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1.1 Introduction

A next-generation gamma-ray experiment will
make extragalactic discoveries of profound im-
portance. Topics to which gamma-ray observa-
tions can make unique contributions are the fol-
lowing: (i) the environment and growth of Su-
permassive Black Holes; (ii) the acceleration of
cosmic rays in other galaxies; (iii) the largest
particle accelerators in the Universe, including
radio galaxies, galaxy clusters, and large scale
structure formation shocks; (iv) study of the in-
tegrated electromagnetic luminosity of the Uni-
verse and intergalactic magnetic field strengths
through processes including pair creation of TeV
gamma rays interacting with infrared photons
from the Extragalactic Background Light (EBL).

The following sections will describe the science
opportunities in these four areas. Gamma-ray
bursts and extragalactic searches for dark matter
annihilation gamma rays are discussed in sepa-
rate sections.

1.2 Gamma-ray observations of su-
permassive black holes

Supermassive black holes (SMBH) have masses
between a million and several billion solar masses
and exist at the centers of galaxies. Some
SMBHs, called Active Galactic Nuclei (AGN)
are strong emitters of electromagnetic radi-
ation.  Observations with the FGRET En-
ergetic Gamma-Ray FExperiment Telescope on
board of the Compton Gamma-Ray Observa-
tory (CGRO) revealed that a certain class of
AGN known as blazars are powerful and variable
emitters, not just at radio through optical wave-
lengths, but also at >100 MeV gamma-ray en-
ergies [5]. EGRET largely detected quasars, the
most powerful blazars in the Universe. Obser-
vations with ground-based Cherenkov telescopes
showed that blazars emit even at TeV energies
[6]. In the meantime, more than twenty blazars
have now been identified as sources of >200 GeV
gamma rays with redshifts ranging from 0.031
(Mrk 421) [6] to 0.536 (3C 279) [69] *. Most
TeV bright sources are BL. Lac type objects, the
low power counterparts of the quasars detected
by EGRET. The MeV to TeV gamma-ray emis-
sion from blazars is commonly thought to origi-
nate from highly relativistic collimated outflows
(jets) from mass accreting SMBHs that point at
the observer [3, 4]. The only gamma-ray emit-
ting AGN detected to date that are not blazars
are the radio galaxies Centaurus A [1] and M87
[2]. The observation of blazars in the gamma-
ray band has had a major impact on our un-
derstanding of these sources. The observation

1Up-to-date lists of TeV ~-ray sources can be found
at the web-sites: http: //tevcat.uchicago.edu and http:
//www.mpp.mpg.de/ ~rwagner /sources/.



of rapid flux variability on time scales of min-
utes together with high gamma-ray and optical
fluxes [11, 63] implies that the accreting black
hole gives rise to an extremely relativistic jet-
outflow with a bulk Lorentz factor exceeding 10,
most likely even in the range between 10 and 50
[64, 65]. Gamma-ray observations thus enable
us to study plasma which moves with >99.98%
of the speed of light. Simultaneous broadband
multiwavelength observations of blazars have re-
vealed a pronounced correlation of the X-ray and
TeV gamma-ray fluxes [12, 13, 16, 24]. The X-
ray/TeV flux correlation (see Fig. 1) suggests
that the emitting particles are electrons radi-
ating synchrotron emission in the radio to X-
ray band and inverse Compton emission in the
gamma-ray band.

Blazars are expected to be the most copious
extragalactic sources detected by ground-based
TIACT arrays like VERITAS and by the satel-
lite borne gamma-ray telescope Fermi. For ex-
tremely strong sources, IACT arrays will be able
to track GeV/TeV fluxes on time scales of sec-
onds and GeV/TeV energy spectra on time scales
of a few minutes. Resolving the spectral variabil-
ity during individual strong flares in the X-ray
and gamma-ray bands should lead to the un-
ambiguous identification of the emission mech-
anism. The present generation of TACTs will
be able to track spectral variations only for a
very small number of sources and only during
extreme flares. The next-generation gamma-ray
experiments will be able to do such studies for
a large number of sources on a routine basis.
Sampling the temporal variation of broadband
energy spectra from a few tens of GeV to several
TeV will allow us to use blazars as precision labo-
ratories to study particle acceleration and turbu-
lence in astrophysical plasmas, and to determine
the physical parameters describing a range of dif-
ferent AGN. The observations of blazars hold the
promise to reveal details about the inner work-
ings of AGN jets. Obtaining realistic estimates
of the power in the jet, and the jet medium will
furthermore constrain the origin of the jet and
the nature of the accretion flow.

Recently, spectracular results have been ob-
tained by combining monitoring VLBA, X-ray

and TeV ~-ray observations. This combination
has the potential to pinpoint the origin of the
high energy emission based on the high resolu-
tion radio images, and thus to directly confirm
or to refute models of jet formation. For ex-
ample, radio VLBA, optical polarimetry, X-ray
and TeV ~-ray observations of the source BL
Lac seem to indicate that a plasma blob first
detected with the VLBA subsequently produces
an X-ray, an optical and a v-ray flare [67]. A
swing of the optical polarization seems to bol-
ster the case for a helical magnetic field as pre-
dicted by magnetic models of jet formation and
acceleration. Presently such observations are ex-
tremely difficult as the current instruments can
detect sources like M 87, BL Lac, W Com only
in long observations or during extreme flares.
Next-generation v-ray instruments will allow us
to study the correlation of fast TeV flares and
radio features on a routine basis.

In addition to ground-based radio to opti-
cal coverage, several new opportunities might
open up within the next decade. The Space
Interferometry Mission (SIM) will be able to
image emerging plasma blobs with sub milli-
arcsec angular resolution [14]. The center may
be located with an accuracy of a few micro-
arcsec. For a nearby blazar at z=0.03, 1 milli-
arcsec corresponds to a projected distance of 0.6
pc. The SIM observations could thus image the
blobs that give rise to the flares detected in the
gamma-ray regime. Joint X-ray/radio interfer-
ometry observations already give some tentative
evidence for the emergence of radio blobs corre-
lated with X-ray flares. If a Black Hole Finder
Probe like the Energetic X-ray Imaging Space
Telescope (EXIST) [15] will be launched, it
would provide reliable all-sky, broad-bandwidth
(0.5-600 keV), and high-sensitivity X-ray cover-
age for all blazars in the sky. EXIST’s full-sky
sensitivity would be 2 x 10712 ergs cm™2 s!
for 1 month of integration. For bright sources,
EXIST could measure not only flux variations
but also the polarization of hard X-rays. Oppor-
tunities arising from neutrino coverage will be
described below.

At the time of writing this white paper, the
Fermi gamma-ray telescope is in the process of



Date of 2001

| March 19 | March 20 | March 21 | March 22 | March 23 | March 24 |
0L : 11987 , 11988 , 11989 : 11990 , 11991 : 11992 : |
f b . | | | | | | 3
o , | Y | | | I o ]
SR By oy ¢
5‘@ L % o | © 5 (- % @ ?
$_o L@ g ' 2 ' % $
= foby L i
E o | | | L
05 [ | : | b | B
| | | | | | |
I | | | | | | ]
200 | 1 | 1 | | | 1 1y | | 1 1 | 1
e N N R
23 188 S o AT w NI A S
— 60 ' ' o & W ; -, ‘|b B
>'< % L1 l" | " ‘;rinl | ] ,”r.r # | +i ]
8 a0l g cam ]
L A S | | | | | 1
— 20 L ] ‘ | 1 | | | 1 1y | |- 1 | 1 |
| P12 F ! ! ! ! ! ! ! =
O o | | | | | | E
= £ 13 F l go® 9 Yo | o sog I I I 3
g o ! ! ! |° Bgp® |6 ooty 0 | o° E
— 13‘5 E | 1 | 1 | | | 1 1 | | 1 | 1 .
0 2x10°% 4x105 6x105

Time [s from T, = 11987.0 (TJD)]

Figure 1: Results from 2001 Rossi X-ray Timing Explorer (RXTE) 2-4 keV X-ray and Whipple (full symbols) and
HEGRA (open symbols) gamma-ray observations of Mrk 421 in the year 2001 [24]. The X-ray/gamma-ray fluxes
seem to be correlated. However, the interpretation of the data is hampered by the sparse coverage at TeV gamma

rays.

detecting a few thousand blazars. The source
sample will make it possible to study the red-
shift dependent luminosity function of blazars,
although the identification of sources with opti-
cal counterparts may be difficult for the weaker
sources of the sample, owing to Fermi’s limited
angular resolution. Another important task for
the next-generation instrument will be to im-
prove on the Fermi localization accuracies, and
thus to identify a large number of the weaker
Fermi sources.

Independent constraints on the jet power,
kinematics, and emission processes can be de-
rived from GeV-TeV observations of the large
scale (up to hundreds of kpc) jets recently de-
tected by Chandra. Although such large scale

jets will not be spatially resolved, the fact that
the gamma-ray emission from the quasar core
is highly variable permits us to set upper lim-
its to the steady GeV-TeV large scale jet emis-
sion [17]. In the case of the relatively nearby
3C 273, for example, the electrons that produce
the large scale jet IR emission will also produce
a flat GeV component. The fact that this emis-
sion is weaker than the EGRET upper limit con-
strains the Doppler factor of the large scale jets
to less than 12, a value that can be pushed down
to 5 with Fermi observations. Such low values
of delta have implications on the nature of the
large scale jet X-ray emission observed by Chan-
dra. In particular, they disfavor models in which
the X-ray emission is inverse Compton scatter-



ing of the cosmic microwave background (CMB),
because the jet power required increases beyond
the so-called Eddington luminosity, thought by
many to be the maximum luminosity that can be
channeled continuously in a jet. A synchrotron
interpretation for the X-ray emission, requiring
significantly less jet power, postulates a popula-
tion of multi-TeV electrons that will unavoidably
up-scatter the CMB to TeV energies. The exist-
ing 3C 273 shallow HESS upper limit constrains
the synchrotron interpretation to Doppler fac-
tors less than 10. Combining deep TeV obser-
vations with a next-generation experiment with
Fermi observations holds the promise of confirm-
ing or refuting the synchrotron interpretation
and constraining the jet power.

Whereas the X-ray/gamma-ray correlation
favors leptonic models with electrons as the
emitters of the observed gamma-ray emission,
hadronic models are not ruled out. In the
latter case, the high-energy component is syn-
chrotron emission, either from extremely high-
energy (EHE) protons [31, 32, 33], or from sec-
ondary e* /e~ resulting from synchrotron and
pair-creation cascades initiated by EHE pro-
tons [34] or high-energy electrons or photons
[35, 36, 37, 38]. If blazars indeed accelerate UHE
protons, it might even be possible to correlate
their TeV gamma-ray emission with their flux of
high-energy neutrinos detected by the IceCube
detector [39]. The high sensitivity of a next-
generation ground-based experiment would be
ideally suited to perform such multi-messenger
studies.

Although most observations can be explained
with the emission of high-energy particles that
are accelerated in the jets of AGN | the obser-
vations do not exclude that the emitting parti-
cles are accelerated closer to the black hole. If
the magnetic field in the black hole magneto-
sphere has a poloidal net component on the or-
der of Bigp = 100 G, both the spinning black
hole [19] and the accretion disk [20, 18] will pro-
duce strong electric fields that could accelerate
particles to energies of 2 x 10'? Bygy eV. High-
energy protons could emit TeV photons as cur-
vature radiation [21], and high-energy electrons
as Inverse Compton emission [22]. Such models

could be vindicated by the detection of energy
spectra, which are inconsistent with originating
from shock accelerated particles. An example
for the latter would be very hard energy spectra
which require high minimum Lorentz factors of
accelerated particles.

The improved data from next-generation
gamma-ray experiments can be compared with
improved numerical results. The latter have re-
cently made very substantial progress. General
Relativistic Magnetohydrodyamic codes are now
able to test magnetic models of jet formation
and acceleration (see the review by [68]). The
Relativistic-Particle-in-Cell technique opens up
the possibility of greatly improving our under-
standing a wide range of issues including jet bulk
acceleration, electromagnetic energy transport
in jets, and particle acceleration in shocks and
in magnetic reconnection while incorporating the
different radiation processes [27, 28, 29, 30].

Blazar observations would benefit from an in-
creased sensitivity in the 100 GeV to 10 TeV
energy range to discover weaker sources and to
sample the energy spectra of strong sources on
short time scales. A low energy threshold in the
10-40 GeV range would be beneficial to avoid
the effect of intergalactic absorption that will be
described further below. Increased sensitivity at
high energies would be useful for measuring the
energy spectra of a few nearby sources like M 87,
Mrk 421, and Mrk 501 at energies >10 TeV and
to constrain the effect of intergalactic absorp-
tion in the wavelength range above 10 microns.
The interpretation of blazar data would bene-
fit from dense temporal sampling of the light
curves. Such sampling could be achieved with
gamma-ray experiments located at different lon-
gitudes around the globe.

1.3 Cosmic rays from
galaxies

star-forming

More than 60% of the photons detected by
EGRET during its lifetime were produced as a
result of interactions between cosmic rays (CRs)
and galactic interstellar gas and dust. This
diffuse radiation represents approximately 90%
of the MeV-GeV gamma-ray luminosity of the



Milky Way [40]. Recently H.E.S.S. reported the
detection of diffuse radiation at TeV energies
from the region of dense molecular clouds in
the innermost 200 pc around the Galactic Cen-
ter [41], confirming the theoretical expectation
that hadronic CRs could produce VHE radiation
in their interaction with atomic or molecular tar-
gets, through the secondary decay of 7°’s. Only
one extragalactic source of diffuse GeV radia-
tion was found by EGRET: the Large Magellanic
Cloud, located at the distance of ~ 55kpc [42].
A simple re-scaling argument suggests that a pu-
tative galaxy with Milky-Way-like gamma-ray
luminosity, located at the distance of 1Mpc,
would have a flux of approximately 2.5 x 1078
cm~2 571 (> 100MeV), well below the detection
limit of EGRET and ~ 2x10~* of the Crab Neb-
ula flux (> 1 TeV), well below the sensitivity of
VERITAS and H.E.S.S. Thus, a next-generation
gamma-ray observatory with sensitivity at least
an order of magnitude better than VERITAS
would allow the mapping of GeV-PeV cosmic
rays in normal local group galaxies, such as M31,
and study diffuse radiation from more distant ex-
tragalactic objects if their gamma-ray luminosity
is enhanced by a factor of ten or more over that
of the Milky Way.

Nearby starburst galaxies (SBG’s), such as
NGC253, M82, 1C342, M51 exhibit regions of
strongly enhanced star formation and super-
nova (SN) explosions, associated with gas clouds
which are a factor of 102> — 10° more dense than
the average Milky Way gas density of ~ 1 proton
per cm?®. This creates nearly ideal conditions for
the emission of intense, diffuse VHE radiation,
assuming that efficient hadronic CR production
takes place in the sites of the SNR’s (i.e. that
the galactic CR origin paradigm is valid) and
in colliding OB stellar winds [43]. In addition,
leptonic gamma-ray production through inverse-
Compton scattering of high density photons pro-
duced by OB associations may become effective
in star forming regions [44]. Multiple attempts
to detect SBGs have been undertaken by the first
generation ground-based gamma-ray observato-
ries. At TeV energies, M82, 1C342, M8&1, and
NGC3079 were observed by the Whipple 10m
telescope [45], while M82 and NGC253 were ob-

served by HEGRA. However, none of these ob-
jects were detected. A controversial detection
of NGC 253 by the CANGAROO collaboration
in 2002 [46] was ruled out by H.E.S.S. observa-
tions [47]. The theoretical predictions of TeV
radiation from starburst galaxies have not yet
been confirmed by observations and these ob-
jects will be intensively studied by the current
generation instruments during the next several
years. The optimistic theoretical considerations
suggest that a few SBG’s located at distances
less than ~ 10 Mpc may be discovered. Should
this prediction be confirmed, a next-generation
gamma-ray observatory with sensitivity at least
an order of magnitude better than VERITAS
will potentially discover thousands of such ob-
jects within the ~ 100 Mpc visibility range. This
will enable the use of SBG’s as laboratories for
the detailed study of the SNR CR acceleration
paradigm and VHE phenomena associated with
star formation, including quenching effects due
to evacuation of the gas from star forming re-
gions by SNR shocks and UV pressure from OB
stars.

If accelerated CR’s are confined in the regions
of high gas or photon density long enough that
the escape time due to diffusion through the
magnetic field exceeds the interaction time, then
the diffuse gamma-ray flux cannot be further en-
hanced by an increased density of target mate-
rial, and instead an increased SN rate is needed.
Ultra Luminous InfraRed Galaxies (ULIRGs),
which have SN rates on the scale of a few per
year (compared to the Milky Way rate of ~ 1 per
century) and which also have very large amounts
of molecular material, are candidates for VHE
emission [48]. Although located at distances be-
tween ten and a hundred times farther than the
most promising SBG’s, the ULIRG’s Arp220,
TRAS17208, and NGC6240 may be within the
range of being detected by Fermi, VERITAS and
H.E.S.S. [49]. Next-generation gamma-ray in-
struments might be able to detect the most lumi-
nous objects of this type even if they are located
at ~ 1 Gpc distances. Initial studies of the popu-
lation of ULIRGs indicate that these objects un-
derwent significant evolution through the history
of the Universe and that at the moderate redshift



(z < 1) the abundance of ULIRGSs increases.
Any estimate of the number of ULIRGs that
may be detected is subject to large uncertain-
ties due to both the unknown typical gamma-ray
luminosity of these objects and their luminos-
ity evolution. However, if theoretical predictions
for Arp220 are representative for objects of this
type, then simple extrapolation suggests > 102
may be detectable.

The scientific drivers to study ULIRG’s are
similar to those of SBGs and may include re-
search of galaxy gamma-ray emissivity as a func-
tion of target gas density, supernova rate, con-
fining magnetic field, etc. In addition, research
of ULIRGs may offer a unique possibility to ob-
serve VHE characteristics of star formation in
the context of the recent history of the Universe
(z < 1) since ULIRGs might be detectable to
much further distances. Other, more specula-
tive, avenues of research may also be available. A
growing amount of evidence suggests that AGN
feedback mechanism connects episodes of intense
starbursts in the galaxies with the accretion ac-
tivity of central black holes. One can wonder
then if a new insight into this phenomena can be
offered by observation of VHE counterparts of
these processes detected from dozens of ULIRGs
in the range from 0.1-1 Gpec.

1.4 The largest particle accelerators
in the Universe: radio galaxies,
galaxy clusters, and large scale

structure formation shocks

The possibility of observing diffuse GeV and TeV
radiation from even more distant, rich galaxy
clusters (GCs) has widely been discussed in the
literature. As the Universe evolves, and struc-
ture forms on increasingly larger scales, the grav-
itational energy of matter is converted into ran-
dom kinetic energy of cosmic gas.
clusters, collisionless structure formation shocks,
triggered by accretion of matter or mergers, are
thought to be the main agents responsible for
heating the inter-cluster medium (ICM) to tem-
peratures of ~ 10 keV. Through these processes
a fraction of gravitational energy is converted
into the kinetic energy of non-thermal parti-

In galaxy

cles: protons and electrons. Galactic winds [50]
and re-acceleration of mildly relativistic parti-
cles injected into the ICM by powerful cluster
members [51] may accelerate additional parti-
cles to non-thermal energies. Cosmic ray pro-
tons can escape clusters diffusively only on time
scales much longer than the Hubble time. There-
fore, they accumulate over the entire formation
history [50] and interact with the intercluster
thermal plasma to produce VHE gamma radi-
ation. Theoretical predictions for the detection
of such systems in gamma rays by VERITAS and
H.E.S.S. include clusters in the range from z =
0.01 to z = 0.25 (see Fig. 2) [43, 52, 53]. Objects
of this category were observed with Whipple [54]
and H.E.S.S. [55] but were not detected. Mul-
tiple attempts to find gamma-ray signals from
GCs in EGRET data also failed. Nevertheless,
a large theoretical interest [56, 57, 58] motivates
further observations of the particularly promis-
ing candidates, such as the Coma and Perseus
clusters by VERITAS and H.E.S.S.. If nearby
representatives of the GC class are detected,
a next-generation gamma-ray observatory with
sensitivity increased by a factor of 10 would be
able to obtain spatially resolved energy spectra
from the close, high-mass systems, and should be
able to obtain flux estimates and energy spectra
of several dozen additional clusters. The detec-
tion of gammarray emission from galaxy clus-
ters would make it possible to study accelera-
tion mechanisms on large scales (> 10 kpc). It
would permit measurement of the energy den-
sity of non-thermal particles and investigation
of whether they affect the process of star forma-
tion in GCs, since their equation of state and
cooling behavior differs from that of the thermal
medium. If cosmic ray protons indeed contribute
noticeably to the pressure of the ICM, measure-
ments of their energy density would allow for
improved estimates of the cluster mass based on
X-ray data, and thus improve estimates of the
universal baryon fraction. Based on population
studies of the gamma-ray fluxes from GCs, one
could explore the correlation of gamma-ray lumi-
nosity and spectrum with cluster mass, tempera-
ture, and redshift. If such correlations are found,
one could imagine using GCs as steady “stan-



dard candles” to measure the diffuse infrared and
visible radiation of the Universe through pair-
production attenuation of gamma rays. From a
theoretical point of view the spectral properties
of gamma-ray fluxes from GCs might be bet-
ter understood than the intrinsic properties of
blazars.

The anticipated discovery of extragalactic
sources by VERITAS and H.E.S.S. will put
theoretical predictions discussed here on firmer
ground, at least for the number of sources that
the next generation ground-based observatory
may detect. Over the next five years, Fermi will
make major contributions to this area of studies.
If the origin of gamma radiation in these sources
is hadronic, Fermi should be able to detect most
of the SBGs, ULIRGs, and GCs, which could po-
tentially be detected by VERITAS and H.E.S.S.
Under some scenarios, in which gamma rays are
produced via leptonic mechanisms, a fraction of
sources may escape Fermi detection (M82 might
be such example), yet may still be detectable
with VERITAS and H.E.S.S. Future theoretical
effort will be required to guide observations of
these objects. In general, benefiting from the
full sky coverage of Fermi, a program to identify
the Fermi sources using the narrow field of view
ACT observatories of the present day will be pos-

Figure 2: Results from a cos-
mological simulation showing how
the > 10 GeV gamma-ray emission
from a nearby rhich galaxy cluster
could look like when mapped with a
gamma-ray telescope with 0.2° an-
gular resolution. The image cov-
ers a 16° x 16° region (color scale:
log(J/J) for an average >10 GeV
flux of J = 8.2x107° cm™? sec™!
sr™1) (from [52])

sible, and it is likely that diffuse gamma-ray ex-
tragalactic sources will be discovered. Fermi will
measure the galactic and extragalactic gamma-
ray backgrounds with unprecedented accuracy
and will likely resolve the main contributing pop-
ulations of sources in the energy domain below
a few GeV. The task of determining the con-
tribution from the diffuse gamma-ray sources to
the extragalactic background in the range above
a few GeV to ~ 100 GeV will be best accom-
plished by the next generation ground-based in-
strument, capable of detecting a large number of
sources rather than a few. Most of these sources
are anticipated to be weak, so they will require
deep observations.

Large scale structure formation shocks could
accelerate protons and high-energy electrons out
of the intergalactic plasma. Especially in the rel-
atively strong shocks expected on the outskirts
of clusters and on the perimeters of filaments,
PeV electrons may be accelerated in substantial
numbers. CMB photons Compton scattered by
electrons of those energies extend into the TeV
gamma-ray spectrum. The energy carried by
the scattered photons cools the electrons rapidly
enough that their range is limited to regions close
to the accelerating shocks. However, simulations
have predicted that the flux of TeV gamma rays



from these shocks can be close to detection lim-
its by the current generation of ground-based
gamma-ray telescopes [59]. If true, this will be
one of the very few ways in which these shocks
can be identified, since very low thermal gas den-
sities make their X-ray detection virtually im-
possible. Since, despite the low gas densities in-
volved, these shocks are thought to be a domi-
nant means of heating cluster gas, their study is
vital to testing current models of cosmic struc-
ture formation.

The origin of ultra-high-energy cosmic rays
(UHECRs, EZ10'¢eV) is one of the major un-
solved problems in contemporary astrophysics.
Recently, the Auger collaboration reported ten-
tative evidence for a correlation of the arrival di-
rections of UHECRs with the positions of nearby
Active Galactic Nuclei. Gammarray observa-
tions may be ideally suited to study the accel-
eration process, as the UHECRs must produce
gamma rays through various processes. The
UHECRSs may be accelerated far away from the
black hole where the kpc jet is slowed down
and dissipates energy. If they are accelerated
very close to the black hole at ~pc distances,
the high-energy particle beam is expected to
convert into a neutron beam through photo-
hadronic interactions [62]. On a length scale [ ~
100 (E, /10 eV) kpc the neutron beam would
convert back into a proton beam through beta
decays.

The interaction of UHECR with photons
from the Cosmic Microwave Background (CMB)
creates secondary gamma rays and elec-
trons/positrons.  Depending on the strength
of the intergalactic magnetic field (Bigmr), a
next-generation ground-based gamma-ray exper-
iment could detect GeV/TeV gamma rays from
synchrotron emission of first generation elec-
trons/positrons (Bigmr > 107Y G), or inverse
Compton radiation from an electromagnetic cas-
cade (Bigmr < 1072 G) [61]. Figure 3 shows
gamma-ray fluxes expected from the electro-
magnetic cascade initiated in the CMBR and
B = 3uG environment of Cyg A by injecting
10% erg/s of secondary electrons and/or gamma
rays from GZK protons. For the distance to
Cyg A of ~ 240 Mpc the assumed radial size of
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Figure 3: Fluxes from the electromagnetic cascade initi-
ated in Cyg A by UHECRs assuming the total injection
power of secondary UHE electrons and gamma rays in-
jected at < 1Mpc distances about 10%° erg/s. The solid
and dashed lines show the synchrotron and Compton
fluxes, respectively.

the cluster R <~ 1 Mpc corresponds to an ex-
tended source, or halo, of angular size <~ 14 ar-
cmin. Although the absorption in EBL at TeV
energy is significant, the source should be de-
tectable with a next-generation experiment be-
cause the source spectrum is very hard owing to
synchrotron emission of UHE electrons. The de-
tection of such emission could give information
about the >TeV luminosity of these sources,
about the intensity and spectrum of the EBL,
and about the strength of the IGMF. A few as-
pects will be discussed further below.

A next-generation experiment might also be
able to detect gamma-ray haloes with diame-
ters of a few Mpc around superclusters of galax-
ies. Such haloes could be powered by all the
sources in the supercluster that accelerate UHE-
CRs. The size of the halo in these cases will
be defined by the combination of gyroradius of
the UHE electrons and their cooling path (syn-
chrotron and Compton in Klein-Nishina regime).
The spectral and spatial distibutions of such ha-
los will contain crucial information about the
EBL and intergalactic magnetic fields.

1.5 Extragalactic radiation fields and
extragalactic magnetic fields

Very high-energy gamma-ray beams traveling
over extragalactic distances are a unique labora-



tory for studying properties of photons, to con-
strain theories that describe spacetime at the
Planck scale and for testing radiation fields of
cosmological origin. The potential for probing
the cosmic infrared background with TeV pho-
tons was first pointed out by Gould and Schréder
[70] and was revived by Stecker, de Jager &
Salamon [10], inspired by the detection of extra-
galactic TeV gamma-ray sources in the nineties.
High-energy gamma rays traveling cosmologi-
cal distances are attenuated en route to Earth
by v+~ — e" + e~ interactions with pho-
tons from the extragalactic background light.
While the Universe is transparent for gamma-
ray astronomy with energies below 10 GeV, pho-
tons with higher energy are absorbed by dif-
fuse soft photons of wavelengths short enough
for pair production. Photons from the EBL in
the 0.1 to 20 micron wavelength range render
the Universe opaque in TeV gamma rays, simi-
larly to the cosmic microwave background that
constitutes a barrier for 100 TeV photons. The
transition region from an observational window
turning opaque with increasing gamma-ray en-
ergy provides the opportunity for deriving ob-
servational constraints to the intervening radia-
tion field. Whereas the cosmic microwave back-
ground is accessible via direct measurements, the
cosmic infrared background (CIB) has been elu-
sive and remains extremely difficult to discern by
direct measurements. Energy spectra of extra-
galactic gamma-ray emitters between 10 GeV to
100 TeV allow us to extract information about
the diffuse radiative background using spectro-
scopic measurements. Non-thermal gamma-ray
emission spectra often extend over several orders
of magnitude in energy and the high-energy ab-
sorption features expected from pair production
can be adequately resolved with the typical en-
ergy resolution of 10% to 20% achievable with
atmospheric Cherenkov telescopes.

The EBL, spanning the UV to far-infrared
wavelength region, consists of the cumulative en-
ergy releases in the Universe since the epoch
of recombination (see [71] for a review). The
EBL spectrum comprises of two distinct com-
ponents. The first, peaking at optical to near-
infrared wavelengths (0.5-2 pm), consists of pri-

mary redshifted stellar radiation that escaped
the galactic environment either directly or af-
ter scattering by dust. In a dust-free Universe,
the SED of this component can be simply de-
termined from knowledge of the spectrum of the
emitting sources and the cosmic history of their
energy release. In a dusty Universe, the total
EBL intensity is preserved, but the energy is re-
distributed over a broader spectrum, generating
a second component consisting of primary stel-
lar radiation that was absorbed and reradiated
by dust at infrared (IR) wavelengths. This ther-
mal emission component peaks at wavelengths
around 100 to 140 pm. The EBL spectrum ex-
hibits a minimum at mid-IR wavelengths (10 -
30 um), reflecting the decreasing intensity of the
stellar contribution at the Rayleigh-Jeans part of
the spectrum, and the paucity of very hot dust
that can radiate at these wavelengths.

All energy or particle releases associated with
the birth, evolution, and death of stars can ulti-
mately be related to or constrained by the inten-
sity or spectral energy distribution (SED) of the
EBL. The energy output from AGN represent a
major non-nuclear contribution to the radiative
energy budget of the EBL. Most of the radiative
output of the AGN emerges at X-ray, UV, and
optical wavelengths. However, a significant frac-
tion of the AGN output can be absorbed by dust
in the torus surrounding the accreting black hole,
and reradiated at IR wavelengths. In addition to
the radiative output from star forming galaxies
and AGN, the EBL may also harbor the radia-
tive imprint of a variety of "exotic” objects in-
cluding Population III stars, decaying particles,
and primordial massive objects. EBL measure-
ments can be used to constrain the contributions
of such exotic components.

Direct detection and measurements of the EBL
are hindered by the fact that it has no distinc-
tive spectral signature, by the presence of strong
foreground emission from the interplanetary (zo-
diacal) dust cloud, and from the stars and inter-
stellar medium of the Galaxy. Results obtained
from TeV gamma-ray observations will comple-
ment the results from a number of NASA mis-
sions, i.e. Spitzer, Herschel, the Wide-Field In-



frared Survey Explorer (WISE), and the James
Webb Space Telescope (JWST). In order to de-
rive the EBL density and spectrum via gamma-
ray absorption, ideally one would use an astro-
physical standard candle of gamma rays to mea-
sure the absorption component imprinted onto
the observed spectrum. In contrast, extragalac-
tic TeV gamma-ray sources detected to date are
highly variable AGN. Their gamma-ray emission
models are not unanimously agreed upon, mak-
ing it impossible to predict the intrinsic source
spectrum. Therefore, complementary methods
are required for a convincing detection of EBL
attenuation. Various approaches have been ex-
plored to constrain/measure the EBL intensity
[10, 72, 73, 74, 75, 76], ranging from search-
ing for cutoffs, the assumption of plausible the-
oretical source models, the possibility of using
contemporaneous X-ray to TeV measurements
combined with emission models and the concept
of simultaneous constraints from direct IR mea-
surements/limits combined with TeV data via
exclusion of unphysical gamma-ray spectra. All
of these techniques are useful; however, none has
so far provided an unequivocal result indepen-
dent of assumed source spectra.

The next-generation gamma-ray experiments
will allow us to use the flux and spectral vari-
ability of blazars [77, 78, 79] to separate variable
source phenomena from external persistent spec-
tral features associated with absorption of the
gamma-ray beam by the EBL. Redshift depen-
dent studies are required to distinguish possible
absorption by radiation fields nearby the source
from extragalactic absorption. The most promi-
nent feature of blazars is their occasional bright-
ness (sometimes > 10 Crab) yielding a wealth
of photon statistics. Those flares are to date
the most promising tests of the EBL density
based on absorption. To constrain the EBL be-
tween the UV /optical all the way to the far IR
a statistical sample of gamma-ray sources, and a
broader energy coverage with properly matched
sensitivity are required.

Since the cross-section for the absorption of
a given gamma-ray energy is maximized at a
specific target photon wavelength (e.g., a 1 TeV
gamma-ray encounters a 0.7 eV soft photon with

maximum cross-section), there is a natural divi-
sion of EBL studies with gamma rays into three
regions: the UV to optical light, the near- to
mid-IR and the mid- to far-IR portion of the
EBL are the most effective absorbers for ~ 10 -
100 GeV, the ~ 0.1 TeV to 10 TeV and the ~
10 - 100 TeV regime, correspondingly.

In the search for evidence of EBL absorption
in blazar spectra it is important to give consid-
eration to the shape of the EBL spectrum show-
ing a near IR peak, a mid IR valley and a far
IR peak; absorption could imprint different fea-
tures onto the observed blazar spectra. For ex-
ample, a cutoff from the rapid increase of the
opacity with gamma-ray energy and redshift is
expected to be most pronounced in an energy
spectral regime that corresponds to a rising EBL
density; e.g., as is found between 0.1 - 2 micron.
This corresponds to gamma ray energies of 10
GeV - 100 GeV. A survey with an instrument
with sensitivity in the 10 GeV to several 100s of
GeV could measure a cutoff over a wide range of
redshifts and constrain the UV /optical IR part of
the EBL. Fermi, together with existing ground-
based telescopes, is promising in yielding first
indications or maybe first conclusive results for
a detection of the EBL absorption feature. How-
ever, an instrument with a large collection area
over the given energy range by using the ground-
based gamma-ray detection technique would al-
low stringent tests via spectral variability mea-
surements.

Similarly, a substantial rise in the opacity with
gamma-ray energy is expected in the energy
regime above 20 TeV, stemming from the far IR
peak. A corresponding cutoff should occur in
the 20-50 TeV regime. Prospective candidate ob-
jects are Mrk 421, Mrk 501 or 1ES1959+650, as
they provide episodes of high gamma-ray fluxes,
allowing a search for a cutoff with ground-based
instruments that have substantially enlarged col-
lection areas in 10 - 100 TeV regime. Sensitivity
for detection of a cutoff in this energy regime re-
quires IACTs with a collection area in excess of
1km”.

Finally, a promising and important regime for
ground-based telescopes to contribute to EBL
constraints lies in the near and the mid IR (0.5 -

10



5 micron). The peak in the near IR and the slope
of decline in the mid IR could lead to unique
spectral imprints onto blazar spectra around 1-2
TeV, assuming sufficient instrumental sensitiv-
ity. A steep decline could lead to a decrease in
opacity, whereas a minimal decline could result
in steepening of the slope of the source spectrum.
If this feature is sufficiently pronounced and/or
the sensitivity of the instrument is sufficient, it
could be a powerful method in unambiguously
deriving the level of absorption and discerning
the relative near to mid IR density. The loca-
tion of the near IR peak and, consequently, the
corresponding change in absorption, is expected
to occur around 1.5 TeV, which requires excel-
lent sensitivity between 100 GeV and 10 TeV.
The discovery of a signature for EBL absorption
at a characteristic energy would be extremely
valuable in establishing the level of absorption
in the near to mid IR regime. The origin of any
signature could be tested using spectral varia-
tions in blazar spectra and discerning a stable
component.

A powerful tool for studying the redshift de-
pendence of the EBL intensity are pair haloes
[80]. For suitable IGMF strengths, such haloes
will form around powerful emitters of >100 TeV
gamma rays or UHECRs, e.g. AGN and galaxy
If the intergalactic magnetic field
(IGMF) is not too strong, the high-energy radi-
ation will initiate intergalactic electromagnetic
pair production and inverse Compton cascades.
For an intergalactic magnetic field (IGMF) in
the range between 107!2 G and 10~ G the elec-
trons and positrons can isotropize and can result
in a spherical halo glowing predominantly in the
100 GeV — 1 TeV energy range. These haloes
should have large extent with radial sizes > 1
Mpc. The size of a 100 GeV halo surrounding
an extragalactic source at a distance of 1 Gpc
could be less than 3° and be detectable with
a next-generation TACT experiment. The mea-
surement of the angular diameter of such a halo
gives a direct estimate of the local EBL intensity
at the redshift of the pair halo. Detection of sev-
eral haloes would thus allow us to obtain unique
information about the total amount of IR light
produced by the galaxy populations at different

clusters.
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redshifts.

For a rather weak IGMF between ~ 10716 G
and ~ 10724 G, pair creation/inverse Compton
cascades may create a GeV/TeV "echo” of a TeV
GRB or AGN flare [81]. The IGMF may be dom-
inated by a primordial component from quan-
tum fluctuations during the inflationary epoch
of the Universe, or from later contributions by
Population IIT stars, AGN, or normal galaxies.
The time delay between the prompt and delayed
emission depends on the deflection of the elec-
trons by the IGMF, and afford the unique pos-
sibility to measure the IGMF in the above men-
tioned interval of field strengths.
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