitted from a probably clumpy wind
[81,87]. The bright emission lines enable studies in different passbands, and already with the Narrabri interferometer, Hanbury
Brown et al. [41] could measure how the circumstellar emission region (seen in the C III-IV feature around k 465 nm) was much more
extended than the continuum flux from the stellar photosphere,
and seemed to fill much of the Roche lobe between the two components of the binary.
A few other binary Wolf–Rayet stars with colliding winds are
bright enough to be realistic targets. One is WR 140 (mV = 6.9, with
bright emission lines), where the hydrodynamic bow shock has
been monitored with milliarcsecond resolution in the radio, using
the Very Long Baseline Array (VLBA). This revealed how the bowshaped shock front rotates as the orbit progresses during its
7.9 yr period [21].
8.5. Blue supergiants and related stars
Luminous blue variables occupy positions in the Hertzsprung–
Russell diagram adjacent to those of Wolf–Rayet stars, and some
of these objects are bright enough to be candidate targets, e.g., P
Cyg (mV = 4.8). Luminous blue variables possess powerful stellar
winds and are often believed to be the progenitors of nitrogen-rich
WR-stars. Rigel (b Ori; B8 Iab) is the closest blue supergiant
(240 pc). It is a very dynamic object with variable absorption/emission lines and oscillations on many different timescales. Actually,
the properties of Rigel resemble those of the progenitor to supernova SN1987A.
A most remarkable luminous blue variable is g Carinae, the most
luminous star known in the Galaxy. It is an extremely unstable and
complex object which has undergone giant eruptions with huge
mass ejections during past centuries. The mechanisms behind these
eruptions are not understood but, like Rigel, g Car may well be on
the verge of exploding as a core-collapse supernova. Interferometric studies reveal asymmetries in the stellar winds with enhanced
mass loss along the rotation axis, i.e., from the poles rather than
from the equatorial regions, resulting from the enhanced temperature at the poles that develops in rapidly rotating stars [117,119].
8.6. Interacting binaries
Numerous stars in close binaries undergo interactions involving
mass flow, mass transfer and emission of highly energetic radiation, Indeed, many of the bright and variable X-ray sources in the
sky belong to that category. However, to be a realistic target for
intensity interferometry, they must also be optically bright, which
typically means B-star systems.
One well-studied interacting and eclipsing binary is b Lyrae
(Sheliak; mV = 3.5). The system is seen close to edge-on and consists of a B7-type, Roche-lobe filling and mass-losing primary,
and an early B-type mass-gaining secondary. This secondary appears to be embedded in a thick accretion disk with a bipolar jet
seen in emission lines, causing a light-scattering halo above its
poles. The donor star was initially more massive than the secondary, but has now shrunk to about 3 M! , while the accreting star has
reached some 13 M! . The continuing mass transfer causes the 13day period to increase by about 20 s each year [43].
Using the CHARA interferometer with baselines up to 330 m,
the b Lyr system has been resolved in the near-infrared H and K
bands [122]. The images resolve both the donor star and the thick
disk surrounding the mass gainer, 0.9 mas away. The donor star appears elongated, thus demonstrating the photospheric tidal distortion due to Roche-lobe filling. Numerous other close binaries invite
studies of mutual irradiation, tidal distortion, limb darkening, rotational distortion, gravity darkening, and oscillations.

8.7. Observing programs
Promising targets for early intensity interferometry thus appear
to be relatively bright and hot, single or binary O-, B-, and WR-type
stars with their various circumstellar emission-line structures
(Fig. 10). The expected diameters of their stellar disks are typically
on the order of 0.2–0.5 mas and thus lie (somewhat) beyond what
can be resolved with existing amplitude interferometers. However,
several of their outer envelopes or disks extend over a few mas and
have already been resolved with existing facilities, thus confirming
their existence and providing hints on what types of features to expect when next pushing the resolution by another order of magnitude. Also, when observing at short wavelengths (and comparing
to amplitude interferometer data in the infrared), one will normally observe to a different optical depth in the source, thus beginning to reveal also its three-dimensional structure.
Also some classes of somewhat cooler objects are realistic targets. Some rapidly rotating A-type stars of temperatures around
10,000 K should be observable for their photospheric shapes (perhaps even watching how the projected shapes change with time, as
the star moves in its binary orbit, or if the star precesses around its
axis?).
The exact amounts of observing time required for different targets are somewhat awkward to estimate since – in contrast to
‘classical’ observations, the achievable signal-to-noise ratio in
intensity interferometry depends on several factors other than
apparent magnitude (not least the source’s own brightness temperature in either the continuum or in some spectral line). It is also
a function of the (normally unknown) source structure: possible
high-contrast features on the milliarcsecond level will produce
more measurable Fourier power in the ðu; v Þ-plane. Of course,
the signal-to-noise improves with higher detective quantum efficiency, better electronic time resolution, the number (and size) of
telescopes used, and with the number of wavelength channels that
are simultaneously handled; Eq. (8).
Various simulations (and an extrapolation from past experience
with the Narrabri stellar intensity interferometer) have shown
[28,71] that a few tens of hours of integration with a large array
of the CTA type will faithfully reproduce the Fourier pattern in
the ðu; v Þ–plane for a star of visual magnitude mV = 5, and
Teff = 10,000 K, when measured in one wavelength channel with a
time resolution of 1 ns. From such data, a two-dimensional image
clearly can be reconstructed. While significant progress on image
reconstruction algorithms has recently been made [89,90], it is
not yet known how sensitive reconstructed images could be to various types of noise levels, either such due to limited source brightness, limited ðu; v Þ-plane coverage, or instrumental systematics. If,
in the event of noisy observations, the data would not permit full
two-dimensional imaging, one could instead extract one-dimensional quantities such as the sizes of stellar surface structures,
the amount of limb darkening, or the separation of binary
components.
9. Observing in practice
In carrying out actual observations for intensity interferometry,
various practical and technical issues may require attention, concerning aspects of the telescopes, detectors, data handling, and
the scheduling of observations.
9.1. Optical e-interferometry
Electronic combination of signals from multiple telescopes is
becoming common for long-baseline radio interferometry, where
remote radio antennas are connected to a common signal-processing
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station via optical fiber links in so-called e-VLBI. This is feasible due to
the relatively low radio frequencies (MHz–GHz); doing the same for a
corresponding optical phase-resolved signal (THz–PHz) would not be
possible but the much slower intensity-fluctuation signals (again
MHz–GHz) are realistic to transmit, thus enabling an electronic connection of also optical telescopes. A number of authors have noted
this potential of electronically combining multiple optical apertures,
especially for observations at short optical wavelengths (perhaps
using the multiple mirror segments of the primary mirror in extremely large telescopes [23,24]). Ofir and Ribak [91–93] evaluate concepts for multidetector intensity interferometers, and even spacebased intensity interferometry has been proposed [52,60], exploiting
the possibility to combine signals off-line from each component telescope, thus relaxing the requirement for spacecraft orientation and
orbital stability.
9.2. Performance of Cherenkov telescopes
The signals to be measured for intensity interferometry have
much in common to those of atmospheric Cherenkov flashes:
nanosecond time structure and relatively short optical wavelengths. Most probably, the same types of very fast photon-counting detectors can be used, although the sources to be observed are
much brighter, and the data handling has to allow for continuous
integrations (rather than trigger-based acquisition of short data
bursts).
9.2.1. Image quality
Even if the technique of intensity interferometry as such does
not require good optical quality, and permits also rather coarse
light collectors with point-spread functions of several arcminutes,
issues arise from unsharp stellar images: in particular an increased
contamination from the background light of the night sky.
Although this light does not contribute any net intensity-correlation signal, it increases the photon-counting noise, especially when
observing under moonlight conditions.
While any reasonable optical quality should be adequate for
intensity interferometry as such, the magnitude mV of the faintest
stars that can be studied will be influenced by the optical point
spread function. Two extreme sky brightness situations can be:
(a) dark observatory sky with !21.5 mV/arcsec2; (b) sky with full
Moon; !18 mV/arcsec2. The equivalent magnitudes from the sky
background then result in mV ! 9.4 (a) and 5.9 (b) for a 5 arcmin
diameter field, and mV ! 12.9 (a) and 9.4 (b) for a 1 arcmin diameter field.
A larger point spread function also takes in other sky events
(meteors, distant flashes of lightning, etc.), and may preclude the
use of small-sized semiconductor detectors of possibly higher
quantum efficiency.
9.2.2. Isochronous optics
For Cherenkov light observations, a large field of view is desired.
In most optical systems, the image quality deteriorates away from
the optical axis, and to mitigate this, various optical solutions are
used. Many current telescopes have the layout introduced by Davies and Cotton [15], whose primary reflector forms a spherical
structure centered on the focal point, giving smaller aberrations
off the optical axis compared to a parabolic design.
This has the consequence that the telescope optics become
anisochronous, i.e., photons originally on the same wavefront,
but striking different parts of the entrance aperture may not arrive
to the focus at exactly the same time. As noted above, the signalto-noise ratio improves with electronic bandwidth, i.e., the time
resolution with which stellar intensity fluctuations can be measured. The time spread induced by anisochronous telescopes acts
like ‘instrumental broadening’ in the time domain, filtering away

343

the most rapid fluctuations. This probably is not a serious issue
since the gamma-ray induced Cherenkov light flashes in air last
only a few nanoseconds, and thus the performance of Cherenkov
telescopes cannot be made much worse, lest they would lose sensitivity to their primary task. Still, since realistic electronics may
reach resolutions on the order of 1 ns, it would be desirable that
the error budget does not have components in excess of such a
value.
Among existing Cherenkov telescopes, this is satisfied by parabolic designs (e.g., MAGIC) but not by the Davies–Cotton concept
(e.g., VERITAS or H.E.S.S.-I). For example, in the H.E.S.S.-I telescopes
the photons are spread over Dt ! 5 ns, with an rms width !1.4 ns
[2,6,104]. For large telescopes, the time spread would become
unacceptably large if a Davies–Cotton design were chosen, and
those therefore normally are parabolic (e.g., MAGIC on La Palma;
H.E.S.S.-II in Namibia, and MACE in Ladakh, India). In principle,
these then become isochronous – apart from minute (few hundred
ps) effects caused by individual mirror facets being spherical rather
than parabolic, or by the tesselated mirror facets being mounted
somewhat staggered in depth.
Also non-parabolic telescopes can be made effectively isochronous, if they have more than one optical element. The two-mirror
Schwarzschild-Couder design is attractive for smaller telescopes,
not least because its smaller image scale permits smaller and less
expensive focal-plane cameras [118]. For on-axis rays, this design
in principle is isochronous, but the time spread increases to
!1 ns for angles a few degrees off center. Also, Schmidt-type telescope designs may satisfy high demands on isochronicity (even
better than 10 ps on axis), while also being compact, offering a
wide field of view, and having a narrow point-spread function
[82]. However, to take full advantage of such performance would
require corresponding accuracies in all other components of the error budget, including the signal handling, and the positioning of
telescopes on millimeter scales. Such values also begin to approach
the level of natural fluctuations in path-length differences induced
by atmospheric turbulence [12,121].
9.2.3. Focusing at ‘infinity’
The optical foci of Cherenkov telescopes are optimized to correspond to those heights in the atmosphere where most of the Cherenkov light originates, and the image of a distant star will then be
slightly out of focus. For a focal length of f = 10 m, the focus shifts
1 cm between imaging at 10 km distance and at infinity, which for
an f/1 telescope implies an additonal image spread of some cm. In
order to decrease the stellar image and not to take in too much of
the night-sky background, it is desirable (though not really mandatory) to refocus the telescope on stars at ‘infinity’. On some (especially larger) telescopes, such a possibility may be available
anyhow since some refocusing can be required in response to
mechanical deflections when pointing in different elevations or
as caused by nocturnal or seasonal temperature variations. In the
absence of such a possibility, a refocusing could still be achieved
by an optical lens placed directly in front of the photosensor.
9.2.4. Placement of telescopes in an array
The placement of telescopes in interferometers can be optimized
for the best coverage of the ðu; v Þ-plane [9,45,48,59,80,83,112]. As
the star gradually crosses the sky during the night, projected baselines between pairs of telescopes change, depending on the angle
under which the star is observed. If the telescopes are placed in a
regular geometric pattern, e.g., a repetitive square grid, the projected baselines are similar for many pairs of telescopes, and only
a limited region of the ðu; v Þ-plane is covered (on the other hand,
redundant baselines result in better signal-to-noise for those particular ones). Since stars rise in the east, moving towards west,
baselines between pairs of telescopes that are not oriented exactly
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east–west will trace out a wider variety of patterns. Because of such
considerations, existing amplitude interferometers (both optical
and radio) locate their component telescopes in some optimal manner (e.g., in a Y-shape, or in logarithmic spirals, unless constrained
by local geography).
As concerns specifically the CTA, its smaller telescopes will be
so numerous that, for most practical purposes, their exact placement should not be critical for interferometry – a huge number
of different baselines will be available anyway. However, the situation is different for the very few large telescopes. Avoiding placing
them on a regular grid (such as a square) will offer a variety of
baseline lengths, give a better coverage of the ðu; v Þ-plane, and permit better image reconstruction.
9.2.5. Impact on observatory operations
The impact of intensity interferometry on other Cherenkov array operations should not be significant. An important aspect is
that – while full moonlight may constrain observations of the feeble atmospheric Cherenkov light – measuring brighter stars is no
problem for intensity interferometry, enabling efficient operations
during both bright- and dark-Moon periods.
Potential sources for interferometry are distributed over large
parts of the sky and permit vigorous observing programs from both
northern and southern sites. However, several among the hot and
young stars belong to Gould’s Belt, an approximately 30 million
year old structure in the local Galaxy, sweeping across the constellations of Orion, Canis Major, Carina, Crux, Centaurus, and Scorpius,
centered around right ascensions 5–7 h, not far from the equator.
Thus, many primary targets are suitable to observe during northern-hemisphere winter or southern-hemisphere summer. We note
that this part of the sky is far away from the many gamma-ray
sources near the center of the Galaxy (which is at right ascension
18 h).
9.3. Detectors and cameras
Typical Cherenkov telescopes have focal lengths on the order of
10 m, providing a focal-plane image scale around 3 mm/arcmin. A
typical point-spread function of 3 arcmin diameter thus corresponds to 1 cm. Detectors that are capable of photon counting with
nanosecond time resolution include well-established vacuum-tube
photomultipliers and large-size solid-state avalanche diode arrays
that are under development.
A Cherenkov telescope typically holds several hundred photomultiplier tubes acting as ‘pixels’ in its focal-plane camera. The
detectors and their ensuing electronics are naturally optimized
for the triggering on, and the recording of, faint and brief transients
of Cherenkov light and might not be readily adaptable for hourlong continuous recordings of bright stellar sources. However, for
intensity interferometry, only one pixel is required (at least in principle, although some provision for measuring the signal at zero
baseline is required) and we note that in some telescopes (e.g., HEGRA [94] and MAGIC [74]), the central camera pixel was specifically designed to be accessible for experiments without affecting
any others. Such types of central pixels could be usable to perform
some experiments towards also intensity interferometry.
However, even if a special pixel is accessible, it may not be possible to use it in its bare form. If observing a bright source in broadband white light with a large telescope, the photon-count rate may
become too large to handle, even for reduced photomultiplier voltages. As discussed above, the signal-to-noise ratio in intensity
interferometry is independent of the optical passband: the smaller
photon flux in a narrow spectral segment is compensated by the
increased temporal coherence of the more monochromatic light.
This property can be exploited with some color filter to reduce
the photon flux to a suitable level, or using a narrow-band filter

tuned to some specific spectral feature of astrophysical significance. For such uses, there should be some provision for a mechanical mounting in front of the detector to hold some small optical
element(s). A broader-band color filter could simply be placed
immediately in front of a photomultiplier but a narrow-band filter
could require additional arrangements. Most such filters are interferometric ones and need to be used in collimated (parallel) light in
order to provide a more precise narrow passband. Since light
reaching the Cherenkov camera is not collimated, some additional
optics could be required, or else one might use narrow-band filters
based on other optical principles, such as Christiansen filters [5].
The further development and optimization of observational
techniques is likely to involve experiments with other types of
detectors, color filters, polarizers or other optical components
which could be awkward to mechanically and electronically (re)place in the regular Cherenkov camera. To minimize disturbances
to the Cherenkov camera proper, it could then be preferable to
place an independent detector unit on the outside of its camera
shutter lid. Such constructions have already been made on existing
Cherenkov telescopes, e.g., a 7-pixel unit on a H.E.S.S. telescope
used a plane secondary mirror to put it into focus, and was used
for experiments in very high time-resolution optical observations.
Its central pixel recorded the light curve of the target, while a ring
of six surrounding pixels monitored the sky background and acted
as a veto system to reject atmospheric background events
[17,18,46]. For such devices, provision must also be made for electrical power supply and signal cables to/from the outside of these
camera shutter lids.
9.4. Signal handling
Current electronic units, used in various photon-counting
experiments, have time resolutions approaching 1 ns, and the error
budget should ideally not have components in excess of such a value (the signal-to-noise is proportional to the square root of the
signal bandwidth). Telescopes may be separated by up to a kilometer or two, and the timing precision of the photon-pulse train from
the detector to a central computing location should be assured to
no worse than some nanosecond (for the timing of its leading
pulse-edge; the pulse-width may be wider). Such performance appears to be achievable by analog signal transmission in optical fibers [98,120]. Compared to metal cables, these have additional
advantages of immunity to cross-talk and to electromagnetic interference, and also avoid the difficulty of maintaining a common
ground and protection for the receiving electronics against (in
some locations not uncommon) lightning strikes across the array.
Another possibility is using clocks on satellite positioning systems such as GPS or Galileo, where absolute timing within some
nanosecond has been achieved in astronomical instrumentation
[84]. This enables to time-tag the photon stream for later off-line
analysis, with an accuracy better than the anisochronicity of the
mirror surfaces of the typical Davies–Cotton optical design.
9.4.1. Correlators
A critical element of an intensity interferometer is the correlator which provides the averaged product of the intensity fluctuations hDI1 DI2 i to be normalized by the average intensities hI1 i and
hI2 i (Eq. (4)). The original interferometer at Narrabri used an analog
correlator to multiply the photocurrents from its phototubes, and
significant efforts were made to shield the signal cables from outside disturbances. Current techniques, such as FPGA (Field Programmable Gate Arrays), permit to program electronic units into
high-speed digital correlators with time resolutions of a few ns
or better.
Similar units are also commercially available for primary applications in light scattering against laboratory specimens [101]. Such
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intensity-correlation spectroscopy is the temporal analog to the
[spatial] intensity interferometry, and was developed after its subsequent theoretical understanding. It was realized that high-speed
photon correlation measurements were required and electronics
initially developed in military laboratories were eventually commercialized, first by Malvern Instruments in the U.K. [96], and
nowadays offered by various commercial companies [7].
An alternative approach (at least for limited photon-count
rates) is to digitize and store all data, and then later perform the
correlation analyses off-line. The data streams from multiple telescopes can then be cross-correlated using a software correlation
algorithm, permitting the application of digital filtering to eliminate possible interference noise from known sources, and also to
compute other spatio-temporal parameters, such as higher-order
correlations between three telescopes or more, which in principle
may contain additional information. On the other hand, this requires a massive computing effort and possible observational problems may not get detected while observations are in progress but
only at some later time. Such a capability was foreseen in the design study for QuantEYE, a proposed very high-time resolution
instrument for extremely large telescopes [24,25], and verified in
the construction and operation of the AquEYE and IquEYE instruments, the latter used also at the European Southern Observatory
in Chile [84–86].

9.5. Delay units
Besides the correlator, another piece of electronics is required
for real-time intensity interferometry, namely to implement a continuously variable time delay that compensates for the relative
timing of the wavefront at the different telescopes, as the source
moves across the sky (Eq. (7)).
If such a delay unit is not used, the maximum correlation signal
in a multichannel digital correlator will appear not in the channel
for zero time delay between any pair of telescopes, but rather at
that channel which corresponds to a delay equal to the light-time
difference between telescopes along the line of sight towards the
source. This arrangement is feasible already with existing digital
correlators since these can be programmed to measure the correlation at full time resolution at time coordinates away from zero.
Such arrangements, however, are not required in the case of offline data analysis, where the delays can be introduced by software
afterwards.

10. Experimental work
As preparatory steps towards realizing full-scale stellar intensity interferometry, different laboratory and field experiments
have been carried out at various institutes, in particular at the StarBase facility in Utah [28,68,109]. Also, in a first full-scale test with
an array of Cherenkov telescopes, pairs of the 12 m telescopes of
the VERITAS array in Arizona were used to observe a number of
stars, with pairs of its telescopes interconnected through digital
correlators [27]. For these observations, starlight was detected by
a photon-counting photomultiplier in the central pixel of the regular Cherenkov-light camera, the outgoing photon pulses were digitized using a discriminator, then pulse-shaped and transmitted
from each telescope via an optical cable to the control building
where they entered a real-time digital cross correlator, computing
the cross correlation function for various time delays. Continuous
count rates up to some 30 MHz were handled, limited by the digitization and signal-shaping electronics. While these experiments
were not intended to measure astrophysical quantities but to gain
experience in operating with a full-scale observatory, they
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confirmed that no fundamental problems seem to exist in carrying
out such operations.
11. Further possibilities
The availability of very large light-collecting areas, distributed
over an extended array enables further classes of optical observations, not feasible with ordinary instrumentation.
11.1. Higher-order spatio-temporal correlations
The quantum theory of optical coherence [33,76] describes how
one can define correlations between arbitrarily many spatial and/
or temporal coordinates in the volume of light (‘photon gas’) being
received from a source. The spatial intensity interferometer is only
one special case of such more general spatio-temporal correlations,
in that it measures the cross correlation between the intensities at
two spatial locations, at one instant in time.
However, using telescope arrays, and given that their photon
detectors provide data streams which can be analyzed at will,
one can construct, e.g., third-order intensity correlations, g ð3Þ , for
systems of three telescopes: hIðr1 ; t1 ÞIðr 2 ; t 2 ÞIðr 3 ; t 3 Þi, where the
temporal coordinates do not necessarily have to be equal. In principle, such and other higher-order spatio-temporal correlations in
light may carry additional information about the source from
where the light has been emitted and thus – at least in principle
– is of relevance for astronomy where information about the
source has to be extracted from more or less subtle properties of
its radiation received [53,91].
Although, in the recording of higher-order correlations, also the
relative noise level increases (possibly demanding very large
telescopes for certain measurements [22]), all sorts of higher-order
correlations can in principle be obtained without any additional
observational effort if the digital signals from each telescope are available for further manipulation in either hard- or software. For example,
one could calculate correlations among also all possible triplets and
quadruplets of telescopes, possibly enabling a more robust full reconstruction of the source image [29,32,51,77,102,103,106,124].
11.2. High-time-resolution astrophysics
Further uses of CTA can be envisioned in searching for extremely rapid (micro- or even nanosecond) optical variability, such
as suspected from pulsars or other compact sources. In a few radio
pulsars, nanosecond pulse structure has been observed, representing the currently most rapid fluctuations seen in astronomical
sources but so far lacking any credible explanation (perhaps nonlinear plasma turbulence, stimulated Compton scattering, or angular beaming due to relativistic source motion?), and there is some
evidence that corresponding events may exist also in the optical
[107]. Despite the point-spread function extending over arcminutes (and thus giving a considerable contribution from the nightsky background), the very large collecting area distributed over
several independent telescopes would make such searches more
sensitive than with any existing large telescope. Although the
number of photons per second in the background skylight may
be very significant, their number per microsecond is still very modest and the sensitivity to detecting the very shortest fluctuations
becomes mainly a function of light-collecting area [66].
The sensitivity of Cherenkov telescopes to detecting such very
brief optical flashes was analyzed by Deil et al. [18]. Comparing a
H.E.S.S. 100 m2 Cherenkov telescope with a sky-background-free
optical telescope for very high-time-resolution photometry, they
found that for flashes shorter than some 100 ns, a large Cherenkov
telescope outperforms today’s largest astronomical telescopes, at
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least under dark-Moon sky conditions. Optical observations of the
Crab pulsar have been made with Cherenkov telescopes of H.E.S.S.
[46] and MAGIC [74]. Although this optical pulse is only some 10!6
of the background (the sky plus the Crab nebula surrounding the
pulsar), and integrations over many hundreds of pulsar periods
are required before a sensible signal appears, statistical information on also the very fine time structure can be retrieved within
very reasonable integration times.
12. Outlook
Interferometry for the attempted measurement of stellar diameters appears to have been first carried out in the 1870s by Stéphan
[110], following a suggestion by Fizeau. A two-aperture mask was
placed over a 80 cm reflector at Marseille Observatory, but it was
soon realized that stars could not be resolved over this short baseline. In the 1920s, Michelson and Pease [79] operated a 6 m interferometer mounted on the 100 inch Hooker telescope on
Mt.Wilson, and succeeded in measuring diameters of a few giant
stars, while their later 15 m instrument proved mechanically too
unstable for practical use [42].
The demanding requirement to maintain stable optical path differences during observations within a fraction of an optical wavelength caused the technique to lay dormant for half a century, until
Labeyrie [62] succeeded in measuring interference fringes between
two separated telescopes. This success triggered the construction
of a whole generation of optical amplitude interferometers and is
also said to have been the specific reason why the plans to build
a successor to the original Narrabri intensity interferometer (designed around that very time) were not realized, and (as far as
astronomy is concerned), the technique has now been dormant
for decades.
However, the progress in instrumentation and computing technology since the days of the Narrabri interferometer has been
extraordinary. High-speed photon-counting detectors and hardware correlators are commercially available, and new mathematical algorithms allow for image reconstruction. The most valuable
components – large light collectors – are being realized in the form
of air Cherenkov telescopes. All of this has sparked a renewed
interest in astronomical intensity interferometry, and a first workshop (since very many years) on this topic was held not long ago
[67]. Thus, long after the pioneering experiments by Hanbury
Brown and Twiss, the technological developments carry the promise of achieving a basic but difficult goal: to finally be able to view
our neighboring stars not only as mere unresolved points of light
but as the extended and most probably very fascinating objects
that they really are.
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a b s t r a c t
The past decade has seen a dramatic improvement in the quality of data available at both high (HE: 100 MeV
to 100 GeV) and very high (VHE: 100 GeV to 100 TeV) gamma-ray energies. With three years of data from
the Fermi Large Area Telescope (LAT) and deep pointed observations with arrays of Cherenkov telescope,
continuous spectral coverage from 100 MeV to !10 TeV exists for the first time for the brightest gammaray sources. The Fermi-LAT is likely to continue for several years, resulting in significant improvements
in high energy sensitivity. On the same timescale, the Cherenkov Telescope Array (CTA) will be constructed
providing unprecedented VHE capabilities. The optimisation of CTA must take into account competition
and complementarity with Fermi, in particularly in the overlapping energy range 10–100 GeV. Here we
compare the performance of Fermi-LAT and the current baseline CTA design for steady and transient,
point-like and extended sources.
! 2012 Elsevier B.V. All rights reserved.

1. Introduction
The energy range between 10 GeV and 100 GeV is the range
where space-based satellites such as the Fermi-LAT (! 20 MeV to
! 300 GeV) and ground-based instruments such as the next-generation Cherenkov Telescope Array (CTA) overlap. While they have
vastly different effective areas, their sensitivity in this overlapping
region is similar (differential flux ! 10"12 erg cm"2 s"1 for a typical
100 h observation and a 10-year Fermi-LAT mission) since the
Fermi-LAT is close to background-free at those energies. This energy
range is of great importance for a wide range of scientific topics:
# the Universe goes from being transparent to gamma-rays to
having a pronounced horizon at a redshift < 1 [1–3], limiting
the number of bright very distant objects (such as e.g. Gamma
Ray Bursts, or GRBs) that can be studied, but providing information on the cosmological evolution of the infrared-ultraviolet
background light [4–9].
# the brightest Fermi-LAT sources [10] have spectra that steepen
in this energy range. Examples for this behavior are flat-spectrum radio quasars [11], and mid-aged supernova remnants
interacting with molecular clouds [12,13]
# the diffuse Galactic background has a steeper spectrum than
most detected Fermi-LAT sources and therefore goes from being
the dominant c-ray emitter below this energy range (at
! 100 MeV) to being sub-dominant to individual sources in
the TeV band [14–18].
⇑ Corresponding author.

E-mail addresses: Stefan.Funk@slac.stanford.edu, funk@slac.stanford.edu (S.
Funk).
0927-6505/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.astropartphys.2012.05.018

# the spectra of a large number of Galactic object source classes
exhibits rising components (in energy flux) and the emergence
of additional components. Examples for such spectral properties
are LS 5039 [19], Eta Carinae [20,21], the Supernova remnant
RXJ1713.7"3946 [22] or the Pulsar Wind Nebula
HESSJ1825"137 [23,24]. For this reason simple extrapolations
of the energy spectra into this region from above or from below
are often expected to be wrong (see e.g. [25] for a more detailed
study of this topic in the pre-Fermi-LAT era).
In addition, to these scientific topics, cross-calibration between
the Fermi-LAT and ground-based instruments might be interesting
[26,27]. The increased overlap in energy coverage between CTA
and Fermi-LAT compared to current instruments might render this
important and might provide an cross-calibration for groundbased instruments.
Fig. 1 shows the sensitivity curve of the Fermi-LAT, H.E.S.S., and
CTA for an E"2 type power-law spectrum of a source for several different observation lengths. Here and in the following the altitude
of CTA is assumed to be 2000 m. Different altitudes will change
the CTA sensitivity curves slightly but we do not expect the results
described here to change in any significant way. The exact details
of the sensitivity for CTA in general depend on the as of yet unknown parameters like the array layout and analysis technique
of CTA. However, we don’t expect the sensitivity of CTA or the lifetime of the Fermi-LAT to change by a significant factor compared to
what is assumed here (unless there is a significant increase in the
number of telescopes for CTA). As the differential sensitivity curves
for these instruments are usually only provided for 1-year of
Fermi-LAT and for 50 h of H.E.S.S./CTA, we had to make use of a
sensitivity model which will be described in Section 2. Generally,
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Fig. 1. ‘‘Differential’’ sensitivity (integral sensitivity in small energy bins) for a
minimum significance of 5r in each bin, minimum 10 events per bin and 4 bins per
decade in energy. For Fermi-LAT, the curve labeled ‘‘inner Galaxy’’ corresponds to
the background estimated at a position of l ¼ 10" ; b ¼ 0" , while the curve labeled
‘‘extragalactic’’ is calculated using the isotropic extragalactic diffuse emission only.
For the ground-based instruments a 5% systematic error on the background
estimate has been assumed. All curves have been derived using the sensitivity
model described in Section 2. For the Fermi-LAT, the pass6v3 instrument response
function curves have been used. As comparison, the synchrotron and Inverse
Compton measurements for the brightest persistent TeV source, the Crab Nebula
are shown as dashed grey curves.

the sensitivity information provided is insufficient to make a detailed comparison of the performance in the overlapping region
which motivates this study.
As can be seen from the figure, the Fermi-LAT is photon starved
in the overlapping energy range and therefore the mF m (which is
equivalent to E2 dN=dE) sensitivity worsens with increasing energy
proportional to E1 . The Fermi-LAT 10-year sensitivity is extremely
uneven across the sky, due to the bright diffuse gamma-ray emission from cosmic-ray interactions in our Galaxy in that energy
range [17]. We show two positions, one labeled ‘‘inner Galaxy’’ at
l ¼ 10" ; b ¼ 0" Galactic coordinates and one at high latitudes labeled ‘‘extragalactic’’, taking into account only the isotropic diffuse
emission [28]. The Galactic diffuse emission has a steeper spectrum than E#2 and is therefore increasingly less dominant with
higher energies in the Fermi-LAT [17]. For our study we will ignore
the Galactic diffuse background in the following. This has negligible effect on the energy at which the Fermi-LAT and CTA differential sensitivity curves overlap as seen in Fig. 1. It should be noted
that in the very inner parts of the Galaxy diffuse emission can become an issue, even for CTA as shown in [16]. Contrary to the Fermi-LAT, CTA is systematic error dominated in the overlapping
energy range. Therefore longer observations do not help the CTA
sensitivity in this range as can be seen from Fig. 1. Unless otherwise noted, we have assumed that the source counts need to be
at least 5% above the background to be significantly detected (i.e.
we assumed that we can determine our background level to 5%
accuracy). While this is a reasonable assumption, for special observations, such as for pulsars (where the background can be determined by the off-phase), this might be overly conservative. Due
to the dominance of systematic errors for CTA in the overlapping
energy range, longer observation times do not significantly shift
the energy at which the Fermi-LAT and CTA sensitivity curves cross
as can be seen in Fig. 1.
Differential sensitivity is clearly not the only relevant factor
when comparing instruments in the overlapping range. The integral
sensitivity is relevant when aiming to detect a new source, and the
angular and energy resolution are clearly critical for imaging and
spectroscopy. Fig. 2 shows the angular resolution and the energy
resolution for the instruments operating (or planned) in the
$ 100 GeV range. As can be seen there are orders of magnitudes
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differences between instruments in both quantities. Below
100 GeV the Fermi-LAT outperforms all ground-based instruments
in both angular and energy resolution. This is due to inherent fluctuations in those particles above the Cherenkov threshold high in the
atmosphere for showers initiated by low energy primaries. So even
if the differential sensitivity of the Fermi-LAT and CTA is the same at
a given energy, the Fermi-LAT will be able to do a better measurement of a source. While HAWC’s performance in these quantities
is rather modest, its main goal is to detect new sources and study
variability and find transients. HAWC is not shown in Fig. 1 as differential sensitivity curves has not been provided by the HAWC collaboration and indeed, it is not the relevant quantity for the
aforementioned goals. In the energy range at which this study is
focused, HAWC is not competitive with the Fermi-LAT and CTA
except perhaps for the detection of very short timescale transients
such as GRBs.

2. The sensitivity model
The sensitivity of gamma-ray detectors is determined by three
basic characteristics: the effective collection area, residual background rate and angular resolution, all of which are typically a
strong function of gamma-ray energy. For Fermi-LAT the relevant
curves are taken from [29] for instrument response function
pass6_v3, and for CTA from [30]. It should be noted that the usage
of the enhanced pass7 response-functions for the Fermi-LAT will
not substantially change the presented results. The difference in
effective area above 1 GeV is $ 10%. We also note that the CTA performance is very likely to improve relative to that shown here, due
to analysis improvements and hardware performance and telescope layout optimization. For a detailed description of the CTA
instrument response function, see [?] in this issue. Detection sensitivity may be limited by statistical fluctuations of the background, by background systematics or by the number of detected
signal photons. The statistical limit is calculated using a maximum
likelihood approach, background systematics in CTA are assumed
to have a 1% rms [30], and a minimum of 10 photons is always required for a detection. The instrument point-spread functions
(PSFs) are assumed to be Gaussian for simplicity, with the 68% containment radius (h68 ) matched to that of the simulated instrument
response. This study builds on that presented in [34] but is more
precise in that it uses Monte–Carlo estimated background rates
and collection areas for a baseline CTA design (layout ‘‘E’’) [30]
rather than inferred values, derived for an idealized future Cherenkov array [35]. Array layout E is used as an example. This particular
configuration uses three telescope types: four 24 m telescopes
with 5" field-of-view, 23 telescopes of 12 m diameter with 8"
field-of-view, and 32 telescopes of 7 m diameter with a 10" field2
of-view. The telescopes are distributed over $ 3 km on the
ground. The study presented here uses the curves for an altitude
of 2000 m and a zenith angle of 20" . The residual background rate
adopted for Fermi (unless otherwise stated) is taken from [29] and
is representative of the isotropic diffuse emission relevant for high
Galactic latitude sources. As previously stated we ignore the Galactic diffuse emission which is justified, given its diminishing importance in the Fermi-LAT data above 10 GeV. The likelihood method
adopted is a simplified version of that used for data analysis:
events are binned in energy but counted (rather than fit) within
an energy-dependent aperture. To match the sensitivity achieved
using the standard method a background scaling factor of 0.6 is applied. This approach is used throughout except for the case of the
source extension studies described in Section 5, where a full treatment is used.
In Fig. 3 we compare the sensitivity model to published curves
for the differential sensitivity of CTA and Fermi, agreement exists
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Fig. 2. Left: Angular resolution for Fermi-LAT [29] and CTA [30]. H.E.S.S. [31] and HAWC [32] are shown as examples for a current-generation IACT and for a next-generation
water Cherenkov detector. Also shown is the limiting angular resolution that could be achieved if all Cherenkov photons emitted by the particle shower could be detected
[33]. The CTA curve has not been optimized for angular resolution and enhanced analysis techniques are expected to improve this curve. Right: Energy resolution for FermiLAT and CTA. Shown is the 68% containment radius around the mean of the reconstructed energy. It is evident that the energy resolution of Fermi-LAT in the overlapping
energy range is significantly better than the CTA resolution.
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Fig. 3. Comparison of sensitivities derived with our model to the official sensitivity
curves available in the literature [29,31,30]. Dotted curves are official curves, solid
curves are derived with the model described in the text.

at the 10–20%, adequate for the purposes of our study, in particular
considering the provisional nature of the CTA curves.
3. Differential sensitivity
It is interesting to compare differential sensitivities since this is
the relevant quantity when comparing the quality of spectral measurements, in particular of features such as cutoffs and breaks. For
the differential sensitivities we used a source with spectral index of
dN=dE / E!2 , and required a significance of 5r in each energy bin.
In addition we required the source flux to be a factor of 5 above the
background systematics (which we assumed to be 1%). Unless
otherwise noted we calculated the differential sensitivity for 4 bins
per decade in energy. In the energy range under study, both instruments suffer from drawbacks in spectroscopy: the Fermi-LAT is unable to exploit its good energy resolution due to a lack of photon
statistics, but CTA is unable to make use of its large collection area
due to limited energy resolution. Given the 30% energy resolution
of CTA, see Fig. 2 (right), only 4 independent bins per energy are
possible, assuming separation of the centers of the bins by the
full-width half max of the energy resolution. This should not pose
severe problems, since extremely sharp features are rather rare
(apart from super-exponential cutoffs or dark matter annihilation
signals).

When comparing the differential sensitivity in energy bins,
clearly the motivation is to be able to perform spectral measurements. The energy Ecross at which the differential sensitivity curves
of CTA and Fermi-LAT intersect is the energy below which FermiLAT and above which CTA is better suited to perform spectral measurements. However, it should be noted that the underlying motivation is to find the energy at which the Fermi-LAT and CTA
spectral points of a source have similar statistical error bars. For
CTA, being dominated by background systematics in this energy
range, a 5r detection requirement in each bin translates (in the
Gaussian limit that applies here) into a 20% flux error for the point.
For the Fermi-LAT, however, this is not true, since neither the signal nor the background of a threshold source are in the Gaussian
limit in the energy range under study. Being signal-limited, we
estimate that to get the same flux error, we need N ¼ 25 signal
events in the energy bin, significantly larger than what is usually
applied when comparing differential sensitivity curves. If this
requirement is fulfilled the Fermi-LAT should have a comparable
error on its spectral measurement.
Fig. 4 shows the energy Ecross at which the error on the flux measurement in the energy bin should be equal between H.E.S.S. (left)/
CTA (right) and the Fermi-LAT as a function of the observation
times in both instruments. Given our assumptions about the systematic error on the background level, there is typically no large
benefit in the overlapping energy range for CTA to spend significant amounts of observation time as can be seen from the fact that
Ecross does change very weakly for a given Fermi-LAT observation
time when increasing the CTA observation time. Also, it can be seen
that for an expected 10-year lifetime of the Fermi-LAT mission
Ecross # 40 GeV for the assumed parameters and for a typical
100 h CTA observation. That means at that energy the Fermi-LAT
will be doing measurements (within the 10-year mission) that
are comparable in quality to the measurements that will be done
in a 100 h CTA observation.
Clearly, CTA has a huge discovery potential over the Fermi-LAT
in the overlapping energy range for short-transient phenomena
(provided they occur in the field of view), due to the large collection area. To demonstrate this, we show in Fig. 5 the differential
sensitivity (or more precisely the integral sensitivity in the energy
bin) for selected energies (25, 40, 75 GeV) as a function of observation time. Since the Fermi-LAT is signal-limited at these energies,
the sensitivity improves rapidly with increasing observation time.
For short-duration transient objects such as GRBs, it is evident that
CTA has an advantage over the Fermi-LAT by many orders of
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Fig. 4. Cross over energy Ecross as a function of Fermi-LAT and of H.E.S.S. (left) or CTA (right) observation time. Here we required a detection significance in each energy bin of
5r and a minimum number of 25 events in each bin (to get comparable errors on the flux measurement in the bin (see text for a discussion). No optimization for loosening the
cuts at short observation times has been performed (the Fermi-LAT pass6_v3 diffuse response function was used), therefore in principle the Fermi response could be
somewhat better - but not by much, given the limited physical area of the instrument. Also for CTA, the curves could be improved if the systematics are brought under control
and there was a smaller systematic error on the background estimate.

(compared to ! 40 GeV in the standard case of 5r and 10 events
and 1% systematic error on the background flux).
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Fig. 5. Differential sensitivity at selected energies as a function of observation time.
These plots were generated for a detection significance of 5r in the relevant energy
bin and a minimum number of 25 events.

magnitude which constitutes a large discovery potential. It should
however be said that for transient sources the Fermi-LAT has the
advantage of a 2.4p sr field of view which makes catching transients much more likely. In addition, the Fermi-LAT can view out
gamma rays to much larger redshifts due to the cc pair production
opacity of the Universe at higher gamma-ray energies. The exact
position of the kink in the graphs for CTA depends on the exact
assumptions on the background systematics as discussed above.
Again, it can be expected, that the CTA sensitivity for short-duration events can be significantly improved compared to the current
instrument response function.
In addition to faint sources, it is also interesting to consider
bright sources. Recent measurements have established pulsed
emission from the Crab Pulsar in the > 25 GeV range [36,37]. For
such observation the systematic error on the background level
can be significantly reduced, since the local background can be
determined from the off-phase of the pulsar. In this case the aim
is no more the detection in each energy bin, but rather a very small
error on the measured flux. In Fig. 6 we illustrate the effect of
requiring 10r per energy bin (and correspondingly 100 events to
get the same error on the flux in the signal-limited regime) and
the suppression of the systematic error on the cross-over energy
Ecross . For the special case of the pulsar observations, the cross-over
energy can be significantly reduced and will be close to ! 25 GeV

The potential of an instrument to discover new sources, or
events, is related to its integrated performance over the relevant
energy range. Unfortunately estimates of integral flux sensitivity
are always strongly dependent on the assumed spectral shape.
The most common approach assumes a power-law spectrum of a
given spectral index (C) and calculates the minimum flux (F min )
above a given energy (E0 ) that is required for detection. As the minimum flux in terms of photon rate per unit area is often a rapidly
falling function of energy E " F min , a quantity with the same units
as mF m , is often plotted. Implicit in this method is that the source
spectrum starts abruptly at E0 (or that all information below E0 is
disregarded) and that the source spectral power-law extends to
infinity. Both of these assumptions are highly unrealistic in practice. Here we adopt an alternative approach to estimate minimum
detectable flux, based on a characteristic energy in the source spectrum: either a spectral energy distribution (SED) peak or a cut-off
energy. We define /ðEc Þ as the minimum detectable integrated energy flux over the full energy range of a source with a spectrum
dN=dE / E%C exp %E=Ec . A significance of 5r and a minimum number of 10 events were requested (this section deals mostly with the
detection of sources, not so much with the measurement of spectra). Fig. 7 shows this quantity for Fermi and CTA for two choices
of C, 1.5 and 2.0. In the case C ¼ 1:5; Ec corresponds roughly to
the SED peak energy. The minima in / seen for Fermi at ! 3 GeV
and CTA at ! 10 TeV in the left panel of Fig. 7 can be interpreted
as the energies at which these instruments are most sensitive for
source detection. The cross-over between Fermi and CTA is at a
cutoff energy of ! 90 GeV. The case C ¼ 2 is also interesting, demonstrating how dramatic the impact of a cut-off in the source spectrum is on the detection probability: for CTA a cut-off at 100 GeV
raises the minimum required source power by an order of magnitude with respect to a > 1 TeV cut-off and a detection of such a
source with Fermi is much more likely for the observation times
assumed (10 years for Fermi and 100 h for CTA). The cross-over between Fermi-LAT and CTA in this curve is at a cutoff energy of
! 370 GeV.
To help relate these curves to detection sensitivity for astrophysical objects, the right-hand axis of Fig. 7 gives the corresponding
source luminosity at 1 kpc. For reference a canonical proton
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error on the background for comparison (dark blue). In such cases the aim is to
measure the spectrum at high precision, therefore 10r per energy bin and a
minimum of 100 events (resulting in an error on the flux of ! 10%) are shown as
well (dashed lines). The markers indicate the points at which the 10r, 100 events,
no CTA background systematics intersect (dark green circle, 24.2 GeV) and for
comparison the standard 5r, 25 events, 1% background systematics (light green
square, 41.8 GeV). The curves are shown for 10 years of Fermi-LAT and 100 h of a
CTA observation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).
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6. Summary and outlook
This paper presents the first in-depth comparison of the sensitivities in the overlapping energy range between 10 GeV and
100 GeV for the Fermi-LAT and CTA. This is an important energy
range due to the fact that the Universe goes from being transparent
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accelerating SNR at this distance with an ambient density of 1
hydrogen atom per cubic centimetre would have a luminosity of
! 1050 erg=t pp!c ! 2 " 1034 erg=s, suggesting that CTA should see
such objects over most of the volume of the Galaxy. As can be seen
from this figure: for hard-spectrum (C ¼ 2) low-integrated luminosity sources such as SNRs, CTA will ultimately perform better
than Fermi unless the cutoff is below ! 1 TeV. We note that the case
C ¼ 1:5 is close to the expectation for dark matter annihilation
spectra, (see e.g. [38,34]), or for a cut-off inverse Compton spectrum
from an uncooled electron spectrum (see e.g. [39]). In the dark matter case the cut-off occurs at a factor of up to a few (e.g. in the case of
! below the mass of the annihilating particle:
annihilation into bb)
Fig. 7 therefore suggests that Fermi may be more effective than
CTA in searches for point-like dark matter annihilation signatures
for particle masses below ! 300 GeV.

The power to detect regions of extended emission and to image/
resolve such regions is a key performance criterion for a gammaray detector. A substantial fraction of the sources visible above
100 GeV are significantly spatially extended, with a typically rms
angular size of ! 0:2$ for Galactic objects [14]. Whilst relatively
fewer extended objects are known at GeV energies, this may be,
at least in part, a selection effect [40]. In addition to the dominant
class of extended Galactic objects, extended emission is expected
from extragalactic objects for some of the most important targets
for CTA and the Fermi-LAT, in particular for cosmic-ray and/or dark
matter annihilation signatures in clusters of galaxies and nearby
galaxies. For an extended object, at least 3 flux levels are of interest: a minimum detectable flux F d , the minimum flux F e at which
statistically significant extension can be demonstrated and the flux
level F i at which substructure on the scale of the PSF can be detected. Whilst F i can be readily estimated from the point-source
detection sensitivity F ps : F i % F ps Xs =Xpsf (X being the solid angle),
the remaining quantities are more subtle. An extended-source
must be detected above the fluctuations
of an increased backqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ground level N bg;ext ðEÞ ¼ N b gðEÞ hpsf ðEÞ2 þ h2s where hs is the rms
source size and hpsf is the energy-dependent rms of the PSF, F d is
therefore close to F ps for hs < hpsf . In contrast the ability to detect
the extension of a source improves dramatically for hs > hpsf .
Fig. 8 shows these two flux levels for both Fermi and CTA for nominal observation lengths and assuming an E)2 spectrum source
with no cut-off. In the Fermi case the calculation of the Fermi collaboration for F e is shown in solid green for comparison [40]. Fig. 8
shows that the deterioration of source detection power for larger
angular size sources is much more dramatic for CTA than for Fermi,
due to the superior angular resolution of the former. Conversely,
CTA can detect modest source extension (at the ! 0:1$ level) for order of magnitude dimmer objects. Note that the arguments given
here apply only to objects much smaller than the FoV of CTA (i.e.
less than * 4$ rms) for which the on-axis response can legitimately be assumed.
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Fig. 8. Sensitivity for detecting extended sources as a function of the RMS (68%
containment) source extension. Shown is the integral flux F d at which an extended
source is detectable at the 5r-level (dashed) and the integral flux at which
extension can be demonstrated (solid) at the 4r-level. See text for details of these
quantities. Shown as a solid green line is the sensitivity estimate for extended
sources given by the Fermi-LAT collaboration [40]. It can be seen that the detection
sensitivity F d deteriorates more rapidly for CTA than for the Fermi-LAT due to the
superior angular resolution. It can also be seen from the solid lines: up to sources of
" 0:7# CTA will perform significantly better in resolving sources.

to being opaque to gamma-rays at these energies. It also is the
range at which many Fermi-LAT sources show interesting features
in their spectra, such as cutoffs and breaks or new components.
When comparing the differential sensitivity of a 10-year sky-survey with the Fermi-LAT with a typical 100 h exposure of CTA we
find that CTA will be better for measuring spectra (taking into account systematic errors) for an E!2 source above " 40 GeV. In
terms of detecting sources, CTA will work better for sources with
an E!2 spectrum and and an exponential cutoff above " 370 GeV.
For short-term phenomena (order of minutes) CTA will perform orders of magnitude better than the Fermi-LAT in the overlapping
area, although the Fermi-LAT obviously has a huge advantage in
terms of field of view. Given the large overlap in energy range,
an ideal scenario is one where both the Fermi-LAT and CTA operate
simultaneously during some (albeit brief) period of time. In fact,
CTA would benefit tremendously from a simultaneous operation
with the Fermi-LAT. Therefore, the ground-based gamma-ray community is strongly in favor of extending the lifetime of the FermiLAT mission over the currently planned 5–7 years.
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