N

N

The imprint of the extragalactic background light in the
gamma-ray spectra of blazars
Markus Ackermann, M. Ajello, A. Allafort, P. Schady, Luca Baldini, Jean
Ballet, Guido Barbiellini, D. Bastieri, R. Bellazzini, R. D. Blandford, et al.

» To cite this version:

Markus Ackermann, M. Ajello, A. Allafort, P. Schady, Luca Baldini, et al.. The imprint of the
extragalactic background light in the gamma-ray spectra of blazars. Science, 2012, 338 (6111), pp.1190-
1192. 10.1126/science.1227160 . cea-00863061

HAL Id: cea-00863061
https://cea.hal.science/cea-00863061
Submitted on 21 Oct 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-00863061
https://hal.archives-ouvertes.fr

arxiv:1211.1671v1 [astro-ph.CO] 7 Nov 2012

The Imprint of The Extragalactic Background Light in
the Gamma-Ray Spectra of Blazars

M. Ackermann, M. Ajello?31, A. Allafort?, P. Schady; L. Baldini®, J. Ballet, G. Barbiellini8,

D. Bastier?"'%, R. Bellazzini!, R. D. Blandford, E. D. Bloon?, A. W. Borgland, E. Bottacin?,

A. Bouvier'?, J. Bregeol, M. Brigida'®!4, P. Bruet®, R. Buehletx, S. Busoft'’, G. A. Caliandrd®,
R. A. Camerod, P. A. Caravetl, E. Cavazzut?, C. Cecchi®?’, E. Charle$, R.C.G. Chaves

A. Chekhtma#i!, C. C. Cheungf, J. Chiang, G. Chiarg?, S. Ciprint**, R. Claus, J. Cohen-
Tanug?®, J. Conrad->"%, S, Cutini®, F. D’Ammandd??*:3°, F. de Palm&!4, C. D. Dermet?,

S. W. Diget, E. do Couto e Silvi A. Domingue??, P. S. Drelt, A. Drlica-Wagnet, C. Favuzzi®'4,
S.J. Fegafi, W. B. Focké, A. Franckowiak, Y. Fukazawé’, S. Funk, P. Fuscé*!4, F. Gargand',
D. Gasparrini®, N. Gehrelg?, S. Germart??°, N. Giglietto'*!4, F. Giordand*!'4, M. Giroletti*!,

T. Glanzma#, G. Godfrey, I. A. Grenief, J. E. Grové!, S. Guirieé?, M. Gustafssot D. HadascH,
M. Hayashid&?®, E. Hays?, M. S. Jacksot{-?", T. Joglef, J. Kataok&', J. Knodlsede??,

M. Kuss'!, J. Landé, S. Larssoff-2"4°, L. Latronicd'!, F. Longd-®, F. Loparcd®!4, M. N. Lovellette!!,
P. Lubrand®?’, M. N. Mazziottd*, J. E. McEnery*#2, J. Mehaul®, P. F. Michelsoh, T. Mizung*?,
C. Monte?!4, M. E. Monzant, A. Morselli*, I. V. Moskalenkd, S. Murgi&, A. Tramacere,

E. Nus$?, J. Greinet, M. Ohnd'®, T. Ohsugt?, N. Omodet, M. Orient*4, E. Orlandg, J. F. Orme¥,
D. Panequé&?, J. S. Perkin&49:50:51 ‘M. Pesce-Rollin8, F. Pirort®, G. Pivatd®, T. A. Portef-2,

S. Raind*!, R. Rand&'°, M. Razzand"!?, S. Razzaqu#, A. Reimer>2}, O. Reimet??,

L. C. Reye$’, S. RitZ?, A. Raut, C. Romoli’, M. Roth’*, M. Sanchez-CondeD.A. Sanche?,

J. D. Scargl&, C. Sgrd!, E. J. Siskind’, G. Spandr&, P. Spinelli*>!4, tukasz Stawar#>*,

D. J. Susof?, H. Takahash?, T. Tanaka, J. G. Thayet, D. J. Thompsoft, L. Tibaldo’1?,

M. Tinivella!, D. F. Torres%®, G. Tosti*?°, E. Troja*%, T. L. Ushet, J. VandenbroucKe

V. Vasileiow?®, G. Vianellg-®?, V. Vitale**53, A, P. Waité, B. L. Wine**, K. S. Wood!,

M. Wood?

1. Deutsches Elektronen Synchrotron DESY, D-15738 ZeuiBenmany

2. W. W. Hansen Experimental Physics Laboratory, Kavliitnst for Particle Astrophysics
and Cosmology, Department of Physics and SLAC National kecator Laboratory,
Stanford University, Stanford, CA 94305, USA

3. Space Sciences Laboratory, 7 Gauss Way, University dafo@ah, Berkeley, CA 94720-
7450, USA


http://arxiv.org/abs/1211.1671v1

10.

11.
12.

13.

14.
15.
16.
17.
18.
19.
20.
21.

22.

Max-Planck Institut fur extraterrestrische Physik788 Garching, Germany

Universita di Pisa and Istituto Nazionale di Fisica Mack, Sezione di Pisa I-56127 Pisa,
Italy

Laboratoire AIM, CEA-IRFU/CNRS/Université Paris Did¢, Service d’Astrophysique,
CEA Saclay, 91191 Gif sur Yvette, France

Istituto Nazionale di Fisica Nucleare, Sezione di Tees34127 Trieste, Italy
Dipartimento di Fisica, Universita di Trieste, I-341Piieste, Italy
Istituto Nazionale di Fisica Nucleare, Sezione di Pagb@8131 Padova, Italy

Dipartimento di Fisica e Astronomia "G. Galilei”, Unigi#ta di Padova, 1-35131 Padova,
Italy

Istituto Nazionale di Fisica Nucleare, Sezione di R¥&5127 Pisa, Italy

Santa Cruz Institute for Particle Physics, Departmémhysics and Department of As-
tronomy and Astrophysics, University of California at Sa@ruz, Santa Cruz, CA 95064,
USA

Dipartimento di Fisica “M. Merlin” dell’Universita eal Politecnico di Bari, 1-70126
Bari, Italy

Istituto Nazionale di Fisica Nucleare, Sezione di B&bil26 Bari, Italy

Laboratoire Leprince-Ringudfcole polytechnique, CNRS/IN2P3, Palaiseau, France
Institut de Ciencies de I'Espai (IEEE-CSIC), CampusB/JA8193 Barcelona, Spain
INAF-Istituto di Astrofisica Spaziale e Fisica CosmicaP133 Milano, Italy

Agenzia Spaziale Italiana (ASI) Science Data Cent@d0d44 Frascati (Roma), Italy
Istituto Nazionale di Fisica Nucleare, Sezione di Perueg06123 Perugia, Italy
Dipartimento di Fisica, Universita degli Studi di Pgiaj 1-06123 Perugia, Italy

Center for Earth Observing and Space Research, Colle§eience, George Mason
University, Fairfax, VA 22030, resident at Naval Researeldratory, Washington, DC
20375, USA

National Research Council Research Associate, Nathcsdemy of Sciences, Wash-
ington, DC 20001, resident at Naval Research Laboratorghvligton, DC 20375, USA



23

24,
25.

26.
27.

28.

29.
30.
31.
32.

33.
34.
35.

36.

37.

38.
39.
40.
41.
42.

. INFN and Dipartimento di Fisica e Astronomia "G. GalildUniversita di Padova, I-
35131 Padova, Italy,

ASI Science Data Center, 1-00044 Frascati (Roma), Italy

Laboratoire Univers et Particules de Montpellier, énsité Montpellier 2, CNRS/IN2P3,
Montpellier, France

Department of Physics, Stockholm University, AlbaN@&&-106 91 Stockholm, Sweden

The Oskar Klein Centre for Cosmoparticle Physics, Almedy SE-106 91 Stockholm,
Sweden

Royal Swedish Academy of Sciences Research Felloweflibg a grant from the K. A.
Wallenberg Foundation

IASF Palermo, 90146 Palermo, Italy
INAF-Istituto di Astrofisica Spaziale e Fisica Cosmic@0133 Roma, Italy
Space Science Division, Naval Research Laboratoryhivgton, DC 20375-5352, USA

Department of Physical Sciences, Hiroshima Univerkitigashi-Hiroshima, Hiroshima
739-8526, Japan

NASA Goddard Space Flight Center, Greenbelt, MD 207 8AU
INAF Istituto di Radioastronomia, 40129 Bologna, Italy

Department of Astronomy, Graduate School of Scienceti&yniversity, Sakyo-ku,
Kyoto 606-8502, Japan

Department of Physics, Royal Institute of Technology KK, AlbaNova, SE-106 91
Stockholm, Sweden

Research Institute for Science and Engineering, Wadadersity, 3-4-1, Okubo, Shin-
juku, Tokyo 169-8555, Japan

CNRS, IRAP, F-31028 Toulouse cedex 4, France

GAHEC, Université de Toulouse, UPS-OMP, IRAP, Toul=Eance
Department of Astronomy, Stockholm University, SE-8a6Stockholm, Sweden
Istituto Nazionale di Fisica Nucleare, Sezione di Toyir10125 Torino, Italy

Department of Physics and Department of Astronomy, éfsity of Maryland, College
Park, MD 20742, USA



43

44,

45,
46.

47.
48.
49.

50.

51.
52.

53.

54.
55.
56.

57.
58.
59.

60.
61.

. Hiroshima Astrophysical Science Center, Hiroshima/®rsity, Higashi-Hiroshima, Hi-
roshima 739-8526, Japan

Istituto Nazionale di Fisica Nucleare, Sezione di Rorar “Vergata”, 1-00133 Roma,
Italy

INTEGRAL Science Data Centre, CH-1290 Versoix, Switsd

Institute of Space and Astronautical Science, JAXA; BYbshinodai, Chuo-ku, Sagami-
hara, Kanagawa 252-5210, Japan

Department of Physics and Astronomy, University of enidenver, CO 80208, USA
Max-Planck-Institut fur Physik, D-80805 Miinchen,r@any

Department of Physics and Center for Space Sciences ectthdlogy, University of
Maryland Baltimore County, Baltimore, MD 21250, USA

Center for Research and Exploration in Space Sciencdectthology (CRESST) and
NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA

Harvard-Smithsonian Center for Astrophysics, CangajdMA 02138, USA

Institut fur Astro- und Teilchenphysik and InstitutrfTheoretische Physik, Leopold-
Franzens-Universitat Innsbruck, A-6020 Innsbruck, Aast

Department of Physics, California Polytechnic Statévehsity, San Luis Obispo, CA
93401, USA

Department of Physics, University of Washington, $eaitA 98195-1560, USA
Max-Planck-Institut fur Kernphysik, D-69029 Heideth, Germany

Space Sciences Division, NASA Ames Research Centeffeltiéield, CA 94035-1000,
USA

NYCB Real-Time Computing Inc., Lattingtown, NY 1156026, USA
Astronomical Observatory, Jagiellonian University;244 Krakow, Poland

Department of Chemistry and Physics, Purdue Unive@atymet, Hammond, IN 46323-
2094, USA

Institucio Catalana de Recerca i Estudis AvancatRBR), Barcelona, Spain

NASA Postdoctoral Program Fellow, USA



62. Consorzio Interuniversitario per la Fisica Spaziald-&J, I-10133 Torino, Italy
63. Dipartimento di Fisica, Universita di Roma “Tor Vergatl-00133 Roma, Italy

64. Department of Physics, Center for Cosmology and AsémtidPe Physics, The Ohio State
University, Columbus, OH 43210, USA

T majello@slac.stanford.edu, *buehler@stanford.ednita.reimer@uibk.ac.at

The light emitted by stars and accreting compact objects though the history
of the Universe is encoded in the intensity of the extragalaic background light
(EBL). Knowledge of the EBL is important to understand the nature of star
formation and galaxy evolution, but direct measurements othe EBL are lim-
ited by Galactic and other foreground emissions. Here we reprt an absorption
feature seen in the combined spectra of a sample of gamma-rdpjazars out to
a redshift of z~1.6. This feature is caused by attenuation of gamma rays by
the EBL at optical to UV frequencies, and allowed us to measu the EBL flux
density in this frequency band.

The bulk of the intergalactic gas in the Universe must hawenbeionized between the
epoch of cosmic recombination, when the Universe was oy years old (z1100), and
1 billion years later (26) as indicated observationally by the spectra of distamasgstellar
objects (). However, the sources, modes and nature of this cosmiairgitbon are largely
unknown because most of this redshift range has yet to b@mdgl Photoionization by UV
radiation, produced by the first stars and galaxies of thedJse, represents the primary suspect
for the ionizing proces<(3). Direct detection of the UV radiation fields is thus of funaental
importance, but at present extremely difficd}.(

An indirect but powerful means of probing the diffuse raidatfields is throughy-v ab-
sorption of high-energy gamma rays-©). In this process, a gamma-ray photon of enefgy
and an EBL photon of energy/z5;, annihilate and create an electron-positron pair. This pro-
cess occurs for head-on collisions when (efg,)x Erpr > 2(m.c?)?, wherem.c? is the rest
mass energy of the electron. This introduces an attenuiatitve spectra of gamma-ray sources
above a critical gamma-ray energy B8f,;:(z) ~ 170(1 + 2)~%38 GeV (7, 9).

The detection of the gamma-ray horizon (i.e. the point bdyahich the emission of
gamma-ray sources is strongly attenuated) is one of theapyistientific drivers of th&ermi
Gamma-ray Space Telesco®:-11). Several attempts have been made in the past but none
detected the long-sought EBL attenuati@@-{14. So far, limits on the EBL density have been
inferred from the absence of absorption features in thetspet individual blazars13, 15,
distant galaxies with bright gamma-ray emission powerednayter accreting onto central,
massive black holes. While this feature is indeed difficoltdnstrain for a single source, we
show that it is detected collectively in the gamma-ray speat a sample of blazars as a cut-off
that changes amplitude and energy with redshift. We sedrctean attenuation of the spectra



of blazars in the 1-500 GeV band using the first 46 months ofrebsions of the Large Area
Telescope (LAT) on board theermi satellite. At these energies gamma rays are absorbed by
EBL photons in the optical to UV range. Thanks to the largerggh@nd redshift coverage,
Fermi-LAT measures the intrinsic (i.e. unabsorbed) spectrunouplio0 GeV for any blazar at
z<0.2, and up te~15 GeV for any redshift.

The LAT has detected 1000 blazars to datd ). We restricted our search to a subset of 150
blazars of the BL Lacertae (BL Lac) type that are significadetected above 3 GeV, because
of the expected lack of intrinsic absorptioh7]. The sample covers a redshift range 0.03—
1.6 (18,19. The critical energy is therefore alway225 GeV, which means that the spectrum
measured below this energy is unabsorbed and a true refagserof the intrinsic spectrum of
the source. We thus determined the intrinsic source spaatelying on data between 1 GeV
and the critical energy E;; and extrapolated it to higher energies. By combining allsjpectra
we were able to determine, the average deviation, aboveriti@atcenergy, of the measured
spectra from the intrinsic ones, which ultimately provideseasurement of the optical depth
Ty -

The analysis was performed using fermi Science ToolsZ0). We determined the spectral
parameters of each blazar by maximizing the likelihood oiverysource model. The model
comprised the Galactic and isotropic diffuse componentsainsources in the secorkgrmi
LAT catalog 1) within a region of interest (ROI) of Y5adius. We modeled the spectra of the
sources in our sample as parabolic in the logarithmic spbeeergy and flux (see Eq. 2 i27)
for a definition). Their spectra were modified by a tern~(¥+2) that describes the absorption
of gamma-ray photons on the EBL. In the above we defingdE, z) = b - 772%(E, 2),
where ther,’yi";"dd(E,z) is the optical depth predicted by EBL modelg 22-25 andb is a
scaling variable, left free in the likelihood maximizatidn particular, this allowed us to assess
the likelihood of two important scenarios: i) there is no E8itenuation §=0), ii) the model
prediction is correcttel).

We combined the data from all the ROIs in a global fit that deteed the common param-
eterb for a given EBL model (see Table S1). All those models with aimal EBL density
based on (or compatible with) resolved galaxy couRt3 (24—-27 were found to be acceptable
descriptions of thé-ermi data (i.e are consistent with=1 within ~25 %, see also Figuifd 1)
yielding a significance of the absorption feature of up®c. Models that predict a larger
intensity of the EBL patrticularly in the UV22, 23 would produce a stronger-than-observed
attenuation feature and are therefore incompatible wigt-drmi observations. Our measure-
ment points to a minimal level of the optical-UV EBL up to rbdsz~1.6 which combined
with the upper limits 15, 28, 29 derived at lower redshift (using observations of blazaey/
energies) on the near-infrared EBL highlights the conolughat most of the EBL intensity can
be explained by the measured galaxy emission.

Our measurement relies on the accuracy of the extrapolafitire intrinsic spectra of the
sources above the critical enerd30f. This in turn depends on a precise description of the
gamma-ray spectra by our source parametrization. To vérdithis is the case and to exclude
the possibility that the detected absorption feature rasic to the gamma-ray sourcesrf, we



performed the analysis in 3 independent redshift interfzat®.2, 0.2<z<0.5, and 0.5.z<1.6).
The deviations from the intrinsic spectra in the three rétstiervals are displayed in Figuré 2.
In the local Universe (z0.2), EBL absorption is negligible in most of tikermiLAT energy
band (E,;; >120 GeV). The lowest redshift interval therefore revealsatly the intrinsic spec-
tra of the sources and shows that our spectral parametnizatiaccuratel). The absorption
feature is clearly visible above the critical energy in thehler redshift bins. Its amplitude
and modulation in energy evolve with redshift as expectedEBL absorption. In principle,
the observed attenuation could be due to a spectral cubkaffi$ intrinsic to the gamma-ray
sources. The absence of a cut-off in the spectra of sourdaszwd.2 would require that the
properties of BL Lacs change with redshift or luminosityidinains an issue of debate whether
such evolution exists3(—34. However, in case it were present, the intrinsic cut-oftidobe
expected to evolve differently with redshift than we obgerVo illustrate this effect, we fitted
the blazar sample assuming that all the sources have an exjancut-off at an energy..
From source to source the observed cut-off energy changesibe of the source redshift and
because we assumed that blazars as a population are desdribuia sequence such as that pro-
posed in 81-39. E, was fitted to the data globally likeabove. As apparent from Figure 2, it
appears difficult to reconcile the observed feature withnanisic characteristic of the blazars’
spectra. We therefore associate the spectral feature EBbhebsorption.

At energies<100 GeV, gamma rays observed at Earth and coming from redshiinter-
act mostly with UV photons of5 electron volts. An UV background in excess of the light
emitted by resolved galaxies can be produced locally by AGat bigher redshift (27-15) by
low-metallicity massive stars886). By comparing the results from the best-fit EBL models, we
measured the UV component of the EBL to have an intensity 6fipowW m=2 sr! at z<1.

A contribution to the UV background from AGN as large as the pnedicted by 36) (i.e.,

~ 10nW m~2 sr!) and used in the EBL model 02?) is thus excluded by our analysis at high
confidence. However, the recent predicti@7)(of the UV background from AGN~ 2nW
m~2 sr!) is in agreement with th&ermi measurement. Direct measurements of the extra-
galactic UV background are hampered by the strong dustesedtGalactic radiatiorBg). The
agreement between the intensity of the UV background asumeasvithFermiand that due to
galaxies individually resolved by the Hubble Space TelpeoB9) (31 nW m~2 sr! versus
2.9-3.9nW m? sr!, respectively) shows that the room for any residual diffuseemission is
small. This conclusion is reinforced by the good agreemétiteFermi measurement and the
estimate of the average UV background, atlz7, of 2.2—4.0 nW m? sr—! using the proximity
effect in quasar spectrd().

Zero-metallicity population-Ill stars or low-metalligipopulation-1l stars are thought to be
the first stars to form in the Universe and formally markeddhd of the dark ages when, with
their UV light, these objects started ionizing the inteagéic medium41). These stars, whose
mass might have exceeded one hundred times the mass of ouni®ualso believed to be
responsible for creating the first metals and dispersingtimethe intergalactic mediun#g—
44). A very large contribution of population-Ill stars to thear-infrared EBL had already been
excluded by 15). Our measurement constrains, accordingd 46, the redshift of maximum



formation of low-metallicity stars to be abZ0 and its peak co-moving star-formation rate to
be lower than 0.5M Mpc—2 yr=t. This upper limit is already of the same order of the peak
star-formation rate of 0.2-0.6 MMpc—2 yr—! proposed by 47) and suggests that the peak

star-formation rate might be much lower as proposedigy. (
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Figure 1 Measurement, at the 68 % and 95 % confidence levelading systematic uncertain-
ties added in quadrature), of the opacity from the best fits to th&ermi data compared to
predictions of EBL models. The plot shows the measuremezntatwhich is the average red-
shift of the most constraining redshift interval (i.e. 8€25<1.6). TheFermiLAT measurement
was derived combining the limits on the best-fit EBL modelse Bownward arrow represents
the 95 % upper limit on the opacity at z=1.05 derivedlB)( For clarity this figure shows only

a selection of the models we tested while the full list is régain Table S1. The EBL models
of (49), which are not defined for E250/ (1 + z) GeV and thus could not be used, are reported

here for completeness.
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Figure 2 Absorption feature present in the spectra of BL Haeeobjects as a function of
increasing redshift (data points, from top to bottom). Thshkd curves show the attenuation
expected for the sample of sources by averaging, in eachifedsd energy bin, the opacities
of the sample (the model of was used) and multiplying this average by the best-fit sgali
parameteb obtained independently in each redshift interval. Theiwaktine shows the critical
energy E.;; below which<5 % of the source photons are absorbed by the EBL. The thid soli
curve represents the best-fit model assuming that all theessinave an intrinsic exponential
cut-off and that blazars follow the blazar sequence mod&2£33.
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Supplements

Source Selection

The second LAT AGN Catalod.g) contains many flat-spectrum radio quasars (FSRQs) and BL
Lacertae (BL Lac) objects whose spectra extend signifigatitbve 10 GeV. The classification
relies on the conventional definition of BL Lac objects auglil in 60-52 in which the equiv-
alent width of the strongest optical emission line<isA and the optical spectrum shows a Ca
Il H/K break ratio G<0.4. Sources are then classified also according to the positithe peak
of the synchrotron component as low-synchrotron-peak&P(i,..,<10'* Hz), intermediate-
synchrotron-peaked (ISR)!* <v,..,<10'® Hz), and high-synchrotron-peaked (HSR,;>10'° Hz).
FSRQs generally have soft spectra (photon index greater2i3 at GeV energies, making
it more difficult to detect absorption features at energiesatger than 10 GeV. Additionally
their spectra might suffer from intrinsic absorption of gaerays by the photons of the broad
line region or of the accretion disk 7). This makes them non-ideal candidates to constrain
the EBL. We therefore focused on the BL Lac objects. For cdatmnal reasons, only 50
sources can be analyzed in one combined likelihood fit. Irmotd perform our analysis in
three redshift intervals we selected the 150 BL Lacs thawghe largest detection significance
in the 3—10 GeV energy band (the significance is always ldhger 3.5) with no selection on
spectral shape. Most of the sources (100 out of 150) weretgetevith a significance-3 o
above 10 GeV already after two years of observati@i}. (In the second LAT AGN Catalog
catalog (6) only ~190 BL Lac have a redshift measurement, so our sample is esepative
set ofFermi-detected BL Lacs. Figufe 51 shows the redshift distriloutithe BL Lac objects
employed in this analysis.

Data Analysis

Each source in our sample is analyzed using 46 mBrthBermi observations using version
vOr27 of the Science Tods The data were filtered, removing time periods in which the in
strument was not in sky-survey mode, and removing photorsse/enith angle is larger than
100 to limit contamination from the Earth limb emission. We cioles only photons collected
within 15° of the source position withdE< 500 GeV. We employ the P7SOURCES] in-
strumental response function (IRF) and perform a binneeliikod analysis. The Galactic
and isotropic diffuse emissions are modeled using respygtihe gal2yearp7vev0.fits and
Iso_p7v6source.txt templates.

We rely on theComposite Likelihoodool of the Fermi software to perform the likelihood
maximization. This allows us to fit simultaneously the dataf different ROIs with the aim
of constraining the scaling parametethat is applied to the opacity curves predicted by each

'From August 4th 2008 to June 1st 2012
2http://fermi.gsfc.nasa.gov/ssc/data/analysis/saftva
30ur analysis is robust against change of the dataset and IRF.

14



10

-2 -1
10 10 Redshift 1

Figure S1 Redshift distribution of the BL Lac objects usethis analysis.

one of the EBL models we tested. The total number of free petens across all ROIs in one
redshift bin is approximately 1000. It is computationalhyfeasible to fit all of these parameters
simultaneously. We therefore proceeded in three stepst Wi fit each ROI individually.
The fit is performed on the entire energy band (1-500 GeV). ddrameters (i.e. flux and
photon index) of all the sources withiri 4f the target source, along with the parameters of the
diffuse components, are left free to vary. More distant sesithave parameters frozen at the
values measured in the secolRermi LAT catalog 1), unless the inspection of the residual
map showed that a given source underwent strong variabifitthat case, the normalizations
of those sources were left free in the fit. The spectra of thecss of interest are modeled
using aLogParabolamodel 1). We then proceed to re-optimize the parameters of the sourc
of interest in each ROI up to that energy for which the EBL apson becomes no longer
negligible (see the definition df...;; in the main text). In the third step we fix the curvature of
theLogParabolamodel to the value obtained in the previous fit. Finally, we treComposite
Likelihoodto constrain the gamma-ray opacity. TBiemposite Likelihoodllows the user to tie
any parameters between any ROIs. In our case the only tiesngaer is the renormalization
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factorb of the opacity of a given EBL model.

The significance of our finding can be evaluated using the Se&istic (TS) asl'S =
2(logZ(b) — logZ (b = 0)), where.Z is the likelihood function and the = 0 case (i.e. no
EBL absorption) represents the null hypothesis. Since tilehgpothesis is a special case of
the hypothesis we test, we expect fig to be distributed as g% with one degree of freedom
(see also next sections). This allows one to transform thmitShe corresponding number of
standard deviations of a Gaussian distributionas- vT'S.

Modeling the Intrinsic Blazar Spectrum

One of the basic assumptions of this analysis is that on gedhe spectrum of a BL Lac blazar
can be adequately modeled usindg.@yParabolain the 1-500 GeV band. Figuie IS2 shows
the residuals of the best fits to all the sources in th@.2 interval. It is apparent that the
LogParabolaprovides a good representation of the spectra of blazangrisample.

In an additional test we artificially decreased the critagrgyFE.,;; for all the sources in
the 0.2 interval from the typicab120 GeV (for 0.2) to~40 GeV which is representative
of the Z>0.5 case. Even in this case the results are unchanged, shtvaihthe properties of
the intrinsic spectrum can be determined over a more resdrEnergy range and can be safely
extrapolated above the critical energy.

Blazars are however known to have complex spectra that tahmays be modeled using
simple empirical functions. To further test our basic agstiom, we fit the spectra of bright
blazars with coverage in the GeV and TeV band. We rely on th®ighed spectra of Mrk
421 63), Mrk 501 (4) and RBS 0413%5). We find that in the energy range relevant for the
present analysis theogParabolamodel provides an adequate fit to all these spectra. A further
confirmation comes from our validation studies using sirtioites of broad-band blazar spectra
(see next sections). We thus conclude that in a small enamyperlike the one adopted here
(1-500 GeV), the.ogParabolais an adequate representation of the intrinsic blazar gpact

Results

Table[S1 reports the results of the joint-likelihood fit fdrthe predictions of the EBL models
we tested. In many cases, a given EBL model (because of wipabhmeters or uncertainties
connected to e.g, galaxy evolution, star-formation rate eomprises several different predic-
tions for the opacity. In this case, we use these predictifaca value and test them against our
observations. All the models with the exclusion 22)5 rely on a standard concordance cos-
mology (H,=70km s! Mpc~!, Q,,=12,=0.3). For each model we report the significance of
the absorption feature detected once we allow the opachig tenormalized by. The signifi-
cances have been obtained as a square root of the sum of the¢f€s3 redshift intervals while

4The model of 22) adopts a value of k65 km s! Mpc~!. We checked that neglecting the change gffét
the model of 22) introduces an error on the opacity a7 % which has negligible influence on our analysis..
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Figure S2 Average of the residuals with respect to the bestdiels for all the blazars in the
z<0.2 redshift bin.

theb parameter as reported in Tablg S1 represents the weighimﬁ/of the 3b values deter-
mined in the 3 redshift bins. For example, for the mode®fxe measureb=1.1877] (TS~4
for z<0.2),b=0.82"03, (TS~7 for 0.2<z<0.5), andh=1.29") 33 (TS~25 for 0.5<z<1.6). The
weighted average yields (as reported in Table!5%)1.02 + 0.23 and TS<36.

We also quantify the level of compatibility of the predictiof a given model with the
Fermi data, by comparing the likelihood of the original model 1) to the one of the best
fit scenario § free to vary). Forb values significantly different than 1 a given EBL model
predicts an attenuation larger than observed. Table S1sstimat the intensity of the optical-
UV background in 4 of the 15 models we tested is not compatiitle the Fermidata at> 3 o.

Figure[SB shows that the significance of the absorption fedatudetected coIIectiv@y
among the BL Lacs considered and is not attributable to jtest@ources. Indeed, itis apparent
that the TS increases linearly with the number of sourcexpsoted in a background-limited
scenario.

As shown already in Figurd 1, our analysis probes absoriigmatures that are a factor
~4 times weaker than those probed iB) which relied on only one year of data. Even a
conservative 95 % upper limit derived from this analysis; (= 1.5 referred to the model
of (7), i.e. 7,,<0.6 at z=1 and E=77 GeV) is a factor2 below the one reported b§.-J).

Our analysis relies on the assumption that BL Lac spectrd (8P in particular) do not
change dramatically across the z=0.2 redshift barrierhénnext section we address possible
sources of systematic effects.

The weights are &2 whereoy, is the uncertainty on theparameters.
8In Figure[S3 the sources have been sorted in redshift fromiddvigh redshift.
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Table S1. Joint-likelihood results for different EBL moslel

ModeP Ref? Significance oh=0 Rejectiof bd Significance ob=1 Rejection
Stecker et al. (2006) — fast evolution23) 4.6 0.10£0.02 17.1
Stecker et al. (2006) — baseline (23 4.6 0.12+0.03 15.1
Kneiske et al. (2004) — high UV (22 5.1 0.340.08 5.9
Kneiske et al. (2004) — best fit (22 5.8 0.53t0.12 3.2
Gilmore et al. (2012) — fiducial (27) 5.6 0.670.14 1.9
Primack et al. (2005) (56) 5.5 0.770.15 1.2
Dominguez et al. (2011) (25 5.9 1.02:0.23 1.1
Finke et al. (2010) — model C (29 5.8 0.86:0.23 1.0
Franceschini et al. (2008) @) 5.9 1.02:0.23 0.9
Gilmore et al. (2012) — fixed (27) 5.8 1.02:0.22 0.7
Kneiske & Dole (2010) (26) 5.7 0.9G+0.19 0.6
Gilmore et al. (2009) — fiducial (2 5.8 0.99£0.22 0.6

2Models tested are implemented in thermi Science Tools. As an example the recent mode#t6f (vhich is not defined
for E>250/(1 + z) GeV could not be used, but its predictions are for completeneported in Figuig 1.

PReference number in the ‘References and Notes’ sectioreahtin text.

¢Significance, in units of, of the attenuation in the spectra of blazars when a given EBdel is scaled by the factér In

this case=0 (i.e. no EBL absorption) constitutes the null hypothesis

4This column lists the maximum likelihood values and donfidence ranges for the opacity scaling factor.

°Here theb=1 case (i.e. EBL absorption as predicted by a given EBL m)arteistitutes the null hypothesis. This column
shows the compatibility (expressed in unitssgfof the predictions of EBL models with tHeermiobservations. Large values

mean less likely to be compatible.
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Figure S3 Increase in the TS value of the (renormalized) ERIdehof (7) produced in the
joint-likelihood fit (to the 0.5Xz<1.6 interval) while adding one source at a time. The sources
have been sorted in redshift (from lowest to highest). Thehdd line shows the best-fit lin-
ear increase of the TS with the number of sources. The ingststhe best-fit value of the
renormalization parametérapplied to the opacity predicted by)((see text for details).

Validation of the Analysis using Simulations

We validated our analysis using simulated datasets sgdirtom physically motivated spectral
energy distributions (SEDs) of BL Lacs. We rely on SEDs tlegroduce well the range of
peak curvatures, peak frequencies (for both the synchr@mad high-energy component), and
gamma-ray photon indices observed for the LAT-detected BtsL These SEDs have been
produced using the same numerical code presentefi7/jnahd take into account all the im-
portant effects that contribute to determine the intrirtgsiovature of the gamma-ray spectrum
of the Fermi blazars. Of particular importance are those effects thpede on the curvature
of the electron distribution, as well as those related tothemson (TH) to Klein-Nishina
(KN) transition, in the inverse Compton process (IC). Theelaeffect is crucial since it is well
known (7,58 that the TH/KN transition in the IC cross section can result steepening of
the high-energy branch of the IC SED, compared to the lowegnene. Our simulations fully
take into account this effect, allowing us to study the poétbias in the EBL estimate.

We performed~500 simulations randomly selecting 50 SEDs from our teneplistrary.
To each SED we assign a redshift (in the<0z5:1.6 range) and a 0.1-100 GeV flux randomly
extracted from those of BL Lacs in the second LAT AGN Catalbg).(We then proceeded to
simulate the data expected from those sources baséerom's instrument response function
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and pointing history. Each one of those realizations wasgssed with the same analysis chain
used on actual data.

Figure[S4 presents the distribution of TS (left panel) argtfied parameters (right panel)
for the simulated blazar population under the following sgenarios. First, no EBL attenuation
was included, in order to check whether our analysis wout& pisignal consistent with EBL
attenuation when this was not present (i.e. a false pokifiee dashed lines in the panels show
that our analysis yields very small TS values an@lues compatible with zero, as expected for
a robust analysis.

In the second scenario, the SED models were attenuated th&rapacities of the model
of (7). The results summarized in Figurel S4 show that TS vak@®andb values compatible
with 1 (within the statistical uncertainty) are correcttnieved. Moreover, the simulations
show that our analysis is free of any major systematic uat#yt since the average valuestof
retrieved for both scenarios are compatible with the exqzeohes (0 and 1 respectively) within
1%.
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Figure S4 Results from joint-likelihood fits to the simuldtdatasets. The left panel shows the
TS of the detection of the attenuation produced by the EBliHercase in which no EBL was
applied to the SEDs (dashed line) and the case for which anwattion consistent with the one
of (7) was used (solid line). The right panel shows the bedt{iiarameter for the same two
scenarios.
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Additional Tests

A number of additional tests have been performed to testt#iintlisy of the results presented in
the previous sections. These are documented below.

Sample Selection

The selection criteria used in the previous sections weoseaa priori to yield a uniform
source population that could be used to probe in a sensitideleast-biased way the EBL-
induced absorption feature. Several tests have been pwtoio check this assumption.

The BL Lac population is known to evolve in redshift with HSBjexts detected predom-
inantly at low redshift and LSPs detected predominantlyaegdr redshifts with ISPs bridging
the gaE. This could atrtificially induce a decline in the combinedadguced by all subtypes)
BL Lac spectrum at an energy that decreases with increasashift, and hence could mimic
the effect of EBL-caused absorption. To test whether suak &ffects our results we run the
analysis separately for the three source classes (HSPsal8PLSPs). For each of them we
define two redshift bins:z0.2 and 20.2. In the lowest redshift bin, due to the low statiics
the joint likelihood yields no significant detection of EBbftening. For the HSPs in the low
redshift bin, the joint likelihood yields=1.46"522 and a TS=4.1. At higher redshift, the results
are:b =1.04"032 (TS=24),b =2.13 1! (TS=9), andh =0.43")57 (TS=1), for HSPs, ISPs and
LSPs respectively. The weighted average of the above vgiets b =1.04737 and a total
TS of ~38. These results are in very good agreement with the onesmiel in the previous
sections and show that high-redshift LSPs are not resplerfsibthe observed spectral soften-
ing, and HSPs are mainly responsible for it. Moreover, siheesignal is dominated by only
one source population (namely HSPs) the probability thigcsien effects from changing the
sample composition with redshift strongly affect our régirather low.

We also checked if the highest redshift HSPs are drivingghelt. To this extent we isolated
(from the above sample) the 6 HSPs with the highest redsHit.joint likelihood yields a TS=6
andb =1.99"% indicating that the detection of the EBL cut-off is not cadisy a few high
redshift sources.

We also tested the population of BL Lacs that did not pass eleacgon criteria. This
comprises 32 objects detected with a rather low significamd¢be 3-10 GeV over a redshift
range 0.03-1.9 (average of 0.4). The joint likelihood ysdld1.93% %3 and TS=3.5 compatible
with our result. Thus, including low significance sourcesgrelly improves the results of our
analysis.

"The sample used in the previous sections contains<@.2 35 HSPs, 10 ISPs and 5 LSPs. The<®20.5
sample comprises 27 HSPs, 18 ISPs, 5 LSPs, whilefiezsample contains 10 HSPs, 19 ISPs, and 21 LSPs.

8 In the z0.2 bin there are respectively 41 HSPs, 10 ISPs and 5 LSPk intthe 2>0.2 there are 50 HSPs,
30 ISPs, and 23 LSPs.
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Binning in Redshift

We bin the sources in redshift to cope with the maximum nurobé&ee parameters (i.e. 100)
that can be optimized in a single maximum likelihood fit. Onalgsis is however independent
of the redshift binning used. This is already evident from tibsts reported above using sep-
arately HSPs, ISPs and LSPs and a different redshift binfviitty respect to the one used in
the main analysis). However, we performed an additionaleted divided the most constrain-
ing redshift bin (i.e. 0.5z<1.6) into halves (at=0.75) containing 25 sources each. When
fitting the Fermi data using the model of), we obtainb=1.71"}-12 (TS=10) andh=1.17"047
(TS=15.4) for the 0.5z<0.75 and 0.75z<1.6 bins respectively. The weighted average of the
above values yields=1.26"32 and the total TS=25.4. This can be compared-tb.29") 3

and TS=25.1 obtained for the full 6&<1.6 redshift bin. Our analysis is thus robust against
choices of the redshift bins.

Source Variability

Blazars are inherently variable objects with variabilityflux of up to a factor 10 or more.

Throughout this work we use spectra of blazars accumulated 46 months of observations
and blazar variability might in principle bias our resuht.theFermisample, the most variable
BL Lac objects are those belonging to the LSP and ISP clasi had been shown already that
the entire analysis can be confirmed without using those tasses.

To test possible biases deriving from variability we sedddhe 30 most variable, according
to (16, 21, and most significant (in the 3—10 GeV band) BL Lac objectspéating the entire
analysis using this sample, we obtain= 1.207% and a TS=9. These results are in good
agreement with the ones presented in the previous sectishaw that blazar variability does
not affect our results.

Critical Energy

Our measurement relies on the extrapolation of the intriis2. unabsorbed) spectrum above
the critical energyF...;. Aggressive choices of this energy (i.e. large values) mighs the
result towards a low level of opacity. We show that this isthetcase for our measurement and
that our analysis is robust against conservative choicés,gf In order to demonstrate it, we
imposedE.,..;;=10 GeV for any source in the most constraining redshifrirge i.e. 0.5<z<1.6.

For most EBL models, with the exception of those presentd@3)) the opacity is negligible
at 10 GeV up to 21.6. When fitting thd=ermi data using the model o7}, our analysis yields

a value ofv=1.247)37 and TS<22 for the constank,,;=10 GeV case. This can be compared
to v=1.29"3% and TS¢25.1 for the variableF,,;; case presented in the main text. We thus
conclude that our analysis is robust against any conseevettioice of~..,.;;.
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Systematic Uncertainties of the Instrument Response Funicin

In order to gauge the systematic uncertainties of this aimalye use the IRF bracketing method
as described inB@). By deriving two different sets of IRFs and repeating théreranalysis we
find that the systematic uncertainty on the opacityis of the orde~7 %.

Moreover, the entire analysis has been repeated using BeEAN_V6 photon selection
and IRF. The results presented in the above sections aseduoiifirmed and the systematic
uncertainty on the opacity,, due to changing event selection and IRF is of the order 3 %.
Thus, we consider the total systematic uncertainty-grto be~10 %.

Source Intrinsic Effects

The blazar evolution with luminosity as described by thezdtasequence3(—-34 and the
change of blazar type with redshift might in principle prodwan intrinsic cut-off that changes
with redshift. An intrinsic spectral cut-off might be deted if the part of the blazar spectrum
sampled byFermi corresponds to the tail of the electron distribution. In oase, this might
happen only for the LSP sources and it has already been sls@@mpfevious section) that their
contribution to the total signal is negligible. On the othand most of the signal is dominated
by HSPs that are detected Bgrmiright below or at the peak of the inverse Compton com-
ponent, thus excluding the possibility that their emissgoproduced in the tail of the electron
distribution.

However, in order to study the compatibility of the detecseghal with an intrinsic origin,
we assumed that all blazars have an exponential cut-off atiics-frame energy,. We also
assumed that the blazar spectrum moves to lower frequemggdieasing source luminosity
as dictated by the so-called blazar sequeidde-84. This might represent the case in which
the maximum electron energy depends on the jet power or thimbsity. Figuré 2 shows that
this model ) is fitted to the data) provides a poor representation ofFéreni data. Even
assuming that the maximum electron energy depends on akapawer of the luminosity
does not improve the results. The result is even worse if ldwab sequence is not invoked. We
thus conclude that the impact of source intrinsic effectswnanalysis is likely minor.

Reprocessed Emission

The electron-positron pairs generated in the interactiogpmma rays and EBL photons can
initiate a cascade by subsequent Compton scattering ofbtips of the Cosmic Microwave
Background. Typically the cascades originated by TeV gamaya are reprocessed in the
GeV energy range. In the case of a weak intergalactic magfield (IGMF), the pairs are

not deflected out of the line of sigh6@ and the reprocessed emission can be a substantial
fraction of (or even dominate) the total source signal ingi€0 GeV band. The intensity of the
reprocessed emission depends primarily on the EBL dewsity)e intensity of the IGMF, on its
coherent length and on the position of the peak of the hightggncomponent of a blaza81).

For typical coherent lengths ef1 Mpc and SED peaks located at or below 10 TeV, lower limits
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of B>10~1 G have been inferreds(, 6J. For these intensities of the IGMF the reprocessed
emission is expected to be subdominant with respect to thiesic componentg3). While

it is true that these estimates are based on an implied gctif/the source of a few million
years 64), the majority of the=ermi BL Lacs is expected to have the peak of the high-energy
component located a1 TeV (65) greatly reducing the amount of reprocessed emission in the
GeV band 61). Similar considerations (i.e. suppression of the repssed emission by the
IGMF) hold also for the case in which blazars are also souofadtrahigh energy cosmic

rays 66—69.
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