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The Fermi Large Area Telescope is scanning the sky for gamaysin the range 20 MeV to over
300 GeV, revealing a wealth of high energy sources. Gamnwmay interact with low-energy
photons from the Extragalactic Background Light (EBL) tigb photon-photon pair production
if above the energy threshold. This results in redshift- andrgy-dependent attenuation fea-
tures in extragalactic source spectra such as from blapdr&amma-Ray Bursts (GRBs). Using
photons above 10 GeV collected by the LAT during more thanyae of observations from
high-redshift blazars and GRBs, the effect of gamma-raydlienuation by the EBL is investi-
gated. | present several techniques that are used to plaastrapper limits on the gamma-ray
opacity of the Universe at various energies and redshifie domparison with predictions from
a range of EBL models allows then to derive high-confidenoédi on EBL intensity models.
In particular, the results of this analysis imply that thelEBtensity at optical/UV wavelengths
must be significantly lower as that predicted by the “basethodel” (Stecker et al. 2006).
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1. Introduction

Gamma rays are known for their power to penetrate deeplynvaterials. However as they
propagate through the Universe they are subject to absarpthen traversing dense radiation
fields via photon-photon pair production if above the pawdurction threshold. Because of the
strongly peaked cross section close to threshold, moretthHirthe interactions occur in a small
energy rangé\e ~ (4/3+2/3)¢ centered around the comoving enegyy 0.8(E /TeV) eV for
a smooth target photon field of densitye). Photons above- 10 GeV up to TeV energies are
therefore absorbed primarily in the IR-to-optical/UV bgaobund radiation field, the Extragalactic
Background Light (EBL). The~ray spectrum as measured on Earth appears distorted when co
pared to the emitted spectrurfiaps(E) = Femit(E(1+ 2)) x exp(—1yy(E,z)) whereFops and Femit
is the energy dependent observed and emitted fluxzaiil, z) is the energye and redshifz de-
pendent optical depth tgy pair production. The value of the optical depth depends erytpair
production cross section, the distance yhys have traversed, and the density of the target pho-
ton field. Thus, by comparing the observed and emitted sjpacif known) of a source at known
redshiftz, information about the intervening target radiation figlck EBL, can be aquired. This
is interesting because direct measurements of its inyeagtdifficult, and the EBL has imprinted
valuable information about star formation rates, stebaliation and dust extinction processes ac-
cumulated over cosmological time.

The interrelationship between optical degtl, energy and redshift can be represented in a
cube. Slices along different planes of this cube then altodetduce information about relevant ob-
servables for this kind of analysis gfray measurements. For example, by cutting,atE,z) = 1
one gets the e-folding cutoff energy versus redshift. Akjemmparison with opacity expectations
from EBL models then provides hints about the relevant rnéidsimge where significant distortions
in y-ray spectra can be expected for a given energy range. bist@ignatures in spectra measured
in the LAT energy range are expected for sources at redshifd.5. A cut at fixed redshifz gives
the expected optical depth as a function of (observed) griergstimating the opacity

Tyy(E.2) = IN(Femi(E(1+2)) /Fobs(E)) (L.1)

from a source spectrum at that redshifequires the knowledge of both, the observed and emitted
spectrum. This kind of analysis has been performed in the lpashe modern Air Cherenkov
Telescopes (ACTSs) in the TeV band by fixing the intrinsicaliygitted spectrum (assumed following
a power lawFemit 0 E~Tin) to reasonable values fdri (e.g., Aharonian et al. 2006). Since
the Fermi-LAT energy range covers both, the absorbed patieospectrum> 10 GeV and the
unabsorbed part{ 10 GeV), more stringent limits on the opacity wfays can in principle now
be deduced. Adding the GeV energy range therefore not oldwslto probe (for the first time
by y-ray measurements) the UV band of the EBL, and its evolutiobalso extends the lever arm
into the important unabsorbed energy range thereby unicgyiire intrinsic source spectrum.
Here we report on limits on the opacity of tens to hundred d¥ @krotons while propagating
cosmological distances through the Universe which haventgcbeen derived by the Fermi-LAT
instrument. The reader may consult Atwood et al. (2009) &aits on the Fermi-LAT instrument.
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2. Active Galactic Nuclei (AGN) and Gamma Ray Bursts (GRBSs) as opacity probes

Probing the GeV opacity of the Universe requires bright listec allow a detailed spectral
analysis) yet distantz(> 0.5) y-ray sources with a reliably known redshift and whose phefmec-
trum extends significantly beyond 10 GeV. These properties are found among the objects in the
blazar class, the most numerous extragalgetay emitting source population observed so far, and
some LAT-detected GRBs. To evaluate the influence of anyiledsiases on the analysis a good
understanding of the intrinsic properties of these souoglations is needed.

flux ratio
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0% 272 ] sion brought more than 1000 significantly
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z GeV sources of which- 700 have been as-
Figure 1. The evolution ofF.10 gev/F>1 Gev sociated with AGNs:~ 42% turned out to
shows no statistically significant trend within be FSRQs;~ 42% BL Lacs and 16% are of
each blazar class (see text for details). unknown or other type.

The BL Lac class itself is divided up into low- (LSP), interdigte (ISP) and high- (HSP) syn-
chrotron peaked blazars using their low energy broadbaectis energy distribution (SED). De-
tailed population studies of those have shown that botly-tasy spectral index and redshift range is
a distinctive feature of the source type: FSRQs possessaljypsoft spectra (meahrsrg~ 2.3)
and exist preferentially at high redshifts. As one goes @lthre blazar sequence FSRQ-LSP-
ISP-HSP the mean spectral shape becomes more and more tead[{map ~ 2.2, INisp ~ 2.1,
MNisp~ 1.9), and the redshift range narrows and shifts to smalleauists (Abdo et al. 2009,
2010b). The resulting spectral index-redshift relatioangntrinsic property of the blazar popula-
tion, in particular not caused primarily by EBL absorptidfurthermore, most bright FSRQs and
some LSPs show source-intrinsic breaks-at — 10 GeV (galaxy frame) whereas most HSPs do
not show any deviation from straight power-laws at LAT emesgThese population properties turn
out crucial for understanding the results of the flux-ratietihod (Chen et al. 2004), a population
based technique designed to uncover EBL-caused absomptilarge sample of blazars.
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3. Flux ratios - a population based method

Here the redshift-dependence of e gev/F-1 cev flux ratio is proposed as a signature
of EBL-caused absorption. Since this method assumes thatltble population follows a single
luminosity function and spectral index distribution, ishHaeen applied to the various blazar classes
separately to avoid biases. Only clean AGN associatioms fne 1LAC have been used, and where
flux determinations> 10 GeV and> 1 GeV exist. In addition to the observed ratio, also the pre-
dicted flux ratio assuming an unbroken power law and no EBtnatition is calculated. One finds
(see Fig. 1) along the sequence FSRQ-LSP-ISP-HSP that egdhbkift range becomes narrower,
b) the spectra on average become harder, c) the observedehictgd flux ratios increase, and d)
the difference between the predicted and observed fluxdatoeases. Points (a) and (b) are prop-
erties intrinsic to the blazar population as discussedalibe same is true for point (c) considering
that the flux ratio is a measure of the spectral index, and g@jrarises from the LAT energy range
moving through different parts of the blazar SED. Hencettadse findings can be explained by
population intrinsic effects, hence lack any EBL inducag@ratation signatures. Furthermore, no
spectral evolution within each blazar class is found. Thedefor any EBL induced signatures by
the flux ratio method remains inconclusive (see Fig. 1). Sedofet al.(2010c) for details.

4. Searching for EBL induced signaturesin individual source spectra

The methods discussed in the following are based on the $tiginergy photons (HEP) de-
tected in LAT source spectra, and on an application of thedilikod ratio technique (LRT).
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Figure 2: Distribution of the HEP from simula- Figure 3: TS as a function of optical depth
tions (10 realizations) for GRB080916C using normalizationa as a result of the LRT analy-
an estimated intrinsic power law spectrum with sis of HEP-set sources (see text and Abdo et al.
photon index 215+ 0.22 folded with (hatched (2010c) for details).

area) and without EBL attenuation using the

baseline model (see text for details).

Consider the highest energy photon (HEP) associated witindividual source (from the
1LAC and the sample of LAT detected GRBSs) at redshifithin the 68% containment radius
of each source position. Five AGN and two GRBs turn out to rea¥EP energ\Enaxredshift
combination which significantly lies above thg = 3 line of the "baseline EBL model" of Stecker
et al. (2006). This model is among those which predict thbdsg EBL photon density, and will be
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confronted with LAT observations in the following. EBL mdslef lower intensity in the UV range
can to date not be constrained by the 11 months LAT data. TWenssources, witlz ~ 1 — 4.5
and Emax ~ 13— 74 GeV, constitute the "HEP-set". All HEP-set AGN turn outht® FSRQs.
The probability of non-associatioffg, is computed from the expected number of diffuse and
instrumental background photons. The HEP method then &ealuhe overall chance probability
Puep of detecting a source photon within the PSF 68% containmeatitis WithE > Eqnax given

a source intrinsic spectrum and the specific EBL model. Bez&BL attenuation is negligible
below ~ 10 GeV forz > 3 a conservative limiton the intrinsic source spectrum at high energies
> 10 GeV can be derived by extrapolating the low energy undlesbpart into the energy range
where EBL absorption is expected. One implicitly assumes ti&t the source intrinsic spectrum
does not show any spectral upturn beyond in the energy rarfif@GeV. Notably, this is the only
assumption made for the following analysis that probe tlasé&tine model” of Stecker et al.(2006).
All but one spectrum of the HEP-set sources turn out to bereesésented by simple power-laws
(for J1504+1029 a log-parabolic shape is preferred). Theulzion of the chance probability
Pyep is done on the basis of Monte Carlo simulations. Fig. 2 shaaneexample of the resulting
distribution of HEP events for GRB080916C with the obsert#eP event indicated. Notably,
for the AGN in the HEP-seB4ep lies at the same order of magnitude Rygk whereas for the
GRBsRyg < Ryep. Finally, the overall rejection probabilitie; includes the possibility that the
HEP may be a background event, or may be not absorbed. Fa soosces with more than one
photon> 10 GeV (in three cases) the probabilitigs; for each photon are combined using Fisher’s
method (Fisher 1925). The resulting probabilities of reéjerthe "baseline model” lie up ta%o.
See Abdo et al (2010c) for details on this method.

The likelihood ratio technique compares the likelihagof the Null-hypothesis with a model
of likelihood L1 which best represents the data. Fgys(E) = Femit(E(1+2)) x exp(—a TyymodelE, 2))
with T,y model(E, 2) the opacity predicted by the baseline model &agli the power-law intrin-
sic spectrum,a = 1 represents the Null-hypothesis. The likelihood comjonat include all
photons within a several degrees large region from the sooncan event-by-event basis with
each event weighted corresponding to the angular distanteetsource, the probability of be-
ing a background photon is also included on an event-bytevasis. Defining the test statis-
tic TS= —2x (log(Lo) —log(L1)), the best-fita-value is reached at the TS-maximuhSyax
Fig. 3 shows examples of the TS-values as a functioa.oft is then straight forward to convert
AT S=T Snax— TS a = 1) into the associated confidence to reject the EBL model uraiesider-
ation. From Fig. 3 the highest rejection significaneegp) is reached by J1016+0513 at redshift
z=171. The LRT technique turned out slightly more constrainiingn the HEP method. The
a priori choice of the considered region around the soureel by the HEP method (68% PSF
containment radius) may be partly the reason. Details a#dodo et al. (2010c).

After including multi-trial effects and combining the ref@n significances from the individ-
ual sources, one finds an overall high confidence (HEB.9o, LRT: ~ 11.40) of rejecting EBL
models that predict opacities in the 260 GeV energy and~ 1— 4 redshift range as great as the
“baseline model” of Stecker et al. (2006). This applies étsthe "fast-evolution” model of

1Source intrinsic curvature cannot be decoupled from EBlised curvature. The so derived limits therefore include
the sum of all effects that may cause curvature, and is thosigeevative limit on EBL-induced attenuation.
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Figure 4: Optical depth upper limits for FSRQ
PKS 1502+106. Black arrows: 95% CL in all
energy bins that have been used to determine
the observed flux above 10 GeV, red/blue arrow:
95%/99% CL for the highest energy photon (see
Abdo et al. 2010c for details).

Stecker et al. (2006) since it predicts even
greater optical depths. Upper limits on the
optical depth for all AGN in the HEP-set are
derived by comparing the observed flux at
various energies> 10 GeV with that emit-
ted by the source at redshift following
Eqg. 1. An upper limit of the emitted flux
is estimated by extrapolating the low energy
< 10 GeV part of the spetrum to high en-
ergies, again implicitly assuming no spec-
tral upturn of the source-intrinsic spectrum.
The parameter uncertainties in the fitted flux
are propagated into the optical depth upper
limit computation. As an example Fig. 4
shows the resulting optical depth estimates
for J1504+1029 (=PKS 1502+106). For de-
tails see Abdo et al.(2010c). The results of
this analysis applied to all AGN of the HEP-
setis in overall agreement with those derived

from the HEP and LRT method.

5. Discussion and Conclusion

The opacity constraints derived from the analysis of higlrgy photons above 10 GeV from
AGN and GRBs collected by the Fermi-LAT over more than oner ygaobservations disfavor
EBL models that predict an EBL intensity as great as that asiggl by the “baseline” and “fast-
evolution” models of Stecker et al. (2006). Those constsagmncern the optical-UV light pro-
duction over cosmological time (up to~ 4), and hence are in principle tied to the global star
formation rate density that is thought to peak around 1. The models of Stecker et al. (2006)
belong to the class of backward evolution models of galaryédion. Specifically here, the fitn
luminosity function plus a power law luminosity evolutiom$1been used together with an ana-
Iytic approximation for galaxy SEDs linking the gén range to UV wavelengths to predict the
optical/UV EBL intensity? In particular, no star formation rate density has been used. hOn
the other side, the LAT-data do not yet constrain the “high+tdodel” of Kneiske et al. (2004)
with high significance where the UV background intensity besn increased by a factor of 4 with
respect to their “best-fit model” that is based on a reasensthr formation rate density. Therefore
the presented constraints on taeay opacity from the Fermi-LAT observations can not yetpla
limits on the star formation rate history that are compeditivith current observational estimates.

For the first time GRBs have been used here sucessfully aspailihey-ray opacity of the
Universe. Since the GRB population is known to extend toeemély high redshifts, they constitue

2Those models don't include photon absorption by dust, ptysaimong the reasons for the high predicted UV EBL
intensity.
3designed to take into account results derived from the prityieffect (see Kneiske et al. (2004) for details)
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an interesting/-ray source class for future analysis to understand theiggalof the EBL intensity.
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