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Very high energy (VHE, E>100 GeV) gamma-rays are absorbed via interaction with loargy
photons from the extragalactic background light (EBL) & thvolved photon energies are above
the threshold for electron-positron pair creation. The ViiEnma-ray absorption, which is en-
ergy dependent and increases strongly with redshift, déstbe VHE energy spectra observed
from distant objects. The observed energy spectra of the AGiNry, therefore, an imprint of
the EBL. The detection of hard VHE gamma-ray spectra of dissaurces (z = 0.11 - 0.54)
by H.E.S.S. and MAGIC enabled to set strong upper limits enEBL density, using certain
basic assumptions about blazar physics. These assumptiensowever, under discussion. In
this paper, we give an overview of the EBL constraints, theiitations and perspectives for the
joint efforts of the Fermi Gamma-Ray Space telescope, ntimeaging atmospheric Cherenkov
telescopes and future project dubbed the Cherenkov Tglestway (CTA)
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1. Introduction

During the star and galaxy formation history a diffuse extragalactic radifisthhas been
accumulated in the ultraviolet to far infrared wavelength regimes. This radifigill, commonly
referred to as the extragalactic background light (EBL), is the secogeda in terms of the con-
tained energy, background after the Cosmic Microwave Backgrourzd7oK (CMB). While the
CMB conserves the structure of the universe at the moment of the degpopmatter and radia-
tion following the Big Bang (at redshift 2 1000), the EBL is a calorimetric measure of the entire
radiant energy released by processes of structure formation treabbenrred since the decoupling.

A closer look to the UV — infrared backgrounds is given in Figlire 1, liefit g=rom right to left,
the spectral energy distributions of the three major components are sti@vwosmic microwave
background (CMB), the cosmic infrared background (CIB), and ttemic optical background
(COB). The COB, peaking at arounduin is believed to originate directly from stars. The CIB,
having its peak at-100um, results mostly from starlight that has been absorbed by dust inside
galaxies and reemitted at higher wavelengths. Throughout this papevijliwefer to COB and
CIB together as EBL. Other contributions, like emission from AGN and qeeaa expected to
produce no more than 5 to 20% of the total EBL density in the mid IR (see[g.gn{llieferences
therein).
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Figure 1. Left: Schematic Spectral Energy Distributions (SED) of the mosgtdrtant (by intensity) back-
grounds in the universe. From right to left: the cosmic miaee background (CMB), the cosmic infrared
background (CIB) and the cosmic optical background (COBE Tast two components together are called
EBL. Plot adopted from[[2].Right: Attenuation coefficients eXp-1) as a function ofy-ray energy. The
“best fit” model from [ﬁ] is used for the EBL density. The cuswepresent the expected attenuation of the
VHE y-ray spectra for different source distances. The horizauied line corresponds to the optical depth
T =1, i.e. it crosses the attenuation curves at the energygalubich the universe becomes opaque.

The EBL is difficult to measure directly due to strong foregrounds fromsmlar system
and the Galaxy. The observation of distant sources of \WHB&ys using Imaging Air Cherenkov
Telescopes (IACT, such CANGAROO, H.E.S.S., MAGIC or VERITAS)des a unique indi-
rect measurement of the EBL (see below). The precision of the EBLireamts set by the IACT
improved remarkably in the last few years. Contemporaneously with the I&@$traints, there
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has been rapid progress in resolving a significant fraction of this backd with the deep galaxy
counts at infrared wavelengths from the Infrared Space Obseyvé@D) and from theSpitzer
satellite as well as at sub-millimeter wavelengths from the Submillimeter Common Usen&ter
Array (SCUBA) instrument. The current status of direct and indiredt B2asurements (exclud-
ing limits from the IACTs) can be found if][3].

In total, the collective limits on the EBL between the UV and far-IR confirm theeeted two
peak structure, although the absolute level of the EBL density remainstaincky a factor of 2
to 10. In addition to this consistent picture, several direct measurements ireétr IR have also
been reported (e.g[][4]), significantly exceeding the expectations $omce counts (sef] [7] and
[B] for recent reviews). If this claimed excess of the EBL is real, it mighatiributed to emissions
by the first stars in the history of the universe. These so-called Popul#itgtars are believed to
be heavy stars with a very low metallicity.

This paper is structured as follows. In the next section we will describaliberption effect
on spectra of distant VHEg-ray sources such as blazars due to the EBL and a possibility of using
measured blazar spectra to constrain the EBL. Then we present teatcstatus of the EBL
constraints using blazar spectra and discuss their validity. Finally, wehgkessible improvements
of the EBL measurements in the next five years using the new generatioa tAG@Ts and the
Fermi satellite.

2. VHE y-raysfrom blazarsas a probe of the EBL

On the way from the source to the observer, ViAEays can suffer absorption losses by inter-
action with the low energy photons of the EBL. The corresponding readithre pair-production
of an electron-positron pair:

Ve + Ve — " € With Eyye - Eyeg > (Mec?)? 2.1)

The optical depth of the VHE-rays,7(E), emitted at the redshit can then be calculated by
solving the three-fold integral (see al$d [9]):

z 1 _ 00
1(E),2) = / di(2) / dui=F ["de'n(e',2) o, (e E 1) 2.2)
0 1 2 g,
U .= cos@
n(e) := EBL energy density
d/(z) := distance element

The expected optical depth for VHray fluxes from sources at different redshifts is shown in
Fig.[, right panel. Hereby, the “best fit” model frofn} [6] is used to estirttaéeEBL density. One
can see that the optical depth is not only redshift but also energy depenThe crossing points
of the horizontal dotted line in Fig] Ir (< 1) with the attenuation lines define then the energy for
the different redshifts, at which the universe becomes opaque.Jiderg that a low threshold of
a VHE y-ray detector is essential to observe distant sources.

There are two major aspects concerning the interconnection betweenv&js and the EBL.
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1. The EBL leaves a unique imprint on the VHE spectra. This imprint can ée tesstudy the
EBL.

2. The impact of EBL onto VHE spectra is fundamental. We need to unddrEtah in order
to study intrinsic properties of the VHray sources.

Concerning point (1): From a single observed energy spectrum dftantd VHE y-ray source,
it is rather difficult if not impossible to distinguish between the imprint of the EBH antrinsic
features of the source. Observed features can be source inkeremd an internal absorption
inside the source or due to a source, which does not provide negessalitions for acceleration
of charged particles to high enough energy. A way to pin-point the EBL itipag use population
studies of many extragalactic sources: whereas the intrinsic featureshuidtterent, the imprint
of the EBL is the same (at a given redshift). With the current populationHE Y-ray sources,
it is only possible to set limits on the EBL, arguing that the observed speattainat least the
imprint of the EBL.

Note that only distant extragalactic VH{ray emitters suffer from the absorption by the
EBL. For the galactic sources, the effect is negligible up to energiesaitdl®0 TeV. For higher
energies, the absorption by the photon field of the CMB starts to be important.

3. Statusof the EBL limits set by Cherenkov telescopes

The observed VHB/-ray spectrum of a sourcé&4,s can be used to reconstruct the intrinsic
spectrum Bny), i.€. the one at the source location:

Fintr = exp(T) X Fobs, (3.1)

whereasr is an energy and distance dependent optical depth of Yii&ys. By measuring the
observed spectrum of a source and inferring certain limits on the intrinsitrsion of the source,
it is thus possible to constrainand, therefore, to constrain the EBL density.

Flat Spectrum Radio Quasars (FSRQ) and BL Lacs are subclass&Nsf, Avhich have their
jet aligned close to the line of sight of the observer. The two subclassé¢simity called “blazars”.
According to an accepted paradigm, in blazars JHIay photons are produced by VHE electrons
or protons, which are accelerated to VHE energies through a shoeleeation. High bulk motion
Lorentz factors in the jets and the jet alignment towards the observer @nlchances to detect
VHE y-ray emission. Blazars are indeed the so far most prominent class ofyWidiz emitting
extragalactic objects. In the shock acceleration models, the hardestdhtired for the accel-
erated particles is= 1.5 (see e.g.[[10]). In the case of protons interacting with ambient plasma,
the resultingy-ray spectrum has the same slopesaise. ',y = 1.5. In the case of electrons, the
spectrum of therrays emitted through inverse Compton scattering is expected to be steaper tha
1.5 under most circumstances. Therefore, different auttiold [1 fi31Zassumedin; = 1.5 to be
the hardest possible intrinsic spectrum, and using this criterion stringdntilBBs were derived.
It was, however, argued that stochastic electron accelergtibn [LALated electron spectfa]15]
or internal absorption (e.g JI1p,]17]) can lead to even harder Yii#y spectra than with an index
of I = 1.5 although up to now no harder spectra with; < 1.5 have been observed at lower
energies, where no EBL absorption can take place.
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Figure2: Left: The H.E.S.S. time-averaged spectrum of 1ES 1101-232 (@gd}her with a reconstructed
intrinsic spectrum (blue) for three different EBL shapeseTirst two EBL shapes lead to an unnaturally
hard intrinsic spectrum (left and middleRight: SED of the EBL. The thick black line between 0.8 and
4 um shows the H.E.S.S. limit. In the long-dashed regions,dtidlaxes than the limit model would not be
in conflict, as long as the flux in the 18n range is within or around the limit. Figures froEl[lZ].

3.1 H.E.S.S. limitson the EBL

The H.E.S.S. collaboration published a detection of two intermediate redsk#irblaES 1101-
232 (z = 0.186) and H2356-309 (z = 0.16p)|[12]. Both observedtspémeasured in the range
150 GeV — 3 TeV) show a relatively hard spectral index of 2.9 and 3spestively. Using the
criterion that the intrinsic blazar spectrum cannot be harder ihaa- 1.5, the authors derived a
stringent upper limit on the EBL density in the region between 0.8 apth4see Fig[]2). The de-
rived upper limits imply a low level EBL density in agreement with the expectatimms tandard
galaxy evolution models. The limits, in turn, rule out a cosmological origin of #er imfrared
excess (e.g[]4]).

Using these EBL limits, physical parameters of Population I stars werlbegby [18].
Sensitive limits on their star formation rate, metallicity and initial mass function werigede
which are comparable with or better than limits derived by other means (e.g.asdthderive the
epoch of cosmic reionization).

3.2 Combined EBL limitsusing all blazars until 2006

A common criticism of the EBL limits derived as shown above is that they use emly f
blazars (therefore not providing consistency with other sources}taidhe limits are obtained
by assuming a certain EBL model and e.g. scaling it, or by exploring just alé&ails, i.e. the
derived limits become very model-dependent. In order to avoid this depend§| performed a
scan over many hypothetical EBL realizations (over 8 million different pn&se authors also
tested all available blazar spectra (until 2006) to generalize the EBL limits. sG&ened EBL
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Figure3: Combined resultsLeft: Grid points (red filled circles) and minimum and maximum shapthe
scan. In total, 8064000 hypothetical EBL shapes were tesRéght. Combined results from thextreme
scan (dashed black line) in comparison to the result fronréhkstic scan (solid black line). Grey lines
are the minimum and the maximum shapes tested in the scay.d@tted line is the EBL upper limit from
H.E.S.S. P, aharonian:2006:hess:ebl:nature] Grey markers aretdireasurements and limits. Figures from

(6.

region is shown in Fid.]3, left plot. The derived upper limits on the EBL dersigyshown in the
right plot of Fig.[B. Two limits are shown: the solid line represents the upper éissitiming that
the intrinsic blazar spectrum cannot be harder than= 1.5, whereas the dashed line shows the
limit for My = 2/3. The latter one can be understood as the most conservative one aarivésid
for monoenergetic electrons, which are responsible for the inverse @aorapattering of ambient
photons. One can see that the derived limits favor a low EBL level and g@ithagreement with
galaxy counts from the optical to the mid infrared regimes. Again, the cosicalayigin of the
near infrared excess (eld.[4]) can be ruled out even for the extraseeod i, = 2/3.

3.3 MAGIC limitson the EBL
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Figure4: MAGIC Left: Spectrum of 3C 279 measured by MAGIC. The grey area inclutesambined
statistical (Ir) and systematic errors. The dotted line shows the resultpafveer law fit. The blue and
red triangles are measurements corrected on the basis ahbaels for the EBL densityj__[ll9] (blue) and
[B]] (red). Right: SED of the EBL. Some of the EBL models are shown] [19] (bIug}] [red) and [13]
(green). The latter one corresponds to the derived EBL lifitite shaded vertical band indicates the range
of frequencies where the MAGIC measurement is most seasitiv
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In 2007, the MAGIC collaboration reported a detection of a very distant (z536) radio
quasar 3C 279 at energies above 80 GEV [2]L, 13]. The measureyy epectrum of 3C 279 ex-
tends up to~500 GeV (see Fid]4, left plot), which implies a very low EBL level. In order to
derive an EBL limit, the MAGIC collaboration used a realistic EBL mode([bf [He authors[[13]
fine-tuned physical parameters of the EBL model in order to comply with thgnement that the
intrinsic spectrum of 3C 279 cannot be harder thgp= 1.5. The resulting maximum allowed
EBL model is shown by the green line in F[g. 4, right plot. The EBL limit deriirefL3] not only
confirms limits from [IR] and[[5] but also probes for the first time the EBLighkr redshifts @ <
Z < 0.5. Moreover, due to a low energy threshold of MAGIC, the limit extends ineauttraviolet
regime: the EBL region between 0.2 and Q18 has been probed for the first tirhe.

3.4 Discussion of thelimits

Commenting the MAGIC resul{]3] some doubts arose if the same criteribpcf 1.5 can
be applied to 3C 279 (e.d. |25 24]). A possible problem is that 3C 27% s blazar since (in a low
flux state) it has prominent optical lines, identifying low energy (opticalrairgd) radiation fields,
usually called “broad line regions”, BLR. Indeed, the presence of BlLie@quired in most leptonic
models describing the broad band emission (from radio through WkHys) of 3C 279. The BLR
in front or within the emission region of VHE-rays leads to an internal absorption of thggays,
which modifies the intrinsic spectrum. For some specific combinations of the gigdmeeveen the
emission regions and the BLR combined with an assumption of a narrow becitsp of the BLR
(e.g., a black body spectrum), local hardening of the intrinsic \fH&y spectrum can be expected
(e.g. [IT]). These question were addressed[by [23] in detail. Thewmufind that, assuming a
detailed BLR emission spectrum, for all plausible geometry combinations no sagifiardening
of the intrinsic spectrum of 3C 279 can be expected within the energy aprved by MAGIC.
The authors also examined the EBL limits including the effect of the internalrptien finding
that identical or even more stringent limits can be derived as compared to¢h@btained in[13].

Summarizing the status of the EBL constraints obtained by the IACTSs, the foliosdn be
stated:

e robust EBL upper limits are derived by different groups extendingfudtraviolet through
mid infrared regimes;

o the limits are close (at most factor of 2 higher) to the EBL low level inferredhfthe resolved
galaxies byH ST, | SOCAM, Spitzer and the ground based telescopes (Keck, Subaru, VLT);

e the galaxy count slopes in the faint end in the optical and near-infraaedshbalso indicate
that the majority of EBL has already been resolved (¢.d. [26]);

o this implies that the above mentioned instruments resolved most of the EBL spurce

o the resultingy-ray horizon can be determined to lie within a narrow band between the upper
limits from the IACTs and the low limits from the galaxy counts (see blue shaded ima

Fig.[);

1stecker & Scully EIZ] argued, however, that the derived limit has a igwificance.
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Figure5: Gamma-ray horizon. IACTs probed the EBL density up to z = 6.5Bhe derived limits leave
only a narrow region (indicated by a blue band) for EBL modElgure from ].

o the limits disfavor several EBL models which imply a late peak in the star formatitorijs
o the limits rule out a cosmological origin of the near infrared excess.

However, the utilized exclusion criterion of the blazar intrinsic spectralxr{eing iy =
1.5 or even 23) can still be wrong. Even for an EBL model tuned to the level of the resblv
galaxies [27], the intrinsic spectra of several TeV blazars show the maxirealistic hardness
of 1.5. This can be related to the selection effect: only blazars with extreraetlydpectra can
be detected because the flux of blazars with softer spectra falls belowrtleacsensitivity limit
of the IACTs. Harder than expected intrinsic spectra of ViAEay sources would imply either
an unnatural fine-tuning of low energy radiation fields inside the souditfsrent acceleration
mechanisms of charged particles responsible for Hfay emission or even new physics (e.qg.
violation of Lorentz invariancd [28] or new particlds][29]). Howeveg fhist results obtained by
the Fermi/LAT team [30] indicate that the spectra of BL Lacs and FSRQs below 100 @
be well described by power laws or broken power laws with spectracexlg,; > 1.4. This
underlines robustness of the EBL limits obtained using the IACT data.

It is interesting to see that the current state-of-the-art EBL mofleld R BB[3B] (all pub-
lished in the last 2 years) predict low EBL densities and show only a little dpe@ong each
other. Though the EBL models are derived following different apgreacthey all seem to agree
that most of the sources in the universe which contributed to the EBL a&dglresolved.

4. Future perspective: Fermi/LAT, MAGICII,H.E.SS.1I, VERITASand CTA

Currently, about 35 extragalactic VHEray emitters have been detected with redshifts up to
z = 0.536. Although some of the measured spectra have very good stattsties,is a general
difficulty to distinguish between source intrinsic effects (e.g. cut-offeswonding to the highest
energies of relativistic particles in the jet or internal absorption due to logaknergy photon
fields) and the attenuation imprint caused by the EBL. The discovery afgattictic sources with
hard energy spectra by the HEGRA, H.E.S.S. and MAGIC instruments alltovedt stringent
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limits on the EBL density in the near to mid infrared (NIR and MIR) reginje [IL2,T5le limits
are, however, dependent on the underlying sources physics assusnphich are still a matter of
debate. We anticipate that MAGIC I, H.E.S.S. Il and VERITAS will at leamtillle the statistics
of the sources but this will most likely not resolve the ambiguity between intraffécts and the
EBL. Additional caveat for the EBL limits from IACTSs are rather high olvsg¢ional systematics in
measuring VHE spectra. This is difficult to test in a direct way, comparedthithlirect gamma-
ray detection instrument likBermi/LAT. Future correlation study dfermi/LAT and CTA spectra
(see below) may give an answer.

The Fermi/LAT telescope measuring-rays between 100 MeV and 300 GeV from space is
currently providing the best synergy with the IACTs by extending theggngpectra of extragalac-
tic sources to lower energies. At energies below 50 GeV there is basica#lipsorption ofy-ray
fluxes due to the EBL. ThEeermi/LAT, therefore, directly measures intrinsic spectra of the sources.
First studies combiningermi/LAT and IACT data [3#]35] strengthen the existing EBL limits in
UV to mid IR. The studies, however, suffer from fast variability of therses at very high ener-
gies, which cannot be measured Bsrmi/LAT due to the relatively small (0.8 collection area
of the telescope and of the still small number of sources which are brightfiew GeV to 1 TeV.
Such sources are necessary to get enough photon statistics in the saméthirtie fver mi/LAT
and with IACTs.

Probably, only CTA will be able to provide a sufficiently large sample (100++) of VIE
ray sources as well as high quality spectra for individual objects. Foyroathese sources, the
spectral energy distribution (SED) will be determined at GeV energiesl{tong Fermi/LAT and
lowest energies of the CTA measurements), which are much less affgctbd bbsorption and,
therefore, allowing for a study of intrinsic properties of the objects. Waretlore, anticipate that
with CTA it will be possible to make robust predictions about the intrinsic specabove 100 GeV,
either for individual sources or particular source classes. The mezhspectra will therefore be a
unique probe of the EBL. In the next 5 to 10 years following two main cosnicdbguestions can
be targeted: 1) precision measurements of today’s (i.e. at z = 0) EBégiedlg in the ultraviolet to
optical as well as in the mid to far infrared regimes, and 2) determine galakgteltar evolution
properties by measuring the evolution of the EBL over redshift. A firstildetatudy on the CTA
potential in studyng the EBL can be found n][36].
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