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ABSTRACT

Very high-energy y  rays (VHE, E  > 100 GeV) propagating over cosmological distances can interact with the low-energy photons of the extra- 
galactic background light (EBL) and produce electron-positron pairs. The transparency of the Universe to VHE y  rays is then directly related 
to the spectral energy distribution (SED) of the EBL. The observation of features in the VHE energy spectra of extragalactic sources allows the 
EBL to be measured, which otherwise is very difficult. An EBL model-independent measurement of the EBL SED with the H.E.S.S. array of 
Cherenkov telescopes is presented. It was obtained by extracting the EBL absorption signal from the reanalysis of high-quality spectra of blazars. 
From H.E.S.S. data alone the EBL signature is detected at a significance of 9.5ix, and the intensity of the EBL obtained in different spectral bands 
is presented together with the associated y-ray horizon.
Key words. gamma rays: galaxies -  BL Lacertae objects: general -  cosmic background radiation -  infrared: diffuse background

1. Introduction

The extragalactic background light (EBL) is the second most 
intense background photon field in the Universe after the cos
mic microwave background. This diffuse radiation stems from 
the integrated light emitted through thermal and non-thermal 
processes, and its reprocessing by the interstellar medium
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over cosmic history. It covers wavelengths ranging from the 
ultraviolet to far-infrared and submillimeter wavelengths. Di
rect measurements of the EBL are very difficult because of fore
ground contamination due to zodiacal light and diffuse Galactic 
light (Hauser et al. 1998). Lower limits have been derived from 
galaxy counts, and models have been developed to describe its 
spectral energy distribution (SED; see, e.g., Franceschini et al. 
2008; Dominguez et al. 2011; Kneiske & Dole 2010; Finke et al. 
2010; Gilmore et al. 2012). This SED is usually described with 
two main components: an optical component due to starlight
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emission and an infrared com ponent due to the reprocessing of 
starlight by dust. The EBL SED contains unique inform ation 
about galaxy form ation and evolution; its study is therefore of 
interest for cosmology. This low-energy photon background is 
responsible for the lim ited horizon o f very high-energy (VH E, 
E  > 100 GeV) photons, since these y  rays interact w ith EBL 
photons through the production o f electron-positron pairs, re
sulting in attenuated observed fluxes above the reaction thresh
old (N ikishov 1962; Gould & Schreder 1967) . W hile this affects 
the study o f extragalactic y-ray sources, it also provides a way 
to probe the EBL itself (for reviews see, e.g., H auser & D wek 
2001; D w ek & Krennrich 2013; Costam ante 2013).

The attenuation o f y  rays on the EBL is an energy-dependent 
process which leads to a specific spectral signature. O bserva
tions o f features in the VHE spectra o f extragalactic sources with 
Cherenkov telescopes like H.E.S.S. can thus be used to con
strain the EBL under some assumptions on the intrinsic spec
tra o f the considered sources. Indeed, a m ajor com plication in 
constraining the EBL with y  rays comes from  the indeterm i
nacy o f the intrinsic energy spectra o f sources, and consequently 
there is a possible degeneracy between intrinsic curvature and 
EBL attenuation. The technique that was first applied to con
strain the EBL with H.E.S.S. relied on the assum ption o f a  the
oretical lim it for the hardness of the intrinsic power-law spectra. 
Upper limits on the level o f EBL were obtained given the soft
ness o f the observed spectra. Using the two blazars H 2356 -309  
(z = 0.165) and 1ES 1101-232  (z = 0.186), H.E.S.S. showed 
that the Universe was m ore transparent to y  rays than expected 
at that tim e from  direct EBL m easurem ents (A haronian et al. 
2006a; M atsum oto et al. 2005) . The upper lim its on the EBL 
density obtained with H.E.S.S. turned out to be close to the lower 
limits derived from  galaxy counts. A global reassessm ent of EBL 
models followed. This H.E.S.S. study was followed by a model- 
dependent determ ination o f the EBL (Abram owski et al. 2013c) 
obtained by sim ultaneously fitting the EBL optical depths and 
intrinsic spectra o f a sam ple of extragalactic sources with a 
m axim um -likelihood m ethod assuming smooth concave intrin
sic shapes. The shape o f the EBL SED was frozen to the shape 
of the m odel given in Franceschini et al. (2008) . Only the nor
m alization to this m odel was let free. The overall test statistic 
led to an 8 .8^  detection of EBL absorption with respect to no 
absorption, w ith a norm alization factor relative to this m odel o f
1.27+018 (stat) ± 0.25(sys) in the 1.2 jum to 5.5 jum wavelength 
range. In the following, this study is referred to as HESS2013. 
O ther EBL constraints and m easurem ents using y  rays have 
been conducted as well, for example with Fermi l A t ,  M AGIC, 
and VERITAS (Ackerm ann et al. 2012; Abeysekara et al. 2015; 
Ahnen et al. 2016) .

The new analysis presented in the present paper follows a 
different approach, focusing on the determ ination o f the shape 
of the EBL SED in addition to its overall norm alization. An ex
tended sample of blazars is used with respect to HESS2013, si
m ultaneously fitting their VHE intrinsic spectra together with 
a generic attenuation. As the EBL is expected to leave a typi
cal energy-dependent and redshift-dependent im print on the ob
served spectra, the detection o f such a m odulation can be used 
to translate the absorption pattern into spectrally resolved EBL 
intensity levels. This analysis considers high-quality VHE spec
tra and assumes featureless intrinsic spectra, allowing for intrin
sic curvature. This approach aims not only for a H.E.S.S. m ea
surem ent of the EBL SED independent o f any EBL model, 
but also for a generic characterization o f the Universe’s trans
parency to VHE y  rays with the fewest possible priors. B e
yond the interest in the EBL per se, this is particularly relevant

for the study o f potential second-order processes in the prop
agation o f y  rays over cosm ological distances. These include 
conversion into axion-like particles (e.g., Sanchez-Conde et al. 
2009; Abramowski et al. 2013a), Lorentz invariance violation 
(e.g., Stecker & Glashow 2001; Jacob & Piran 2008), or cascade 
em ission in extragalactic m agnetic fields (e.g., A haronian et al. 
1994; Taylor e ta l.  2011).

Spectral features are searched for in the reanalysis o f 
H.E.S.S. phase-I (four-telescope) data with a new m ethod used 
to m easure the EBL SED. Using only H.E.S.S. data offers the 
possibility o f handling systematic uncertainties from  different 
spectra in a homogeneous and w ell-controlled way. Further
more, published spectral points are not usually released together 
with their covariance m atrix. Using this additional inform a
tion, these results are expected to be m ore robust than sim ilar 
studies only using published spectra from  different Cherenkov 
telescopes (e.g., O rre ta l .  2011; M eyer e ta l.  2012; S in h ae ta l. 
2014; Biteau & W illiams 2015) .

This paper is organized as follows. The blazar sample and 
the data analysis are described in Sect. 2 . In Sect. 3 the need 
for an energy- and redshift-dependent m odulation in the energy 
spectra is dem onstrated. In Sect. 4 the EBL absorption process 
is presented in detail, and in Sect. 5 the m ethod used to translate 
the m odulation seen in spectra in terms of EBL is described. The 
results are presented and discussed in Sect. 6 .

2. H.E.S.S. data analysis
2.1. Data reduction

H.E.S.S. is an array o f five imaging atm ospheric Cherenkov tele
scopes located in the Khomas Highland, N am ibia (23° 16 '18" 
S, 16°30'01" E), a t an elevation o f 1800 m  above sea level. In 
this work, only data from  the four telescopes of the first phase 
o f H.E.S.S. are used. This initial four-telescope array detects 
y  rays above ~100 GeV with an energy resolution better than 
15% (Aharonian et al. 2006b) . D ata reduction is perform ed us
ing the M odel A nalysis  technique (de Naurois & Rolland 2009) 
in which recorded air-shower images are com pared to template 
images pre-calculated using a sem i-analytic m odel and a log- 
likelihood optim ization technique. For a w ider energy coverage, 
the loose cuts o f the M odel A nalysis  are adopted, corresponding 
to a selection criterion on the im age charge o f a m inim um  of 
40 photo-electrons. A cross-check analysis, perform ed with the 
ImPACT  analysis (Parsons & Hinton 2014) and an independent 
calibration chain, yields com patible results.

2.2. Blazar sam p le

The data sets used are those o f blazars with known redshift ob
served by H.E.S.S. with a  high significance (see Table 1) . They 
all belong to the class o f high-frequency-peaked BL L ac objects. 
Their VHE em ission is therefore not expected to be affected by 
the local blazar environment. Blazars can sometim es show signs 
o f spectral variability correlated with their flux level, and this 
could bias the interpretation in terms o f the EBL. To avoid this, 
data from  sources with known variability are divided into subsets 
within logarithm ic flux bins, as in HESS2013. These subsets, la
beled by a number, are ordered by increasing flux level. The bulk 
o f the data sample is sim ilar to that used in HESS2013; there are 
some differences, which are m entioned below.

M rk421 (z = 0.031, U lrich e ta l.  1975) is the first extra
galactic source detected in the VHE domain (Punch et al. 1992). 
This bright and variable northern-sky blazar is observed by 
H.E.S.S. at large zenith angles (>60°) (Aharonian et al. 2005).
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Table 1. Properties of the data sets used in this study, including the observation live time, the detection significance a, the source redshift z, and 
the energy range covered by the unfolded y-ray spectra.

D ata set Live time a z E min " E max
(hours) (TeV)

M rk421 (1) 4.9 89.6 0.031 1 . 41 - 14.9
M rk 421 (2) 3.8 122 0.031 1.2 2 - 15.9
M rk 421 (3) 2.9 123 0.031 1 .19 - 19.5
M rk 421 (4) 3.3 96.2 0.031 1.6 - 16.5
M rk 421 (5) 1.6 46.0 0.031 1 .5 - 15.2
M rk501 1.8 66.7 0.034 1 .9 - 19.5
PKS 2 0 0 5-489  (1) 71.2 28.8 0.071 0.29 - 1.6
PKS 2 0 0 5-489  (2) 18.7 29.2 0.071 0.29 -3 .0
PKS 2 1 5 5 -3 0 4  (1) 7.4 94.8 0.116 0.24 -4 .6
PKS 2 1 5 5 -3 0 4  (2) 6.1 119 0.116 0 .2 4 - 1.98
PKS 2 1 5 5 -3 0 4  (3) 5.5 187 0.116 0.24 -3 .7
PKS 2 1 5 5 -3 0 4  (4) 2.6 135 0.116 0 .2 4 - 2.44
PKS 2 1 5 5 -3 0 4  (5) 3.5 227 0.116 0.24 -4 .6
PKS 2 1 5 5 -3 0 4  (6 ) 1.3 172 0.116 0.29 -4 .6
PKS 2 1 5 5 -3 0 4  (7) 1.3 200 0.116 0.29 -3 .6
PKS 2 1 5 5 -3 0 4  (8) 25.4 111 0.116 0.19 -3 .7
1ES 0229+200 57.7 11.6 0.14 0 .4 - 2.8
H 2356-309 92.6 19.6 0.165 0 .1 9 - 1.98
1ES 1101-232 58.2 16.8 0.186 0 .1 9 - 1.98
1ES 0347-121 33.9 14.1 0.188 0.19 -6 .9
1ES 0414+009 73.7 9.6 0.287 p VO 1 0.69

As a consequence, the energy threshold is high (> 1 TeV), due 
to the strong atm ospheric absorption o f Cherenkov light. On 
the other hand, the effective area is relatively large at higher 
energies, resulting in a spectrum  extending above 10 TeV. In 
addition to the 2004 observations on M rk421 (labels 1 to 3), 
data taken during the 2010 high state (Tluczykont 2010) are 
added (labels 4 and 5). M rk501 (z = 0.034, M oles et al. 1987) 
is the second extragalactic VHE source detected (Q uinn et al. 
1996) and is also observed by H.E.S.S. at large zenith angles. 
D ata taken during the 2014 high state are used (Cologna et al. 
2016). These low-redshift spectra at multi-TeV energies are 
key to probing the m id-IR  region o f the EBL spectrum. For 
PKS 2 0 0 5-489  (z = 0.071, Falom o e ta l. 1987), the data used 
here are identical to those used in HESS2013, and detailed 
in Acero (2010) and Abram owski et al. (2011). PKS 2 1 5 5-304  
(z = 0.116, Falom o e ta l. 1993) is a very bright blazar exten
sively studied by H.E.S.S. As in HESS2013, the data o f the ex
ceptional July 2006 high state are used (labels 1 to 7), together 
with observations of the 2008 low state (label 8). These very 
high-significance data sets yield excellent quality spectra that are 
crucial for an unam biguous identification o f the EBL absorption 
pattern. For 1ES 0229+200 (z = 0.14, Schachter et al. 1993), 
H 2 3 5 6-309  (z = 0.165, Jones e ta l.  2009), 1ES 1101-232  
(z = 0.186, Rem illard et al. 1989), and 1ES 0347-121  (z = 
0.188, W oo et al. 2005), the data are identical to those used in 
HESS2013. The blazar 1ES 0414+009 (z = 0.287, Halpern et al. 
1991) is also added to the sample. This distant source was ob
served by H.E.S.S. from  2005 to 2009 (Abramowski et al. 2012) .

2.3. Spectra l deconvolution

Published spectra by H.E.S.S. are usually obtained by means 
of a forward-folding m ethod (Piron et al. 2001) for which an 
assum ption on the spectral shape is required. The results o f 
this procedure are spectral param eters and their associated er
rors. Spectral points can then be constructed in different en
ergy bins (using the ratio of the observed signal to the signal

predicted by the fitted shape in each bin), but these points 
are not a direct result o f the forward-folding procedure. The 
present study follows a different approach: the energy spectrum 
o f each data set is obtained using a Bayesian unfolding technique 
based on A lbert et al. (2007; and already used by H.E.S.S. in 
Abram owski et al. 2013a) in order to directly obtain spectral 
points independently o f any a priori spectral shape, together with 
their correlations. This is a key aspect o f this new  analysis since 
these unfolded spectra allow the exploration o f spectral patterns.

The energy threshold used in the spectral deconvolution is 
defined as the energy at which the effective area reaches 15% 
o f its m axim um  value. This is a standard procedure used in
H.E.S.S. (A bram owski et al. 2014; A bdalla et al. 2017). A fixed 
logarithm ic binning in energy is chosen for the deconvolution 
o f each spectrum, adapted to the energy resolution. A m inim um  
significance o f 2a  per bin is required for a spectral point to be 
defined. The high-energy end of the range indicated in Table 1 
reflects the tail o f the significance distribution in energy. The 
consistency o f the unfolded spectral points have been verified 
and are in excellent agreem ent with the residual points o f the 
above-m entioned forward-folding procedure. The 21 unfolded 
spectra o f the sample yield a total o f 247 spectral points.

3. Null hypothesis: fits without EBL
This determ ination o f the EBL is based on the observation o f fea
tures in observed VHE spectra. Assumptions m ade on intrinsic 
spectra are therefore essential. In this section, these assumptions 
are presented, and it is shown that the assum ption of featureless 
spectra w ith no EBL leads to a poor fit o f the data. This calls for 
additional degrees o f freedom  in the data interpretation. The best 
fit w ithout EBL will be considered later as the null hypothesis. In 
the next sections, it is shown that when these additional degrees 
o f freedom  reflect EBL levels in different bands, the fit is sig
nificantly improved and interpreted as evidence o f a spectrally 
resolved EBL detection.
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Fig. 1. Fit residuals of the featureless spectral shapes, as a function of energy. a) Residuals of the whole sample of spectra to the power-law fit. 
b) Residuals of the whole sample to the log-parabola fit. c) Example residuals to the log-parabola fit for the subset PKS 2155-304 (5).

The simplest description of the energy spectrum of a non- 
thermal y-ray source like a blazar is the two-parameter power- 
law function

® p w l (e t ) -  ®Q( E 7 / E q)  a.

% P ( E y )  -  ® 0 ( E y / E 0 ) " “ " ^ lo g (£ Y/E 0 ) ,

photon m omenta,

( 1)

Fitting each spectrum j  of the blazar sample with a power-law 
yields overall £  j X /PWL -  1472.8, for 205 degrees of freedom. 
The fit residuals have a large dispersion, as shown in Fig. 1a. 
In addition, a visible modulation indicates the need for a more 
elaborate parameterization. Spectral curvature is introduced with 
the three-parameter log-parabola function

(3)

2m2c4
where u  -  1 -  cos(0), and ethr(Er , z) -  E is the threshold 
energy dictated by kinem atics. The cross section for pair produc
tion (Breit & W heeler 1934; Gould & Schreder 1967) is defined 
as

(2) (4)

withp  > 0 the additional curvature parameter. The use of the log- 
parabola function improves the fit significantly (at the 30^ level) 
as 2  j x j LP -  281.07, for 184 degrees of freedom. However, a 
modulation in the distribution of the fit residuals is still present, 
as illustrated in Fig. 1b. As an example, Fig. 1c shows a residual 
distribution isolated from Fig. 1b, for the log-parabola fit of the 
subset PKS 2155-304 (5).

The same observation can be made using other featureless 
spectral shapes, as long as no intrinsic irregularities are consid
ered. It is then natural to try to interpret these modulations of the 
flux residuals as the effect of EBL attenuation. The properties 
of these energy-dependent modulations and their redshift depen
dence are the central point of this study to measure the EBL 
SED.

In the following these modulations, which are not accounted 
for by featureless intrinsic shapes, are translated in terms of spec
trally resolved EBL levels.

4. EBL optical depth

The extragalactic medium at a given redshift z is filled with EBL 
photons of proper number density « eb l(£. z) at proper energy 
e. The opacity of this medium for y rays of observed energy 
Ey coming from a source at redshift zs is encoded in the optical 
depth t(E y, zs) (Gould & Schreder 1967; Stecker et al. 1992). It 
consists of an integration over z, e, and the angle 9 between the

where p c  is the velocity of the outgoing electron and positron 
in the center of a mass system, and <rT is the Thomson cross 
section.

A flat ACDM cosmology with Hubble constant H0, matter 
density parameter Om, and dark energy density parameter O a is 
considered. The distance element in Eq. (3) then reads

(5)

where the values H0 -  70 km s Mpc , Om -  0.3, and 
Oa -  0.7 are assumed. The most influential cosmological 
parameter is the Hubble constant as t  scales linearly with 
1/H0 . This generic choice of H0 is in line with the latest 
Planck results obtained from cosmic microwave background 
data (Planck Collaboration XIII 2016) and with the results ob
tained from more local constraints (Riess etal. 2016). The de
pendence of the results on the precise choice for H0 is negligible 
with respect to the sensitivity of the method. For a detailed study 
of the influence of cosmological parameters on y-ray attenuation 
(see, e.g., Dominguez & Prada 2013).

The evolution of the EBL in Eq. (3) with redshift is ac
counted for by decoupling the local (z -  0) EBL SED and an 
evolution function,

dnEBL dnEBLde—-—  (e. z) -  de0— -----(¢), 0) X / (¾ . z),
de de0

(6)
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where e0 = e/(1  + z) is the EBL energy at z = 0. The evo
lution function f  (e0, z) is extracted from  the m odel given in 
Franceschini et al. (2008) using the ratio o f the SED at a red- 
shift z to its value at z = 0. The influence on the results o f this 
m odel-dependent ingredient for the EBL evolution with redshift 
is weak (see Sect. 6.2) .

The observed energy spectrum  $ obs(£ r ) o f an extragalac- 
tic source is the convolution o f its intrinsic spectrum  ^ nt(Er ) 
with the EBL absorption effect $ obs(Er ) = ®int(Er ) x  e-T(Er,zs). 
Extragalactic background light absorption then leaves a redshift 
and energy-dependent im print on the observed VHE spectra of 
blazars.

Intrinsic spectral shapes are described with log-parabolas. 
This naturally includes power laws in cases where the fit prefers 
vanishing curvature parameters. This choice is intended to avoid 
attributing the entire origin o f spectral curvature to the EBL. As 
only positive values o f a  and j3 are considered, another implicit 
assum ption is the non-convexity o f the intrinsic spectra (e.g., 
D w ek & Krennrich 2005; D w ek et al. 2005) . These sim ple con
siderations ensure that this EBL determ ination does not rely on 
specific assumptions about the underlying acceleration m echa
nism  behind the VHE y-ray em ission o f blazars. The consider
ation o f m ore com plex intrinsic shapes does not lead to an im 
provem ent in individual fit qualities.

5. Method

5.1. Param eterization o f the EBL SE D  a n d  intrinsic blazar  
spectra

As shown in Sect. 3, energy-dependent m odulations in the resid
uals o f spectral fits w ith featureless functions call for additional 
degrees of freedom. These can be interpreted in term s of EBL ab
sorption. A determ ination of the EBL is possible by confronting 
y-ray data with different EBL hypotheses, and in the present ap
proach these hypotheses are independent o f EBL models. A pre
lim inary study testing EBL shapes as splines constructed upon 
a grid in energy density (as in M azin & Raue 2007) showed in 
deed that the shape o f the EBL was accessible with H.E.S.S. 
data (Lorentz et al. 2015). In the present study a different and 
more robust m ethod is used: EBL related degrees of freedom 
are introduced as continuous levels o f EBL intensity in different 
bands over the range o f interest for y-ray absorption. This ap
proach allows a m ore accurate estim ation o f uncertainties and a 
more m eaningful statistical treatm ent of data sets than does the 
use o f splines on a  grid.

The local EBL energy density is decom posed into connected 
energy bands with bounds [e;, e!+1] and content p ; > 0 ,

«0 d2 BL = Z  -

where - (* ,>  = { 0  ^ i ^ ’2 <7 )

This param eterization o f the EBL SED is injected into the optical 
depth calculation (Eq. (3)). The set o f EBL levels {p} is adjusted 
to fit the absorption pattern in y-ray data. This approach is sim 
ilar to the one used in Biller et al. ( 1998) to derive upper limits 
on the EBL SED.

The local EBL SED is divided into four energy (wavelength) 
bands w ith equal logarithm ic widths. This sim ple choice is found 
to be optim al in terms o f sensitivity. Increasing the num ber of 
subdivisions does not significantly improve the fit quality, but 
leads to an increase in the errors on the EBL levels. The low- 
energy bound eo,min (or equivalently the high-wavelength bound 
^o,max) o f the local EBL range corresponds to the threshold for 
pair creation with the m ost energetic y  rays of the blazar sample 
following the threshold relation previously m entioned:

e = hc = 2m2c4 (8) e0,min = ,  = ^ / - 1 , \2 • (8)^0,max EyP(1 + zs)

The high-energy (low-wavelength) bound o f the EBL range is 
chosen beyond the peak o f the cross section for interaction with 
y  rays in the lowest energy spectral point o f the sample and ad
justed  a posteriori as the energy at which the sensitivity in this 
band is seen to decrease.

5.2. Join t fit

For each individual data set, a  jo in t fit o f the EBL levels and 
intrinsic spectral param eters is perform ed. The covariance m a
trix CT determ ined in the unfolding procedure is used in order to 
take into account the correlations between spectral points in the 
X 2 minimization. The m inim ized function is

X 2 = (O test -  ^obs)TCT1(Otest -  O obsX (9)

where O obs is the vector o f observed spectral points and O test is 
the vector o f tested functions. These test functions include both 
EBL param eters {p;} and intrinsic spectral param eters ( 0 0, a,j3),

$ test(E r , zs) = $int(Er , ¢ 0, a ,P )  x  e-T(EY,zs,{pi}), (10)

resulting in a  seven-parameter fit.
The four EBL levels are independent in the fit o f each indi

vidual spectrum and are com bined later, as described in Sect. 6 .1. 
This approach allows a clear identification o f the contribution of 
each spectrum to the overall results at different wavelengths.

6. Results

Fits o f all spectra are perform ed following the procedure de
scribed above. For 1ES 0414+009 the intrinsic spectrum  is re
stricted to a power-law, due to the lim ited num ber o f degrees of 
freedom  available.

A ll intrinsic spectral param eters are found to be reasonable, 
in agreem ent with typical emission models. It should be noted 
that this paper focuses on the EBL measurem ent, and discussion 
o f intrinsic spectral param eters will be detailed in a forthcoming 
paper. Individual fit qualities obtained w ith Eq. ( 10) are shown in 
Table 2 . The fits are not improved when considering m ore com 
plex intrinsic functions such as ones with cutoffs. Low fit quali
ties can be related to small spectral irregularities that cannot be 
accounted for in the param eterization. The unfolding covariance 
matrix can also reduce the fit quality.

The goodness-of-fit estim ator is £ jx 2 LP+EBL. Its value after 
the jo in t fit is 176.7. Considering the four additional EBL de
grees o f freedom  as com mon param eters and using W ilks’ theo
rem, this can be translated into an EBL detection significance of 
9 .5 ^  with respect to the log-parabola hypothesis w ithout EBL.

Figure 2a displays the accum ulated residuals from  the fit 
w ith EBL. The m odulation seen in Fig. 1b is reduced, showing 
that the addition o f EBL related degrees o f freedom  provide a 
better description o f the data. F igure 2b shows this effect for the 
subset PKS 2 1 5 5 -3 0 4  (5), to be com pared with Fig. 1c.
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Table 2. Fit qualities of the different data sets after the joint fit.

Data set X ,LP+EBL/ ndf
Mrk 421 (1) 5.17/5
Mrk 421 (2) 17.3/6
Mrk 421 (3) 8.83/6
Mrk 421 (4) 16.37/5
Mrk 421 (5) 6.19/5
Mrk501 14.18/5
PKS 2005-489 (1) 13.3 /2
PKS 2005-489 (2) 3.17/5
PKS 2155-304(1) 9.1/6
PKS 2155-304 (2) 6.71/4
PKS 2155-304 (3) 11.76/7
PKS 2155-304 (4) 10.3 /5
PKS 2155-304 (5) 3.23/7
PKS 2155-304 (6) 4.37/7
PKS 2155-304 (7) 12.29/6
PKS 2155-304 (8) 19.9 /7
1ES 0229+200 2.07/1
H 2356-309 6.21/3
1ES 1101-232 1.9 /5
1ES 0347-121 1.4/3
1ES 0414+009 3.2/1

local EBL energy density “nSBL  (in units of eV m 3) into spe
cific intensity AIa (in units of nW m-2 sr- 1) following the relation
i t  = c  e2 dnEBL= 4̂ ^0 deo .

Individual results per data set reflect the relative sensitivity 
range of the different spectra (see Fig. 3). For instance, subsets 
of PKS 2155-304 show optimal sensitivity in the 1.1-4.94 um 
band with precisely fitted EBL levels. Subsets of Mrk421 and 
Mrk 501 lead to precise measurements at larger wavelengths. Al
ternatively, when the range covered by a given spectrum does 
not constrain the EBL in a given band, the corresponding uncer
tainty on the fitted level is large. This behavior shows the ability 
of the method to probe the different ranges in EBL wavelength 
depending on the source properties (redshift, accuracy of spec
tral points measurements, covered energy range). When no clear 
spectral modulation is identified, a softer or more curved intrin
sic spectrum compatible with null levels of EBL are preferred. 
This would not be the case if intrinsic curvature was forbidden. 
The method thus prevents an overall spectral curvature from be
ing interpreted as an EBL detection because its signature -  if 
present -  is imposed to be a more complex feature.

In the following, the results are presented by converting the

6.1. Spectrally reso lved  EBL levels

Individual signals are combined to obtain a collective EBL mea
surement. This approach takes advantage of the large sample of 
high-quality spectra from sources at various redshifts. Indeed, 
the EBL is expected to have a coherent effect that can be inter
preted collectively.

The combined EBL level in a band is obtained as an error- 
weighted average over all data sets {j}:

Fig. 2. a ) Residuals of the whole sample of spectra for the log-parabola 
fit with EBL. b) Example residuals to the log-parabola fit with EBL for 
the subset PKS 2155-304 (5).

sample variance in each wavelength band by the corresponding 
reduced ̂ 2:

(12)

( 11)

The error on a combined EBL level takes into account both in
dividual errors and the dispersion of the n individual measure
ments around the averaged value. This is done by weighting the

Following this approach, the uncertainty on a combined EBL 
level is slightly corrected to yield conservative results.

Individual EBL levels should essentially be compatible with 
each other as the EBL is assumed to be a diffuse isotropic back
ground. Potential anisotropies of the EBL (Furniss etal. 2015; 
Abdalla & Bottcher 2017) are estimated to be beyond the sensi
tivity of this EBL measurement method. The dispersion of indi
vidual values can reflect systematic uncertainties and potential 
limitations of the procedure. The latter can be due to the fit of 
patterns in spectra that might not be related to EBL absorption 
and not accounted for in the intrinsic spectrum parameterization. 
However, to avoid introducing a bias, once the method is fixed, 
any kind of individual tuning of parameters is forbidden, and all 
fits are performed in one single blind procedure. Equation (12) 
ensures that significant deviations to the average value degrade 
the precision on the EBL measurement. Of the 84 points dis
played in Fig. 3, only a few deviate from the average value. The 
thin red lines only represent the statistical uncertainties on the
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Fig. 3. Individual EBL levels and errors in the different wavelength bands obtained from the fit of each spectrum. The solid red lines represent the 
combined values and statistical errors.

Fig. 4. Measured EBL spectrum. Obtained levels are represented by the red points. Horizontal lines represent the bandwidth over which the inte
grated EBL levels apply. The vertical solid lines represent the 1-ix (statistical) errors from Eq. (12). The dashed lines represent the systematic un
certainties on fitted EBL levels conservatively estimated as explained in the text. Direct constraints on the EBL collected from Dwek & Krennrich 
(2013) and Biteau & Williams (2015) are shown; lower and upper limits are represented by green and brown arrows, respectively.

combined EBL levels. For the lowest wavelength band (0.25
1.1 pm), Eq. (12) slightly reduces the size of the statistical un
certainty on the combined level because of the underdispersion 
of individual levels due to their very large error bars. The large 
uncertainty on this combined level due to the poorly constrained 
individual measurements is properly taken into account with the 
consideration of systematic uncertainties in Sect. 6.2.

The combined EBL levels are summarized in Table 3 and 
shown in Fig. 4. Details on the estimation of systematic uncer
tainties are given in Sect. 6.2. Comparisons with various EBL 
constraints and models are left for the discussion in Sect. 6.3.

6.2. S ys tem a tic  uncertainties

In addition to the previously mentioned dispersion of indi
vidual values, different sources of systematic uncertainties are 
investigated.

Table 3. Combined EBL levels (p, in nWm 2 sr 1) in the different wave
length bands (A, in pm).

A Amin Amax P pmin (sys) pmax (sys)
0.52 0.25 1.11 6.42 4.02 (0) 8.82 (14.5)
2.33 1.11 4.94 8.67 7.63 (6.68) 9.71 (11.80)
10.44 4.94 22.07 3.10 2.62(1.16) 3.59(4.17)
46.6 22.07 98.60 4.17 3.71 (2.55) 4.63 (6.30)

Systematic uncertainties related to the EBL evolution hy
pothesis are estimated considering the toy-model evolution pa
rameterization used in other model-independent approaches 
to determine the EBL (Meyer et al. 2012; Biteau & Williams
2015). It consists of a global rescaling of the photon density with 
respect to the cosmological expansion (1 + z)3 ^  (1 + z)3-fevd, 
where the value of f evoi is chosen in order to mimic the evolution
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function o f EBL models. Adopting the typical value / evoi -  1.2 
(R a u e& M az in  2008) leads to differences of less than 5% in 
EBL levels with respect to the case where the evolution func
tion is extracted from  Franceschini et al. (2008), within statisti
cal errors.

System atic uncertainties related to the energy scale in y-ray 
spectra m easurem ents could originate from  variations o f the 
Cherenkov light yield, due to fluctuations in atm ospheric trans
parency not accounted for in the simulation, mism atches be
tween real and sim ulated m irror reflectivities, etc. (Hahn et al. 
2014). A system atic energy shift o f ±15%  is assumed. It repre
sents a  conservative estim ate o f the absolute energy scale uncer
tainty with H.E.S.S. (Aharonian et al. 2006b). This energy shift 
is applied at the spectrum level for all data sets and the whole 
procedure is redone. The EBL wavelength range is shifted ac
cordingly, so that the possibility is left for different EBL levels 
in different bands to induce identical patterns in spectra. The ob
served variations on EBL levels are on the order o f 10%, sym 
m etric with respect to the central value and global over the wave
length range, w ith sim ilar goodness o f fit in each case.

If  the EBL wavelength range is not shifted according to 
the y-ray energy scale, a m ism atch between the spectrum en
ergy scale and the relative position o f the wavelength bands 
is introduced. This is equivalent to investigating the effects o f 
bin-shifting in the wavelength bands and can lead to signifi
cant changes in the m easured EBL levels, reflecting the level 
o f degeneracy between intrinsic spectra and fitted EBL levels. 
The com bined system atic effect o f shifts in the energy scale, 
changes in the wavelength range and changes in fitted intrinsic 
spectra leads to significant variations from  10% to 70% o f the 
central EBL level. These uncertainties strongly depend on the 
band considered and are not symm etric in intensity. In this way, 
conservative wavelength-dependent systematic uncertainties are 
obtained.

The influence o f the width of the wavelength bands and their 
num ber is also investigated. In addition to changes that can nat
urally arise from  the variations o f the EBL SED over one band, 
integrated EBL levels can fluctuate due to the different absorp
tion patterns available when using bands of different size and 
number. The num ber o f bands is lim ited by the degrees o f free
dom available in the jo in t fit o f each spectrum. The use o f m ore 
(and smaller) bands is then only possible for spectra with suf
ficient degrees o f freedom. Using wavelength bands with larger 
and sm aller widths, the changes in EBL levels are found to be 
dependent on the wavelength range considered, from  negligible 
variations up to 40%  variations.

An alternative approach fitting simultaneously all spectra 
with com m on EBL param eters is also considered. W ith this 
global approach the com bination o f EBL levels obtained from 
individual spectra is not needed, but the inform ation concern
ing the contribution o f each spectrum  to the m easurem ent is lost. 
Consistent EBL levels are obtained from  this global fit. The level 
in the lowest wavelength band (0.25-1.11 um ) appears poorly 
constrained in the global fit and is com patible with a null level 
o f EBL. This lowest wavelength band is at the lim it o f the sen
sitivity o f this study, as is already apparent from  the individual 
m easurem ents shown in Fig. 3 .

The envelope o f largest variations corresponding to the dif
ferent kinds o f potential system atic errors are represented in 
Fig. 4 as dashed lines. This behavior shows the relative inde
term inacy for the 0.25-1.11 u m  and 4.94-22.07 u m  bands, but 
also the stronger signals in the 0.25-1.11 u m  and in the 22.07
98.6 u m  bands which are clearly significant beyond systematic 
uncertainties.

6.3. D iscussion

Sensitivity to the shape and norm alization of the EBL SED is 
achieved using only VHE spectra obtained with H.E.S.S. A l
though EBL levels were left free to cover a wide range of possi
bilities and were thus not constrained in the fits, the results do not 
conflict w ith the strict lower limits from  the galaxy counts. This 
is an interesting point as the two m ethods (y rays and galaxy 
counts) are com pletely independent, and the EBL levels in the 
present analysis were left free to vary between zero and an arbi
trary value. The obtained results are consistent w ith state-of-the- 
art EBL models and are in general agreem ent with other y-ray 
constraints, as shown in Fig. 5 . Again, it should be noted that 
no prior from  the displayed models was used in the H.E.S.S. 
m easurem ent (apart from  the evolution factor, which does not 
strongly influence the z  -  0 results). The obtained results are 
com patible with the m odel scaling o f HESS2013, although an 
extended data set is used and that the treatm ent o f the data is 
very different. The wavelength range probed by HESS2013 was 
conservatively restricted to the central value o f the pair-creation 
cross section, neglecting its width. In the present study, the wave
length range probed is extended farther into the infrared because 
optical depth values m ust be com puted over the whole kinem at
ically allowed range for pair-creation with the m ost energetic y  
rays o f the sample, as described in Sect. 4 . The obtained EBL 
levels close to lower limits in the optical range are in line with 
Fermi LAT results (Ackerm ann et al. 2012) probing the EBL at 
higher redshifts and at lower wavelengths and also with the upper 
lim it obtained following the detection o f the high-redshift quasar 
PKS 1441+25 at z -  0.94 by VERITAS (Abeysekara et al. 2015) 
and M AGIC (A h n e n e ta l. 2015) . The results are also in gen
eral agreem ent with other constraints not represented in Fig. 5 
obtained using y  rays (Abram owski et al. 2013b; A h n en e ta l.
2016) or with the results o f em pirical approaches to the de
term ination o f the EBL SED (Helgason & Kashlinsky 2012; 
Stecker et al. 2016) .

W hile an im portant conclusion o f this w ork is to show that
H.E.S.S. y-ray spectra alone contain enough inform ation to de
term ine the EBL shape and norm alization, the sensitivity o f this 
approach rem ains lim ited. The coarse EBL binning achievable 
and the conservatively estim ated uncertainties on EBL levels 
show that a  fine spectroscopy o f the EBL SED (resolving fine 
substructures in the EBL spectrum, e.g., due to dust subcom po
nents) is out o f reach using only the present VHE data. The com 
patibility between H.E.S.S. m easurem ents and the lower limits 
from  galaxy counts does not suggest a transparency anom aly 
o f the Universe to VHE y  rays (as hinted at in Horns & M eyer 
2012 ) for the redshift range considered.

The results in terms of EBL intensity can be translated 
into a  corresponding y-ray horizon. The y-ray horizon for 
t  -  1 is a  standard illustration of the EBL absorption effects 
(Fazio & Stecker 1970) . It corresponds to the typical attenuation 
length o f y  rays at a given observed energy. The t  -  1 energy- 
redshift horizon envelopes corresponding to the m easured EBL 
levels and their errors are represented in Fig. 6 . Iso -r  curves 
o f selected models are shown for com parison. These results in 
terms o f y-ray horizon or optical depths are also com patible with 
the horizon derived from  the SED o f state-of-the-art EBL m od
els. Here the lim ited sensitivity o f the approach also appears, 
as the consideration o f system atic uncertainties significantly en
larges the width o f the horizon envelope. This shows the diffi
culty in interpreting such results in terms of transparency anom a
lies that could be due to second-order propagation effects.
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Fig. 5. Combined EBL levels (red points) compared with various constraints and models. The dashed black line represents the local SED of the 
model given in Franceschini et al. (2008), which is used as the template for the HESS2013 model scaling (yellow area). Additional models repre
sented are Dominguez et al. (2011; grey dot-dashed line), Finke et al. (2010; green dashed line), Gilmore et al. (2012; blue dot-dashed line), and 
the lower-limit model of Kneiske & Dole (2010; purple dot-dashed line). The model-independent upper limit using VHE and HE data Meyer et al. 
(2012) is shown as a thin brown line. The model-independent measurement of Biteau & Williams (2015) restricted to the use of VHE data is 
represented by blue points.

Fig. 6. Obtained y-ray horizon for t  = 1 in the redshift range covered by the blazar sample and comparison with selected models (Franceschini et al. 
2008; Dominguez et al. 2011; Finke et al. 2010; Gilmore et al. 2012; Kneiske & Dole 2010).

The reduction of uncertainties would of course be possible 
using additional data and priors. For instance, using data from 
Fermi LAT at lower energy, the degeneracy between intrinsic 
spectra and EBL absorption can be reduced. This assumes con
tinuity in energy of the intrinsic spectrum behavior, and can also 
introduce additional systematics due to absolute flux level uncer
tainties. Taking into account direct EBL measurements and strict 
lower limits from galaxy counts can de facto restrict the range of 
variations for EBL levels. Such strong priors were avoided here 
in order to address the question of EBL information contained 
only in VHE spectra obtained with H.E.S.S. The detailed study 
of the intrinsic spectra obtained with this EBL results is left for 
a forthcoming dedicated paper.

7. Summary and conclusion

A determination of the EBL SED with the H.E.S.S. array of 
Cherenkov telescopes is presented. This is achieved using a new 
method: coherent patterns in the high-quality unfolded spec
tra of blazars observed by H.E.S.S. are translated into EBL 
intensity levels resolved in wavelength under the assumption 
that intrinsic spectra are described by smooth concave shapes. 
The EBL signature is preferred at the 9.5a level compared 
to the null hypothesis. Combined EBL levels are compati
ble with current constraints and models, and no indication of 
an opacity anomaly is found. This robust result demonstrates 
for the first time the capability of H.E.S.S. to measure the
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EBL SED independently of any existing EBL constraints and 
models.
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