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ABSTRACT: The Extragalactic Background Light (EBL) is the main radiation field responsible
for attenuating extragalactic gamma-ray emission at very high energies, but its precise
spectral intensity is not fully determined. Therefore, disentangling propagation effects from
the intrinsic spectral properties of gamma-ray sources (such as active galactic nuclei, AGN) is
the primary challenge to interpret observations of these objects. We present a Bayesian and
Markov Chain Monte Carlo approach to simultaneously infer parameters characterizing the
EBL and the intrinsic spectra in a combined fit of a set of sources, which has the advantage
of easily incorporating the uncertainties of both sets of parameters into one another through
marginalization of the posterior distribution. Taking a sample of synthetic blazars observed
by the ideal CTA configuration, we study the effects on the EBL constraints of combining
multiple observations and varying their exposure. We also apply the methodology to a set
of 65 gamma-ray spectra of 36 different AGNs measured by current Imaging Atmospheric
Cherenkov Telescopes, using Hamiltonian Monte Carlo as a solution to the difficult task of
sampling in spaces with a high number of parameters. We find robust constraints in the
mid-IR region while simultaneously obtaining intrinsic spectral parameters for all of these
objects. In particular, we identify Markarian 501 (Mkn 501) flare data (HEGRA/1997) as
essential for constraining the EBL above 30 pym.
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1 Introduction

Since the mid-2000s, there has been a steady increase in the detection of extragalactic
very-high-energy (VHE, = 100 GeV) sources [1], mainly driven by the current generation of
Imaging Atmospheric Cherenkov Telescopes (IACTs), represented by H.E.S.S. [2], MAGIC [3]
and VERITAS [4]. Currently, the TeVCat catalog [5] contains more than 70 extragalactic
objects with measured gamma-ray spectra at those energies, most of them being blazars
of the BL Lac type [6, 7]. With the next generation of IACTs, the Cherenkov Telescope
Array (CTA) [8], many new VHE sources are expected to be discovered [9] due to CTA’s
improved sensitivity, extended energy coverage, and survey capabilities. To correctly interpret
extragalactic VHE data, however, one must be aware of attenuation effects in the propagation
of gamma rays with such energies. It is well established that gamma rays can interact with
low energy background photons through pair production vy — e*e™ (the Breit-Wheeler
process [10, 11]), which mostly happens with photons from the Extragalactic Background
Light (EBL), the isotropic component of the extragalactic radiation (excluding the cosmic
microwave background) in the wavelength range 0.1-1000 pm [12]. The EBL is the direct
result of star and structure formation histories, mostly constituted by starlight emission,
some active galactic nuclei (AGN) and light reprocessed by dust, all redshifted by the
cosmological expansion [13, 14].

The exact EBL levels, on the other hand, are not precisely known, since direct measure-
ments need a careful subtraction of foreground contamination (zodiacal light, atmospheric



airglow, diffuse Galactic light, see e.g. [13, 15]). At the same time, galaxy counts can provide
lower limits to the intensity [14, 16]. Relevant tensions, however, have recently emerged
from direct measurements with the New Horizons probe [17], as they found an anomalous
flux compared to the results from integrated light of external galaxies, further motivating
alternative methods for probing the EBL.

Information about the intrinsic spectrum of extragalactic gamma-ray sources is able to
constrain the EBL levels or inform upper limits. In general, this can be done by detailed
modeling of the blazar’s spectrum energy distribution (SED), by extrapolating high-energy
measurements (not affected by attenuation) into the VHE domain or limiting the hardness
of the spectra [18]. The first method depends on the existence of simultaneous broadband
SED observations (typically X-rays, but also radio and optical), which are not always
available for every source detected in gamma rays. From this modeling, the EBL flux can
be reconstructed [19], or the optical depth associated with extragalactic attenuation can be
derived when many sources at different redshifts are combined [20]. Other constraints on the
spectra can produce upper limits on the EBL density, by excluding EBL parameters that
generate unphysical spectra of blazars (e.g. [21-23]). These limits may require a lower bound
to the spectral index, such as I' 2 1.5, if the photons are produced by inverse Compton
scattering [24], or assume the absence of pile-up and exponential rise features at the end
of the spectrum [12, 18]. Such constraints can be achieved in a “model-independent” way,
by exploring a grid of generic EBL shapes [23, 24] and decoupling the redshift evolution
from the local EBL density [25], or using established EBL models (e.g. [26-28]), and scaling
their optical depths to find best-fit conditions [29, 30]. An iterative procedure can also be
used to choose the intrinsic spectral model, as in [31], avoiding possible bias and increase
the robustness of the constraint.

All approaches naturally benefit from a larger sample of data, particularly sources at
distinct redshifts to probe EBL levels and its evolution. A simultaneous fit of the data
is also key for breaking degeneracies in the EBL description, as even though each source
may have its own intrinsic spectrum, a single EBL model should provide the appropriate
attenuation to all sources at different redshifts. In [32], the Fermi-LAT collaboration was able
to estimate the optical depth due to the EBL using a sample of 739 active galaxies between
0.03 < z < 3.1, obtaining an EBL spectrum at z = 0 close to the measurements from galaxy
counts. However, the energy coverage of Fermi implies constraints only up to the near-IR at
4pum (or even smaller wavelengths for higher redshift). In fact, data from TACTs, reaching a
few tens of TeV, are essential for constraining the mid-IR (3-25num), as the cross-section of
pair-production peaks at an EBL wavelength A(nm) ~ 1.24F,(TeV) for a gamma-ray photon
detected at energy E, [13]. Yet, current IACT data, as identified by [33] using a sample
cataloged in TeVCat, are heavily dominated by spectra whose attenuation originates from
the stellar component of the EBL (mainly UV, optical light and near-IR). Consequently,
further observations reaching higher energies or performed with improved precision, such as
expected with the CTA, will refine the determination of the infrared EBL spectrum and the
mid-IR portion in particular, where direct measurements are heavily affected by foreground
contamination [34]. In [35], the CTA collaboration has performed forecast studies on the
capabilities of the observatory to constrain the overall normalization of the EBL spectrum



using synthetic gamma-ray spectra representing known TeV emitters, for which the redshifts
are known a priori. The results show that in the redshift range z < 2, the EBL normalization
can be determined with a statistical uncertainty below 15%. The correct distinction of
intrinsic and EBL attenuation features is also key for producing constraints on new physics,
such as signs of Lorentz invariance violation [36, 37] or coupling to axion-like particles, both
topics to be greatly explored by CTA [35].

This work aims at contributing to the task of disentangling intrinsic spectrum and
absorption features from data, by applying Monte Carlo methods and Bayesian inference to
a sample of gamma-ray spectra from TeV emitters. The Bayesian approach should provide us
with the joint probability distribution of parameters characterizing the EBL and intrinsic
spectra of gamma-ray sources conditioned to the observed data, from which any desired
statistics and credible intervals can be computed.

We present our study in two parts. Firstly, we simulate observations of blazars under
CTA'’s ideal telescope configuration (described in section 2.2) and select sources with high
detection significance to constrain intrinsic and EBL parameters. In this controlled scenario, we
study the resolution of EBL parameters as a function of the number of sources and observation
campaign duration. The synthetic samples also allow us to explore some systematic effects
associated with the modeling of the EBL density. Secondly, we apply our methodology to
a set of 65 spectra from 36 extragalactic gamma-ray sources measured by current IACTs,
investigating the resulting EBL constraints while simultaneously determining all their intrinsic
parameters. For this analysis, the Hamiltonian Monte Carlo approach was very important
to reach an efficient sampling in a parameter space with high dimensionality. Section 2
gives detailed information on the methodology, including descriptions of the EBL model, the
spectral data, and optimisations to the Monte Carlo sampler, respectively in sections 2.1,
2.2 and 2.3. This is followed by the analysis of EBL and intrinsic parameters constraints
using simulated data in section 3 and using observed data in section 4. Finally, conclusions
are drawn in section 5.

2 Methodology

Using Monte Carlo methods and Bayes’ theorem, we can sample the posterior probability
density distribution p(2|D, I) of parameters €2 = {wgpL,ws} modeling the EBL (wgpr,) and
the gamma-ray spectra (ws), given the available data D and possibly extra information I,
p(DI, I)p(221)
p(DII)

The information I represents, for instance, the choice of models to describe the intrinsic

p(QD, 1) = (2.1)

spectra of sources or the EBL attenuation. Any a priori information on €2 may be incorporated
in the prior probability distribution p(€2|I), but here we will only work with an uninformative
prior p(£2) = constant, described in section 2.1. When sampling the posterior with MCMC,
we are reconstructing the joint probability distribution — up to a normalization factor —,
which can be later marginalized over parts of the parameter space, allowing the computation of
expectation values or credible intervals for selected parameters. In particular, by considering
wg as nuisance parameters and integrating over them, the marginal distribution of EBL



parameters can incorporate the statistical uncertainties of the unknown intrinsic spectra of
the sources. Conversely, intrinsic source parameters can be estimated while marginalizing
over possible EBL configurations.

Under the hypothesis of Gaussian errors, the observed flux is assumed to follow a normal
distribution. Considering independent observations of N gamma-ray sources, each containing
n; measured flux points with uncertainty o, the likelihood can be expressed as

N [69 (B9) — gl (B9
p(DIQ, 1) = eXP JZ;; ( )U(E(J)§< ) ) (2.2)

)

where Z is the probability normalization factor and Ei(j ) are the observed energy bins. The
observed differential flux ¢gps is presented in units of TeV 'm~2s~!, while the modeled
flux, dmod, can then be expressed in terms of the intrinsic! spectrum attenuated by the

EBL opacity as
Smod (B3 ) = e T gy, (B3 ws). (2:3)

The extragalactic attenuation is quantified by the optical depth 7, which is energy and redshift
dependent, expressed in terms of the EBL photon number density n by

T(Ey, 2) = c/dz/
0

where opw is the Breit-Wheeler cross-section and p = cos# is the collision angle between

dt
dz’

/ dE" opw(E', E.,, u) n(E', 2'"; wesL), (2.4)

the gamma-ray and EBL photons in the proper reference frame (i.e., the reference frame of
the interaction), with energies £ and E’ (primed quantities), respectively. Then, observed
(unprimed) quantities, such as the gamma-ray energy, are redshifted by cosmological expansion,
e.g. E; = (1 + 2z)E,. The integration limits consider all energies and angles allowed by the
kinematics, where E/;, = 2m?c*/[E! (1 — p)], with m being the electron mass. Finally, the
cosmological distance element is given by

1 e 1
142 Ho QT +2)3+Qy°

(2.5)

it
dz

assuming, for the current analysis, a ACDM cosmology in a spatially flat universe with
0, = 0.3, Qy = 0.7 and Hy = 70km s~ Mpc™!, where the radiation density is negligible
considering the redshifts of interest (z < 1).

2.1 EBL model

The adopted EBL description, elaborated by [26] (hereinafter F10), is built through integration
over star formation rates and stellar evolution properties, which creates the primary source
of emission in the optical wavelengths, and then is partially absorbed by dust and re-emitted

'Here, we use the intrinsic nomenclature to refer to the emitted flux at the source, but no redshift correction
is applied to the energy.



in the IR. Here, we focus on investigating constraints on the IR range of the EBL by
changing the proportions of the dust constituents. In this model, three dust components are
considered, each one emitting as a blackbody with fixed temperature: warm large dust grains
(LG) at 40K, hot small grains (SG) at 70K and a 450 K component representing polycyclic
aromatic hydrocarbons (PAH). Therefore, the emissivity from dust is a weighted sum of
the three blackbody components, normalized by the fraction of stellar comoving luminosity

55437 absorbed in the interstellar medium. That is,

4

s =1 g e Sdager e

where the fraction fes.(€) of starlight photons with given energy ¢ = E/(mec?) that escapes
the galaxies was parameterized according to [38]. The quantities f, are fractions of the
absorbed emissivity re-emitted in each dust component, while ©,, = kgT/(m.c?) are their
temperatures in units of the electron rest energy. Collectively, the dust fractions constitute
the EBL parameters wggr, of our interest.

dust(¢, 2) must be integrated over the cosmolog-

The total emissivity j(e, z) = 75 (¢, 2) +j
ical evolution to obtain the comoving energy density of the EBL. Since the dust fractions f,
can be factored out of the emissivity, the optical depth can be written as a linear combination

of the attenuation due to the stellar and three dust components

T(Ey, 2) = 7% + fpant ™ (Opan) + foa™™(Osc) + fram™ (OLa), (2.7)

showing explicitly the temperature dependence and omitting the E,, z variables for notation
simplicity. Furthermore, because the dust emissivity is computed self-consistently with the
fraction of absorbed stellar radiation, the dust fractions are normalized imposing the condition

fean + fse + fie = 1. (2.8)

This is incorporated in our analysis by choosing to set fiq = 1 — fpau — fsg during the
MCMC sampling and is accompanied by an uniform prior which imposes 0 < fpan + fesg < 1.

When working with the simulated sources, we use the EBL grid (i.e., the optical depth
in the E, x z parameter space) as computed by [33]. However, for analyzing real IACT flux
data, we have recomputed the optical depth using a larger range in redshift. The description
of both grids can be found in table 1, while table 2 presents the reference values of the EBL
parameters as used throughout the analysis.

2.2 Selection of real and synthetic sources and spectral models

For our studies using synthetic data, a source population of BL Lacs was sampled according to
a luminosity function tuned in the GeV energy range to the Fermi-LAT data (1FGL) [39]. The
AGN spectra were then extrapolated to the TeV region (from 100 GeV to 100 TeV) assuming
a power-law spectral shape at the source. We also accounted for the absorption of the VHE
gamma-ray flux due to the interaction with the EBL by using F10 and EBL emissivity
model from [27] (hereinafter D11). The observations of the synthetic BL Lacs were simulated
to be consistent with those of the future CTA observatory using the CTOOLS software



Grid ‘ Variable Range No. of points | Spacing

[33] Energy | 0.01-100 TeV 100 log
Redshift 0.01-6.00 600 linear

[33] Energy | 0.01-100 TeV 50 log

(Updated) | Redshift 10741 50 log

Table 1. Description of the EBL optical depth grids, based on the F10 model. We use the grid
computed by [33] to analyse the synthetic sources (section 3), while having an updated grid used for
the TACT data inference (section 4).

Variable || fpan | fsa | fua || Tean | Tsa | Tia
[33] value 0.25 | 0.05 1 0.70 || 450K | T0K | 40K

Table 2. Reference values of the parameters describing the EBL density of the F10 EBL model
implemented by [33] (dust fractions and their respective temperatures).

framework [40], taking into account the instrument properties for the full-scope configuration
of the northern and southern arrays (CTA instrument response function prod3b-v2 [41]). In
this configuration, the northern array has 4 Large-Sized Telescopes (LSTs) and 15 Medium-
Sized Telescopes (MSTs), while the southern array contains 4 LSTs, 25 MSTs and 70
Small-Sized Telescopes (SSTs). The current up-to-date instrument response function is the
prod5-v0.1 [42], which corresponds to the expected performance of CTA during its first
construction phase. In this “Alpha” configuration, the northern array has 4 LSTs and 9 MSTs,
while the southern array has no LSTs, 14 MSTs and 37 SSTs, besides a slightly different
disposition of the telescopes. The specific differences in layout (including sensitivity curves)
can be seen in the downloadable material available in references [41] and [42]. Naturally,
there is a loss of sensitivity by having fewer telescopes, but in both cases the flux sensitivity
is best at the 0.5-20 TeV energy range, which should result from the presence of MSTs in
these configurations. This range is also the most relevant for this work, given the focus on
the interaction with the EBL. Therefore, as more telescopes are incorporated into the actual
arrays, the improved sensitivity at VHEs should provide refined data for EBL constraints,
although similar effects can be accomplished by increasing the observation time when available.
Here we present one optimistic scenario with the full-scope configuration, but further studies
are required to quantify the impacts from other array dispositions.

The survey on the population of BL Lacs is performed using the normal and conservative
pointing mode, in which each telescope is pointed to the same location in the sky covering an
area of about 50.6 deg? at once, and the observations were optimized for low zenith angles
(smaller than 45°). A region of about 25% of the sky, 5° above the galactic equator and
—90° < lga1 < 90°, was covered with pointings uniformly spaced with the help of HEALPix [43]
(3.16° spacing between adjacent pointings with nside = 16). This strategy should provide a
reasonably realistic distribution of offsets between the source positions and the telescope axis,
an important parameter affecting the significance of the detection. Given the assumptions
on the luminosity function and spectral models of the synthetic sample, we do not aim at
making a forecast for the future operation of CTA from these simulated observations, but



simply characterize the performance of the EBL reconstruction method. Readers may be
interested in checking the studies on the extragalactic TeV source population expected with
CTA [44], which are based on the 3FHL catalog [45] and provide distinct flux extrapolations
of the source’s emission.

All sources had their detection significance computed considering the test statistic
defined by

TS = —2(111 E() —1In ﬁl), (29)

where Lg is the likelihood of photon detection under the null hypothesis of pure background
(i.e. cosmic rays), while £ refers to the alternative hypothesis in which a source is also present.

For sources with T'S > 25, we have simulated 5h of extra observation time per pointing
to get improved statistics representing longer observational campaigns. Therefore, we have
separated the data into two groups of statistically significant source detections: one consisting
of spectra measured with up to 5 hours of total observation time and another of spectra
measured 5 h or more (both sets with multiple pointings per source). We refer to these groups
as the “short” and “long” observational time, respectively.

Finally, we analyse a sample of real sources catalogued in TeVCat (whose publicly
available SEDs have been previously collected by [33]). From this selection, we eliminated
sources with highly uncertain (or unknown) redshift, since this could introduce a potential
bias in the optical depth. Also, to guarantee a minimum fit quality, we have only incorporated
spectra with four or more flux points. This resulted in a sample of 65 spectra from 36 distinct
sources, mainly comprised of BL Lacs of the high-frequency peak type (HBL) with z < 1. The
complete list of sources is presented in table 3 and section 4 discusses their analysis. The local
sources (z < 0.02) are not expected to provide relevant EBL constraints, but their inclusion is
not biasing our analysis according to the tests we performed, so they are kept in the sample.

Throughout this work, we adopt up to three different descriptions of the sources’ intrinsic
differential flux: a power law (PL), a log parabola (LP), and a power law with exponential
cutoff (PLC). That is,

NO( - (PL)
—a—blog(E/Ey)
Gintx(E) = { Ny (EO)_F ¢ (LP) (2.10)
No (EEO) e~B/Bar (PLQ),

& Fw
N——

where Ey = 1TeV is fixed. Our simulated sample was exclusively generated with the PL
model, but for the sources in TeVCat, we have also adopted LP and PLC ones. The process
of choosing the intrinsic spectral model for each source is described in section 4.

2.3 MOCMC sampler for synthetic sources

The goal of the Bayesian inference is to reconstruct the posterior distribution of wgpr, =
{fran, fsa, fuc}, alongside intrinsic parameters (two or three for each source, depending on
the adopted model). To analyse the synthetic sources, we have used the MCMC ensemble
sampler emcee [46], a python affine-invariant algorithm? based on [47]. The program creates

2 Available in https://emcee.readthedocs.io/en/stable/.


https://emcee.readthedocs.io/en/stable/

Name z Type Name z Type
1ES 02294200 0.14 HBL Centaurus A 0.00183 FR-I
1ES 0347-121 0.188 HBL H 14264428 0.129 HBL
1ES 04144-009 0.287 HBL H 2356-309 0.165 HBL
1ES 08064524 0.138 HBL IC 310 0.0189 | AGN (unknown)
1ES 10114496 0.212 HBL MS87 0.0044 FR-I
1ES 1101232 0.186 HBL Markarian 180 0.045 HBL
1ES 12154303 0.13 HBL Markarian 421 0.031 HBL
1ES 12184304 0.182 HBL Markarian 501 0.034 HBL
1ES 1312423 0.105 HBL NGC 1275 0.017559 FR-I
1ES 17274502 0.055 HBL PKS 0447439 0.343 HBL
1ES 19594650 0.048 HBL PKS 1441+25 0.939 FSRQ
1ES 23444514 0.044 HBL PKS 1510-089 0.361 FSRQ

1RXS J101015.9 | 0.142639 | HBL PKS 2005-489 0.071 HBL
3C 279 0.5362 | FSRQ PKS 2155-304 0.116 HBL

3C 66A 0.34 IBL RBS 0413 0.19 HBL

4C +21.35 0.432 FSRQ || RGB J0152+4-017 0.08 HBL
AP Librae 0.049 LBL RGB J07104-591 0.125 HBL
BL Lacertae 0.069 IBL RX J0648.7+1516 0.179 HBL

Table 3. Distinct gamma-ray sources selected to constrain EBL and intrinsic spectral parameters.
Both redshift and object type were extracted from TeVCat [5].

an ensemble of parallel chains (called walkers), evolving them in a way analogous to the
Metropolis-Hastings algorithm, by sampling a proposal step and using an acceptance rule to
advance the Markov chain. However, the chains in the emcee method are not independent,
as the algorithm divides the ensemble into two subsets and uses the positions of one set to
evolve the other. This has the advantage of allowing parallel computing, speeding up the
process. The standard “move” (how the new steps of the chain are proposed) is called the
stretch move [47], but the current version of the code allows different proposal algorithms.
From our test, the kernel-density-based proposal resulted in lower autocorrelation values,
so it became the preferred configuration.

Naturally, the dimensionality of the parameter space grows linearly with the number of
gamma-ray sources, adding computational time to the MCMC simulation. We succeeded in
reducing this dimensionality by analytically marginalising over the flux normalisation variable,
Ny, of each source. To do this, one needs to assume independence between the flux level
and other parameters (e.g. spectral index). Although it is known that some blazars present
a spectral hardening with increased flux levels, this study will not incorporate variability,
therefore, for a given source observational campaign, we shall treat its spectral index as
constant. The resulting marginalised likelihood, with one or two free intrinsic parameters for
each source spectrum, can be found in appendix A, alongside its derivation. In appendix B
we also show the statistical properties of the simulations performed.



2.4 Hamiltonian Monte Carlo

To analyse the large amount of TeVCat sources we have opted to apply a branch of MCMC
methods called Hybrid or Hamiltonian Monte Carlo (HMC) [48]. This approach uses
information about the geometry of the desired target distribution to more efficiently explore
its typical set, which is the most important region to sample when computing expectation
values. This is done by combining a stochastic exploration of the parameter space (as
usually performed by MCMC methods) with deterministic trajectories obtained through
solving Hamilton’s equations. Thus, the original problem of sampling the target distribution
p(Q|D, I) is mapped to an equivalent mechanical system, in which, along with our generalized
coordinates ¢ = €2, we introduce conjugate momenta P and define

U = —In(p(alD, 1)), (2.11)

as the corresponding potential energy. To perform the sampling, at each step of the HMC
implementation the momentum values are randomly chosen, determining the “energy” level in
which the conservative Hamilton dynamic takes place. After integrating Hamilton’s equations
for a number of specified steps, the new end coordinates become the proposal step evaluated by
a modified Metropolis-Hastings acceptance criteria (see [49] for more details). Such procedure
scales very well at high dimensions, but requires a crucial tuning of some parameters to
achieve efficient sampling (the choice of kinetic energy and “masses”, besides the number
and size of steps during Hamilton’s dynamics).

In our code, we utilize an Euclidean-Gaussian kinetic energy

1
K= 5JDTleP, (2.12)
with a diagonal mass matrix M estimated from the posterior distributions of test runs. To
solve Hamilton’s equations, we used a fourth-order Forest-Ruth symplectic integrator [50] and
have found that L = 80 integration steps with size At = 8 x 1073 resulted in an acceptance
fraction around 0.75. In appendix B, we present the effective sample size and precision

error of the final HMC simulations.

3 Assessing accuracy and precision with synthetic samples

We begin by investigating the ideal scenario, in which no systematic uncertainties are present
in the modeling of EBL absorption or intrinsic spectra of the sources. To quantify the
impact of a combined fit of blazar spectra, we have ordered the data according to their TS
values and progressively included them in the analysis — starting with the two highest TS
sources. Considering blazars described by the PL model and attenuated by F10 EBL model,
as implemented by [33] (grid and parameter values in tables 1 and 2), we perform two sets of
MCMC simulations. These simulations take separately the subsets of short and long total
observational time, with the goal of understanding how the increased observation period (and
consequently more well-measured spectra) impacts the accuracy and precision of inferred
parameters. In table 4 the characteristics of each source (redshift and spectral index) and
of the simulated observation (TS and total time) are described.



2z | Tiue | Obs. T. (h) | Emax(TeV) | TS |[ Obs. T. (h) | Epax(TeV) | TS
0.051 | 1.578 0.98 21.13 | 15528 5 29.85 | 85362
0.038 | 1.873 1.96 21.13 | 15499 5 21.13 | 39116
0.058 | 1.587 3.92 14.96 | 12095 20 21.13 | 48921
0.061 | 1.714 3.92 14.96 | 10250 20 14.96 | 44412
0.079 | 1.485 0.98 14.96 9691 5 21.13 | 51800
0.076 | 1.477 0.98 12.59 4081 20 21.13 | 19381
0.083 | 1.899 2.21 12.59 2887 15 10.59 9236
0.125 | 1.503 1.96 5.31 2054 10 5.31 11936
0.192 | 1.705 3.92 2.66 1949 20 10.59 9483
0.077 | 1.623 3.92 14.96 1701 20 14.96 7070
0.092 | 1.514 3.92 10.59 1316 20 10.59 5811
0.076 | 1.800 3.92 7.50 1130 20 14.96 5193

Table 4. Source parameters (redshift z and spectral index I'iye) of the synthetic sample described
by a PL intrinsic spectrum and EBL attenuation according to the F10 model as implemented by [33].
For the “short” (left side) and “long” (right side) observation times (Obs. T., in hours), we show their
respective TS values and the maximum energy bin of their spectra.

Figure 1 presents the evolution of the median value of dust fractions, extracted from their
marginal distributions, considering the spectra of short and long observation time (vermilion
diamonds and bluish-green dots, respectively). Each point corresponds to a simulation with a
given number of sources, presented in terms of the number of degrees of freedom (ndof). Since
each simulation adds a new spectrum as input, the leftmost point is the case with the two
highest TS sources, while the rightmost is the result for 12 sources. The error bars represent
the 16th and 84th percentiles of each distribution, as to closely match the 1o interval in
the case of a Gaussian profile (68% credible interval). We see, in general, an approximate
convergence to the true values (dotted lines) as we increase the number of sources and degrees
of freedom of the combined fit, as expected in the absence of systematic errors. Considering
the data for low observation time, the two highest TS sources (ndof = 28) can loosely describe
the correct EBL levels, but the addition of new sources (with sequentially lower TS) reaches
some saturation around five sources (ndof = 70), beyond which the median value and the
uncertainty interval don’t substantially change compared to the simulation with 12 sources,
especially for the SG and LG fractions. This behavior is not only present in the median
but also in the whole shape of the marginal distributions, as figure 2 illustrates. This is
more pronounced for the SG and LG distributions, as it seems to indicate that constraints
to the far-IR EBL are limited by the available spectra.

For the short observation time, the PAH fraction is the best constrained parameter, since
its uncertainty represents a smaller percentage of the median, compared to the values for
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Figure 1. Median value of the EBL parameters (dust fractions) for the simultaneous fit from two
to twelve synthetic sources with the highest TS, plotted as a function of the number of degrees of
freedom. The error bars represent the 68% interval of the marginal posterior distribution centered
around the median. Vermilion diamond points are simulations with a total observation time lower
than 5h, while the bluish-green dots use spectra of sources observed for five or more hours. The black
dotted lines are the true values used to compute the EBL attenuation.

the SG and LG fractions, which have much broader distributions, as revealed by figure 2.
However, the median values of dust fractions (which closely match the mode in this case)
are systematically above or below the true parameters. We attribute this difference to the
measured VHE photons being unable to properly disentangle the SG and LG components, as
there is a strong negative correlation between them (of psg.g = —0.98 for 12 sources). Even
though the dust components are linearly related as frc =1 — fpan — fsa, the 2-dimensional
marginal distribution between PAH and SG result in a weaker correlation (ppam.sg = —0.52),
while for PAH and LG components we find a positive one, of ppap..c = +0.36. Indeed, only
when better spectral data are incorporated through longer observational periods (reaching
higher energy bins and lower uncertainties) that we find a more accurate estimate of the SG
and LG fractions, as figure 1 shows. In fact, this is already apparent with two sources in the
longer observational time (ndof = 29), where the interval around the median is distant less
than 1o to the true value for all parameters. Once again, there seems to be a saturation
of the resolution on dust fractions around 5 sources, with the addition of new spectra
generating diminishing returns (gradually smaller uncertainties) beyond that. Remarkably,
the parameters in the two sources’ case are better constrained than the 12 sources’ results
at low observation time, reinforcing the importance of having well-measured VHE spectra
to constrain EBL parameters.
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Figure 2. Synthetic sample posterior marginal distributions of the EBL parameters (dust fractions) in
their 1-dimensional and 2-dimensional projections for observation times below 5h. The reddish-purple
dotted histogram corresponds to the 2 sources fit, while the dashed bluish green to 5 sources and the
vermilion solid line to 12 sources. The median values and respective uncertainties are indicated on the
top right.

3.1 Probing systematic effects associated to the choice of EBL model

The true EBL attenuation is not exactly known, but the available data coming from the
counting of resolved sources and attempts of disentangling the EBL from foregrounds has
provided lower and upper limits on its spectral intensity. At some wavelengths, however,
the range of specific intensities allowed by limits and/or the lack of any data constraints,
leaves room for a broad range of models to survive.

Here, we test the impact of our choice of EBL model by preparing an input synthetic
sample attenuated by the D11 EBL model [27], while fitting the dust fractions from the F10
model. This should allow us to explore to which extent a model based on stellar and three
dust grain contributions is able to mimic the absorption of another widespread model like
D11; and, more importantly, to quantify any possible systematic effects introduced by the
wrongly chosen attenuation model into the reconstructed intrinsic source parameters.

Thus, all previously simulated sources had their observed spectra recomputed adopting
D11 model as the true EBL. Once again ordering the sources from highest to lowest TS, we
have repeated the procedure of simultaneously fitting EBL and intrinsic parameters using
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Figure 3. Synthetic sample median values of the EBL parameters (dust fractions) for the simultaneous
fit from two to twelve sources with the highest TS (plotted as a function of the number of degrees of
freedom), where a systematic effect has been introduced by attenuating the source fluxes with the
D11 EBL model [27].

the two distinct sets of total observational time. Figure 3 shows the parameter evolution for
the sequence of fits in an increasing number of degrees of freedom. As a consequence of the
introduction of a systematic effect in the EBL model, a corresponding systematic shift is
introduced into the recovered dust fractions. The biggest difference being the SG and LG
components, as the higher EBL intensity in the far-IR for the D11 model compared to F10
and [33] (parameters from table 2) demands a larger abundance of the colder components.

The increment in observation time did not significantly change the inference of the EBL
levels, but a few differences can be pointed out from figure 3. For example, although the
SG and LG fractions continue to agree under 1o for both observational times, there is a
noticeable shift in the PAH fraction, converging to a higher value (above 0.20) compared to
the case in which the total observation time is less than 5h (below 0.20). This shift may be
attributed to a systematic effect introduced through the incorrect EBL model. Since the
F10 model with normalised free fractions has lower EBL intensities at far-IR wavelengths
(> 60 pm), when fluxes at high-energies (E 2 10 TeV) are clearly measured, as is the case
for longer observation times, the fit tries to compensate the lack of SG and LG absorption
by increasing the optical depth due to PAH.

A comparison between the reconstructed EBL at z = 0 and the true D11 shape can be
seen in figure 4 and more clearly shows how effectively F10 model with free fractions can
reproduce the D11 description. The solid line represents the EBL density obtained from
the median values of the dust fractions — considering the 12 sources inference with lower
observation time — and the lo uncertainties are represented by the shaded area around
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Figure 4. EBL intensity (black solid line) reconstructed from the inference of dust fraction using 12
spectra in the short and long observation time category. The contribution from each dust component
for the short observation time is plotted separately as indicated by the legend. All sources had their
intrinsic spectra attenuated by the D11 model (blue dash-dotted line) and we show for comparison
the F10+P19 nominal model, consisting of the base values presented in table 2. The hatched region
corresponds to the EBL interval that does not interact with the gamma rays of the dataset.

the curve. On one hand, F10 and D11 models have a good agreement between 0.1 pm
and < 2pm, an EBL region dominated by stellar emission, which is fixed in our analysis.
However, F10 predicts a larger mid-IR energy density and a lower far-IR one compared to
D11. When the dust fractions are allowed to vary, we observe that the agreement between
these two models can be extended beyond the stellar region, up to < 60 pm. In the same
figure, we also plot the contribution to the energy density from each dust component in
the free fractions model. We see, particularly, the important role of the small grains to
capture the rise in intensity above 20 pm, while the PAH component is able to describe the
correct EBL level in the region 10 —100 pm.

Figure 5 compares the median spectral indices from the combined fit of 12 sources
with their respective true values, again for two scenarios, depending on whether or not the
likelihood EBL matches the true model used to attenuate the synthetic SEDs. We can
see that for observation times below 5h, there are no hints, from the statistical point of
view, of the presence of systematic biases introduced in the reconstructed intrinsic spectral
indices. On the other hand, when sources are observed for more than 5h, a few outliers are
present in the bottom-right plot. The reduced x? (226.4/12), calculated with respect to the
expectation (represented by the diagonal dotted line), indicates that the observed scatter
is not statistically consistent with the estimated uncertainty coming from the fit. It is also
clear from the bottom right plot that the bias is more pronounced for harder spectra. This is
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Figure 5. Comparison between the median value of spectral indices and their respective true value
when sources were attenuated by F104+19 EBL model (left column) and D11 (right). Each subplot
contains the result of a simulation using 12 sources (short and long observation periods in top and
bottom rows, respectively). The chi-square values between the data (median) and expected values
(dashed line) are also displayed.

expected because, for these sources, the intrinsic SEDs extend to higher energies, probing in
turn, the SG- and LG-dominated parts of the EBL spectrum. As we can see from figure 4, in
order to mimic D11 attenuation, the fit will tend to reduce slightly the PAH contribution at
mid-IR and compensate for part of the attenuation generated by these molecules’ emissions
by overestimating the SG and LG contributions. In the end, a residual bias survives, with
the fits associated with harder sources converging to underestimated values of photon indices
in order to balance the overestimated SG and LG contributions at the far-IR (= 100 pm).

Next, we turn to the question of the SEDs fit quality. In other words, if the EBL and
intrinsic parameters inferred act, together, as a good description of the observed spectra.
Since the intrinsic SED normalisation has been marginalised during the posterior sampling,
we now sample random points from the posterior, taking these parameter values as input to
a maximum likelihood fit of the flux normalisation only. Therefore, for each source, we can
recover its intrinsic spectrum, eq. (2.10), and analyse the fit quality from the distribution
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Figure 6. Residuals of the fit between all the spectra of 12 highest TS sources and their respective
models. The parameter values of each model were extracted randomly (100 times) from the posterior
distribution and we performed a maximum likelihood fit to obtain the flux normalization for each
source. The histograms, then, present the resulting counts (over the bin interval). The dot-dashed
lines are the results for total observation time greater than 5h, while the solid lines present the results
for observation time lower than 5h.

of the residuals. This procedure can probe inconsistencies or nonphysical spectra that may
emerge from a poor combination of parameters. The random selection of models from the
chain also helps us to identify if parameters from the high-density regions of the posterior
distribution can be a valid description of the unknown EBL and intrinsic parameters, given
all the information available. Taking the posterior distributions for the 12 sources in the
scenarios presented before (with and without systematic errors), we proceed to make the
described fit for each spectrum and then, construct histograms of the residuals to identify
outliers. Figure 6 presents the pull distribution of 100 random models from the posterior,
superimposing results of different observation times for comparison. The most distinguishable
feature in all histograms is the presence of long tails when there is a mismatch between the
EBL model used during the generation of the synthetic sample and that for the construction
of the likelihood. However, the absence of this feature for observation times lower than 5h
reveals that only when sufficiently well-measured spectra are available that systematic effects
associated with the modeling of the EBL density will be properly probed.

4 EBL and intrinsic parameters constraints from IACT data

Given all the spectra of the sources described in table 3, we need to choose the intrinsic
model that best suits each one. The analysis performed by [25] reveals that most gamma-ray
sources observed by ground observatories until 2014 can be well described by the power-law
model, but some spectra show signs of intrinsic curvature that are compatible with the
LP or PLC functions. Our choice of intrinsic spectrum parametrization was based on an
exploratory sampling of the posterior distribution using as input data the individual SEDs.
That is, we have run MCMCs for each source individually and analysed the general features
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of their posterior distributions when different intrinsic spectrum assumptions were made.
Special attention was paid to posteriors where the grain fraction values differed radically
from the nominal F10 values.

For example, some input SEDs (like those of Markarian 421 and some of PKS 2155-304)
resulted in exceedingly high PAH fractions (fpan 2 0.70) when PL was chosen as the intrinsic
spectrum. This could be explained if there was an intrinsic curvature requiring higher
attenuation levels at the TeV range to compensate for the lack of curvature in the fitting
model. To verify it, the one source MCMC simulations for these spectra were repeated using
LP and PLC models, which indeed lowered the required EBL levels. On many occasions,
however, the PLC model is difficult to sample, as a strong degeneracy in the cut-off appears,
demanding an ad hoc upper limit on the range of E.; values to produce a reasonable posterior
distribution. Therefore, in these cases, we adopted the LP model. We also searched the
literature for any evidence of intrinsic curvature in previous studies.

In fact, a recurrent case is Markarian 421, as [51] concludes that the curvature in the
MAGIC 2004-2005 data is partially source-inherent and the intrinsic spectrum is compatible
with PLC. The same spectral model is also used by [52] to describe HAWC 2015-2017 data
in the presence of EBL attenuation, whereas [53] fits VERITAS 2008 data, although not
including EBL effects. Another noteworthy case is PKS 2155-304 data from HESS 2006, as
analyzed by [54] in the context of axion-like particle constraints, in which an LP model is
used to describe the intrinsic spectrum. Table 5 presents the data for which the PLC or LP
models were used during our analysis, whereas tables 6, 7 and 8 summarize the PL spectra.?

Particular attention had to be paid when choosing the intrinsic model for Mkn 501
(HEGRA /1997, flare state), since, as discussed by [33], it has the highest expected attenuation
by the dust component of the EBL (relative to the stellar component). Besides, depending on
the choice of spectral model, the fitted EBL parameters can change considerably. With this in
mind, we ran HMCs with three different configurations: a) excluding Mkn 501 flare SED from
the sample; b) including it together with a PL model, and c) using the LP parametrization.

The posterior distribution for EBL parameters can be seen in figure 7. As far as the
current VHE SEDs are concerned, Mkn 501 SED is essential for constraining the far-IR
portion of the EBL spectrum. In fact, the combined information of all 64 other spectra
used in this analysis resulted in mostly flat marginal distributions for these colder dust
components. Moreover, the constraints on SG and LG fractions are stronger in the absence
of intrinsic curvature (PL model) for Mkn 501 flare SED. Naturally, if the flux levels at
the highest energies of Mkn 501 can be described by some intrinsic curvature, the extra
parameter will introduce a degeneracy with respect to the EBL attenuation, widening the
marginal posterior distribution of the corresponding dust components. Finally, the PAH
component is constrained by the combined inference of all sources, as the removal of Mkn 501
or the change of intrinsic model only marginally impacted this dust fraction. This reinforces
the important prospects of using combined TACT data — even current measurements — to
put constraints in the mid-IR portion of the EBL.

3Differently from [25], we adopted the PL model for 1ES 2344+514 (VERITAS/2007-2008), PKS 2155-304
(MAGIC/2006), and Markarian 421 (VERITAS/2008 — high C), instead of a LP model. Also, we adopted the
PLC in place of LP (and vice-versa) for Markarian 421 VERITAS/2008 very low, low, high A, high B, and
very high data.
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Figure 7. Marginal distributions of EBL dust fractions for the three cases using TACT data (including
Mkn 501 flare spectrum as a power law and log parabola, or excluding this data from the likelihood).
For each parameter, the median of the 1D-distribution is displayed as the vertical dashed line.

Compared to [33], where only Mkn 501 (HEGRA/1997) was used to find best-fit values
for the dust fractions, the combined fit of this work reduces the uncertainty in the PAH
fraction, regardless of the intrinsic model chosen. Specifically, when the intrinsic spectrum of
Mkn 501 is described by a PL, reference [33] found fpap = 0.32 + 0.15, which is consistent
with the current result, although with an uncertainty approximately three times higher.
Similarly, when adopting the LP model, [33] found fpag = 0.27 £ 0.25, an uncertainty
approximately five times higher. Clearly, the combined use of other sources in the likelihood
was key for improving the precision of EBL parameters. However, for the SG fraction
(constrained essentially by Mkn 501), we have obtained approximately the same result as [33]
(fsg = 0.56 £ 0.12), including its uncertainty. In the LP scenario, it also agrees with the
best-fit values of fgg = 0.49 + 0.28, although the uncertainty in [33] is a bit larger.

Figure 8 shows the corresponding local EBL spectrum when Mkn 501 is included in
the combined fit with an LP intrinsic spectrum. The PL case result is very similar, with a
slightly higher SG contribution and narrower uncertainty bands. Compared to the F10 and
D11 models, up until ~ 100 pm, the current result lies between these two. Notably, around
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Figure 8. Local EBL intensity inferred using IACT data (solid black line with gray band) and adopting
the LP model to describe Mkn 501 flare spectrum. The shaded gray region represents the lower and
upper uncertainties of dust fractions. The individual contributions of each dust component are also
shown (PAH, SG, LG), alongside other models. The upper and lower limits of EBL measurements
were extracted from [25]. The hatched region corresponds to the EBL interval that does not interact
with the gamma rays from the dataset.

~ 30 pm, the inferred EBL level is very close to D11’s curve. However, differently than what
is presented by [33], which demands fsg = 0.05, we find a much higher SG fraction.

Recently, an updated EBL model based on F10 was published [55] (Finke et al. 2022) and it
is also included in figure 8. It takes improved stellar models, a different parametrization of the
star formation rate, and incorporates metallicity and dust extinction evolution with redshift.
The authors utilise a variety of data (EBL opacity from LAT and TACTs; luminosity, stellar
density, and dust extinction from galaxy surveys) to fit their model parameters, including
the dust fractions. As a result, the model predicts fog = 0.26f8:%§ and frgc = 0.56:%;,
however, the LG dust temperature is also a free parameter in this model, leading to a
value Ti,¢ = 60.512,):?) K, i.e., higher than F10, where T1,¢c = 40K was fixed. The fitted LG
temperature is closer to the SG value of T, = 70 K. The local EBL spectrum is consistent
with our result in the range 10-100 pm, with some differences seen in the near-IR to optical.

Figure 9 presents the optical depth in the redshift-energy plane, emphasizing the curve
for which 7 = 1, called the Cosmic Gamma-ray Horizon (CGRH). Around it, we also consider
the upper and lower uncertainties in the dust fractions, with the corresponding CGRH in
these cases represented by yellow dotted lines. While the stellar component of the EBL
density essentially determines the high-redshift portion of the CGRH, the IR (dust-dominated)
portion of the EBL is more directly probed by local (z < 0.1) strong TeV emitters (reaching
energies of a few dozen TeV). In fact, the Mkn 501 spectrum (at z = 0.034) has the highest
energy bin of our sample, above 20 TeV and was essential for constraining the far-IR region
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Figure 9. Optical depth map of EBL attenuation in the gamma-ray energy and source redshift plane.
The optical depth is tuned to the median values of dust fractions from the LP Mkn 501 case (see
figure 7). Some level curves are displayed, with emphasis on the CGRH (7 = 1) in a yellow solid line.
The dotted lines around it represent the positive and negative uncertainties of the median values.
The white points are the last energy bins of every IACT spectrum used in this work and Mkn 501
(HEGRA/1997) is highlighted in black.

of the EBL. We see a concentration of sources near the CGRH, although some of them,
with z < 0.2, are subject to stronger attenuation, reaching optical depths of 7 =5 (where
e~® ~ 0.0067) or higher. One should be careful to avoid drawing statistical conclusions
from figure 9 based on the presence of a non-negligible population of blazars at a region of
high-opacity of the extragalactic medium. The sources used in this plot are a compilation
of observed TeV spectra and are not coming from an uniform sky survey, therefore this
sampling has some significant selection bias.

As the statistical uncertainties in the EBL incorporate those of the intrinsic parameters,
due to the marginalization of the posterior, the same is true, in turn, for the intrinsic
parameters. However, since most of the sources cannot constrain the SG or LG fractions,
their intrinsic parameters are generally insensitive to changes in the EBL in this region.
Figure 10 shows that there are no substantial differences in the median values and respective
uncertainties of spectral indices and SED normalization when we change the model of Mkn
501 or remove the data from the sample. This result also strengthens our confidence in
the robustness of the PAH constraint.
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Figure 10. Comparison between fits with Mkn 501 (as PL or LP) and without it. Left: median
spectral index of the sources (including LP and PLC sources); Right: flux normalization parameter.
The black dashed line is the identity.

Similar to what has been done for the synthetic sources, to better evaluate the adequacy
of the intrinsic parameters, once the EBL attenuation is taken into account, we select a
sample of 100 points from their posterior and computed the pulls (i.e. the residuals in units
of standard deviations) between the observed data and the model prediction. This is shown
as the histogram on the left-hand side of figure 11. Performing an unbinned log-likelihood
fit we found a standard deviation of 0.9750 £ 0.0044 and a mean of 0.0924 4+ 0.0045. A
complete consistency with a zero-mean and unit variance Gaussian distribution of pulls is not
expected given the effective nature of the parametric intrinsic spectra adopted for TeVCat
sources. Such models should be seen only as first approximations of the true intrinsic SEDs.
Moreover, some deviation from a Gaussian distribution for the pull values is expected in
the tails of the SEDs because at these spectral regions, the fluctuations are intrinsically
Poissonian rather than Gaussian. The plot on the right-hand side of figure 11 presents
the distribution of median intrinsic spectral indices. In general, most of the sources in
the sample have a spectral index near I' &~ 2 and below 2.5, with the maximum median
value being 3.45 and the minimum 0.90. In fact, six spectra resulted in I' < 1.5: 1ES
02294200 (HESS/2005-2006), 1ES 0440+009 (VERITAS/2008-2011), 3C 279 (MAGIC/2008),
H1426+4428 (HEGRA/2002), PKS 0447-439 (HESS/2009) and RBS 0413 (VERITAS/2009),
although only H1426+428, with I' = O.90J_r8:28 has more than 1o difference from I' = 1.5.
Nonetheless, the result still agrees with [25], which has found I" = 1.37 £ 0.30 for this
source. Tables 5, 6, 7 and 8 present the median values and respective uncertainties for
all parameters and sources.

In appendix C, we show the fit to all observed data, taking the median values of the
respective parameters, alongside 100 random selections from the posterior. We also show
the de-absorbed data with propagated uncertainties due to the covariance matrix of EBL
parameters. It is not the scope of this paper to do a detailed discussion on each individual
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Figure 11. Left: residuals of the fit of all IACT data used in this work (case where Mkn 501 was
described with a LP model), from a sample of 100 random points of the posterior distribution. The
solid line is the best-fit Gaussian curve to the histogram, using the unbinned data, with its mean and

standard deviation written on the side. Right: median spectral indices of the sources, including a and
I' from LP and PLC models.

source, but we emphasize a few results, listed as follows.

Mkn 501 (HEGRA /1997). The fit of both PL and LP models, shown in figure 12,
resulted in qualitatively identical residuals, as the intrinsic spectra have virtually the

same shape. The median spectral indices for the PL and LP models are T' = 2.317013

and a = 2.06f8:gg, respectively, whereas the curvature parameter is b = 0.18f81§g.
Therefore, the choice of intrinsic spectrum model between these two options does not
seem to introduce a relevant systematic error for Mkn 501, although they result in

distinct EBL constraints.

Mkn 421 (MAGIC/2004-2005). [51] have obtained a photon index I' = 2.20 £ 0.08
and a cut-off energy Ecy = (1.44+0.27)TeV using a reescaled version of the EBL model
from [56], both consistent with our results of I' = 2.24270930 and E., = 1.647035 TeV.

PKS 2155-304 (H.E.S.S./2006). [54], considering the EBL model from [57] and
the LP parametrization, found a photon index a = 3.18 +0.03 (stat) 4 0.20 (syst) and a
curvature parameter b = 0.32 £ 0.02 (stat) & 0.05 (syst). Although our photon index

closely matches their result, with a = 3.145f8:8§8, we found a relatively higher curvature,

of b= 0.74970:088.

PKS 2005-489 (H.E.S.S./2004—-2007). [58] found I' = 2.69 + 0.16, based on the
EBL model from [57], which is compatible to our result of T' = 2.68"517.

3C 279 (MAGIC/2008). [59] present two “extreme” values for the intrinsic photon
index, of I' = 2.940.9 (stat)£0.5 (syst) (low EBL, [56]) and " = 0.5+1.2 (stat)+0.5 (syst)
(high EBL, [60]). Our result, of T = 0.9470% is in between both, although closer
to the high EBL case. Overall, the uncertainties are large, do not discarding values
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Figure 12. Fit of Mkn 501 (HEGRA/1997) spectrum with a PL (left) and LP (right). The residuals
refer to the curve with the median values of the parameters and the de-absorbed points take into
account the uncertainty propagation of EBL dust fractions and their covariance matrix. In gray, 100
random models were sampled from the posterior distribution.

compatible to T' 2 1.5. Notably, D11 presents a much higher photon index for 3C 279,
of I' = 3.78+8j(1)g 4 0.88. In any case, a “flattening” of the spectrum in the higher energy

bins is identified, as we can see in the bottom-right panel of figure 19 of appendix C.

o 1ES 10114496 (MAGIC/2007). The analysis by [61] points to a PL spectrum
with photon index I' = 3.3 + 0.7, taking into account the EBL attenuation from [62].

+0.63

Our result suggests a lower value of I' = 2.877 g5, but still compatible under the

uncertainties.

o 1ES 2344+514 (VERITAS/2007—2008, 2007). [63] estimated intrinsic spectral
indices of I' & 2.5 and I' & 2.1 for the low and high flux states, respectively, using the
EBL model from [57]. Our results are very similar, as we have obtained I" = 2.46”:8:%8

0.24
and T' = 2.117355.

o 1ES 0347-121 (H.E.S.S./2006). [64] using the EBL model from [56] and the upper
limit curve from [21], have obtained I' = 2.10 £ 0.21 and I = 1.69 £ 0.22, respectively.

Our result more closely matches the second one, of I' = 1.71f8:§g.

« IC 310 (MAGIC/2009-2010). [65] provides I = 1.81 4 0.13 (stat) £ 0.20 (syst) and
' =1.85+0.11 (stat) £ 0.20 (syst) for the low and high states, respectively, considering
the EBL attenuation from D11. Our result is compatible to both, with the corresponding

median values of T' = 1.807017 and I' = 1.817011.

5 Conclusions

The EBL has fundamental importance to extragalactic TeV astronomy, as only when attenu-
ation effects in the propagation of gamma rays are taken into account that we can identify
the intrinsic spectral properties of the emitting sources. Conversely, with adequate modeling,
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it is possible to probe the energy distribution of the EBL using gamma-ray observations.
We have shown that the Bayesian point of view, combined with MCMC methods, allows us
to simultaneously infer EBL and intrinsic spectral parameters. This has the advantage of
easily marginalizing over regions of the parameter space, incorporating the uncertainties of
the EBL modeling into the source parameters and vice-versa. We have also presented an
analytical way of marginalizing over the flux normalization parameters, which can be useful
when one wishes to decrease the sample volume in parameter space.

The procedure was applied to a set of synthetic sources observed with the ideal CTA
telescope configuration and detected with high significance (TS>25), revealing that the
combined fit of a fairly small sample (12 sources) leads to typical resolutions of 4% for the
PAH grain fraction. Such constraints can be further improved when observations are taken
with longer exposures (>5h). By specifically adopting F10’s model with free dust fractions,
we could approximately reproduce D11’s EBL intensity in the mid-IR. Moreover, as long as
the observational time per source is moderate (<5h), the intrinsic spectral parameters of the
sources can be accurately inferred. Still using synthetic samples, systematic effects due to
the incorrect EBL modeling could be identified when sources are observed for long periods
(>5h), indicating that well-measured spectra can likely help us in the future to distinguish
EBL models, particularly in the far-IR range where current models tend to show larger
discrepancies among their emissivities. It is expected that, when CTA starts its full operation,
the Extragalactic Survey and Active Galactic Nuclei Key Science Projects [9] will greatly
contribute to generating the data which can be used in the refinement of EBL constraints.

Additionally, we considered a sample of 65 spectra from 36 distinct AGNs measured by
current TACTs and we have sampled the posterior distribution of EBL and intrinsic parameters
using the HMC method. Compared to the previous work of [33], we achieve notably smaller
uncertainties for the PAH fraction, as the mid-IR EBL range can be well constrained by
the whole data sample. The far-IR region, however, can only be currently constrained by
Mkn 501’s flare observation (HEGRA/1997), due to a ~20TeV flux measurement and the
relatively small redshift of the source. This means the corresponding EBL result is dependent
on the intrinsic model chosen for this spectrum, as the inclusion of an intrinsic curvature with
a log-parabolic shape resulted in broader SG and LG distributions. Such choice, nevertheless,
leaves the intrinsic parameters of all other sources essentially unaltered, giving us confidence
in the robustness of the estimation of the intrinsic spectral parameters.

The methodology presented here can be naturally extended to other parametric EBL
models, or incorporate a more detailed description of the sources’ emission, like those based
on the SSC paradigm. These extensions are easily accommodated by the Bayesian framework
and the versatility of MCMC tools.
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Name Survey/Year — Label Ref. || No(*)x10~¢ r Ecy, (*%)

Markarian 421 MAGIC/2004-2005 [51] || 0.41770:962 | 2.242%0:980 | 1 64+043
VERITAS/2008 — High A | [53] || 2.537039 1817542 | 2.06195
VERITAS/2008 — Low (53] || 1.00679:939 | 2.097+30938 | 3.277045

VERITAS/2008 — Very Low | [53] || 0.62700 2117000 | 1767033

Name Survey/Year — Label Ref. || No(*)x1076 a b
Markarian 421 | VERITAS/2008 - High B | [53] 2.23%013 2.037915 | 0.627037

VERITAS/2008 ~ Middle | [53] || 1.1077991 | 2.359%0:922 | 0.31570:049

VERITAS/2008 — Very High | [53] || 3.467914 1.997011 | 0.83102

0.20
Markarian 501 HEGRA /1997 [66] || 1.58%9% | 2.06%92 | 0.18%943
PKS 2155-304 HESS,/2006 [54] || 1.25670:921 | 3.14570:040 | ( 74970-068

Table 5. References of the IACT spectra utilized for PLC and LP sources, alongside the median
values and uncertainties (68% interval) of their respective parameters; (*) in TeV ™ 'm~2s~" and (**)
in TeV.
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A Marginalization of the likelihood over the flux normalisation

Our goal is to marginalise the posterior distribution over the flux normalisation of each source
participating in the likelihood, by computing

s = [ (H ngﬁ) p(D’g(’;?%(ﬂm, (A1)

where €2, is the set of parameters after integrating out the normalization variables of N
sources (each labelled as j). We also use an improper prior for which p(2|I) = 0 if any
Néj ) < 0. As the prior and evidence are constants during the integration, our task is to
marginalize the likelihood

p(D|Q, T) = /Ooo.../ooo (ﬁ ngj)) %exp (_;XQ) , (A.2)
j=1
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Name Survey/Year — Label | Ref. || No(*)x1078 r
1ES 0229200 HESS,/2005-2006 67] || 3.067535 | 1.35705
VERITAS/2010-2012 | [68] || 2.57103% | 1.597517

1ES 0347-121 HESS /2006 [64] || 3.81737% | 1.717525

1ES 04144009 HESS,/2005-2009 [69] 21759 1714938

VERITAS/2008-2011 | [70] || 0.8373% | 1.32%5:3¢

1ES 0806+524 | MAGIC/2011 — Low | [71] 2.8+19 171708
MAGIC/2011 - High | [71] || 7.2%2% | 2.05+03L
VERITAS/2006-2008 | [72] 1979 18119

1ES 10114496 MAGIC/2007 [61] 2,638 2.8710:93

1ES 1101-232 HESS/2004-2005 [21] || 3.44708 | 1.6370%

1ES 12154303 MAGIC/2011 [71] 1.927038 | 2.437019

VERITAS/2011 (73] || 1.17t949 | 2687049

1ES 12184304 | VERITAS/2008-2009 | [74] 10.0t32 | 1.91%910

VERITAS,/2007 [75] 718 | 168703

MAGIC,/2005 76] || 87183 | 1.887059

1ES 1312-423 HESS /20042010 (77) || 0.677315 | 1.95%5:39
1ES 17274502 VERITAS /2013 [78] 4.747093 | 1.767030

1ES 1959+650 | VERITAS/2007-2011 | [79] || 10.11%987 | 2.1475:09%

MAGIC/2006 [80] || 4.287037 | 2217018

1ES 23444514 | VERITAS/2007-2008 | [63] || 5.26%030 | 2.46%010
VERITAS/2007 — High | [63] 26.5751 | 2.1179:21

MAGIC/2005-2006 | [81] 2.66704%2 | 2.697913

1RXS J101015.9 |  HESS/2006-2010 82] || 0.947035 | 1.9670%3

3C 279 MAGIC/2008 [59] 3707550 | 0.9470-%

Table 6. References of the IACT spectra utilized for PL sources, alongside the median values and

uncertainties (68% interval) of their respective parameters; (*) in TeV ™ m~2s~1.
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Name Survey/Year — Label Ref. || No(*)x108

r

3C 66A VERITAS/2008 — Low | [83] 14110 1.9375:27

VERITAS/2008 — High | [83] 287136 1.8775:63

4C 421.35 MAGIC/2010 [84] 46+38 2.3970:28

AP Librae HESS/2010-2011 [85] || 0.75+912 2.3570:19

BL Lacertae VERITAS/2011 [86] 12.9%68 3.3075-38

Centaurus A HESS/2004-2008 [87] || 0.24179:956 | 9 77+048

H 14264428 HEGRA /19992000 88] 13.4785 1.9742

HEGRA /2002 [88] 2.0755 0.9375:2

H 2356-309 HESS /20042007 [89] 2.0279-28 1.9070:18
IC 310 MAGIC/2012 0] || 216737 | 177640067

MAGIC/2009-2010 — High | [65] || 4.97+9-23

MAGIC/2009-2010 — Low | [65] || 0.671Q12

0.11
181757

0.17
1.8070 14

MS7 HESS/2005 1) | 1222535 | 2.16%533

HESS,/2004 [01] || 0.285919 | 2.43%0%°

MAGIC,/2005-2007 92] | 0567542 | 215702

MAGIC /2008 93] | 2881042 | 2.98t012

VERITAS/2007 [94] || 0741313 | 2.27+019

Markarian 180 MAGIC/2006 (95] || 1.51708% | 252706
Markarian 421 MAGIC/2006 [96] 33.9723 | 206879058
VERITAS /2008 — High C | [53] 276717 | 2.42210:9%

Table 7. Same as table 6; (*) in TeV ™ 'm 257!

where Z is the probability normalisation and

s [0, (E9) - o)

N
) mod
X = jzl ; - (57

(=)

In general, the spectral model (for PL, LP or PLC) can be written as

oV

mod

(E; Q) = Néj)ﬁgmod(E; Qr)’
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Name Survey/Year — Label | Ref. || No(*)x1078 r
Markarian 501 VERITAS /2009 [97] 8.1714 2491518
NGC 1275 MAGIC/2009-2014 | [98] || 0.078%9%%% | 3.45%917
PKS 0447-439 HESS /2009 [99] || 245775 | 1.2030%
PKS 1441425 MAGIC/2015 [100] 5.3723 2.8070 18
PKS 1510-089 HESS /2009 [101] 2.2193 2.471
PKS 2005-489 HESS /20042007 [58] 1.48+913 2.68101%
PKS 2155-304 HESS/2005-2007 | [102] || 5.84%0-37 | 2.83170:93¢
MAGIC /2006 [103] || 59.9%63 | 2.42+012
RBS 0413 VERITAS,/2009 [104] 3.1 1467071
RGB J01524017 HESS /2007 [105] 1.3119-34 2.3670 35
RGB J0710+591 | VERITAS/2008-2009 | [106] || 3.3113:% 1.801028
RX J0648.7+1516 VERITAS/2010 [107] 1.373% 2.7910.78

Table 8. Same as table 6; (*) in TeV~'m—2s7!.

where gzgmod(E; Q,) is the energy dependent part. Due to independence of the normalization
variables, we arrive at a product of integrals

o 1] (L))

2 o Ei(]))
(A.5)

i=1
For each integral, by completing the square, a Gaussian integral can be performed. Simplifying

2

the notation, we may realize that

O(E;) — Nod(Ei)\~ N232(E;) — 2No®(E))d(E;) + D2(E;
Z( (2~ 20 >> - B 2NN 1)

7 i

resulting in

ANZ —2NoB + C, (A.7)
where we define
-
A= (Z ng;) (A.8)
_ [ 2(E)S(E)
B= (Z 2(5) ) (A.9)
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d2(E;)
C= , A.10
(> e A
which assume different values for each source j. By completing the square,

B C B\? B2
ANg2NOB+C:A(N32NOA+A>:A(NOA) +C - = (A.11)

so the marginal likelihood becomes

) ) A (v B\
p(D|2,, 1) = 1;[ /0 dNg" exp | == (NO —Aj>

and is simplified to

1 1 N B2
p(D|, 1) = Zexp [—2 E (C - A)
J

Jj=1

H / dNé]) exp —ﬁ Né]) — &
=1 |0 2 A;

| }
Changing variables and performing the analytical Gaussian integral, we arrive at

_;§:<c —Bz> H [1%&(%)], (A.12)

j=1
which can be computationally implemented for MCMC purposes.

1
p(D|Q,, I) = 7 exp

B Statistical properties of MCMC simulations

Table 9 presents the statistical properties of the MCMC simulations using synthetic samples.
The acceptance fraction (a.f.) consists on the fraction of accepted proposed steps during
the Markov chain, while ESS is the effective sample size after removing the burn-in phase
and collecting only steps separated by the integrated autocorrelation time (as presented
by [108] and [46]). To control the Monte Carlo error (the fact that samples presents some
degree of correlation), we follow [109] and [110] to produce a sufficient large ESS such that
the confidence intervals of any parameter is smaller than a fraction € of the variance of the
posterior sample. Fixing the confidence interval in 95%, table 9 shows the corresponding
value of the precision €, as computed from the formula described by [111].

For the HMC simulations, we achieved 11075 samples in the case of Mkn 501 modelled
as PL (e = 4.22%); 11539 samples with the LP model (e = 4.13%) and 6195 effective samples
for the simulation without Markarian 501 flare data (e = 5.64%).
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True EBL: F10+P19

Obs. Time < 5h Obs. Time > 5h
N.S. a.f ESS € a.f. ESS €
2 10.654 3 x 10° 838 x 1072 || 0.644 | 1.8 x10° | 1.08 x 1072
3 10559 | 1.8x10° | 1.09x 1072 || 0.555 | 1.2 x10° | 1.34 x 1072
4 10485 | 2.25x10° | 9.84 x 1073 || 0.486 | 1.125 x 10° | 1.39 x 1072
5 10428 | 2.7x10° | 9.01 x 1073 || 0.428 | 1.35 x 10° | 1.27 x 1072
6 | 0371 | 2.1x10° | 1.02x1072 || 0.377 | 1.099 x 10° | 1.42 x 102
7 10.337 2 x 10° 1.05 x 1072 || 0.335 | 1.314 x 10° | 1.30 x 102
8 10.285 2 x 10° 1.05 x 1072 || 0.290 1% 10° 1.49 x 1072
9 10263| 24x10° |9.59%x1072 | 0.254 | 1.2x10° | 1.36 x 1072
10 | 0.224 | 1.995 x 10° | 1.05 x 1072 || 0.225 | 1.08 x 10° | 1.43 x 1072
11 | 0.190 | 1.71 x 10° | 1.14 x 1072 || 0.201 | 1.098 x 10° | 1.42 x 1072
12 | 0.173 2 x 10° 1.05 x 1072 || 0.174 | 1.2 x 10> | 1.35 x 102
True EBL: D11
Obs. Time < 5h Obs. Time > 5h
N.S. a.f ESS € a.f. ESS €
2 10.662| 3.6x10° | 7.65x1073 | 0.663 | 3.6x 10> | 7.65x 1073
3 | 0.568 | 2.248 x 10° | 9.78 x 1072 || 0.573 | 1.8 x 10° | 1.09 x 1072
4 10477 | 1.5x10° | 1.20%x 1072 || 0.487 | 1.8x10° | 1.10 x 1072
5 10432 | 1.758 x 10° | 1.12x 1072 || 0.429 | 1.5x10° | 1.21 x 1072
6 | 0.385 | 1.68x10° | 1.14 x 1072 || 0.396 | 1.76 x 10° | 1.12 x 1072
7 10.340 2 x 10° 1.05 x 1072 || 0.336 | 1.4 x 10° | 1.26 x 1072
8 10288 | 1.42x10° | 1.25 x 1072 || 0.283 | 1.16 x 10° | 1.38 x 1072
9 10254 | 1.368 x 10° | 1.27 x 1072 || 0.252 | 1.14 x 10° | 1.39 x 1072
10 | 0.227 | 1.71 x10° | 1.14 x 1072 || 0.221 | 1.188 x 10° | 1.36 x 1072
11 [ 0.192 | 1.2x10° | 1.36 x 1072 || 0.197 | 1.2 x 10> | 1.36 x 1072
12 [ 0.169 | 1.152 x 10° | 1.38 x 1072 || 0.174 | 1.188 x 10° | 1.36 x 1072

Table 9. MCMC information about the analysis performed with simulated spectra with EBL
absorption from [33] and D11. For each MCMC run we present the number of sources (N.S.), the
acceptance fraction (a.f.), the effective sample size (ESS) and the precision, or Monte Carlo error, e,
adopting a confidence interval of 95%.
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C Spectral fit of IACT data
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Figure 13. Spectrum fit of sources used in the HMC sampling. Blue circles are the data points and
the vermilion solid line is the fit using the median values of the marginalized posterior distributions.
The residuals of the fit are shown below the spectrum. The black triangles are the de-absorbed data
points with uncertainty propagation taking into account the covariance matrix of dust grains, while
the dashed green line is the intrinsic spectrum. We also plot 100 models randomly sampled from the
posterior, in gray.

— 31 —



dN/dE (TeV-'m—2s-1) pAN/IE (TeV'm™s™)  gn/dE (Tev-'m~2s1)

dN/dE (TeV 'm~2s71)

dN/dE (TeV 'm~2s71)

10°8

Resid.
onN

x2=1.02

=
Markarian 421 (VERITAS/2008 - High C)ﬁ’b

L0l vl vvoud ovund 10y

o —

ot

ML
10°

A

&;‘:‘n.—_.‘___t

-~__:===:

x2=5.20

1ES 0229+200 (VERITAS/2010-2012) - PL

—

\

e e

+—+

4 ¢

2=0.56

H 1426+428 (HEGRA/2002) - PL

—_—

{

}

i }

2x10° 3x10°4x10°

t

x?=2.89

1ES 0347-121 (HESS/2006) - PL

§ t

bt !

——
10°
Energy (TeV)

10°8

10—11 -

NON

1078

10712 -

2.5

1077

107°

NoN
Lo

1077

10—9 -

2.5
0.0

1077

10—10

A
&&‘-—i——‘_
—_— —— ———

x2=4.01 \

1ES 02294200 (HESS/2005-2006) - PL

I ¥
T L | T T T T L L |
10° 10t
@'&——______‘_____t
x?=5.56
H 1426+428 (HEGRA/1999-2000) - PL
t ; ' ¢ ]
L T T T LI |
10° 10t
AV-\,‘_V’!!\‘~*
e B
S A~
\\jtf‘4~4
. e
PKS 2155-304 (HESS/2005-2007) - PL
¢ § T 4 ¥
i ¥ 4 4 ¢ '
10°

x2=4.53
1ES 1959+650 (VERITAS/2007-2011) - PL

7
y b b8 ———

10°

x?=2.93
Centaurus A (HESS/2004-2008) - PL

$ ¢ ¥ I [} t

10°

Energy (TeV)

Figure 14. Same as figure 13.

- 32 —




dN/dE (TeV-m~2s71)

Resid.

rRAN/dE (TeV'Im2s71)

dN/dE (TeV-'m~2s71)

Resid.

r&IN/dE (TeV-Im2s71)

esl

dN/dE (TeV'm~2s71)

1078

10-10

HOR

108

10710

N o N
o

—
<
©o

O

-
2
L=

._.

2
L
o

|
N o
o

1077

1ES 1312-423 (HESS/2004-2010) - PL

{...{... t .*. {

¢ ¢ 3

IC 310 (MAGIC/2009-2010 - Low) - PL

——

o1
100

1 x2=6.92
M87 (HESS/2005) - PL
4 + [} [} )
* * I ’ i ’ i * I
10° 10!

x2 =229
M87 (MAGIC/2008) - PL

{ { { ) t
109
Energy (TeV)

10—11

o

X2=7.02

1ES 1101-232 (HESS/2004-2005) - PL

L ]

[}
LI S —

T
10°

!

4 x*=3.05
M87 (VERITAS/2007) - PL
14 t } ¢ i $
10°

X2 =0.59

M87 (HESS/2004) - PL

{ | i !
100

Figure 15. Same as figure 13.

— 33 —

Energy (TeV)




RAN/E (TeV-'m~2s71)

dN/dE (TeV 'm~2s71)

Resid.

RAN/E (TeV-'m~2s71)

dN/dE (TeV-'m~2s71)

Resid.

dN/dE (TeV-'m~2s71)

._.
15}
&

._|
15}
4

|
N o
o

-
[S)
&

10-11

2.5
0.0

_
o
b

NON

1076

08

=

Resid.
onN

\\\
X2 =5.98 \N
IC 310 (MAGIC/2012) - PL .y

T T T

107t

T T T T

10°

z

\

x?>=3.31
1RXS J101015.9 (HESS/2006-2010) - PL

t t

10°

4 x2=7.34 | ~ .4
AP Librae (HESS/2010-2011) -PL | =
N S S S L S

T

X>=3.95 \\Q
H 2356-309 (HESS/2004-2007) - PL

1

x?=1.89
1ES 1959+650 (MAGIC/2006) - PL

t } t { $ }

T T T T T T T T

10°
Energy (TeV)

1076

1078 -

—OoR

L1l

1077

H
3
s

NOoN
o

107

1078

2.5
0.0

1076

1077

1077

1079 o

2.5

0.0
=25

x2=0.27

C 310 (MAGIC/2009-2010 - High) - PL

i

{ | } i

T T T T T T T T L

10°

i

_‘EEE;::f—“‘—T—— —_—

gy

x2=17.46
PKS 0447-439 (HESS/2009) - PL | i
7 0
443 3 ¢ 4 ’ N
3x1074x 107 6x107! 100
1 s -
\\-‘~~~_
1 x2=479 \

1ES 1218+304 (VERITAS/2008-2009) - PL™

o=

|{Il{{'

T T T T T T T

10°

sl ood o
>~ ’fz{}%r

1
-

X2 =6.70 =
1ES 23444514 (MAGIC/2005-2006) -}‘
T
- ' { ' . ’ .
10°

Energy (TeV)

Figure 16. Same as figure 13.

— 34 —




b -7 ]

HIE 10

1

>

E 10—9 -

] RGB J0152+017 (HESS/2007) - PL

Z3 1

vg_g—f .*. ..*..,* *. f'

[ 10°

Illl

b

E

5

]

=4 X2=6.86

] Markarian 501 (VERITAS/2009) - PL

= [) 4 $
0.0 1% 4

T s et .

- 10°

n

i -

c 107 4 A—-—\..\,xh_—_ ————a

% \\ -=--

£ 10° 4 y2-351 \

5 1ES 04144009 (HESS/2005-2009) - PL

B 1 —
8 , B S B

- 2x107!  3x107'4x107! 6x107! 100

Tm _

N 1076 -

E

: _—

> ——— —f

'E oo \\7\ -

[ ¥?=3.09

5 . 1ES 0806+524 (MAGIC/2011 - Low) - PL

23 } + ¢

€ . SN AN S—

- 2x10"! 3x1074x10! 6x107! 100

Tm E

pl Il

- 1077 4 \ S _

iy 3 \

. : =

Eos] ¥*=143

L] ) q 1ES 1727+502 (VERITAS/2013) - PL

Z 3 i

s 3ot t t

3x1071  4x107! 6x1071 100

Energy (TeV)

10°°

1078

1077

107°

2

|
N‘“‘r— o
¥2=2.32 \\\

1ES 1218+304 (VERITAS/2007) - PL |

e e S I m—

2x107! 3x1074x107! 6x107! 100

x2=228

1ES 1215+303 (MAGIC/2011) - PL
'{I : T T i T " T :
10t 100

Y2 =0.63 \\

Markarian 180 (MAGIC/2006) - PL

} ] } §

2x1071 3x1014x10! 6x107! 100

.
—
— = —
~——

x?=0.89
1ES 0806+524 (MAGIC/2011- High) - PL

L1 oonnd vl svined 50

2x107! 3%x107! 4x107! 6x 107!

Energy (TeV)

Figure 17. Same as figure 13.

— 35 —

10°



._.
1S}
4

T

N(II

I

HE

|

3 1078

e

w 107°

S5 1

=3

T9 0
e -1

Tm

o 1076

AE

3

E 1078

w

3T .

53 25

T$ 0.0
4

T

N(II

) =5

e 10

E 1077

W

3 .

2 32

T %0

©

dN/dE (TeV 'm~2s71)
=
o
&

Resid.
onN
own

1074

1073

dN/dE (TeV m~2s71)

Resid.

1
" RBS 0413 (VERITAS/2009) - PL
3x107? 4x107t 6x107!
x2=4.58
M87 (MAGIC/2005-2007) - PL
7 (]
) ¥ ' 4
T T T T T T
10°
x> =2.46
1ES 1218+304 (MAGIC/2005) - PL
14 I i } }
—— T T T —
10-1 2x107! 3x107%4x10! 6x107!

X>=524
BL Lacertae (VERITAS/2011) - PL

(3
¢ v S S—
3x1071! 4x107
]
_E)(2=O.43
J 4C+21.35 (MAGIC/2010) - PL
e B B } I

T
107!

2x107! 3x107!

Energy (TeV)

1077

10-8

1ES 1215+303 (VERITAS/2011) - PL

REE f i )
3x107! 4x1071 6x107!
1077
10 4
10 1 x*=0.96
3 1ES 0414+009 (VERITAS/2008-2011) - PL
RER ! i }
3x107! 4x107! 6x1071

1077 3
108 ——
i 1ES 0806+524 (VERITAS/2006-2008) - P
EE i i ,
_1 B T T T
3x107?! 4 %1071 5x 1071 6x 107!
1076 é
107 4
i x¥*=162
104 4 _RXJ0648.7+1516 (VERITAS/2010) - PL
0 * + } * ’
3x1071! 4x107t
"--———_n______
10_6—2 T---——__*
1 x=220
107" 5 3C 66A (VERITAS/2008 - Low) - PL
o4 ¢
N 3 t
2x1071 3x1071!

Figure 18. Same as figure 13.

— 36 —

Energy (TeV)



dN/dE (TeV 'm~2s71) dN/dE (TeV'm~2s71)

dN/dE (TeV-Im2s71)

b
10-6 . \ —*
] x¥*=1.04 \
1 3ce6a (VERITAS/2008 - High) - PL
5 1+ {
2 5]
e -1 - * { *
2x107t 3x10°!
Energy (TeV)
106 E
1077
107 -
00 | 22081
3 NGC 1275 (MAGIC/2009-2014) - PL |
3 14 $
I i f
2x107! 3x104x 107! 6x 107!
Energy (TeV)
10-5 q1»
10-6 __ \
3 ~~‘~ }
1077 k-
1078 1 x*=320
? 1ES 1011+496 (MAGIC/2007) - PL
s 2T} f
¢ 0 { §
« -2

3x107! 4x 107!
Energy (TeV)

2x1071

6x1071

Resid. dN/dE (TeV-'m~2s71) Resid. AN/dE (TeV'm~2s~1)

dN/dE (TeV 'm~2s71)

Resid.

107
1073
10-°
1077

2.5

0.0
-2.5

10-°

1077

2.5
0.0
-2.5

M-\\\“‘-\\ -

? \§‘~‘*~
_ \\A,T~~‘
3 x2=535
4 PKS 1441+25 (MAGIC/2015) - PL \
Ty 4 } } !
f | { 1 t b
6 x 1072 10-1 2x107!
Energy (TeV)
Iy

Lo anul

3 x>=7.86
i PKS 1510-089 (HESS/2009) - PL
11 t }
{ {
2x1071 3x1071
Energy (TeV)
EIY
J x*=1758

3C 279 (MAGIC/2008) - PL

14

$

i t 4

1071t

Figure 19. Same as figure 13.

— 37 —

2x107! 3x1074x107*
Energy (TeV)




References

1]

2]

[18]

[19]

C.D. Dermer and B. Giebels, Active galactic nuclei at gamma-ray energies, Comptes Rendus
Physique 17 (2016) 594 [arXiv:1602.06592] INSPIRE].

H.E.S.S. collaboration, Observations of the Crab nebula with HESS, Astron. Astrophys. 457
(2006) 899 [astro-ph/0607333] [INSPIRE].

MAGIC collaboration, The major upgrade of the MAGIC telescopes, Part II: A performance
study using observations of the Crab Nebula, Astropart. Phys. 72 (2016) 76 [arXiv:1409.5594]
[INSPIRE].

T.C. Weekes et al., VERITAS: The very energetic radiation imaging telescope array system,
Astropart. Phys. 17 (2002) 221 [astro-ph/0108478] [INSPIRE].

S.P. Wakely and D. Horan, TeVCat: An online catalog for Very High Energy Gamma-Ray
Astronomy, 30th International Cosmic Ray Conference 3 (2007) 1341 nSPIRE].

J. Biteau and M. Meyer, Gamma-Ray Cosmology and Tests of Fundamental Physics, Galaxies
10 (2022) 39 [arXiv:2202.00523] [INSPIRE].

M. de Naurois, The Making of Catalogues of Very-High-Energy ~y-ray Sources, Universe 7
(2021) 421 [arXiv:2112.12605] INSPIRE].

CTA CoONSORTIUM collaboration, Introducing the CTA concept, Astropart. Phys. 43 (2013) 3
[NSPIRE].

CTA CONSORTIUM collaboration, Science with the Cherenkov Telescope Array, WSP (2018)
[D0I:10.1142/10986] [INSPIRE].

R.J. Gould and G.P. Schreder, Opacity of the Universe to High-Energy Photons, Phys. Rev. 155
(1967) 1408 [INSPIRE].

R.J. Gould and G.P. Schreder, Pair Production in Photon-Photon Collisions, Phys. Rev. 155
(1967) 1404 [INSPIRE].

E. Dwek and F. Krennrich, The Extragalactic Background Light and the Gamma-ray Opacity of
the Universe, Astropart. Phys. 43 (2013) 112 [arXiv:1209.4661] INSPIRE].

M.G. Hauser and E. Dwek, The cosmic infrared background: measurements and implications,
Ann. Rev. Astron. Astrophys. 39 (2001) 249 [astro-ph/0105539] [INSPIRE].

S.P. Driver et al., Measurements of Extragalactic Background Light From the far UV to the far
IR From Deep Ground- and Space-based Galazy Counts, Astrophys. J. 827 (2016) 108
[arXiv:1605.01523] [INSPIRE].

K. Mattila and P. Vaisédnen, Extragalactic Background Light: Inventory of light throughout the
cosmic history, Contemp. Phys. 60 (2019) 23 [arXiv:1905.08825] [INSPIRE].

S. Koushan et al., GAMA/DEVILS: constraining the cosmic star formation history from
improved measurements of the 0.3-2.2 um extragalactic background light, Mon. Not. Roy.
Astron. Soc. 503 (2021) 2033 [arXiv:2102.12323] [InSPIRE].

T.R. Lauer et al., Anomalous Fluz in the Cosmic Optical Background Detected with New
Horizons Observations, Astrophys. J. Lett. 927 (2022) L8 [arXiv:2202.04273] [INSPIRE].

L. Costamante, Gamma-rays from Blazars and the Extragalactic Background Light, Int. J. Mod.
Phys. D 22 (2013) 1330025 [arXiv:1309.0612] [INSPIRE].

J. Guy et al., Constraints on the cosmic infrared background based on BeppoSAX and CAT
spectra of Mkn-501, Astron. Astrophys. 359 (2000) 419 [astro-ph/0004355] [INSPIRE].

— 38 —


https://doi.org/10.1016/j.crhy.2016.04.004
https://doi.org/10.1016/j.crhy.2016.04.004
https://arxiv.org/abs/1602.06592
https://inspirehep.net/literature/1422753
https://doi.org/10.1051/0004-6361:20065351
https://doi.org/10.1051/0004-6361:20065351
https://arxiv.org/abs/astro-ph/0607333
https://inspirehep.net/literature/721584
https://doi.org/10.1016/j.astropartphys.2015.02.005
https://arxiv.org/abs/1409.5594
https://inspirehep.net/literature/1318574
https://doi.org/10.1016/S0927-6505(01)00152-9
https://arxiv.org/abs/astro-ph/0108478
https://inspirehep.net/literature/562069
https://inspirehep.net/literature/1371334
https://doi.org/10.3390/galaxies10020039
https://doi.org/10.3390/galaxies10020039
https://arxiv.org/abs/2202.00523
https://inspirehep.net/literature/2023553
https://doi.org/10.3390/universe7110421
https://doi.org/10.3390/universe7110421
https://arxiv.org/abs/2112.12605
https://inspirehep.net/literature/1965012
https://doi.org/10.1016/j.astropartphys.2013.01.007
https://inspirehep.net/literature/1229584
https://doi.org/10.1142/10986
https://inspirehep.net/literature/1626174
https://doi.org/10.1103/PhysRev.155.1408
https://doi.org/10.1103/PhysRev.155.1408
https://inspirehep.net/literature/52046
https://doi.org/10.1103/PhysRev.155.1404
https://doi.org/10.1103/PhysRev.155.1404
https://inspirehep.net/literature/52045
https://doi.org/10.1016/j.astropartphys.2012.09.003
https://arxiv.org/abs/1209.4661
https://inspirehep.net/literature/1187570
https://doi.org/10.1146/annurev.astro.39.1.249
https://arxiv.org/abs/astro-ph/0105539
https://inspirehep.net/literature/575155
https://doi.org/10.3847/0004-637X/827/2/108
https://arxiv.org/abs/1605.01523
https://inspirehep.net/literature/1455852
https://doi.org/10.1080/00107514.2019.1586130
https://arxiv.org/abs/1905.08825
https://inspirehep.net/literature/1736282
https://doi.org/10.1093/mnras/stab540
https://doi.org/10.1093/mnras/stab540
https://arxiv.org/abs/2102.12323
https://inspirehep.net/literature/1848265
https://doi.org/10.3847/2041-8213/ac573d
https://arxiv.org/abs/2202.04273
https://inspirehep.net/literature/2030952
https://doi.org/10.1142/S0218271813300255
https://doi.org/10.1142/S0218271813300255
https://arxiv.org/abs/1309.0612
https://inspirehep.net/literature/1252516
https://arxiv.org/abs/astro-ph/0004355
https://inspirehep.net/literature/526634

[20]

[21]

[22]

23]

[24]

[32]

[33]

[34]

[35]

[36]

A. Dominguez et al., Detection of the cosmic vy-ray horizon from multiwavelength observations
of blazars, Astrophys. J. 770 (2013) 77 [arXiv:1305.2162] [INSPIRE].

H.E.S.S. collaboration, A low level of extragalactic background light as revealed by gamma-rays
from blazars, Nature 440 (2006) 1018 [astro-ph/0508073] [INSPIRE].

E. Dwek and F. Krennrich, Simultaneous Constraints on the Spectrum of the Extragalactic
Background Light and the Intrinsic TeV Spectra of Markarian 421, Markarian 501, and
H1426+428, Astrophys. J. 618 (2005) 657 [astro-ph/0406565] [INSPIRE].

M. Meyer, M. Raue, D. Mazin and D. Horns, Limits on the extragalactic background light in the
Fermi era, Astron. Astrophys. 542 (2012) A59 [arXiv:1202.2867| [INSPIRE].

D. Mazin and M. Raue, New limits on the density of the extragalactic background light in the
optical to the far-infrared from the spectra of all known TeV blazars, Astron. Astrophys. 471
(2007) 439 [astro-ph/0701694] [INSPIRE].

J. Biteau and D.A. Williams, The extragalactic background light, the Hubble constant, and
anomalies: conclusions from 20 years of TeV gamma-ray observations, Astrophys. J. 812 (2015)
60 [arXiv:1502.04166] [INSPIRE].

J.D. Finke, S. Razzaque and C.D. Dermer, Modeling the Extragalactic Background Light from
Stars and Dust, Astrophys. J. 712 (2010) 238 [arXiv:0905.1115] INSPIRE].

A. Dominguez et al., Extragalactic Background Light Inferred from AEGIS Galaxy SED-type
Fractions, Mon. Not. Roy. Astron. Soc. 410 (2011) 2556 [arXiv:1007.1459] [INSPIRE].

R.C. Gilmore, R.S. Somerville, J.R. Primack and A. Dominguez, Semi-analytic modelling of the
extragalactic background light and consequences for extragalactic gamma-ray spectra, Mon. Not.
Roy. Astron. Soc. 422 (2012) 3189 [arXiv:1104.0671] INSPIRE].

H.E.S.S. collaboration, Measurement of the extragalactic background light imprint on the
spectra of the brightest blazars observed with H.E.S.S, Astron. Astrophys. 550 (2013) A4
[arXiv:1212.3409] [iNSPIRE].

A. Desai et al., A GeV-TeV Measurement of the Extragalactic Background Light, Astrophys. J.
Lett. 874 (2019) L7 [arXiv:1903.03126] InSPIRE].

B. Biasuzzi, O. Hervet, D.A. Williams and J. Biteau, Normalization of the extragalactic
background light from high-energy ~v-ray observations, Astron. Astrophys. 627 (2019) A110
[arXiv:1906.07653] [INSPIRE].

FERMI-LAT collaboration, A gamma-ray determination of the Universe’s star formation
history, Science 362 (2018) 1031 [arXiv:1812.01031] INSPIRE].

D.R.M. Pimentel and E. Moura-Santos, Infrared emission from dust and the spectral features of
extragalactic gamma-ray sources, JCAP 04 (2019) 043 [arXiv:1811.10795] [INSPIRE].

A. Kashlinsky, Cosmic infrared background and early galazy evolution, Phys. Rept. 409 (2005)
361 [astro-ph/0412235] [INSPIRE].

CTA collaboration, Sensitivity of the Cherenkov Telescope Array for probing cosmology and
fundamental physics with gamma-ray propagation, JCAP 02 (2021) 048 [arXiv:2010.01349]
[NSPIRE].

R.G. Lang, H. Martinez-Huerta and V. de Souza, Improved limits on Lorentz invariance
violation from astrophysical gamma-ray sources, Phys. Rev. D 99 (2019) 043015
[arXiv:1810.13215] [iNSPIRE].

-39 —


https://doi.org/10.1088/0004-637X/770/1/77
https://arxiv.org/abs/1305.2162
https://inspirehep.net/literature/1232489
https://doi.org/10.1038/nature04680
https://arxiv.org/abs/astro-ph/0508073
https://inspirehep.net/literature/688838
https://doi.org/10.1086/426010
https://arxiv.org/abs/astro-ph/0406565
https://inspirehep.net/literature/653128
https://doi.org/10.1051/0004-6361/201118284
https://arxiv.org/abs/1202.2867
https://inspirehep.net/literature/1089035
https://doi.org/10.1051/0004-6361:20077158
https://doi.org/10.1051/0004-6361:20077158
https://arxiv.org/abs/astro-ph/0701694
https://inspirehep.net/literature/743036
https://doi.org/10.1088/0004-637X/812/1/60
https://doi.org/10.1088/0004-637X/812/1/60
https://arxiv.org/abs/1502.04166
https://inspirehep.net/literature/1344977
https://doi.org/10.1088/0004-637X/712/1/238
https://arxiv.org/abs/0905.1115
https://inspirehep.net/literature/819690
https://doi.org/10.1111/j.1365-2966.2010.17631.x
https://arxiv.org/abs/1007.1459
https://inspirehep.net/literature/861086
https://doi.org/10.1111/j.1365-2966.2012.20841.x
https://doi.org/10.1111/j.1365-2966.2012.20841.x
https://arxiv.org/abs/1104.0671
https://inspirehep.net/literature/895017
https://doi.org/10.1051/0004-6361/201220355
https://arxiv.org/abs/1212.3409
https://inspirehep.net/literature/1207415
https://doi.org/10.3847/2041-8213/ab0c10
https://doi.org/10.3847/2041-8213/ab0c10
https://arxiv.org/abs/1903.03126
https://inspirehep.net/literature/1724355
https://doi.org/10.1051/0004-6361/201834240
https://arxiv.org/abs/1906.07653
https://inspirehep.net/literature/1740370
https://doi.org/10.1126/science.aat8123
https://arxiv.org/abs/1812.01031
https://inspirehep.net/literature/1706829
https://doi.org/10.1088/1475-7516/2019/04/043
https://arxiv.org/abs/1811.10795
https://inspirehep.net/literature/1705471
https://doi.org/10.1016/j.physrep.2004.12.005
https://doi.org/10.1016/j.physrep.2004.12.005
https://arxiv.org/abs/astro-ph/0412235
https://inspirehep.net/literature/666685
https://doi.org/10.1088/1475-7516/2021/02/048
https://arxiv.org/abs/2010.01349
https://inspirehep.net/literature/1821442
https://doi.org/10.1103/PhysRevD.99.043015
https://arxiv.org/abs/1810.13215
https://inspirehep.net/literature/1701232

[37]

[38]

[47]

[48]

[49]

[50]

[51]

H. Martinez-Huerta, R.G. Lang and V. de Souza, Lorentz Invariance Violation Tests in
Astroparticle Physics, Symmetry 12 (2020) 1232 [INSPIRE].

S. Razzaque, C.D. Dermer and J.D. Finke, The Stellar Contribution to the Extragalactic
Background Light and Absorption of High-Energy Gamma Rays, Astrophys. J. 697 (2009) 483
[arXiv:0807.4294] [INSPIRE].

M. Ajello et al., The Cosmic Evolution of Fermi BL Lacertae Objects, Astrophys. J. 780 (2014)
73 [arXiv:1310.0006] [INSPIRE].

J. Knodlseder et al., GammalLib and ctools: A software framework for the analysis of
astronomical gamma-ray data, Astron. Astrophys. 593 (2016) Al [arXiv:1606.00393]
[NSPIRE].

C.T.A. Observatory and C.T.A. Consortium, CTAO Instrument Response Functions — version
prod3b-v2, DOI:10.5281/zenodo.5163273, (April 2016).

C.T.A. Observatory and C.T.A. Consortium, CTAO Instrument Response Functions — prod5
version v0.1, DOI:10.5281/zenodo . 5499840, (September 2021).

K.M. Gérski et al., HEALPixz: A Framework for High-Resolution Discretization and Fast
Analysis of Data Distributed on the Sphere, Astrophys. J. 622 (2005) 759 [astro-ph/0409513]
[NSPIRE].

CTA CONSORTIUM collaboration, Extragalactic source population studies at very high energies
in the Cherenkov Telescope Array era, PoS ICRC2017 (2018) 632 [arXiv:1708.07704]
[INSPIRE].

FERMI-LAT collaboration, $FHL: The Third Catalog of Hard Fermi-LAT Sources, Astrophys.
J. Suppl. 232 (2017) 18 [arXiv:1702.00664] [INSPIRE].

D. Foreman-Mackey, D.W. Hogg, D. Lang and J. Goodman, emcee: The MCMC Hammer, Publ.
Astron. Soc. Pac. 125 (2013) 306 [arXiv:1202.3665] [INSPIRE].

J. Goodman and J. Weare, Ensemble samplers with affine invariance, Comm. App. Math.
Comp. Sci. 5 (2010) 65.

R. Neal, MCMC' Using Hamiltonian Dynamics, in Handbook of Markov Chain Monte Carlo,
(2011), pp. 113-162, [D0I:10.1201/b10905.

M. Betancourt, A Conceptual Introduction to Hamiltonian Monte Carlo, arXiv:1701.02434
[INSPIRE].

E. Forest and R.D. Ruth, Fourth-order symplectic integration, Physica D 43 (1990) 105
[INSPIRE].

MAGIC collaboration, Observations of Markarian 421 with the MAGIC Telescope, Astrophys.
J. 663 (2007) 125 [astro-ph/0603478] [INSPIRE].

HAWC collaboration, Spectral analysis of Markarian 421 and Markarian 501 with HAWC, PoS
ICRC2017 (2018) 606 [arXiv:1708.04637] [INSPIRE].

V.A. Acciari et al., TeV and Multi-wavelength Observations of Mrk 421 in 2006-2008,
Astrophys. J. 738 (2011) 25 [arXiv:1106.1210] [INSPIRE].

H.E.S.S. collaboration, Constraints on axionlike particles with H.E.S.S. from the irreqularity of
the PKS 2155-80/ energy spectrum, Phys. Rev. D 88 (2013) 102003 [arXiv:1311.3148]
[INSPIRE].

J.D. Finke et al., Modeling the Extragalactic Background Light and the Cosmic Star Formation
History, Astrophys. J. 941 (2022) 33 [arXiv:2210.01157] INSPIRE].

— 40 —


https://doi.org/10.3390/sym12081232
https://inspirehep.net/literature/1811068
https://doi.org/10.1088/0004-637X/697/1/483
https://arxiv.org/abs/0807.4294
https://inspirehep.net/literature/791604
https://doi.org/10.1088/0004-637X/780/1/73
https://doi.org/10.1088/0004-637X/780/1/73
https://arxiv.org/abs/1310.0006
https://inspirehep.net/literature/1256279
https://doi.org/10.1051/0004-6361/201628822
https://arxiv.org/abs/1606.00393
https://inspirehep.net/literature/1466615
https://doi.org/10.5281/zenodo.5163273
https://doi.org/10.5281/zenodo.5499840
https://doi.org/10.1086/427976
https://arxiv.org/abs/astro-ph/0409513
https://inspirehep.net/literature/659804
https://doi.org/10.22323/1.301.0632
https://arxiv.org/abs/1708.07704
https://inspirehep.net/literature/1620034
https://doi.org/10.3847/1538-4365/aa8221
https://doi.org/10.3847/1538-4365/aa8221
https://arxiv.org/abs/1702.00664
https://inspirehep.net/literature/1511845
https://doi.org/10.1086/670067
https://doi.org/10.1086/670067
https://arxiv.org/abs/1202.3665
https://inspirehep.net/literature/1089369
https://doi.org/10.2140/camcos.2010.5.65
https://doi.org/10.2140/camcos.2010.5.65
https://doi.org/10.1201/b10905
https://arxiv.org/abs/1701.02434
https://inspirehep.net/literature/2727014
https://doi.org/10.1016/0167-2789(90)90019-L
https://inspirehep.net/literature/281228
https://doi.org/10.1086/518221
https://doi.org/10.1086/518221
https://arxiv.org/abs/astro-ph/0603478
https://inspirehep.net/literature/712626
https://doi.org/10.22323/1.301.0606
https://doi.org/10.22323/1.301.0606
https://arxiv.org/abs/1708.04637
https://inspirehep.net/literature/1616168
https://doi.org/10.1088/0004-637X/738/1/25
https://arxiv.org/abs/1106.1210
https://inspirehep.net/literature/912959
https://doi.org/10.1103/PhysRevD.88.102003
https://arxiv.org/abs/1311.3148
https://inspirehep.net/literature/1264238
https://doi.org/10.3847/1538-4357/ac9843
https://arxiv.org/abs/2210.01157
https://inspirehep.net/literature/2160957

[56]

[57]

[58]

[63]

[64]

[65]

J.R. Primack, J.S. Bullock and R.S. Somerville, Observational gamma-ray cosmology, AIP Conf.
Proc. 745 (2005) 23 [astro-ph/0502177] [INSPIRE].

A. Franceschini, G. Rodighiero and M. Vaccari, Fxtragalactic optical-infrared background
radiation, its time evolution and the cosmic photon-photon opacity, Astron. Astrophys. 487
(2008) 837 [arXiv:0805.1841] [INSPIRE].

H.E.S.S. collaboration, PKS 2005-489 at VHE: Four Years of Monitoring with HESS and
Simultaneous Multi-wavelength Observations, Astron. Astrophys. 511 (2010) A52
[arXiv:0911.2709] INSPIRE].

MAGIC collaboration, Very-High-Energy Gamma Rays from a Distant Quasar: How
Transparent Is the Universe?, Science 320 (2008) 1752 [arXiv:0807.2822] [INSPIRE].

F.W. Stecker, M.A. Malkan and S.T. Scully, Intergalactic photon spectra from the far ir to the
uwv lyman limit for 0 < Z < 6 and the optical depth of the universe to high energy gamma-rays,
Astrophys. J. 648 (2006) 774 [astro-ph/0510449] INSPIRE].

MAGIC collaboration, Discovery of Very High Energy v-rays from 1ES1011+4496 at z = 0.212,
Astrophys. J. Lett. 667 (2007) L21 [arXiv:0706.4435] INnSPIRE].

T.M. Kneiske, K. Mannheim and D.H. Hartmann, Implications of cosmological gamma-ray
absorption. I. Evolution of the metagalactic radiation field, Astron. Astrophys. 386 (2002) 1
[astro-ph/0202104] [INSPIRE].

V.A. Acciari et al., Multiwavelength Observations of the Very High Energy Blazar 1ES
2344+514, Astrophys. J. 738 (2011) 169 [arXiv:1106.4594] INSPIRE].

H.E.S.S. collaboration, Discovery of VHE gamma-rays from the distant BL Lac 1ES 0347-121,
Astron. Astrophys. 473 (2007) L25 [arXiv:0708.3021] [InSPIRE].

MAGIC collaboration, Rapid and multiband variability of the TeV bright active nucleus of the
galazy IC 810, Astron. Astrophys. 563 (2014) A91 [arXiv:1305.5147] [iINSPIRE].

HEGRA collaboration, Reanalysis of the high energy cutoff of the 1997 Mkn 501 TeV energy
spectrum, Astron. Astrophys. 366 (2001) 62 [astro-ph/0011483] [INSPIRE].

H.E.S.S. collaboration, New constraints on the Mid-IR EBL from the HESS discovery of VHE
gamma rays from 1ES 0229+200, Astron. Astrophys. 475 (2007) L9 [arXiv:0709.4584]
[INSPIRE].

E. Aliu et al., A three-year multi-wavelength study of the very-high-energy ~v-ray blazar 1ES
0229+200, Astrophys. J. 782 (2014) 13 [arXiv:1312.6592] [INSPIRE].

H.E.S.S. collaboration, Discovery of hard-spectrum ~y-ray emission from the BL Lacertae object
1ES 0414+009, Astron. Astrophys. 538 (2012) A103 [arXiv:1201.2044] [INSPIRE].

E. Aliu et al., Multiwavelength observations of the AGN 1ES 0414+009 with VERITAS,
fermi-LAT, swift-ZRT, and MDM, Astrophys. J. 755 (2012) 118 [arXiv:1206.4080] [INSPIRE].

MAGIC collaboration, MAGIC detection of short-term variability of the high-peaked BL Lac
object 1ES 0806+524, Mon. Not. Roy. Astron. Soc. 451 (2015) 739 [arXiv:1504.06115]
[INSPIRE].

VERITAS collaboration, Discovery of Very High-Energy Gamma-Ray Radiation from the BL
Lac 1ES 0806+524, Astrophys. J. Lett. 690 (2009) L126 [arXiv:0812.0978] [INSPIRE].

VERITAS collaboration, Long term observations of B2 1215+30 with VERITAS, Astrophys. J.
779 (2013) 92 [arXiv:1310.6498] [INSPIRE].

— 41 —


https://doi.org/10.1063/1.1878394
https://doi.org/10.1063/1.1878394
https://arxiv.org/abs/astro-ph/0502177
https://inspirehep.net/literature/676448
https://doi.org/10.1051/0004-6361:200809691
https://doi.org/10.1051/0004-6361:200809691
https://arxiv.org/abs/0805.1841
https://inspirehep.net/literature/785625
https://doi.org/10.1051/0004-6361/200913073
https://arxiv.org/abs/0911.2709
https://inspirehep.net/literature/836928
https://doi.org/10.1126/science.1157087
https://arxiv.org/abs/0807.2822
https://inspirehep.net/literature/790997
https://doi.org/10.1086/506188
https://arxiv.org/abs/astro-ph/0510449
https://inspirehep.net/literature/695137
https://doi.org/10.1086/521982
https://arxiv.org/abs/0706.4435
https://inspirehep.net/literature/754339
https://doi.org/10.1051/0004-6361:20020211
https://arxiv.org/abs/astro-ph/0202104
https://inspirehep.net/literature/596265
https://doi.org/10.1088/0004-637X/738/2/169
https://arxiv.org/abs/1106.4594
https://inspirehep.net/literature/915008
https://doi.org/10.1051/0004-6361:20078412
https://arxiv.org/abs/0708.3021
https://inspirehep.net/literature/758826
https://doi.org/10.1051/0004-6361/201321938
https://arxiv.org/abs/1305.5147
https://inspirehep.net/literature/1235001
https://doi.org/10.1051/0004-6361:20000098
https://arxiv.org/abs/astro-ph/0011483
https://inspirehep.net/literature/537493
https://doi.org/10.1051/0004-6361:20078462
https://arxiv.org/abs/0709.4584
https://inspirehep.net/literature/762386
https://doi.org/10.1088/0004-637X/782/1/13
https://arxiv.org/abs/1312.6592
https://inspirehep.net/literature/1273547
https://doi.org/10.1051/0004-6361/201118406
https://arxiv.org/abs/1201.2044
https://inspirehep.net/literature/1084132
https://doi.org/10.1088/0004-637X/755/2/118
https://arxiv.org/abs/1206.4080
https://inspirehep.net/literature/1118692
https://doi.org/10.1093/mnras/stv895
https://arxiv.org/abs/1504.06115
https://inspirehep.net/literature/1364474
https://doi.org/10.1088/0004-637X/690/2/L126
https://arxiv.org/abs/0812.0978
https://inspirehep.net/literature/804342
https://doi.org/10.1088/0004-637X/779/2/92
https://doi.org/10.1088/0004-637X/779/2/92
https://arxiv.org/abs/1310.6498
https://inspirehep.net/literature/1261949

[74]

[89]

[90]

[91]

VERITAS collaboration, Discovery of Variability in the Very High Energy v-Ray Emission of
1ES 12184304 with VERITAS, Astrophys. J. Lett. 709 (2010) L163 [arXiv:1001.2590]
[INSPIRE].

VERITAS collaboration, VERITAS Observations of the BL Lac Object 1ES 1218+304,
Astrophys. J. 695 (2009) 1370 [arXiv:0901.4561] [INSPIRE].

MAGIC collaboration, Discovery of Very High Energy Gamma Rays from 1ES 1218+30.4,
Astrophys. J. Lett. 642 (2006) L119 [astro-ph/0603529] [nSPIRE].

H.E.S.S. collaboration, HESS and Fermi-LAT discovery of v-rays from the blazar 1ES
1812-423, Mon. Not. Roy. Astron. Soc. 434 (2013) 1889 [arXiv:1306.3186] [INSPIRE].

VERITAS collaboration, Veritas Detection of v-ray Flaring Activity From the bl lac Object 1es
17274502 During Bright Moonlight Observations, Astrophys. J. 808 (2015) 110
[arXiv:1506.06246] [INSPIRE].

VERITAS collaboration, Multiwavelength observations and modeling of 1ES 1959+650 in a
low flux state, Astrophys. J. 775 (2013) 3 [arXiv:1307.6772] INSPIRE].

MAGIC collaboration, Simultaneous Multiwavelength Observations of the Blazar 1ES
1959+650 at a Low TeV Flux, Astrophys. J. 679 (2008) 1029 [arXiv:0801.4029] [INSPIRE].

MAGIC collaboration, Observation of Very High Energy ~v-Rays from the AGN 1ES 23/4+51}
in a Low Emission State with the MAGIC Telescope, Astrophys. J. 662 (2007) 892
[astro-ph/0612383] [INSPIRE].

H.E.S.S. collaboration, Discovery of VHE ~v-ray emission and multi-wavelength observations of
the BL Lac object 1RXS J101015.9-811909, Astron. Astrophys. 542 (2012) A94
[arXiv:1204.1964] [INSPIRE].

FERMI-LAT and VERITAS collaborations, Multi-wavelength Observations of the Flaring
Gamma-ray Blazar 3C 66A in 2008 October, Astrophys. J. 726 (2011) 43 [Erratum ibid. 731
(2011) 77] [arXiv:1011.1053] [INSPIRE].

MAGIC collaboration, MAGIC Discovery of Very High Energy Emission from the FSRQ PKS
1222421, Astrophys. J. Lett. 730 (2011) L8 [arXiv:1101.4645] [INSPIRE].

H.E.S.S. and FERMI-LAT collaborations, The high-energy y-ray emission of AP Librae,
Astron. Astrophys. 573 (2015) A31 [arXiv:1410.5897] [INSPIRE].

T. Arlen et al., Rapid TeV Gamma-Ray Flaring of BL Lacertae, Astrophys. J. 762 (2013) 92
[arXiv:1211.3073] [INSPIRE].

H.E.S.S. collaboration, Discovery of Very High Energy v-Ray Emission from Centaurus a with
H.E.S.S, Astrophys. J. Lett. 695 (2009) L40 [arXiv:0903.1582] [INSPIRE].

HEGRA collaboration, Observations of H1426+428 with HEGRA. Observations in 2002 and
reanalysis of 199962000 data, Astron. Astrophys. 403 (2003) 523 [astro-ph/0301437]
[NSPIRE].

H.E.S.S. collaboration, Multi-wavelength Observations of H 2356-309, Astron. Astrophys. 516
(2010) A56 [arXiv:1004.2089] [INSPIRE].

J. Aleksi¢ et al., Black hole lightning due to particle acceleration at subhorizon scales, Science
346 (2014) 1080 [arXiv:1412.4936] [INSPIRE].

D. Berge et al., Fast Variability of Tera-FElectron Volt v Rays from the Radio Galaxy M87,
Science 314 (2006) 1424 [astro-ph/0612016] [INSPIRE].

— 42 —


https://doi.org/10.1088/2041-8205/709/2/L163
https://arxiv.org/abs/1001.2590
https://inspirehep.net/literature/842894
https://doi.org/10.1088/0004-637X/695/2/1370
https://arxiv.org/abs/0901.4561
https://inspirehep.net/literature/811979
https://doi.org/10.1086/504845
https://arxiv.org/abs/astro-ph/0603529
https://inspirehep.net/literature/712712
https://doi.org/10.1093/mnras/stt1081
https://arxiv.org/abs/1306.3186
https://inspirehep.net/literature/1238396
https://doi.org/10.1088/0004-637X/808/2/110
https://arxiv.org/abs/1506.06246
https://inspirehep.net/literature/1377316
https://doi.org/10.1088/0004-637X/775/1/3
https://arxiv.org/abs/1307.6772
https://inspirehep.net/literature/1244503
https://doi.org/10.1086/586731
https://arxiv.org/abs/0801.4029
https://inspirehep.net/literature/778174
https://doi.org/10.1086/518431
https://arxiv.org/abs/astro-ph/0612383
https://inspirehep.net/literature/734462
https://doi.org/10.1051/0004-6361/201218910
https://arxiv.org/abs/1204.1964
https://inspirehep.net/literature/1107773
https://doi.org/10.1088/0004-637X/726/1/43
https://arxiv.org/abs/1011.1053
https://inspirehep.net/literature/875582
https://doi.org/10.1088/2041-8205/730/1/L8
https://arxiv.org/abs/1101.4645
https://inspirehep.net/literature/885614
https://doi.org/10.1051/0004-6361/201321436
https://arxiv.org/abs/1410.5897
https://inspirehep.net/literature/1323256
https://doi.org/10.1088/0004-637X/762/2/92
https://arxiv.org/abs/1211.3073
https://inspirehep.net/literature/1202469
https://doi.org/10.1088/0004-637X/695/1/L40
https://arxiv.org/abs/0903.1582
https://inspirehep.net/literature/815031
https://doi.org/10.1051/0004-6361:20030326
https://arxiv.org/abs/astro-ph/0301437
https://inspirehep.net/literature/612037
https://doi.org/10.1051/0004-6361/201014321
https://doi.org/10.1051/0004-6361/201014321
https://arxiv.org/abs/1004.2089
https://inspirehep.net/literature/851737
https://doi.org/10.1126/science.1256183
https://doi.org/10.1126/science.1256183
https://arxiv.org/abs/1412.4936
https://inspirehep.net/literature/1334485
https://doi.org/10.1126/SCIENCE.1134408
https://arxiv.org/abs/astro-ph/0612016
https://inspirehep.net/literature/733178

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

109

[110]

[111]

MAGIC collaboration, MAGIC observations of the giant radio galaxy M 87 in a low-emission
state between 2005 and 2007, Astron. Astrophys. 544 (2012) A96 [arXiv:1207.2147] [nSPIRE].

MAGIC collaboration, Very High Energy Gamma-Ray Observations of Strong Flaring Activity
in M87 in 2008 February, Astrophys. J. Lett. 685 (2008) L23 [arXiv:0806.0988] [INSPIRE].

V.A. Acciari et al., Observation of gamma-ray emission from the galaxy M87 above 250 GeV
with VERITAS, Astrophys. J. 679 (2008) 397 [arXiv:0802.1951] INSPIRE].

MAGIC collaboration, Discovery of Very High Energy ~v-Rays from Markarian 180 Triggered
by an Optical Outburst, Astrophys. J. Lett. 648 (2006) 1105 [astro-ph/0606630] [INSPIRE].

MAGIC and VERITAS collaborations, Simultaneous Multiwavelength Observations of
Markarian 421 During Outburst, Astrophys. J. 703 (2009) 169 [arXiv:0907.3923] InSPIRE].

VERITAS and MAGIC collaborations, Spectral Energy Distribution of Markarian 501:
Quiescent State Versus Extreme Outburst, Astrophys. J. 729 (2011) 2 [arXiv:1012.2200]
[INSPIRE].

MAGIC collaboration, Deep observation of the NGC 1275 region with MAGIC: search of
diffuse y-ray emission from cosmic rays in the Perseus cluster, Astron. Astrophys. 589 (2016)
A33 [arXiv:1602.03099] [INSPIRE].

HESS collaboration, Discovery of TeV y-ray emission from PKS 0447-439 and derivation of an
upper limit on its redshift, Astron. Astrophys. 552 (2013) A118 [arXiv:1303.1628] [INSPIRE].

MAGIC and FERMI-LAT collaborations, Very High Energy v-Rays from the Universe’s Middle
Age: Detection of the z = 0.940 Blazar PKS 1441+25 with MAGIC, Astrophys. J. Lett. 815
(2015) L23 [arXiv:1512.04435] [NSPIRE].

H.E.S.S. collaboration, H.E.S.S. discovery of VHE ~y-rays from the quasar PKS 1510-089,
Astron. Astrophys. 554 (2013) A107 [arXiv:1304.8071] [INSPIRE].

H.E.S.S. collaboration, VHE ~y-ray emission of PKS 2155-30/: spectral and temporal
variability, Astron. Astrophys. 520 (2010) A83 [arXiv:1005.3702] [INSPIRE].

MAGIC collaboration, High zenith angle observations of PKS 2155-304 with the MAGIC-I
telescope, Astron. Astrophys. 544 (2012) A75 [arXiv:1207.1634] NSPIRE].

VERITAS collaboration, Discovery of High-energy and Very High Energy v-Ray Emission
from the Blazar RBS 0413, Astrophys. J. 750 (2012) 94 [arXiv:1204.0865] INSPIRE].

H.E.S.S. collaboration, Discovery of VHE ~y-rays from the high-frequency-peaked BL Lacertae
object RGB J0152+017, Astron. Astrophys. 481 (2008) L103 [arXiv:0802.4021] [INSPIRE].

V.A. Acciari et al., The Discovery of v-Ray Emission from the Blazar RGB J0710+591,
Astrophys. J. Lett. 715 (2010) L49 [arXiv:1005.0041] INSPIRE].

VERITAS collaboration, Multiwavelength Observations of the Previously Unidentified Blazar
RX J0648.7+1516, Astrophys. J. 742 (2011) 127 [arXiv:1110.5949] [INSPIRE].

A. Sokal, Monte carlo methods in statistical mechanics: foundations and new algorithms, in
Functional integration, Springer (1997), pp. 131-192.

D. Vats, J.M. Flegal and G.L. Jones, Multivariate Output Analysis for Markov chain Monte
Carlo, arXiv:1512.07713.

L. Gong and J.M. Flegal, A Practical Sequential Stopping Rule for High-Dimensional Markov
Chain Monte Carlo, J. Comput. Graphical Stat. 25 (2016) 684.

J.M. Flegal and L. Gong, Relative fixed-width stopping rules for Markov chain Monte Carlo
stmulations, arXiv:1303.0238.

— 43 —


https://doi.org/10.1051/0004-6361/201117827
https://arxiv.org/abs/1207.2147
https://inspirehep.net/literature/1121816
https://doi.org/10.1086/592348
https://arxiv.org/abs/0806.0988
https://inspirehep.net/literature/787511
https://doi.org/10.1086/587458
https://arxiv.org/abs/0802.1951
https://inspirehep.net/literature/779398
https://doi.org/10.1086/508020
https://arxiv.org/abs/astro-ph/0606630
https://inspirehep.net/literature/720018
https://doi.org/10.1088/0004-637X/703/1/169
https://arxiv.org/abs/0907.3923
https://inspirehep.net/literature/826584
https://doi.org/10.1088/0004-637X/729/1/2
https://arxiv.org/abs/1012.2200
https://inspirehep.net/literature/880932
https://doi.org/10.1051/0004-6361/201527846
https://doi.org/10.1051/0004-6361/201527846
https://arxiv.org/abs/1602.03099
https://inspirehep.net/literature/1420529
https://doi.org/10.1051/0004-6361/201321108
https://arxiv.org/abs/1303.1628
https://inspirehep.net/literature/1222812
https://doi.org/10.1088/2041-8205/815/2/L23
https://doi.org/10.1088/2041-8205/815/2/L23
https://arxiv.org/abs/1512.04435
https://inspirehep.net/literature/1409461
https://doi.org/10.1051/0004-6361/201321135
https://arxiv.org/abs/1304.8071
https://inspirehep.net/literature/1231461
https://doi.org/10.1051/0004-6361/201014484
https://arxiv.org/abs/1005.3702
https://inspirehep.net/literature/855091
https://doi.org/10.1051/0004-6361/201218796
https://arxiv.org/abs/1207.1634
https://inspirehep.net/literature/1121527
https://doi.org/10.1088/0004-637X/750/2/94
https://arxiv.org/abs/1204.0865
https://inspirehep.net/literature/1103058
https://doi.org/10.1051/0004-6361:200809603
https://arxiv.org/abs/0802.4021
https://inspirehep.net/literature/780134
https://doi.org/10.1088/2041-8205/715/1/L49
https://arxiv.org/abs/1005.0041
https://inspirehep.net/literature/853768
https://doi.org/10.1088/0004-637X/742/2/127
https://arxiv.org/abs/1110.5949
https://inspirehep.net/literature/943312
https://arxiv.org/abs/1512.07713
https://doi.org/10.1080/10618600.2015.1044092
https://arxiv.org/abs/1303.0238

	Introduction
	Methodology
	EBL model
	Selection of real and synthetic sources and spectral models
	MCMC sampler for synthetic sources
	Hamiltonian Monte Carlo

	Assessing accuracy and precision with synthetic samples
	Probing systematic effects associated to the choice of EBL model

	EBL and intrinsic parameters constraints from IACT data
	Conclusions
	Marginalization of the likelihood over the flux normalisation
	Statistical properties of MCMC simulations
	Spectral fit of IACT data

