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Abstract

In this thesis a detailed study of the interaction between gamma-rays coming from

active galactic nuclei (AGN) and the radiation �eld generated by the thermal emission

from all the galaxies, the extragalactic background light (EBL), is performed. The de-

velopment of the imaging air Cherenkov telescope (IACT) technique has been providing

well determined spectral energy distributions (SED) of extragalactic sources and, in turn,

allowing investigations of the attenuation processes of very high energy (VHE) radiation

by the EBL. In 1997, a �are state of the blazar Markarian 501 (Mkn 501) provided �ux

measurements at energies up to ∼ 20 TeV. We show that this spectrum is the one with the

highest expected attenuation by the EBL dust component among the current known TeV

emitters. Starting from an EBL model based on stellar and dust blackbody contributions,

we were able to investigate the role of each EBL component in the attenuation of Mkn 501

SED. In such EBL model, dust is divided into three di�erent grain types (polycyclic aro-

matic hydrocabons (PAH), small (SG) and large grains (LG)) and the importance of each

one of these components to the opacity of the extragalactic medium for the Mkn 501 SED

could be better understood. In particular, PAH molecules have a fundamental importance

in the description of Mkn 501 spectrum, because its slope observed around 10 TeV can

only be correctly described by this dust component. On the other hand, an e�ective model

containing only PAH as dust can be excluded with a signi�cance of at least 5σ, indepen-

dently of the intrinsic spectrum assumed. Finally, a forecasting study is performed for the

third generation of IACT, the Cherenkov Telescope Array (CTA). Through a maximum

likelihood estimator we show that, already for a single source analysis, the PAH relative

contribution can be determined with a good resolution for 50 hours of observation. The

combination of several observations shows that 30 minutes of exposure time is enough

to determine the PAH fraction with a reasonable resolution. The impact of the redshift

uncertainties is also analyzed considering an a priori probability for this observable when

determining the PAH fraction.

Keywords: Extragalactic background light; gamma radiation; active galactic nuclei.





Resumo

Nesta tese um estudo detalhado da interação entre raios gamas vindos de núcleos galác-

ticos ativos (AGN) e o campo de radiação produzido pela emissão térmica das galáxias,

a luz extragaláctica de fundo (EBL), é realizado. O desenvolvimento de técnicas de ima-

geamento por telescópios de efeito Cherenkov na atmosfera (IACT) tem fornecido bem

determinadas distribuições espectrais de energia (SED) de fontes extragalácticas e, por

sua vez, permitido investigações do processo de atenuação de radiação de altíssima energia

(VHE) por meio da EBL. Em 1997, um estado de �are do blazar Markarian 501 (Mkn 501)

forneceu medidas de �uxos em energias até ∼ 20 TeV. Nós mostramos que esse é o espec-

tro com maior atenuação esperada por poeira dentre as fontes atualmente conhecidas que

emitem em TeV. Partindo de um modelo de EBL baseado em contribuições de estrela e

poeira que emitem como um corpo negro, nós investigamos o papel de cada componente da

EBL na atenuação do SED da Mkn 501. Em tal modelo de EBL, a poeira é dividida em

três diferentes tipos de grãos (hidrocabonetos aromáticos policíclicos (PAH), pequenos

(SG) e grandes grãos (LG)) e a importância de cada uma dessas componentes para a

opacidade do meio extragaláctico para o SED da Mkn 501 pôde ser melhor compreendida.

Em particular, as moléculas de PAH têm uma importância fundamental na descrição do

espectro da Mkn 501, pois sua inclinação observada em torno de 10 TeV somente pode ser

corretamente descrita por essa componente da poeira. Por outro lado, um modelo efetivo

contendo apenas PAH como poeira pode ser excluído com uma signi�cância de pelo menos

5σ, independentemente do espectro intrínseco assumido. Finalmente, foi realizado um es-

tudo de previsão para a terceira geração de IACT, o Cherenkov Telescope Array (CTA).

Através de um estimador de máxima verossimilhança nós mostramos que, já para análises

de uma única fonte, a contribuição relativa de PAH pode ser determinada com uma boa

resolução para 50 horas de observação. A combinação de diversas observações mostra

que 30 minutos de tempo de exposição é su�ciente para determinar a fração das PAH

com uma resolução razoável. O impacto das incertezas no redshift também é analisado

considerando uma probabilidade a priori para esse observável na determinação da fração

das PAH.

Palavras-chaves: Luz extragaláctica de fundo; radiação gama; núcleos galácticos

ativos.
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Chapter 1

Introduction

Since the beginning of the universe up to now, many physical processes have released

energy in radiation form and �lled the universe with photon �elds. In particular, low

energy radiation �elds, such as the Cosmic Microwave Background (CMB) and the Ex-

tragalactic Background Light, are of extreme importance in gamma-ray astronomy due

to the quantum nature of the interaction between matter and radiation. In the standard

cosmological model the CMB is treated as a relic of the Big Bang being created with a

blackbody spectrum, resulting from the decoupling between matter and radiation after

the cosmic plasma expanded adiabatically and its temperature dropped su�ciently so

that photons could free stream [1]. It was �rst observed in 1964 by Wilson and Penzias

through radio-telescopes, a discovery for which they received the Nobel Prize in Physics

in 1978 [2]. Currently, its average temperature is 2.725 K with anisotropy levels of the or-

der of 1/100000 and precise measurements of this radiation �eld led to an unprecedented

understanding of the primordial universe. With more complicated spectral features, the

EBL also presents fundamental information on the cosmological evolution of the uni-

verse. Its two main contributions are the direct stellar emission (expected to dominate

at UV/visible wavelengths in comoving coordinates) and re-emission from cosmic dust,

heated by part of the stellar emission, reaching maximal spectral intensity at IR wave-

lengths. It is believed that the production of this radiation began right after the end of

the dark ages 1 and continues until today. In terms of total energy emission, the EBL is

the second most intense background radiation, about 5% of the CMB, therefore it is a

fundamental piece of information to the complete understanding of the universe's energy

budget.

Low energy radiation �elds are responsible for the level of opacity of the extragalactic

medium to the very high energy photons. At TeV energies, e−/e+ pair production is

expected to reduce the mean free path of gamma-rays emitted from extragalactic sources

1Epoch of the cosmological history during which there were no sources of radiation. It ocurred between
the decoupling of matter and radiation and the emergence of the �rst gravitationally bound and nuclear
fusion powered objects.
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down to a few hundreds of Mpc [3, 4], and even though the current levels of EBL are

uncertain, non-negligible attenuation e�ects have being observed. However, it is very

hard to get direct measurements of the EBL due to the intense foregrounds coming from

the zodiacal light and galactic emission. The direct measurements obtained have, in

general, large uncertainties and are commonly treated as upper limits to the EBL energy

density. Constraints on the EBL density are also obtained through resolved galaxy counts,

imposing a lower limit to the EBL levels.

Very high energy processes in the astrophysical context are studied since 1912 when

Hess [5] detected, for the �rst time, extremely energetic particles coming from outside

the Earth's atmosphere. In this case, Hess detected charged particles bombarding the

Earth, called cosmic-rays. Decades later, in 1989, Weekes [6] detected for the �rst time

gamma-rays with energies at ∼ GeV - TeV coming from the Crab Nebula using the

IACT technique. Gamma-ray detection is a hard experimental task due to many fac-

tors, for instance, the relatively low �ux and the atmospheric opacity. Three techniques

are used currently in gamma-ray observations: ground observatories (air shower arrays

and Cherenkov telescopes) and detectors on-board satellites. Our atmosphere is opaque to

these photons and for energies above ∼ 10 MeV the main interaction between gamma-rays

and atmospheric particles is the e−/e+ pair creation [7]. In order to get direct measure-

ments, the atmosphere must be avoided, therefore detectors on-board satellites arise as

an alternative method. With EGRET (Energetic Gamma Ray Experiment Telescope)

on-board the Compton Gamma-Ray Observatory satellite [8] it was possible to measure

photons with energy above 10 GeV. The state of the art for satellite-based measurements

is the Fermi-LAT [9], it has a good energy resolution between 100 MeV up to 100 GeV,

however, for photon energies above 100 GeV the �ux is so low that its collection area be-

comes negligible. Air shower arrays reconstruct gamma-ray events based on the detection

of extensive air showers produced by the interaction of primary particles with atoms at

the top of the atmosphere. HAWC [10] and Tibet [11] observatories use this technique

with water tanks located at high-altitude sites. The IACT telescopes are another way

to detect gamma-rays with observatories on the ground. From the Cherenkov light emit-

ted by showers produced from primary gamma-rays, telescopes can reconstruct primary

photons with energies of & TeV.

Nowadays, the second generation of IACTs is in operation, being represented by three

telescopes: H.E.S.S [12] located in Namibia, VERITAS [13] in the United States of Amer-

ica, and MAGIC [14] in Spain. However, a great e�ort of the astronomical community

gave rise to a global consortium with the objective of building the third IACT generation,

the CTA [15]. With two telescope arrays, one in the southern hemisphere at Paranal,

Chile and another in the northern hemisphere at La Palma, Spain, an improvement by

one order of magnitude in �ux sensitivity is expected, �ne angular and energy resolutions

and an energy coverage of four decades (∼ 0.01 to 100.0 TeV), allowing precise spectrum
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measurements and the discovery of a whole new population of TeV sources. Extreme

blazars, like Mkn 501, are one kind of these sources. Such AGNs can exhibit �uxes up to

several TeV energies and must be seen as very faint objects from Earth. In addition, with

a privileged view of the galactic center by the southern observatory it will be possible to

investigate the high energy processes happening at the core of the Milk Way.

Extragalactic TeV sources have their measured spectra attenuated due to the opacity

caused by the presence of the EBL during the propagation of gamma-rays. Here, we

present a careful study of this process based on a combination of spectra of AGNs, mainly

blazars, provided by IACTs and data-driven modeling of the EBL spectrum. Several

works have investigated the EBL through the opacity to the gamma radiation, such as

[16], [17] and [18]. Di�erently from these studies, here we have investigated each of the

dominant contributions (stars and di�erent dust grains) to the total EBL energy density

separately. We show that the VHE photons from the currently detected population of

AGNs interact mainly with the EBL stellar component that peaks around UV/optical

wavelengths. Some well determined SEDs, however, like that of the �are state of the

blazar Mkn 501, extending well above 1 TeV, allow us to investigate the attenuation by

IR wavelength radiation, a region of the EBL spectrum dominated by the emission from

cosmic dust. Furthermore, due to the large energy range expected to be covered by the

CTA along with its high �ux sensitivity in energies & 1 TeV, especially in the CTA South

array, this dust component will become essential for a correct description of the newly

detected SEDs, opening up a window for investigating the contribution of dust to the EBL

energy density. Such broad energy range covered by the CTA will also allow to access

the attenuated and unattenuated parts of the SEDs, increasing the capability of EBL

studies through CTA observations. Based on a maximum likelihood estimator, we show

that CTA observations have a large potential in determining the relative contribution of

dust grains with a good accuracy.

This thesis is organized as follows: in Chapter 2 a detailed description of the EBL is

presented through the current constraints and some of the most commonly used models

found in the literature. Such a detailed description was chosen in order to show the

reader the main ingredients we had to consider when implementing from scratch some

of these models in our simulation/analysis chain. A review of the main characteristics

of extragalactic gamma-ray sources and the description of the attenuation process due

to the interaction between EBL and gamma-rays are found in Chapter 3. At very high

energies, around tens of TeV, the dust component of the EBL becomes important in the

attenuation process and a careful study of the role of each dust grain type in this process,

based on a well determined SED of a blazar (Mkn 501), is performed in the Chapter 4.

Since the new generation of IACTs, represented by CTA, will observe photons up to ∼
100 TeV, such an observatory has a clear potential for analyses of EBL attenuation, thus

a forecast study is presented in Chapter 5. Finally, the main conclusions of this thesis are
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presented in Chapter 6.



Chapter 2

The extragalactic background light

In this chapter we will present the theoretical development of the EBL and an explanation

on the methods used to impose constraints in its intensity. Many models describing

the EBL can be found in the literature, each one based on di�erents approaches. The

motivation and construction of three of these EBL models are shown in detail here.

Since the formation of the �rst stars one assumes that the universe is transparent to

all photons with energies below the hydrogen ionization energy (13.6 eV) and, as argued

by Peebles [19], the radiation emitted by all galaxies should obey the following Boltzmann

equation

dI(t, λ)

dt
= −3

ȧ

a
I(t, λ) + c s(t, λ), (2.1)

where I(t, λ) is the brightness of all galaxies in units of Wm−2 Hz−1 sr−1, a is the cosmo-

logical scale factor, c is the speed of light in vacuum and s(t, λ) is the radiation source

term. It is conveniently de�ned as s(t, λ) = j(t, λ)/4π, where j(t, λ) is the luminosity

density (i.e. emissivity) from the galaxies in units of L�Mpc−3Hz−1.1

Equation (2.1) shows that the evolution of the radiation �eld created by all galaxies

depends on two contributions. The �rst term on the right hand side of equation 2.1 shows

the dependence with the metric of the universe. The cosmological scale factor a gives

the evolution of space, which several observational evidences have shown to be expanding

in a accelerated way [1]. Therefore, this �rst term represents the dilution of the photon

density. On the other hand the second term describes the rate at which radiation is

injected by sources. An instructive example of application of the Boltzmann equation for

the CMB case is presented in details in Appendix A. By solving (2.1) we obtain

I(t, λ) =
c

4π

∫ t

0

dt′
(
a(t′)

a(t)

)3

j(t′, λ′). (2.2)

So, we are able to get the solution to I(t, λ) in terms of the comoving luminosity density

1L� = 3.828 × 1026 W.
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jc(t, λ) = a3(t)j(t, λ) as

I(t, λ) =
c

4π

1

a(t)3

∫ t

0

dt′jc(t
′, λ′). (2.3)

Here it is convenient to change the variable from t to the redshift z using the relation

a(t) =
1

1 + z
(2.4)

where at the Big Bang we have a(0) = 0. This leads to

I(z, λ) = (1 + z)3 c

4π

∫ ∞
z

jc(z
′, λ′)

∣∣∣∣ dt′dz′
∣∣∣∣ dz′. (2.5)

Assuming the Friedmann-Robertson-Walker metric (FRW), which describes a homoge-

neous and isotropic universe, dz/dt is given by

dt

dz
=

1

(1 + z)H0

√
(1 + z)4Ωr + (1 + z)3Ωm + (1 + z)2Ωk + ΩΛ

, (2.6)

which is a term dependent on the assumed cosmology. The cosmology is established

by de�ning the energy density parameters Ωm, Ωr, Ωk and ΩΛ, corresponding to non-

relativistic matter, radiation, curvature and dark energy, respectively. We will assume

here a dark energy component in the form of a cosmological constant Λ. The density

parameters must obey Ωr + Ωm + Ωk + ΩΛ = 1 [1] and are de�ned by

Ωi =
ρi
ρcr

(2.7)

where ρcr = 3H2
0/8πG is the critical density of the universe. For the standard cosmological

model and redshift interval of interest for EBL studies we take Ωk = 0, Ωr ≈ 0, ΩΛ = 0.7,

Ωm = 0.3 and the Hubble constant H0 = 70 km s−1Mpc−1 [1].

Therefore, with the cosmology set, once the galaxies emissivity is modeled, the EBL

intensity can be �nally calculated. However, this is not a simple task and there are more

than one way to do it, either through semi-analytical models or data driven approaches.

According to Domínguez et al. [20] these two paths give rise to four types of models:

(i) The Forward Evolution, which imposes initial cosmological conditions and then

evolves them in time by semi-analytical models of galaxy formation [21�23];

(ii) The Backward Evolution, using as starting point current galaxy populations and

extrapolating back in time [24�26];

(iii) The evolution of galaxy populations over a redshift range. The galactic evolution is

described by some observational quantity like the star formation rate [27�29];
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(iv) The evolution of galaxies contributing signi�cantly to the EBL and directly observed

in a certain redshift range [20,30].

2.1 Limits on the EBL

Despite the di�culty due to the intense foregrounds, in the last decades some instru-

ments carried out direct measurements of the EBL, such as the Infrared Astronomical

Satellite (IRAS) [31], the Cosmic Background Explorer - Di�use Infrared Background

Experiment (COBE-DIRBE) [32] and the Near Infrared Spectrometer (NIRS) [33]. Dwek

and Krennrich [34] used direct measurements to impose an upper limit on the EBL and

measurements from resolved galaxy counts to de�ne a lower limit. Figure 2.1 shows a plot

with updated EBL data extracted from [35].
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Figure 2.1: Limits obtained to the EBL spectral intensity by direct measurements (yellow data)
and resolved galaxy counts (green data) [35].

Direct measurements present many challenges. Technically an absolute calibration of

the instrument is necessary, so the sky brightness can be measured against a well estab-

lished reference. Moreover, the careful subtraction of foregrounds such as dust particle

emission and other galactic components is required, as well as corrections of atmospheric
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e�ects. Radiation from local bright sources, like the Sun, the Moon and the Earth must

be also eliminated from these observations [36].

The identi�cation of astrophysical components is another fundamental piece for EBL

direct measurements. In order to ensure that just extragalactic sources are being taken

into account, foregrounds such as stellar and interstellar emission from our own galaxy

and the zodiacal light, which is the radiation emitted from interplanetary dust particles,

must be also removed. At long wavelengths, greater than ∼ 400 µm, the CMB becomes

dominant and must be subtracted from the observed �ux [36].

A strict lower limit on the EBL intensity can be obtained considering the emission from

all the resolved galaxies. This technique provides us a lower limit since faint unresolved

galaxies are not detected and possible di�use sources can be missed out [36].

As we can see in �gure 2.1, the direct measurements (yellow points) and the resolved

galaxy counts (green points) de�ne a region on the spectrum where the EBL intensity

should be found. The wavelength region around 10 µm is a di�cult one from the obser-

vational point of view. As we will see, this region is dominated by emission from complex

interstellar dust components and will be subject of analysis in future chapters.

2.2 Helgason and Kashlinsky's model

Helgason and Kashlinsky's model [30] is of type (iv) and uses measurements of luminosity

function (LF) to reconstruct the comoving emissivity jc(z, λ). The luminosity function

Φ(Lν , z) is the number of galaxies per comoving volume with luminosity between Lν and

Lν + dLν . One can write

jc(z, λ) =

∫
LνΦ(Lν , z)dLν , (2.8)

where Lν is given in units of erg s−1 Hz−1.

In 1976, Paul Schechter published a seminal paper where he presented an analytical

expression to LF [37]. Based on data of galaxies and clusters he found a functional

form that �ts very well the observational data, except for extreme cases of low and high

luminosities. The function found is written as

Φ(Lν) =

(
Φ∗

L∗

)(
Lν
L∗

)α
exp (−Lν/L∗) (2.9)

where Φ∗ is a normalization, L∗ is the characteristic luminosity and α is the faint-end

slope, called the Schechter parameters. Inserting equation 2.9 in 2.8 one obtains

jc = Φ∗L∗Γ(α + 2), (2.10)

where Γ(x) is the gamma function.
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Using a library with 342 measurements of LF ranging from ultraviolet UV to infrared

IR (0.15 - 25 µm) at several redshift bins, Helgason and Kashlinsky obtained 18 bins of

rest-frame 2 wavelengths and were able to �nd the best-�t to the luminosity density using

a 3-parameter function

νjc(z) = aν(1 + (z − z0))bν exp (−cν(z − z0)), (2.11)

where z0 = 0.8. Figures 2.2 and 2.3 show the best-�ts found and their corresponding

parameters. The motivation for using equation 2.11 to describe the emissivity comes from

the good results obtained in [38] in describing the galaxy number counts at wavelengths

ranging from 0.45 µm up to 4.5 µm. As noted by the authors in [30], this functional

form is equivalent to Schechter expression obtained in equation 2.10 considering L∗ ∝
(1 + (z − z0))bλ , Φ∗ ∝ exp(−cλ(z − z0)) and a redshift-independent α.

Figure 2.2: Luminosity density (0.15 - 1.25 µm) found by Helgason's model [30]. Each plot
shows the three parameters to the �ts (log aν , bν , cν).

The parameters can then be interpolated in all wavelength range between 0.15 µm

and 25 µm to get the luminosity density. However, it is important to notice that the

emission drops to zero above a certain energy, due to the photon absorption by neutral

2The rest-frame is the reference frame of an observer located at the redshift of the source.
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Figure 2.3: Luminosity density (1.6 - 24 µm) found by Helgason's model [30]. Each plot shows
the three parameters to the �ts (log aν , bν , cν).

hydrogen in the source environment. Helgason and Kashlinsky [30] used two cuto�s to

model this: the �rst absorption line of the Lyman series, at 13.6 eV (0.0912 µm), and the

second absorption line, at 10.2 eV (0.1216 µm), each one representing di�erent absorption

e�ciencies by intergalactic hydrogen. A linear extrapolation is used between 0.15 µm and

the adopted cuto�.

We were able to calculate numerically the EBL intensity through equation 2.5. Figure

2.4 shows the EBL intensity measured by observers at di�erent redshifts (in units of MJy

s−1) 3. At some regions of the spectrum (λ < 0.4µm and λ > 10µm) one can see the

EBL brightness at large redshifts overcoming the present value, showing a di�erent rate

of EBL production for di�erent wavelengths. Figure 2.5 displays the spectrum of the

EBL expected to be measured today, at z = 0. There are two curves in this �gure, one

for each cuto� discussed, where one can see the impact of the di�erent choices of Ecut
at small wavelengths. Superimposed to the expected EBL spectrum are the constraints

imposed by resolved galaxy counts (lower limits) and direct measurements (upper limits)

presented in section 2.1.

As argued by the authors in [30] this EBL construction presents a good agreement

31 Jy = 10−26 W m−2 Hz−1
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Figure 2.4: Evolution of EBL spectrum according to Helgason and Kashlinsky's model with
a cuto� at 13.6 eV. Each curve represent the EBL spectrum to a observer located at di�erent
redshifts, which is shown in the inset of the �gure.

up to ∼ 6 µm, mainly with respect to the measurements from resolved galaxy counts,

but above this wavelength the EBL becomes about 2 to 3 times more intense than the

measurements. In fact, this spectral region deserves a special attention, since it marks

the transition between the stellar and dust contributions. Moreover, one should keep in

mind that the model does not cover the entire wavelength range relevant for attenuation

studies of TeV photon sources. Due to the fact that it deals essentially with the stellar

emission region, it will not predict the correct level of opacity of the extragalactic medium

for su�ciently distant sources (the relation between EBL and opacity is discussed in detail

in Chapter 3).

2.3 Finke et al. model

Another EBL model currently used is that elaborated by Finke et al. in 2010 (F10) [29].

This model is of type (iii) and describes the EBL evolution based on suitable models of star

formation rate (SFR), initial mass function (IMF) and a photon escape function fesc. The

stars and cosmic dust in the interstellar medium (ISM) are the main contributions to the
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Figure 2.5: EBL spectrum at z = 0 from Helgason and Kashlinsky's model using the two cuto�s
discussed its construction. The green and yellow dots are limits coming from data from resolved
galaxy counts and direct measurements, respectively.

EBL spectrum. Each star is considered to emit like a blackbody having similar metallicity

to the Sun, its temperature and radius depending on the stellar stage, which is given by

its evolution through the Hertzsprung-Russell (H-R) diagram [39,40], as described in [41].

Dust emission occurs due to the heat up by a fraction of photons which cannot escape

the environment. Therefore, with a function that describes the photon escape fraction

from galaxies (fesc) and the assumption that each astrophysical component (star and

dust) emits like a blackbody, which will be presented in details in the next sections, it is

possible to calculate separately the star and dust components of the EBL.

2.3.1 Stellar emission

Most of a star's life is spent in the main sequence (MS) and during this stage their

spectra can be fairly well described by a blackbody. F10 [29] assumes this behavior for all

of them throughout their lives. So, the photon density emitted by such a star in comoving

coordinates is

n? =
8π

λ3
C

ε2

exp (ε/Θ)− 1
, (2.12)
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where one de�nes the dimensionless energy ε = hν/mec
2, λC = h/mec is the Compton

wavelength and Θ = kBT/mec
2 is the e�ective dimensionless temperature of the star.

Therefore, the number of photons emitted per unit of time and energy is

Ṅ?(ε;m, t?) = π R(m, t?)
2 c n?(ε; Θ(m, t?)), (2.13)

where R(m, t?) is the stellar radius and t? is the age of the star. The e�ective temperature

is given by

Θ(m, t?) =
kBT�
mec2

(
L(m, t?)

L�

)1/4
√

R�
R(m, t?)

, (2.14)

where T�, L� and R� 4 are, respectively, the temperature, luminosity and radius of the

Sun. Following the prescription for the evolution across the H-R diagram from [41], it

is possible to determine the e�ective temperature. Therefore, the luminosity density in

comoving coordinates can be calculated by

εjstarc (ε; z) = mec
2ε2fesc(ε)

∫ mmax

mmin

dm ξ(m)

∫ zmax

z

dz1

∣∣∣∣dt?dz1

∣∣∣∣ψc(z1)Ṅ?(ε;m, t?(z, z1)),

(2.15)

where fesc(ε) is the fraction of photons which escapes the stellar environment without

being absorbed by dust and gas, ψc(z) is the comoving SFR in units of M� yr−1 Mpc−3

and ξ(m) is the normalized IMF.

It is worth mentioning that the validity of the blackbody model to stars was tested

in [29] for simple stellar populations (SSP's) for several ages. Comparing the blackbody

approximation with SSPs at high spectral resolution calculated by [42], a fairly good

agreement can be seen in the wavelength range of interest for EBL, as can be veri�ed in

�gure 2.6.

2.3.2 Dust emission

As mentioned previously, part of the stellar radiation cannot escape from its host galaxy

as it is absorbed by the cosmic dust, heating the grains up and causing them to reemit

at longer wavelengths, giving rise to an additional component in the EBL spectrum.

According to F10, the dust can be divided into three main components [43]: (1) large

grains found in and around star-forming regions which absorb in the visible and reemit

in the far infrared, (2) small grains located throughout the disk of spiral galaxies which

absorb in the far UV and reemit in the near infrared, and (3) PAH emitting as broad

lines.

For each dust component a blackbody spectrum is assumed and the total dust emis-

4T� = 5778 K and R� = 6.960 × 108 m
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Figure 2.6: Simple stellar population spectra for several ages. Figure extracted from [29].

sivity is the combination of these three spectra. So, assuming that all absorbed radiation

is reemitted, we write for dust

jn = fn(jtotal − jstar), (2.16)

which yields

fn

∫
dε

[
1

fesc(ε)
− 1

]
jstarc (ε; z) =

∫
dε jn(ε; Θn), (2.17)

where fn is the relative contribution of a particular component, Θn = kBTn/mec
2 is its

e�ective dimensionless temperature and n is an index labeling each component (n =

1, 2, 3). It is worth mentioning here that the term 1/fesc(ε) does not cause any divergerce

in the integral for fesc → 0 since, as we can see in equation 2.15, jstarc (ε; z) is proportional

to fesc(ε).
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The emissivity for each component is given by

jn(ε; Θn) = j0
n

ε3

exp (ε/Θn)− 1
, (2.18)

replacing 2.18 in 2.17 it is possible to solve the integral on the right-hand side∫ ∞
0

dεjn(ε,Θn) =
π4

15
j0
nΘ4

n, (2.19)

so, j0
n can be determined and the comoving luminosity density due to the cosmic dust can

be written as

εjdustc (ε; z) =
15

π4

∫
dε′
[

1

fesc(ε′)
− 1

]
jstarc (ε′; z)

3∑
n=1

fn
Θ4
n

ε4

exp (ε/Θn)− 1
. (2.20)

Therefore, once the luminosity density of stars has been determined, the dust component

will be known as well.

It is hard to assess the applicability of the blackbody assumption to the cosmic dust

emission. Unlike the stellar case, the physics of emission and absorption of dust in the

ISM is di�cult to model. In fact, from the observational point of view, the PAHs present

a complex emission and absorption spectra at mid-IR mainly due to their vibrational and

rotational modes [44].

2.3.3 Total emission

According to the previous discussion, one can calculate the emissivity from all galaxies if

the photon escape fraction fesc(ε), IMF ξ(m), SFR ψc(z) and the dust parameters fn and

Θn are de�ned.

In [45] the authors present a �t to fesc(λ) based on a model by Driver et al. [46] which

uses a sample of ∼ 105 galaxies. The segmented �t in power laws is given by

fesc(λ) =



0.688 + 0.556 log λ, λ ≤ 0.165

0.151− 0.136 log λ, 0.165 < λ ≤ 0.22

1.0 + 1.148 log λ, 0.22 < λ ≤ 0.422

0.728 + 0.422 log λ, λ > 0.422.

(2.21)

It is assumed that photons with energy above 13.6 eV are completely absorbed by inter-

stellar and intergalactic HI gas. Figure 2.7 shows the behavior of fesc(λ). As we can see,

from λ ∼ 4 µm photons are no longer absorbed by interstelar dust. From λ ∼ 0.9 µm to

shorter wavelengths one can note the complete absorption by dust and HI gas.

The IMF models are, in general, powers of the mass like ξ(m) ∝ m−k, the classic
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Figure 2.7: Fraction of photons which escape their environment without being absorbed by dust
or HI gas as a function of their wavelengths.

Salpeter model uses k = 2.35 [47]. Here a variation of this model is used setting k = 1.5

to masses less than 0.5 M� and the Salpeter behavior to higher masses, and this model

will be called �Salpeter A�. Another alternative is the �Baldry-Glazebrook� model, that

de�nes k = 1.5 to m < 0.5 M� and k = 2.2 to other masses. Figure 2.8 shows these

models.

The star formation history and the number of stars at some given epoch of the universe

are not independent physical quantities. It is necessary to assume a model to IMF in order

to determine the parameters of SFR. Two functional forms to ψc(z) are used here, one

found by Cole et al. [48] given by

ψc(z) = h
a+ bz

1 +
(
z
c

)d , (2.22)

where h = 0.7, and a, b, c and d are parameters that should be adjusted to each IMF

model considered. Hopkins and Beacom [49] used equation 2.22 and formulated their own

function, de�ned by pieces, given by

ψc(z) = 10a
′
(1 + z)b

′
, (2.23)
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Figure 2.8: Initial mass function normalized models utilized in [29] to describe the number of
stars in terms of its mass. Here, the dimensionless mass m = M/M� is de�ned.

where a′ and b′ take di�erent values in distinct redshift intervals.

The parameters used in equations 2.22 and 2.23 are de�ned in [48] and [49]. So, it is

possible to build �ve models used in [45] and [29]. Figure 2.9 shows the Madau diagram

for the �ve SFR functions used.

The combinations of SRF and IMF are the following:

• Model A: SFR by Cole et al. [48] and the IMF Salpeter A,

• Model B: SFR by Cole et al. [48] changed by Hopkins and Beacom [49] and the IMF

Salpeter A,

• Model C: SFR by Cole et al. [48] changed by Hopkins and Beacom [49] with the

IMF from Baldry and Glazybrook [50],

• Model D: SFR by Hopkins and Beacom [49] with the IMF Salpeter A, and

• Model E: SFR by Hopkins and Beacom [49] with the IMF from Baldry and Glazy-

brook [50].
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Figure 2.9: Madau diagrams for the �ve models of star formation rate de�ned in [45] to describe
the evolution of stars with the time given a speci�c universal initial mass function. The inset
shows to which model each curve belongs.

F10 model considers stars with masses between mmin = 0.1 and mmax = 100 and the

maximum redshift zmax = 6. Comparing the luminosity density curves obtained from

each one of the �ve models with the data available, the authors concluded that the model

C is the one that best describes the stellar emissivity data at UV/optical band. As said

before, once the stellar emissivity is determined, the dust luminosity density can be set

just �xing the fraction contributions and temperatures of each grain type (fn, Θn). These

parameters are de�ned using IR LF data at z = 0.0 and z = 0.1 and the values are

displayed in Table 2.1. Figures 2.10 and 2.11 show the luminosity density of model C in

some redshifts. A direct comparison between model and data can be seen in [29].

Finally, we can calculate the EBL energy density u as a function of z and ε. The

relation between energy density u and intensity I of the EBL is simply εI(ε; z) = c
4π
εu(ε; z).

Therefore, in comoving coordinates, one can write

ε uc(ε; z) =

zmax∫
z

dz1
ε′jc(ε

′; z1)

(1 + z1)

∣∣∣∣ dtdz1

∣∣∣∣ (2.24)
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Dust component n fn Θn [10−9]
PAH 1 0.25 76

Small grains 2 0.05 12
Large grains 3 0.70 7

Table 2.1: Summary of the dust parameters used in the calculations of this work. In order to
reproduce the results obtained by F10, the values of PAH and large grains are slightly di�erent
from that shown by authors (f1 = 0.30 and f3 = 0.65)

Figure 2.10: Luminosity density calculated by model C from the F10 model [29]. The curves
are to z = 0.0, 0.1, 0.3 and 0.5.

where ε′ = (1 + z1)ε is the photon energy at redshift z1 and jc = jstarc + jdustc is the

total comoving emissivity of the sources. In this work we will be interested in analyzing

the behaviour of each EBL contribution, therefore, each component (star + 3 dust) was

calculated separately. As we can see in �gure 2.12, the energy density of the EBL is

displayed evincing each contribution. Superimposed we have the data representing the

upper and lower limits. Clearly, F10 model is very close to the lower constraints. The

temperature of each component determines the spectral region where it peaks. The values

�xed in table 2.1 imply that the PAH component dominates at mid-IR (∼ 10µm) and

the small and large grains dominate at far-IR, with main contribution coming from the

large ones.
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Figure 2.11: Luminosity density calculated by model C from the F10 model [29]. The curves
are to z = 0.7, 1.1, 2.2 e 3.0.

The bolometric intensity is de�ned as the total output energy

Ibol =

∫
Idν, (2.25)

given in units of W m−2 sr−1. The EBL bolometric intensity calculated from F10 model

corresponds to approximately 5% of CMB intensity. These integrated intensities to each

component, total EBL and CMB are summarized in table 2.2.

Component Ibol (nW m−2 sr−1)
Star 25.9
PAH 5.5

Small grains 1.1
Large grains 14.9

Total 47.4
CMB 1000.9

Table 2.2: Bolometric intensity for each astrophysical component predicted by F10 model. It is
also shown the total EBL and the CMB bolometric intensities.
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Figure 2.12: EBL energy density in comoving coordinates as measured by an observer at redshift
z = 0. In addition to the total (black) density, individual contributions are also shown: stellar
(long-dashed red), small hot grains (dotted blue), large warm grains (dot-dashed blue) and PAHs
(dashed red).

2.4 Domínguez's model

The last model presented here is that elaborated by Domínguez et al. [20] which is classi�ed

as type (iv), according to the list previously described. This EBL model is based on three

main ingredients:

(i) The luminosity function (LF) of galaxy at the rest-frame K-band (near-infrared,

centered at 2.2 µm) described by Cirasuolo et al. [51];

(ii) the multiwavelength galaxy data from the All-wavelength Extended Groth Strip

International Survey (AEGIS) of about 6000 galaxies in the redshift range of 0.2-1;

(iii) the galaxy SED SWIRE (Spitzer Wide-Area Infrared Extragalactic Survey) library

with 25 templates available [52].

The galaxies in the sample are conveniently divided into three subsamples based on

their magnitudes in theK-band (de�ned as faint, middle and bright). The division is done
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so that the number of galaxies is approximately the same in each magnitude bin. Then,

the comoving luminosity density for each galaxy population considered can be calculated

by

ji(λ, z) = jfainti + jmiddlei + jbrighti

=

∫ M1

M2

Φ(M z
K , z) fi Ti(M

z
K , λ) (1 + z) dM z

K +

∫ M2

M3

Φ(M z
K , z)mi Ti(M

z
K , λ) (1 + z) dM z

K

+

∫ M3

M4

Φ(M z
K , z) bi Ti(M

z
K , λ) (1 + z) dM z

K ,

(2.26)

where the index i refers to the galaxy population de�ned in the SWIRE SED library, fi,

mi and bi are the fractions of galaxies in each magnitude range, Ti(M z
K , λ) = Lν (in ergs

s−1 Hz−1) is the luminosity and M z
K is the rest-frame absolute magnitude in the K-band

at redshift z. Φ is the LF derived by Cirasuolo et al. [51], which assumes the shape of

Schechter function in terms of magnitudes, given by

Φ(M) = 0.4 ln(10)Φ010−0.4 ∆M(α+1) exp(−0.4∆M), (2.27)

where ∆M = MK −M∗
K and the luminosity and density evolution are parameterized as

M∗
K(z) = M∗

K(z = 0)−
(
z

zM

)kM
, (2.28)

and

Φ0 = Φ0(z = 0) exp

[
−
(
z

zΦ

)kΦ

]
. (2.29)

The best-�t parameters found by Cirasuolo et al. are summarized in table 2.3.

Parameters best-�t
α -1.07 ± 0.1

M∗
L(z = 0) -22.26 (�xed)
zM 1.78 ± 0.15
kM 0.47 ± 0.2
zΦ 1.70 ± 0.09
kΦ 1.47 ± 0.1

Φ0(z = 0) (3.5 ± 0.4)×10−3 (Mpc−3)

Table 2.3: Best-�t LF parameters found by Cirasuolo et al. [51].

The limits of integration in 2.26 areM1 = −16.6, M2 = −21.0, M3 = −23.0 andM4 =

−25.0. So, the total comoving luminosity density is the sum of each galaxy population
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contribution

jc(λ, z) =
∑
i

ji(λ, z). (2.30)
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Figure 2.13: Four examples of SED templates from the SWIRE library which are used in
Domínguez et al. EBL model. The y-axis is shown in arbitrary units.

Figure 2.13 shows some examples of templates of galaxy SED used in the construction

of this EBL model. Considering all the 25 galaxy types and �tting the data collected, the

authors found the fractional contribution to each galaxy class. Figure 2.14 presents the

resulting local emissivity compared to data and a good agreement can be seen between

model and data. As shown in equation 2.5, the EBL spectrum observed at some redshift z

can be obtained integrating jc(z, λ) from a maximum redshift zmax up to redshift z of the

observer. At z = 0 we expect to get the EBL spectrum measured today. This accumulated

radiation spectrum is shown in �gure 2.15 which was extracted from [20], where the black

line represents the intensity obtained from Domínguez's model. Other models and EBL

data are also shown in this plot for comparison. As we can seen, the spectrum obtained

by Domínguez et al. is in agreement with the limits imposed by measurements. The

stellar component, which peaks around 1.0µm is close to lower limits, which as we saw

previously comes from the resolved galaxy counts. In the region expected to be dominated
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Figure 2.14: The resulting local emissivity obtained by eq 2.30. Superimposed to the model are
observational data from many di�erent surveys at di�erent electromagnetic bands [20]. Figure
extracted from [20].

by dust emission, at far-IR, Domínguez' model best agrees with upper limits, in general

obtained from direct measurements.
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Figure 2.15: EBL spectrum at z = 0 calculated from Domínguez et al. model (black line) and
many other models and observational data superimposed. Figure extracted from [20].



Chapter 3

Extragalactic gamma-ray sources and

the EBL opacity

Although the focus of this thesis is not the theory/phenomenology of AGNs, a little

overview on this subject is needed at this time. This chapter is dedicated to the description

of the gamma-ray sources of our interest and the interaction between the photons from

the EBL with the extremely energetic ones from these sources. The SED measured at

Earth from these astrophysical objects undergoes attenuation at very high energy due to

this interaction and such an e�ect could be deeply investigated only with the advent of

the IACT instruments.

3.1 Active galactic nuclei

There are many astrophysical objects emitting gamma-rays, however, here we want to

investigate just extragalactic sources, since in order to the EBL attenuation to become

important for TeV photons, they have to propagate over distances much bigger than our

galaxy's size. Among the extragalactic gamma-ray emitters, we can mention the gamma-

ray bursts (GRB) and AGNs. In particular, blazars are one of the main extragalactic

targets in gamma-ray astronomy.

In 1943, Carl Seyfert investigated a class of galaxies presenting strong and broad

emission lines. The core of these galaxies exhibited an unsual intense brightness and since

they were not spatially resolved in the optical band, an estimate of the maximum radius

of their cores was found by Lodewijk Woltjer, in 1959, as r . 100 pc. In 1963, Maarten

Schmidt identi�ed the radio source 3C 273 as a point-like source with unusual strong and

broad emission lines. Analyzing the position of these lines Schmidt found that 3C 273

had to be located at z = 0.158. For this distance, its absolute magnitude had to be ∼ 100

times brighter than a normal galaxy. This large amount of energy had to be emitted from

a small region of space, and such quasi-stellar radio sources became known as quasars [53].
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Initially just radio sources were classi�ed as quasars, however similar features were

found in objects which did not have appreciable radio emission and were called as radio-

quiet quasars. Quasi-Stellar Objects (QSOs) is the class encompassing these two types

of AGNs. Another class are the Seyferts, which are less luminous compared to QSOs.

They are commonly divided in subgroups due to spectral features. For example, Seyfert 1

presents both broad and narrower emission lines, while Seyfert 2 just the narrower ones.

Optically Violently Variable (OVV) sources are quasars with strong and rapid variability

in optical band, presenting high polarization at these wavelengths. Similar to OVVs,

BL Lacs also exhibit high variability, but are featureless in the optical, making hard to

determine their redshifts. At low luminosity epochs, emission lines can arise and BL Lacs

become very similar to OVVs. Therefore, it is usual to refer to both as the same class,

the blazars. These sources also present high energetic and strongly variable gamma-ray

emission [53].

Despite all the di�erences among these objects, common properties motivated the

development of a uni�ed model of AGNs. These sources are supposed to contain a central

supermassive black hole (SMBH) and a material accretion disk, therefore, the mass M◦
of the black hole and the accretion rate ṁ could de�ne the AGN classi�cations. It is

believed that most of the energy emitted by AGNs is produced close to Schwarzschild

radius through accretion of matter. The radiation in the outward direction can interact

with matter falling into the black hole, therefore it is expected a minimum value of mass

of the black hole M◦ in such way that the gravitational force wins over the radiation

pressure in the opposite direction, hence the mass M◦ can set the maximum luminosity

of the AGN in terms of Eddington luminosity 1, while the ratio ṁ/ṁedd
2 describes the

rate in which matter from the accretion disk falls into the black hole. In addition, the

geometric structure of these objects suggests that the viewing angle can a�ect the observed

spectrum and can be used in their classi�cation. As said before, Seyfert 1 and Seyfert

2 basically di�er by the presence of broad and narrow emission lines in the former and

just narrow ones in the latter. Observations of NGC 1068 (Seyfert 2) have shown that,

when just polarized light is detected, the narrow lines which appeared alone before, now

are accompanied by broad ones (features of Seyfert 1). These apparently di�erent objects

could belong to the same class if a material, which is able to polarize the light, are in the

line-of-sight of the Seyfert 2. Studies show that a thick torus of dust must be located at

the accretion disk plane causing this polarization [53].

The uni�ed model of AGNs provides also a good description of observed features of

blazars, such as superluminal motions, strong variability and absence (or presence) of

emisson lines. Apparent superluminal motions can be explained by relativistic velocities

1A maximum luminosity, LEdd, which keeps the equilibrium between gravitational force and that from
the radiation pressure on the material of the accretion disk.

2m is the falling mass from the accretion disk and ṁEdd = LEdd/εc
2, where ε is the e�ciency of energy

conversion in the process.
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Figure 3.1: Comparison between BL Lac and FSRQ spectra at the optical band evinc-
ing the lines features in FSRQ and the absence in BL Lacs. Figure extracted from
fermi.gsfc.nasa.gov/science/mtgs/fermi_jansky/slides/PPadovani.pdf.

Figure 3.2: Schematic illustration of the uni�ed model for AGNs showing the classi�cation to
each mode of observation. Figure extracted from [54].

of matter in a jet (present in some AGNs) closely aligned with the line-of-sight. The

existence of particles accelerated close to the speed of light is a indicative of the presence

of a compact and powerful object in its core, such as a SMBH. These relativistic motions

in the jet must originate the beaming e�ect. A Doppler shift in the frequencies is expected

and an isotropic emission in the rest-frame becomes anisotropic to the observer, amplifying
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Figure 3.3: Left: Redshift distribution of BL Lac-type blazars from the Roma-BZCAT catalog
[55]. Right: Redshift distribution of FSRQ-type blazars from the Roma-BZCAT catalog [55].

the measured intensity. When jet radiation extends at optical/UV band its intensity can

hide emission lines, like in BL Lacs. On the other hand, when the intensity is not enough

to outshine completely these lines, we have an OVV, sometimes called Flat Spectrum

Radio Quasars (FSRQ). Figure 3.1 shows BL Lac and FSRQ spectra, where we can see

clearly the spectral di�erences. The high variability can also be explained by beaming

e�ect, since even smooth changes in the velocities of sources can amplify appreciably its

brightness [53]. Figure 3.2 displays a cartoon summarizing the main ideas of the uni�ed

model of AGNs.

The histograms in �gure 3.3 shows the redshift distribution of BL Lacs and FSRQ

from Roma-BZCAT compilation [55]. The concentration of BL Lacs at low redshifts, as

compared to the FSRQ distribution which extends up to z ∼ 5, is likely to be a selection

e�ect, due to di�culties in determining the redshift of the BL Lacs.

In general, the spectrum of a blazar presents two peaks, where the �rst one, located

in UV/X-rays region, is believed to come from synchrotron emission by electrons. The

second peak at gamma-ray energies is not very well understood and currently there are

two main models trying to describe the observations: the leptonic models, in which the

main contribution to gamma-ray emission comes from relativistic electrons and positrons;

and the hadronic models, based on emission from protons and atomic nuclei. For leptonic

models the high energy peak is interpreted as the radiation produced from target photons

inversely Compton scattered by relativistic leptons in the jet [54,57]. A possible origin of

these target photons could be the synchrotron radiation produced by the same popula-

tion of leptons which scatter them. This process is known as synchrotron self-Compton

model (SSC). Another possibility is an external source of soft photons, such as the broad

line region (region with gas clouds responsible for the broad emission lines observed in

the Optical and UV in AGNs), a dusty torus, and/or the accretion disk. In fact, these

two processes can be important for a given source and both contribution must be taken
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Figure 3.4: Spectrum of BL Lac Markarian 421 with its two characteristics peaks. The �rst
peak appears in the X-ray band and the second in TeVs. Figure extracted from [56].

into account. Another possible scenario is a jet dominated by relativistic hadrons, in-

stead of leptons. For hadronic models the high energy emission could come from proton

synchrotron radiation or photopion production initiated when soft photons and protons

interact [57]. As an example, �gure 3.4 shows the spectrum of the BL Lac Markarian 412

described by the leptonic SSC model, where each curve uses di�erent assumptions on the

time scale variabilities: the red curve uses a minimum variability of 1 day and the green

curve 1 hour [56].

The distributions in �gure 3.3 contain blazars observed in many bands of the elec-

tromagnetic spectrum. However, we are particularly interested in TeV energy emissions,

therefore, we have explored the TeVCat catalogue which provides information about TeV-

sources [58]. Figure 3.5 shows a sky map in galactic coordinates of the sources available

in TeVCat. This sky map contains both galactic and extragalactic emitters.

As of March 2019, TeVCat contained 54 extragalactic TeV-emitting sources, where the

majority are blazars and just six of them are FSRQ. The sources with highest z are of this

type, with z ∼ 1 (an epoch when the universe had approximately half of its current age).

All these sources were detected by IACTs, �gure 3.6 shows their redshift distribution.
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Figure 3.5: Sky map in galactic coordinates showing the sources available in TeVCat [58].
The purple points are Pulsar Wind Nebulae (PWNe), orange are starbursts, red are blazars,
blue are globular clusters, green are Supernova Remnant (SRN), yellow are binary and grey are
unidenti�ed sources. Some code colors represents many types of similar sources. To detailed
color classi�cation visit the webpage http://tevcat.uchicago.edu/.
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Figure 3.6: Distribution in redshift of extragalactic sources from TeVCat [58].
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3.2 Gamma-ray Luminosity Function

There is an intense e�ort to describe how blazars are distributed in terms of their luminosi-

ties and how they evolved in time. As the number of observed blazars increases, di�erent

approaches are being used. In order to study the cosmic gamma-ray background, Naru-

moto and Totani [59] used data from EGRET to determine the gamma-ray luminosity

function (GLF) based on a correlation between radio and X-rays bands with the gamma-

ray luminosities. Similarly, Inoue and Totani [60] built a GLF from X-ray luminosity

functions (XLF) relating the bolometric luminosity from the jet with its disc X-ray emis-

sion. Without assuming correlations between di�erent bands of the spectrum, M. Ajello

et al. built a GLF to FSRQ [61] and BL Lac [62] using the �rst year data collected

by Fermi-LAT. In [61] the authors �rstly test a parameterization for the LF called pure

luminosity evolution (PLE) model given by

Φ(Lγ, z) = Φ(Lγ/e(z)) (3.1)

where the term e(z) describes the evolution of the LF.

When this model is applied to the sample of FSRQ detected by LAT, although good

�ts for the redshift and luminosity distributions are obtained, it does not provide a good

description of the distribution of source counts. In this model the luminosity evolution

e(z) has a peak at a speci�c redshift zc which is luminosity independent. In order to test

if there is some luminosity dependence on zc, two subsamples were considered, splitting

the initial set of sources in low- and high-luminosity samples. Performing the �ts the

authors found di�erent redshift peaks to each set of sources, evincing some luminosity

dependece on zc. Therefore, since the PLE model does not provide a good description

of Fermi source counts and apparently the redshift peak evolves with the luminosity, a

luminosity-dependent density evolution (LDDE) was proposed. In this model we can

write the GLF as

Φ(Lγ, z,Γ) = Φ(Lγ, z = 0,Γ)× e(z, Lγ), (3.2)

where at redshift z = 0 we have Φ(Lγ, z = 0,Γ) given by the parameterization

Φ(Lγ, z = 0,Γ) =
A

ln(10)Lγ

[(
Lγ
L∗

)γ1

+

(
Lγ
L∗

)γ2
]−1

e−0.5[Γ−µ(Lγ)]2/σ2

, (3.3)

where Lγ is the rest-frame gamma-ray luminosity at 0.1-100 GeV in units of erg s−1 and Γ

is the photon index of the source. The photon index, which is the exponent of the power-

law used to model the intrinsic �ux of Fermi-LAT sources, is assumed to be distributed

as a Gaussian function and µ and σ are its mean and dispersion, respectively. The mean

µ is allowed to vary with luminosity as
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µ(Lγ) = µ∗ + β[log(Lγ)− 46]. (3.4)

The term which gives us how the GLF evolves is written as a double power law

e(z, Lγ) =

[(
1 + z

1 + zc(Lγ)

)−p1(Lγ)

+

(
1 + z

1 + zc(Lγ)

)−p2(Lγ)
]−1

, (3.5)

and as we can see, it depends on the redshift peak zc. Now, this redshift is a function on

Lγ given by

zc(Lγ) = z∗c (Lγ/1048)α. (3.6)

The parameters p1 and p2 in equation 3.5 are also allowed to depend on Lγ as

p1(Lγ) = p∗1 + τ(log(Lγ)− 46), (3.7a)

p2(Lγ) = p∗2 + δ(log(Lγ)− 46). (3.7b)

The de�nitions in equation 3.7 are written in a general way, but here we will use the

results obtained in [61, 62], so δ = 0 which implies p2 = p∗2. In order to determine

the parameters of the model, a maximum likelihood procedure was performed over the

Fermi-LAT data in the (Lγ, z, Γ) space. Table 3.1 shows the values for each parameter.

source A [Gpc−3] γ1 γ2 L∗ [erg/s] p∗1 p∗2 τ z∗c α µ∗ β σ
BL Lac 3.39 0.27 1.86 1047.4472 2.24 -7.37 4.92 1.34 0.0453 2.10 0.0646 0.26
FSRQ 3.06 0.21 1.58 1047.9243 7.35 -6.51 0.0 1.47 0.21 2.44 0.0 0.18

Table 3.1: Parameters of LDDE model to gamma-ray luminosity function for FSRQ and BL
Lac objects obtained in [61,62].

The data used are distributed between the following values, which are used as integra-

tion limits: For BL Lacs zmin = 0.03, zmax = 6, Lγ,min = 7× 1043 erg s−1, Lγ,max = 1052

erg s−1, Γmin = 1.45 and Γmax = 2.80, while for FSRQ were used zmin = 0, zmax = 6,

Lγ,min = 1044 erg s−1, Lγ,max = 1052 erg s−1, Γmin = 1.8 and Γmax = 3.0. The number of

sources expected in this limits can be obtained from

N =

∫ zmax

zmin

∫ Lmax

Lmin

∫ Γmax

Γmin

Φ(Lγ, z,Γ)
dVc
dz

dΓdLγdz, (3.8)

where the comoving volume per unit redshift is given by

dVc
dz

= DH
(1 + z)2D2

A

E(z)
dΩ (3.9)

where DH = c/H0 is the Hubble distance, E(z) =
√

ΩM(1 + z)3 + Ω(1 + z)2 + Ω and

DA = DH
(1+z)

∫ z
0

dz′

E(z′)
[63].



The distributions of the sources in redshift, luminosity and photon index can be cal-

culated through appropriate marginalization over two parameter space variables

dN

dz
=

∫ Lmax

Lmin

∫ Γmax

Γmin

Φ(Lγ, z,Γ)
dVc
dz

dΓdLγ, (3.10a)

dN

dLγ
=

∫ zmax

zmin

∫ Γmax

Γmin

Φ(Lγ, z,Γ)
dVc
dz

dΓdz, (3.10b)

dN

dΓ
=

∫ Lmax

Lmin

∫ zmax

zmin

Φ(Lγ, z,Γ)
dVc
dz

dzdLγ. (3.10c)

Using equation 3.8 for BL Lacs we get 8033 sources and for FSRQ we obtain 1138, values

similar to those found in [64] (8019 for BL Lacs and 1167 for FSRQ), where the authors use

these GLF models to study the di�use astrophysical neutrino emission. Figure 3.7 shows

the redshift, luminosity and photon spectral index distribution for blazars. The column on

the left side shows the distribution for the BL Lac population, while the right side displays

the FSRQ one. These gamma-ray luminosity functions will be of particular interest in

studies related to the performance of future observatories, such as CTA. An analysis

involving the potential of CTA in detecting blazars and constraining EBL parameters

will be described in Chapter 5 and the GLF will play an important role throughout the

simulation process.

3.3 Interaction between EBL and gamma-rays

Gamma-rays coming from distant sources, such as GRBs and AGNs, can interact with

low energy photons of the EBL during their travel through the universe, in a process that

can be represented by

γEBL + γ → e+ + e−. (3.11)

The interaction creates an electron-positron pair, imparting some level of opacity to the

extragalactic medium to gamma-rays. According to quantum electrodynamics (QED)

the lowest order contribution in perturbation theory for this process is described by the

Feynman diagram shown in �gure (3.8). In order to be kinematically allowed, the energy

of the photons must obey the condition

E ′E ′γ(1− µ) ≥ 2(mec
2)2, (3.12)

where E ′ and E ′γ are the EBL and gamma-ray photon energies, respectively. The prime

in both energies means that they must be calculated in the center of mass of the collision.

The energy evolution of a photon due the expansion of the universe is given by the relation

E ′ = E(1 + z′), where z′ is the redshift, me is the electron rest mass, c the speed of light
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Figure 3.7: Left: BL Lacs expected gamma-ray luminosity, redshift and photon index distribu-
tions for a LDDE GLF model (see text). Top: gamma-ray luminosity. Middle: redshift. Bottom:
spectral index distribution. Right: the same distributions on the left side, but for FSQR popula-
tion.

in vacuum and µ = cos θ, where θ is the angle between the photons momenta in the lab

frame.

In 1967, Gould and Schréder [65] developed the approach described here to calculate

the universe's opacity to gamma-rays and since then several works followed this method,
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Figure 3.8: The Feynman diagram of the lowest order contribution for the electron-positron
pair creation.

such as [26,30,66�68]. If condition (3.12) is satis�ed, we can calculate the cross section

σ(E ′, E ′γ, µ) =
3

16
σT (1− β2)

[
2β(β2 − 2) + (3− β4) ln

(
1 + β

1− β

)]
(3.13)

where σT 3 is the Thomson cross section and

β =

√
1− 2m2

ec
4

E ′E ′γ(1− µ)
. (3.14)

Figures 3.9 and 3.10 display the behavior of the cross section of Eq. 3.13 in terms of β

and for a few collision angles θ, respectively. When β → 0 the photons are very close to

the condition for electron-positron pair creation and, as we can see in �gure 3.9, in this

regime there is a low probability of interaction. The probability increases until it reaches

a maximum at β ∼ 0.7. In the limit β → 1, the interaction probability also tends to

zero. The cross section of this process depends also on the collision angle between the

gamma-ray and the EBL photon. This dependence is presented in �gure 3.10. In a frontal

collision, θ = 180◦, σγγ is such that a broad range of photon-photon energy combinations

can lead to the creation of an e+/e− pair. When θ = 0, the photons are in the same

direction of propagation and the process cannot occur.

The optical depth τ of the medium between the observer and the gamma-ray source

can be obtained integrating the reciprocal of the mean free path λ−1 along the line-of-

sight. We have that λ−1 =
∫
σdn, where dn is the di�erential photon number density of

the medium. As done by Gould and Schréder [65], one treats the EBL as an isotropic

photon gas. The fraction of the EBL photons considered in the collisions are moving

in the di�erential cone de�ned by θ and θ + dθ. For photons with energy E ′ we have

3σT = 6.6524 × 10−29 m2
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Figure 3.9: Cross section for the e−/e+ pair creation as a function on β, de�ned in Eq. 3.14,
in units of σT .

dn = 1
2
n(E ′, z) sin θdθdE ′. Therefore, for the optical depth can be written as

τγγ(Eγ, z) = c

∫ z

0

dt′

dz′
dz′
∫ +1

−1

(1− µ)

2
dµ

∫ ∞
E′min

σ(E ′, E ′γ, µ)n(E ′, z)dE ′ (3.15)

where E ′min = 2mec2

E′γ(1−µ)
is the minimum energy allowing the pair creation.

Figure 3.11 shows the mean free path generated by the CMB and EBL backgrounds

at z = 0. As we can see, the pair creation process for gamma-rays with TeV energies is

dominated by the EBL, while for PeV photons the CMB becomes the main contribution.

Therefore, for our studies the CMB attenuation e�ect can be ignored, since the sensitivity

of the current IACT allows to measure photons with energies up to tens of TeVs. It is

worth noting that for PeV photons the mean free path is of the order of ∼ 10 kpc. Since

the radius of the Milky Way is of this order of magnitude, around PeV energies one expects

only galactic sources and its nearby satellites to contribute to the �ux measured at Earth.

The optical depth is a fundamental quantity to reconstruct the intrinsic spectrum

of distant sources. The �ux of gamma-ray emitters should obey a radiative transfer

equation [73,74] for the absorption-only case
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Figure 3.10: Cross section for the e−/e+ pair creation as function on 2(mc2)2/E′E′γ, in units
of σT , for several angles of collision.

dΦ

ds
= −αΦ, (3.16)

where dτ ≡ α ds and s is the distance coordinate along the line-of-sight. So, the solution

of the radiative transfer equation for a opaque medium gives us the relation between

intrinsic (Φ(E)) and observed (Φ0(E)) �uxes

Φ(E) = e−τγγΦ0(E). (3.17)

A �rst approximation to the intrinsic spectrum of AGNs at very high energies is given by

a power-law model with spectral index ∼ 2.5. In �gure 3.12 we can see the intrinsic and

attenuated spectrum of a hypothetical source with Γ = 2.5 and located at three di�erent

redshifts: 0.1, 0.3 and 0.5. For comparison, the convolution of the intrinsic spectrum was

performed for two of the EBL models presented in Chapter 2, Helgason's and F10. As we

can see, up to ∼ 100 GeV the attenuation e�ect is negligible independent of the redshift

of the source, for both models. From 100 GeV the opacity caused by EBL becomes more

and more important as energy increases. Here it is also possible to visualize the limitation

of the Helgason model, with the red curves stopping before the blue ones, since for very
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Figure 3.11: The mean free path to the pair creation process for gamma-rays through the photon
background at redshift z = 0. Solid line: CMB background. Dotted line: CMB plus EBL model
from Gilmore [69]. Dot-dashed line: CMB and EBL model from Stecker et al. [70]. Dashed line:
CMB and EBL model from Kneiske [71]. Figure extracted from [72].

high energies the dust component of the EBL becomes important and such a model does

not take it into account. On the other hand, the F10 model allows us to calculate the

attenuated spectrum up to very high energies, essential for sources detected by IACTs.

For τ ∼ 0 equation (3.17) suggests that the intrinsic and observed spectra are essen-

tially the same. However, for τ > 1 the attenuation factor becomes signi�cant, therefore

it is usual to de�ne the cosmic gamma-ray horizon (CGRH) which is the energy Eγ such

that τ(Eγ, z) = 1, where z is the redshift of the gamma-ray source.

Using Helgason's model we build the heat map of �gure 3.13 showing the predicted

color-coded optical depth in the Eγ × z plane and the curve relative to the CGRH. The

limitation due to the lack of the dust component can again be seen at high energies,

where the model is unable to predict the value of τ . F10 model [29] does not present

this problem, since it calculates the EBL energy density for the whole relevant range of

the spectrum. This is very important in the analysis which will be proposed in the next

chapters, since the current available sample of gamma-ray sources is already quite limited.
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Figure 3.12: Spectrum of a hypothetical source following a power-law intrinsic behavior with
Γ = 2.5. Two EBL models were utilized to describe the opacity to the gamma-rays, the Helgason
(red curves) and the F10 (blue curves) models. The three di�erent line styles correspond each
one to a di�erent redshift of the source, as indicated in the inset.

Figure 3.14 shows the optical depth from the F10 model in the plane Eγ × z.

3.3.1 Gamma-ray detection and EBL constraints

With the advances in VHE gamma-ray detection by telescopes on-board satellites, such

as Fermi-LAT, and ground-based facilities, represented by IACTs, the opacity of the

universe to gamma-rays could be deeply investigated. An important step related to these

investigations was given in 2006, when the IACT MAGIC detected a �are state of the

FSRQ called 3C 279 [16]. This source is located at z = 0.536, which corresponds to a

distance of more than 5 billion light-years. In this observation, MAGIC measured �uxes

for photons with energies up to ∼ 500 GeV. Before this detection, the most distant VHE

gamma-ray source detected was 1ES 1011+496 with z = 0.212. For this source the level

of attenuation expected is so high that it could be used to impose constraints on EBL.

The authors used two EBL models to de�ne the uncertainty on the EBL density: Primack

et al. [75], which are close to the galaxy count, as the lower limit and the �fast-evolution�

model from Stecker et al. [70], as the upper limit. The CGRHs from these two models
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Figure 3.13: Color map representing the optical depth to the Helgason's model [30]. The dashed
line is the CGRH. This model does not make predictions at high energies.

Figure 3.14: Color map representing the optical depth from the F10 model [29]. The dashed
line is the CGRH.

de�ne an uncertainty region on E × z space, as we can see in �gure 3.15. Based on data

of VHE sources not a�ected by EBL, the lower spectral index measured was Γ = 1.5,
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representing the hardest intrinsic index. In order to get a maximum EBL density, the

hardest intrinsic spectrum was assumed for 3C 279 and the EBL model from [27] was

tuned in order to get the observed spectrum by MAGIC. The CGRH obtained from this

procedure is shown in �gure 3.15 in blue dashed line and de�nes a new upper limit to

EBL models. Using other sources located at di�erent redshifts we can see that almost all

of them are consistent with the limit found.

Figure 3.15: Cosmic gamma-ray horizon from models considered as limit cases (see text) to
the EBL levels. The arrows correspond to upper limits coming from gamma-ray sources. The
narrow blue region de�nes the band between the minimum transparency described by [75] and
the maximum EBL level coming the modi�ed EBL model [27] based on hardest spectral index
assumed to 2C 279. Dashed-dotted blue line is the CGRH based on Stecker et al. �fast evolution�
model [70] and gives us a high level of opacity which is discarded by this analisys. Figure extracted
from [16].

Another remarkable EBL investigation coming from gamma-ray observations was done

by Ackermman et al. [17] searching for an EBL imprint in a sample of blazar spectra

observed by Fermi-LAT. With a set of 150 BL Lac spectra detected with high statistical

signi�cance above 3 GeV and located at redshifts ranging from 0.03 to 1.6, the authors

were able to assess the unattenuated part of blazar spectra, representing the intrinsic

behaviors of these sources and the attenuated one, where features of the EBL opacity are
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Figure 3.16: Optical depth as a function on energy for z ∼ 1.0. The 1- and 2-sigma con�dence
levels found by Fermi-LAT observation is shown with EBL models prediction superimposed. The
downward arrow is the 95% upper limit found by [56] for z − 1.05. Figure extracted from [17].

expected to be found. Extrapolating the intrinsic behavior up to high energies and taking

into account the EBL attenuation factor, e−τγγ , the Fermi data could be �tted in order to

assess the attenuation signal. A likelihood maximization procedure was performed with

τγγ(E, z) = b τmodelγγ (E, z), where b was left free to �t the data and τmodelγγ (E, z) are based on

EBL models analyzed. When b ∼ 1 we have a indicative that the data contain attenuation

signal, while for b ∼ 0 no attenuation is expected in the data. Actually, a characteristic

attenuation was found in this sample and it was correctly described by all models in which

the EBL density is consistent with the lower limits imposed by resolved galaxy counts,

such as Domínguez's and F10 model among others considered by the authors. Models

with high levels of EBL, mainly at the UV band, which is the responsible for attenuation

at this energies and redshifts, such as [76] and [70], are incompatible with the signal

found by the Fermi-LAT observations. Figure 3.16 shows the 1- and 2-sigma regions for

the optical depth obtained from Fermi data and the curves of τ for many di�erent EBL

models.

In 2015, the Fermi-LAT colaboration released the Second Catalog of Hard Fermi-LAT

sources (2FHL) [18], which contains sources detected with energies above 50 GeV. In this

catalog some sources are located at very high redshifts, z > 1.0, enhancing the capability
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to probe EBL attenuation. Figure 3.17 shows a clear dependence of the observed spectral

index with redshift for di�erent energy ranges. The 3LAC catalog ranges from 0.1 GeV to

100 GeV and 1FHL between 10 GeV and 500 GeV, while 2FHL extends from 50 GeV to 2

TeV. The increase of the observed index with redshift for high energies is a typical behavior

of EBL attenuation. Figure 3.18 shows the CGRH for three di�erent models, [20], [29]

and [23]. The plot also shows the highest photon energy of sources from 2FHL. The

majority of the photons are below of CGRH with a few cases near the horizon or above.

The reader must bear in mind that the CGRH is not a limit impossible to be crossed

by gamma-rays, but de�nes a frontier in the 2D space E × z from which the photon

�ux should be strongly suppressed by pair creation processes since the attenuation factor

drops exponentially with τ . It is worth remembering that Domínguez and F10 models

were treated in details in chapter 2, and as we could see, the EBL levels of these models

are very close to the lower limits from source counts at UV/optical, which are the energy

domains responsible for interaction with these Fermi-LAT sources.

Figure 3.17: Observed spectral index versus redshift for sources of three di�erent catalogues:
3LAC, 1FHL and 2FHL. Figure extracted from [18].

With the increase in the number of detections of extragalactic gamma-ray sources

and the improvement of the telescopes dedicated to gamma-ray astronomy, one expects a

corresponding decrease in the uncertainties on the EBL density. Upper limits coming from

gamma-ray observations have been favoring models which are close to the resolved galaxy
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Figure 3.18: Cosmic gamma-ray horizon for [20], [29] and [23] EBL models. Superimposed are
the highest photon energy of sources from 2FHL. Figure extracted from [18].

counts, indicating that the universe is more transparent than previous EBL descriptions

predicted.



Chapter 4

Infrared emission from dust and

spectral features of extragalactic

gamma-ray sources

In this chapter the role of the EBL dust component in the attenuation of gamma-ray

�uxes from extragalactic sources will be studied in more detail. Based on F10 model it

was possible to explore separately each dust contribution in order to better understand

the importance of them in the gamma-ray attenuation. The mid-IR emission is believed

to dominate the attenuation of extragalactic �uxes up to around 10 TeV and the BL Lac

Mkn 501 is particularly appropriate for this kind of study. Through the single source

analysis adopted here it is already possible to see some sensitivity to dust parameters,

giving rise to the possibility of constraining such quantities through well determined SEDs

at TeV energies. Such a scenario is expected to be achieved with the start of CTA

operation. The results presented in this chapter are based on those published in [77].

4.1 Markarian 501 exceptional �are

Most of the gamma-ray extragalactic sources observed nowadays have their spectra at-

tenuated mainly by the direct starlight component of the EBL, however, some of them

were observed around & 1 TeV and in a redshift range in which the dust component plays

an important role in the attenuation process. Mkn 501, a BL Lac located at z = 0.034,

presented an exceptional �are in 1997, which made possible a precise determination of

its SED at energies up to ∼ 20 TeV by HEGRA [78]. Figure 4.1 shows the spectrum of

Mkn 501 �are superimposed to the corresponding expected attenuation factor based on

the optical depth from F10 model evincing each astrophysical contribution.

We can see the role played by each component across the SED. The starlight con-

tribution to the opacity decreases slowly and steadily for energies above ∼ 1 TeV, while
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Figure 4.1: Mkn501 SED for the �are of in 1997. Also we plot the attenuation factor from
the optical depth according to F10 model for a source located at z = 0.034 where the contribution
from stars and individual dust components are also shown.

the dust component increases monotonically up to ∼ 20 TeV. In special, we note the

predominance of the PAH component between 10 . E . 20 TeV. The large and small

grains contributions are less signi�cant, but increase fast above 10 TeV.

As we have seen in chapter 2, once the IMF and SFR are de�ned, the stellar contri-

bution is totally determined. The photon escape fraction fesc is based on the description

of [79]. Model C was considered the best one in describing the UV/optical emissivity

data, therefore, there is no free parameter in the stellar component. On the other hand,

for the dust contribution, fn and Θn still needs to be set. These parameters were cho-

sen by F10 in such a way to approximately describe IR luminosity data at low redshifts.

Here, we �t Mkn 501 SED allowing the dust relative contributions fn as well as intrinsic

parameters of the gamma-ray source to vary in order to study the potential of this kind

of observation to constrain intrinsic spectra and EBL parameters. The temperatures Θn

which characterize the Planck spectra of each dust component are kept �xed at the same

values used by F10 (see table 2.1).
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4.2 Intrinsic spectrum parameterization

For the intrinsic spectrum, three parameterizations will be used: a single power-law (PL),

a log-parabola (LP) and a power-law with an exponential cuto� (PLC). Since this last

function has an energy dependent curvature, it is more likely for a combined blazar spec-

trum+EBL �t to converge in this case to a solution where part of the �ux drop at the

high energy region of the measured SEDs is mimicked by the intrinsic source spectrum,

instead of being created by EBL attenuation. Explicitly, we have

Φ0(E) =


N0

(
E
E0

)−Γ

(PL)

N0

(
E
E0

)−a−b log(E/E0)

(LP)

N0

(
E
E0

)−Γ

e
−
(

E
Ecut

)
(PLC)

(4.1)

where E0 = 1.0 TeV is the reference energy which is kept �xed to minimize the correlations

between the free parameters, N0 is a �ux normalization factor given in TeV−1 m−2 s−1

units, Γ is the spectral index of the power-law, a and b are, respectively, the spectral index

and curvature for the log-parabola and Ecut is the energy cuto� for the power-law with

an exponential cuto�.

Assuming gaussianity in the uncertainties of the Mkn 501 spectrum and a normaliza-

tion condition for the dust fractions (
∑3

n=1 fn = 1), we performed a χ2 minimization to

�t dust fractions and intrinsic parameters. Therefore, the �ts have either 4 (PL) or 5 (LP

and PLC) free parameters.

4.3 Fit results

As we can see in �gure 4.2, all the three cases considered show values of fn more than 3σ

away from the fractions obtained in F10 model (henceforward, these values will be called

as �nominal fractions�). It should be noted here that there is an important systematic

uncertainty in the best�t fractions due to the lack of knowledge on the exact intrinsic

�ux. In the PL case, for example, we note a larger contribution of PAH and small grains

compared to the LP case which has an intrinsic curvature. Also, we call the attention

to the somehow inverted hierarchy between small and large contributions. In general,

it is believed that small grains should represent around 10% of the solid grains (small

plus large) in the ISM [44]. In order to include this information in the analysis we also

performed a minimization imposing an upper-bound on the mentioned fraction

f̃sg =
fsg

fsg + flg
≤ 0.1. (4.2)
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Figure 4.2: Combined �ts of the intrinsic spectrum and relative contributions of dust grains
using Mkn 501 measured SED. Three di�erent parameterizations are used for the intrinsic spec-
trum: power-law (top), log-parabola (middle) and power-law with an exponential cuto� (bottom).
Left: measured SED superimposed to the convolution of the best-�t intrinsic spectrum with the
attenuation factors of each EBL component, as well as the total attenuation. Right: χ2 contours
in the 2D space of dust parameters fPAH × fSG at con�dence levels of 68%, 95% and 99%.

These cases are included in tables 4.1 and 4.2. As we can see in the results obtained, the

�ts saturate the bound imposed on the the small fractions, in order to better describe
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Figure 4.3: Best �t curves superimposed to measurements for an e�ective 2-grain model. The in-
trinsic spectrum convoluted with the EBL attenuation factors of individual components is shown,
as well as the total attenuation.

the strong suppression at the end of the Mkn 501 spectrum. But in the case where the

intrinsic spectrum lacks curvature, like the PL, the f̃ -bounded �t is much worse than the

unbounded case: χ2/ndof = 37.6/13 (bounded) against 15.7/13 (unbounded).

The left column in �gure 4.2 shows the Mkn 501 SED and the intrinsic best-�t model

convoluted with each EBL component and also the total attenuated spectrum. For the PL

and LP models we can see that the di�erent energy dependencies of small and large grains

attenuation factors lead the �t to overestimate the small grains contribution compared

to the large ones, in order to �t the tail of Mkn 501 SED. This does not occur for the

PLC, for the strong curvature above the cuto� energy is enough to describe well the end

of the spectrum. The importance of PAH molecules can be also appreciated, because it

provides the correct attenuated spectral index in the region just below 10 TeV, which no

other component is able to describe.

In order to better understand the role of each grain in �tting Mkn 501 SED, we also

performed the χ2 minimization for hypothetical cases where we have the EBL with just

1- and 2-grain dust components. Figures 4.3 and 4.4 show the results from the cases with
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Figure 4.4: Con�dence level curves at 68%, 95% and 99% in a 2D parameter space with spectral
index versus grain fraction: Γ× fn (PL/PLC) or a× fn (LP). All the curves are for an e�ective
2-grains model.

an e�ective 2-grain model for the three intrinsic spectra de�ned in equation 4.1.

Tables 4.1 (PL), 4.2 (LP) and 4.3 (PLC) summarize the main information about the

�ts in each intrinsic case studied. It is possible to see that for the PL case, the �t prefers

to rely on small grains to describe the spectrum tail at very high energies. One can see

that in the absence of this kind of grain, the �t is the worst among the three e�ective

2-grain models. It is worth noting the fact that we kept the grain temperatures �xed

at their nominal values (see table 2.1), and these quantities are important parameters to

describe correctly the shape of the EBL, as we can see in �gure 2.12. When a curvature

is introduced we note that part of the dust attenuation can be transferred to the intrinsic

emission and a reasonable quality in the �t is obtained. The contours in the space of

parameters show a strong correlation between the spectral index and dust fractions in the

cases where small or large grains are absent. The models with a single dust grain do not

provide good �ts in any case.
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power-law
EBL model χ2/ndof Γ± σ fPAH ± σ fsg ± σ flg ± σ
3 grains 15.7/13 2.05± 0.39 0.32± 0.15 0.56± 0.12 0.12

3 grains (f̃sg ≤ 0.1) 37.6/13 2.75± 0.29 0.12± 0.12 0.09± 0.02 0.79
PAH+small 16.1/14 1.83± 0.23 0.40± 0.10 0.60 0.00
PAH+large 47.5/14 2.70± 0.29 0.16± 0.11 0.00 0.84
small+large 19.3/14 2.86± 0.06 0.00 0.61± 0.14 0.39

PAH 98.0/15 0.68± 0.04 1.00 0.00 0.00
small 25.1/15 2.76± 0.05 0.00 1.00 0.00
large 48.9/15 3.09± 0.04 0.00 0.00 1.00
F10 41.6/15 2.44± 0.04 0.25 0.05 0.70

Table 4.1: Summary of EBL+spectrum combined �ts for a power-law intrinsic spectrum and
the observed SED of Mkn 501. Fractions without uncertainties were either kept �xed during the
�t or obtained from �tted fractions by the normalization condition.

log-parabola
EBL model χ2/ndof a± σ b± σ fPAH ± σ fsg ± σ flg ± σ
3 grains 15.7/12 1.96± 0.48 0.16± 0.60 0.27± 0.25 0.49± 0.28 0.24

3 grains (f̃sg ≤ 0.1) 15.8/12 1.44± 0.14 1.01± 0.09 0.00± 0.14 0.10± 0.08 0.90
PAH+small 16.1/13 1.83± 0.23 0.00± 0.23 0.40± 0.10 0.60 0.00
PAH+large 16.1/13 1.21± 0.33 1.18± 0.21 0.00± 0.16 0.00 1.00
small+large 15.8/13 1.56± 0.56 0.92± 0.39 0.00 0.15± 0.20 0.85

PAH 62.4/14 −0.99± 0.29 1.00± 0.17 1.00 0.00 0.00
small 25.1/14 2.76± 0.04 0.00± 0.13 0.00 1.00 0.00
large 16.2/14 1.21± 0.33 1.18± 0.21 0.00 0.00 1.00
F10 18.8/14 0.93± 0.32 0.95± 0.20 0.25 0.05 0.70

Table 4.2: Summary of EBL+spectrum combined �t for a log-parabola intrinsic spectrum and
the observed SED of Mkn 501. Fractions without uncertainties were either kept �xed during the
�t or obtained from �tted fractions by the normalization condition.

4.4 Likelihood ratio hypotheses test

A nested log-likelihood ratio test was performed in order to compare the 1- and 2-grain

models (the null hypotheses H0) against the 3-grain scenario (the alternative hypothesis

H1). As test statistic we have used

−2 ln(L0/L1) = ∆χ2. (4.3)

The Wilks' theorem [80] states that, in the limit of a large data sample, the asymptotic

probability distribution function (pdf) of ∆χ2, when H0 holds true, should be a χ2
k dis-

tribution with number of degrees of freedom (k) equal to the di�erence in dimensionality

between the parameter space of the two hypotheses. Therefore, we performed tests for
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power-law with exponential cuto�
EBL model χ2/ndof Γ± σ Ecut ± σ(TeV) fPAH ± σ fsg ± σ flg ± σ
3 grains 15.7/12 2.00± 0.12 7.7± 2.1 0.08± 0.07 0.06± 0.17 0.86

PAH+small 16.1/13 1.83± 0.24 (0.1± 9.9)× 107 0.40± 0.10 0.60 0.00
PAH+large 15.7/13 2.00± 0.40 6.9± 1.5 0.05± 0.16 0.00 0.95
small+large 15.8/13 2.10± 0.19 6.7± 1.3 0.00 0.00± 0.78 1.00

PAH 50.4/14 −0.31± 0.16 7.6± 1.2 1.00 0.00 0.00
small 25.1/14 2.76± 0.05 (0.1± 5.3)× 106 0.00 1.00 0.00
large 15.8/14 2.10± 0.19 6.7± 1.3 0.00 0.00 1.00
F10 16.6/14 1.62± 0.18 8.3± 1.9 0.25 0.05 0.70

Table 4.3: Summary of EBL+spectrum combined �t for a power law with an exponential cuto�
intrinsic spectrum and the observed SED of Mkn 501. Fractions without uncertainties were either
kept �xed during the �t or obtained from �tted fractions by the normalization condition.

k = 1 (H0 = �two grains�) and k = 2 (H0 = �single grain�).

power-law log parabola power-law × cuto�

null hypothesis ∆χ2 P (≥ ∆χ2) ∆χ2 P (≥ ∆χ2) ∆χ2 P (≥ ∆χ2)
PAH+small 0.4 0.53 0.4 0.53 0.4 0.53
PAH+large 31.8 1.7× 10−8 0.4 0.53 0.0 1.0
small+large 3.6 0.06 0.1 0.75 0.1 0.75

PAH 82.3 1.4× 10−18 46.7 7.2× 10−11 34.7 2.9× 10−8

small 9.4 0.01 9.4 0.01 9.4 0.01
large 33.2 6.2× 10−8 0.5 0.78 0.1 0.95

Table 4.4: Summary of the nested likelihood ratio test for 2-grain and 1-grain models with
power-law, log-parabola and power-law with an exponential cuto� intrinsic spectra. The 3-grains
model was used as alternative hypothesis.

The distributions of ∆χ2 for PL, LP and PLC intrinsic models, using as null hypotheses

the 1- and 2-grain best �ts from tables 4.1, 4.2 and 4.3, are shown in �gures 4.5, 4.6 and

4.7. In these plots the expected asymptotic pdf of ∆χ2 is also superimposed, showing

that for the number of points in the SED of Mkn 501, an excellent agreement with the

asymptotic pdf is already obtained. Therefore, the p-values in table 4.4 were calculated

using the asymptotic formula. As we can see the model with only the PAH component

can be excluded at more than 5σ (p = 2.9 × 10−8), irrespective of the intrinsic model

assumed. From �gures 4.3 and 4.4 we can see clearly that the PAH-only attenuation is

unable to account for the strong �ux drop of Mkn 501 SED above 10 TeV.
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Figure 4.5: Distribution of test statistic (−2 ln(L0/L1) = ∆χ2) for a power-law intrinsic spec-
trum, 1- and 2-grain models as null hypotheses (H0) and 3-grain model as alternative hypothesis
(H1). Left: distribution for e�ective 2-grain models superimposed to the χ2

k pdf with k = 1 dof.
Right: distribution for single grain models superimposed to the χ2

k pdf with k = 2 dofs. The
vertical lines correspond to the test statistic value for the best�ts of table 4.1.

4.5 Bolometric intensity and emissivity evolution: com-

parison with other models

In order to verify the consistency of the results obtained here with other models, we can

use the bolometric intensity de�ned in 2.25.
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Figure 4.6: Distribution of test statistic (−2 ln(L0/L1) = ∆χ2) for a log-parabola intrinsic spec-
trum, 1- and 2-grain models as null hypotheses (H0) and 3-grain model as alternative hypothesis
(H1). Left: distribution for e�ective 2-grain models superimposed to the χ2

k pdf with k = 1 dof.
Right: distribution for single grain models superimposed to the χ2

k pdf with k = 2 dofs. The
vertical lines correspond to the test statistic value for the best�ts of table 4.2.

The bolometric intensities for each best-�t shown in tables 4.1, 4.2 and 4.3 are around

Ibol = 48.0 nW m−2 sr−1, varying in the �rst digit, since the stellar contribution does not

change and the broad range of redshifts over which the integration is performed dilute

the dependence in the temperature of Ibol. For comparison, F10 model yields Ibol = 46.8
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Figure 4.7: Distribution of test statistic (−2 ln(L0/L1) = ∆χ2) for a power-law with cuto�
intrinsic spectrum, 1- and 2-grain models as null hypotheses (H0) and 3-grain model as alternative
hypothesis (H1). Left: distribution for e�ective 2-grain models superimposed to the χ2

k pdf with
k = 1 dof. Right: distribution for single grain models superimposed to the χ2

k pdf with k = 2 dofs.
The vertical lines correspond to the test statistic value for the best�ts of table 4.3.

nW m−2 sr−1. As a result, the best-�ts found in this analysis correspond to conservative

estimates of the EBL contribution, since the bolometric intensities obtained are very close

to the lower bounds obtained from the resolved galaxy counts (see �gure 2.12).
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It is also interesting to compare emissivity measurements in the IR band with our

predictions using the best-�t fractions found here. In [81] and [82] the authors developed

empirical methods in order to get the evolution of the EBL emissivity over a broad range

of wavelengths, all the way from the Lyman limit to far-IR (850 µm). Utilizing the 3-grain

scenarios obtained in our analysis based on di�erent assumptions for Mkn 501 intrinsic

spectrum we calculate the luminosity density evolution for di�erent wavelengths. Figure

4.8 displays the results obtained. As we can see, for 68% con�dence level bands shown

in [81,82], the emissivity calculated are in agreement within 1-2σ with the measurements.

Figure 4.8: EBL luminosity density (i.e. emissivity) as a function of redshift predicted by
equation 2.20, using the best-�t fractions for the 3-grain cases. Left: emissivity with dust fractions
obtained from the �t with power-law intrinsic spectrum; middle: dust fractions from the log-
parabola; right: dust fractions from the power-law with cuto�.

4.6 Global �t properties for an extended sample of gamma-

ray sources

Here, we describe a statistical test made to compare two EBL scenarios: the nominal

fractions and the model with Mkn 501 tuned fractions as presented before. We started

the analysis by pre-selecting a sample of extragalactic gamma-ray sources from the TeVCat

catalog [83]. From this initial sample, we were able to select 78 spectra of 41 di�erent

gamma-ray sources, all of them observed by IACTs. The main information about each one

of these spectra is shown in tables 4.5 and 4.6. This set of spectra contains measurements

of gamma-ray �ux for which attenuation by EBL is expected to be non-negligible. This

can be better visualized in �gure 4.9 in which we show the optical depth map of F10



84
CHAPTER 4. INFRARED EMISSION FROM DUST AND SPECTRAL FEATURES

OF EXTRAGALACTIC GAMMA-RAY SOURCES

model in the 2D-parameter space Eγ × z with the lowest and highest energy bins for each

spectrum superimposed. As we can see, several of these spectra have �uxes measured at

energies above the CGRH.

Name Redshift Type Survey Period of Observ. Reference
1ES 0229+200 0.14 BL Lac HESS 2005-2006 [84]

VERITAS 2010-2012 [85]
1ES 0347-121 0.188 BL Lac HESS 2006 [86]
1ES 0414+009 0.287 BL Lac HESS 2005-2009 [87]

VERITAS 2008-2011 [88]
1ES 0806+524 0.138 BL Lac MAGIC 2011 [89]

VERITAS 2006-2008 [90]
1ES 1011+496 0.212 BL Lac MAGIC 2007 [91]
1ES 1101-232 0.186 BL Lac HESS 2004-2005 [92]
1ES 1215+303 0.13 BL Lac MAGIC 2011 [89]

VERITAS 2011 [93]
1ES 1218+304 0.182 BL Lac VERITAS 2008-2009 [94]

VERITAS 2007 [95]
MAGIC 2005 [96]

1ES 1312-423 0.105 BL Lac HESS 2004-2010 [97]
1ES 1727+502 0.055 BL Lac VERITAS 2013 [98]
1ES 1741+196 0.084 BL Lac VERITAS 2009-2014 [99]
1ES 1959+650 0.048 BL Lac VERITAS 2007-2011 [100]

MAGIC 2006 [101]
1ES 2344+514 0.044 BL Lac VERITAS 2007-2008 [102]

2007 [102]
MAGIC 2008 [103]
MAGIC 2005-2006 [104]

1RXS J101015.9 0.142639 BL Lac HESS 2006-2010 [105]
3C 279 0.5362 FSRQ MAGIC 2008 [16]
3C66A 0.34 BL Lac VERITAS 2008 [106]
4C+2135 0.432 FSRQ MAGIC 2010 [107]
AP Librae 0.049 BL Lac HESS 2010-2011 [108]
BL Lacertae 0.069 BL Lac VERITAS 2011 [109]
Centaurus A 0.00183 FR I HESS 2004-2008 [110]
H 1426+428 0.129 BL Lac HEGRA 1999-2000 [111]

2002 [111]
H 2356-309 0.165 BL Lac HESS 2004-2007 [112]
IC 310 0.0189 BL Lac MAGIC 2012 [113]

2009-2010 [114]
M87 0.0044 FR I HESS 2005 [115]

2004 [115]
MAGIC 2005-2007 [116]

2008 [117]
VERITAS 2007 [118]

Markarian 180 0.045 BL Lac MAGIC 2006 [119]
Markarian 421 0.031 BL Lac MAGIC 2004-2005 [120]

2006 [121]
VERITAS 2008 [122]

Markarian 501 0.034 BL Lac HEGRA 1997 [123]
VERITAS 2009 [124]

NGC 1275 0.017559 FR I MAGIC 2009-2014 [125]
PG 1553+113 0.49 BL Lac VERITAS 2010-2012 [126]

MAGIC 2008 [127]
2006 [128]

HESS 2013-2014 [129]
HESS 2005-2006 [130]
HESS 2012 [130]

Table 4.5: Gamma-ray sources selected from TeVCat [83].

This sample of spectra allows us to study the distribution of residuals obtained when

we compare the measured �ux (Φi) with the predicted �ux at Earth (Φ(E) = e−τΦ0) from

di�erent EBL models de�ned in Section 4.3 and the intrinsic spectrum models considered

in Section 4.2, taking into account the uncertainties on the measured �ux Φi(σi) :
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Name Redshift Type Survey Period of Observ. Reference
PKS 0301-243 0.2657 BL Lac HESS 2009-2011 [131]
PKS 0447-439 0.343 BL Lac HESS 2009 [132]
PKS 1441+25 0.939 FSRQ MAGIC 2015 [133]
PKS 1510-089 0.361 FSRQ HESS 2009 [134]

MAGIC 2015-PeriodA [135]
2015-PeriodB [135]

PKS 2005-489 0.071 BL Lac HESS 2004-2007 [136]
PKS 2155-304 0.116 BL Lac HESS 2006 [137]

2005-2007 [138]
MAGIC 2006 [139]

RBS 0413 0.19 BL Lac VERITAS 2009 [140]
RGB J0152+017 0.08 BL Lac HESS 2007 [141]
RGB J0710+591 0.125 BL Lac VERITAS 2008-2009 [142]
RX J0648.7+1516 0.179 BL Lac VERITAS 2010 [143]

S3 0218+35 0.954 FSRQ MAGIC 2014 [144]
VER J0521+211 0.108 BL Lac VERITAS 2009-2010 [145]

Table 4.6: Continuation of Table 4.6.
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Figure 4.9: Heat map showing the optical depth to gamma-rays according to F10 model in the
Eγ × z parameter space. The lowest (black) and highest (red) energy bins for each observation
shown in tables 4.5 and 4.6 are superimposed to the plot. Black curves at speci�c values of τ are
shown. The curve corresponding to τ = 1 is de�ned as the cosmic gamma-ray horizon (CGRH).

Flux residuali ≡
Φi − Φ(Ei)

σi
, (4.4)

which is expected to follow a normal distribution with mean equal to zero and unit
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Figure 4.10: Distribution of �ux residuals for the EBL F10 model. Each histogram correspond
to a di�erent intrinsic spectrum model.

variance when the errors σi are Gaussian and the model Φ(E) describes the measurements

Φi appropriately. Therefore, this kind of analysis provides enough information on the

quality of the �ts and the estimated uncertainty since we get not just the reduced χ2, but

also the σ and µ which characterize the distribution. In order to ensure that all the �ts

have at least one degree of freedom, six sources with only three data points measured were

eliminated from the initial sample. In appendix B the 72 spectra used for this analysis

are shown with the best�t for the power-law intrinsic spectrum and EBL with nominal

dust fractions.

Figure 4.10 shows the distribution of �ux residuals for the three intrinsic spectra and

F10 model. By eye we can see a clear improvement in the distributions for log-parabola

and power-law with a cuto� when compared to the power-law case. The number of outliers

decreases signi�cantly in these two cases. In table 4.7 we summarize a more quantitative

analysis based on Gaussian �ts to the distributions of �ux residuals. The columns labeled

as �nominal fractions� of this table show the �t results for the distributions in �gure 4.10

and we can see that the reduced χ2 for LP and PLC are closer to unity than PL case.

Other tests were made by comparing two di�erent EBL scenarios for a �xed intrinsic

spectrum parameterization. For each parameterization we use F10 model and Mkn 501
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Figure 4.11: Distributions of �ux residuals for di�erent combinations of EBL attenuation and
intrinsic spectrum. Each plot displays two distributions of residuals: one for the nominal dust
fractions and another for the tuned fraction case. (Top) power-law; (Left-bottom) log-parabola;
(Right-bottom) power-law with an exponential cuto�.

tuned one. Figure 4.11 shows these �ts and in table 4.7 we can see again that the PL is the

worst case with the reduced χ2 greater than the other intrinsic cases. On the other hand,

the small di�erence in χ2 for the two spectra with curvature does not allow to conclude

that one is better than the other.

4.6.1 Additional tests

In order to disentangle, at least partially, intrinsic spectrum e�ects from the EBL at-

tenuation ones, we performed two additional tests. Firstly, we follow the approach used

in [35], where the �t residuals for the nominal and Mkn 501-tuned fractions were calcu-

lated for each source using the intrinsic spectrum that lead to the best �t quality (the

largest P (> χ2) for a given ndof). Once again, we have worked with two scenarios of dust

fractions: the nominal fractions and the ones tuned from Mkn 501 SED. Table 4.7 presents

these results in the lines labeled as �best spec�. All the three tuned EBL scenarios have
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slightly smaller reduced χ2.

For the second test, we have subdivided the initial sample using an attenuation es-

timator which generates stellar- and dust-dominated SED bins. The estimator used for

this procedure is de�ned as

r =
τstar(E, z)

τstar(E, z) + τdust(E, z)
, (4.5)

where τstar(E, z) and τdust(E, z) are the optical depth due to stellar and dust contributions,

respectively, E is the energy of the photon and z the redshift of the source. In this

equation we use the nominal dust fractions. We have veri�ed that the use of Mkn 501

tuned fractions did not change the classi�cation of EBL component dominance.

Figure 4.12 shows the distribution for 39 sources from the initial sample 1. Clearly

�gure 4.12 shows us that the current sample of blazars observed by IACTs is attenuated

predominantly by the stellar component of the EBL. When the estimator of equation 4.5

is applied to the highest energy bin of each source, we get that Mkn 501 is the blazar with

the highest expected dust attenuation level in the sample. The distributions for the two

subsamples (r > 0.8 and r ≤ 0.8) are shown in �gure 4.13 and in table 4.7 we can see the

mean, the variance and the reduced χ2 obtained in this analysis. We conclude that the

quality of the �ts does not show a systematic change when one goes from the nominal

dust fractions to the tuned ones.

Excluding the cases with bad �t quality (χ2/ndof & 10), we can see that the mean

values (µ) are consistent with zero at the 1- to 2-sigma level, whereas the standard devi-

ation (σ) from the �ts can be up to 30% smaller than the expected unit variance. This

e�ect could be due to an overestimation of the uncertainties in the �uxes. Investigating

this would require extra information at the telescopes and data processing levels, to which

we do not have access to.

4.7 Summary

In this chapter a study of the role of the emission from the dust component of the EBL

was performed. Such investigation was possible since the EBL utilized was separated in

their stellar and dust contributions. The Mkn 501 SED shows some sensitivity to the

relative contribution of di�erent dust grains. It is important to keep in mind that in our

analysis the temperatures were kept �xed in the �t at their nominal values. By performing

a nested log-likelihood ratio test we were able to exclude with more than 5σ the scenario

with just PAH contribution to the dust component. The PAH-only scenario is unable to

account for the �ux suppression in the tail of the spectrum, even if an exponential cuto�

1Two of the blazars in the input sample (CenA and M87) are too close that their optical depths due
to starlight are negligible.
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Figure 4.12: Distribution of the optical depth estimator τstar/τtotal for the sample of spectra
shown in tables 4.5 and 4.6. The vertical line correspond to the highest energy bin of the Mkn 501
�are.

is present in the intrinsic emission. On the other hand, the PAH molecules are essential

in describing correctly the spectral index of the measured �ux at energies below 10 TeV.

With TeVCat sources a comparison between nominal and tuned fractions was possible.

By splitting the measured energy bins into two subsamples, stellar and dust attenuation

dominated, no systematic changes were identi�ed in the quality of the �ts of the residual

distributions going from the nominal to the tuned fractions. This result is consistent with

the fact that the sample of sources is dominated by stellar attenuation.
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nominal fractions tuned fractions

µ σ χ2/dof µ σ χ2/dof

PL −0.01± 0.08 1.31± 0.06 61.23 0.02± 0.08 1.21± 0.05 97.79
LP 0.04± 0.05 0.72± 0.03 1.91 0.05± 0.05 0.72± 0.03 1.96
PLC 0.10± 0.05 0.80± 0.04 1.87 0.08± 0.05 0.77± 0.04 1.47

best spec. (PL)
0.05± 0.04 0.71± 0.03 2.46

0.06± 0.04 0.71± 0.03 2.25
best spec. (LP) 0.05± 0.04 0.71± 0.03 2.39
best spec. (PLC) 0.05± 0.04 0.71± 0.03 1.31
r > 0.8 (PL) 0.11± 0.09 1.24± 0.06 70.17 0.08± 0.08 1.18± 0.06 44.74
r ≤ 0.8 (PL) −0.40± 0.40 1.80± 0.30 2.12 −0.30± 0.30 1.50± 0.20 9.18
r > 0.8 (LP) 0.03± 0.05 0.70± 0.04 1.65 0.03± 0.05 0.70± 0.04 1.91
r ≤ 0.8 (LP) 0.10± 0.20 0.90± 0.10 1.22 0.10± 0.10 0.90± 0.10 1.35
r > 0.8 (PLC) 0.06± 0.06 0.79± 0.04 1.77 0.06± 0.05 0.77± 0.04 1.35
r ≤ 0.8 (PLC) 0.40± 0.20 1.00± 0.20 1.13 0.30± 0.20 0.90± 0.10 0.45

Table 4.7: Mean, standard deviation and reduced χ2 of Gaussian �ts to the distributions of
residuals for SED �ts performed with di�erent dust fractions and blazar intrinsic spectra: PL
(power-law), LP (log-parabola) and PLC (power-law with cuto�).
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Figure 4.13: Distributions of �ux residuals for two distinct populations of SED bins and di�er-
ent blazar intrinsic spectra. Left: plots corresponding to the bins dominated by dust attenuation
(τstar/τtotal ≤ 0.8) according to the estimator of equation 4.5. Right: bins dominated by stel-
lar attenuation (τstar/τtotal > 0.8). At each plot, two histograms are compared: nominal dust
fractions and tuned ones.



Chapter 5

Absorption forecasts for the Cherenkov

Telescope Array

The third generation of IACTs will be represented by the CTA which is being constructed

right now. In this chapter, forecast studies are made for the CTA in order to estimate the

potential of this survey in determining EBL parameters, in particular, those important

for the IR part of its spectrum, a region dominated by the contribution of dust grains

in the interestellar medium, as discussed before. In order to do this, the behavior of a

likelihood function that depends on the EBL parameters is studied for a sample of sources

to be observed by CTA for several exposure times. This kind of study is possible thanks

to the remarkable improvements in performance for this telescope array when compared

to the current generation of IACTs.

5.1 IACT technique

Our atmosphere is opaque to photons with energies above ∼ 10 MeV and in order to detect

directly these gamma-rays, telescopes on-board satellites have been developed, such as

Fermi-LAT. However, due to the limited collection area, the energy coverage reaches up

to ∼ 100 GeV. The IACT technique allows to observe gamma-rays with telescopes on the

ground, but indirectly. Coincidentally, this technique measures gamma radiation with

energies just above the maximum energy detected by satellites [7].

The main interaction between gamma-rays and atmospheric particles is the e−/e+ pair

creation [7]. The newly created pair will travel, on average, one radiation length in air

before emitting new photons through bremsstrahlung. These new gamma-rays repeat the

initial cycle producing an extensive atmospheric shower (EAS). The number of particles

increases until the cascade reaches its point of maximum development, this initial stage

being characterized by the fact that cross sections for bremsstrahlung and pair production

dominate over those of energy losses. After the point of maximum development, the
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number of particles decreases as the cascade develops towards the ground. Charged

particles in the EAS moving above the speed of light in air emit Cherenkov radiation,

allowing the reconstruction of the main characteristics of the primary gamma-ray, such as

energy, direction and arrival time, by mirrors located on the ground. Observations from

IACTs are based on these processes.

The shower is accompanied by a cone of Cherenkov radiation as illustrated in �gure

5.1. The region iluminated by Cherenkov photons covers an area of approximately 120 m

of radius, known as the �Cherenkov light pool�. For a gamma-ray of 1 TeV, approximately

100 photons m−2 arrive at the ground [7].

Figure 5.1: Illustration of the Cherenkov cone emitted by the atmosphere resulting
from a shower produced by a primary gamma-ray. Figure extracted from www.mpi-
hd.mpg.de/hfm/HESS/pages/about/telescopes/#cherenkov.

5.2 Hillas parameters

From the captured images it is possible to reconstruct the primary gamma-ray event.

The main characteristics of these events are their direction, energy and time of arrival. In

1985, Hillas showed that from a few parameters of the captured image one can determine

these quantities [146].

However, extensive air showers are not just produced by gamma-rays. Cosmic-rays

such as protons, electrons, etc, also generate EAS producing Cherenkov emission which are

collected by the mirrors. The large (for each gamma-ray there are about 1000 cosmic-rays
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detected) number of relativistic atomic nuclei bombarding the Earth implies that hadronic

showers are the main sources of background in gamma-ray detections. Hillas also showed

that parameters associated to the shape of the images formed in the camera could be

used for the gamma/hadron shower separation [146]. The image obtained from a shower

initiated by a gamma-ray is more elliptical in shape, whereas for hadronic showers a more

irregular image is recorded, as we can see in �gure 5.2, which leads to the background

reduction by the so-called gamma/hadron separation method.

Figure 5.2: Illustration of the image created in the camera of IACT detectors by show-
ers of gamma-ray (left side) and proton (right side). Figure extracted from www.mpi-
hd.mpg.de/hfm/∼bernlohr/sim_telarray/Presentations/Corsika_HESS.pdf.

Figure 5.3 shows an illustration of the Hillas parameters: size, width, length, alpha

and distance. The size is obtained from the total photons measured and depends on the

energy and the impact parameter. The width and length carry information about the

lateral and longitudinal development of the shower, respectively. The distance is de�ned

as the space between the center of the �eld of view (FoV) and the center of gravity of the

shower image, which is equivalent to the angle between the shower axis and the line that

joins the shower maximum to the telescope. The alpha parameter, which is the angle

between the major axis of the ellipse and the line jointing the center of the camera and
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the center of the image, quanti�es the parallelism between the shower and telescope axes.

When the shower Cherenkov pool is imaged by more than one camera, the detection is

called stereoscopic. In the right side of �gure 5.3 this scheme is illustrated.

Figure 5.3: Schemes showing the Hillas parameters describing the ellipse signal detected by
IACTs. Left: a signal recorded by one camera (monoscopic mode). Right: a scheme of recon-
struction of a signal detected by two cameras (stereoscopic mode). Figure extracted from [12].

5.3 CTA instrument response functions

The next generation of IACTs is being built in two sites: in the Southern hemisphere, in

Paranal, Chile, and in the Northern hemisphere, in one of the Canary Islands (La Palma),

Spain. These two arrays of telescopes of di�erent sizes will observe the sky in energies

ranging approximately between 0.01 TeV up to 100 TeV. CTA will reach a �ux sensitivity

around one order of magnitude below the current IACT levels as we can see in �gure 5.4.

The sensitivity was obtained from Monte Carlo (MC) simulations and is de�ned as the

minimum �ux necessary for the CTA to get a detection with 5σ of signi�cance from a

point-like gamma-ray source. This �gure also shows the sensitivity of other gamma-ray

observatories that use di�erent techniques, such as Fermi-LAT and HAWC [10].

The performance of an IACT observatory depends on the determination of several

quantities, such as the energy and angular resolutions, e�ective collection area of the

survey, etc. Such variables depend on several technical and design parameters. In order

to meet the requirements suggested by the scienti�c community, intense MC simulations

have been made to �nd the optimized array con�guration [147]. These e�orts are essential

for the studies to be presented in the next sections.

Due to the �nite resolution of the equipaments, the energy and direction primary pho-

tons measured are di�erent from their true values. Figures 5.5 and 5.6 show the energy

and angular resolutions obtained from the MC simulations for the third large simulation
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Figure 5.4: Di�erential �ux sensitivity as a function of the shower reconstructed energy ER
expected for the CTA for 50 hours of observation of a point-like source. For comparison, the
sensitivity from other gamma-ray observatories are also shown.

campaign, dubbed inside the CTA consortium as �prod3b-v1�. Another important fea-

ture of an observatory is its e�ective collection area, which is energy dependent and was

determined through simulations using observation campaigns of di�erent durations, as

shown in �gure 5.7. These three quantities (angular and energy resolutions and e�ective

area) play a fundamental role in essentially all the analyses since they de�ne the instru-

ment response function (IRF) of the CTA, which is responsible for making the connection

between measured quantities and true ones. Mathematically, we can write for the event

(primary photon) rate (in units of TeV−1)

m(d) =

∫
dpR(d|p, a)× S(p) (5.1)

where p represents the true properties of the photon, such as energy, arrival time and

direction. The observed quantities d are generally the measured energy, arrival time and

direction. The source intensity (in units of TeV−1 m−2 s−1) is represented by S(p) and

the IRF is described by R(d|p, a). The quantity a contains auxiliary parameters that

the IRF may depend on, such as the telescopes pointing direction, subset of triggered

telescopes, optical e�ciencies, atmospheric conditions, etc. [148].

The CTA IRFs currently available were built for three optimized exposure times: 30
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minutes, 5 hours and 50 hours. The IRFs are assumed to be factorized in the following

way

R(n̂′, E ′|n̂, E) = Aeff (n̂, E)× PSF(n̂′, E ′|n̂)× Edisp(E ′|E) (5.2)

where prime represents the measured quantities, whereas unprime variables are associated

to true values.
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Figure 5.5: Energy resolution of the CTA South and North as a function of reconstructed
energies.

The energy dispersion Edisp(E ′|E) and the point spread function PSF(n̂′, E ′|n̂) rep-

resent a posteriori probabilities for the photon true energy and direction, respectively,

given the measured values of those quantities. Here, we use a 2-dimensional symmetric

Gaussian function to describe the PSF,

PSF(θ, E) =
1

2πσ2
θ(E)

e
− 1

2
θ2

σ2
θ

(E) (5.3)

where θ is the angular distance between the observed direction and the true VHE photon

position, σθ is the angular resolution given in degrees. The energy dispersion is likewise
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Figure 5.6: Angular resolution of the CTA South and North as a function of reconstructed
energies.

modeled as

Edisp(E
′, E) =

1√
2πσE

e
− 1

2
(E−E′)2

σ2
E (5.4)

where σE is the energy resolution in units of TeV.

In addition to these parameters, another important quantity is the background rate.

Residual cosmic-rays create a background which must be separated from the gamma-ray

signal. Figure 5.8 shows the background rate expected for CTA in the southern array

optimized for 50 hours of observation after gamma/hadron separation cuts [147].

The IRFs provided by the mass production �prod3b-v1� were obtained for point-like

sources for two di�erent zenith angles, 20 deg and 40 deg. For each one, two azimuth

angles were simulated: in the directions of the magnetic North and South poles. Since

the geomagnetic �eld a�ects the air shower development, di�erences in the performance

were found between these two con�gurations. An azimuth-averaged IRF is also provided

for each con�guration. Since we will be interested in determining parameters of the dust

component of the EBL, well determined SEDs at very high energies will be essential for

our studies, thus we will focus in the southern array, which exhibits the best sensitivity of
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Figure 5.7: E�ective collection area of CTA South and South as a function of true energies.
The optimized e�ective area is shown for three di�erent exposure times: 30 minutes, 5 hours and
50 hours.

the two arrays around tens of TeV, as we can see in �gure 5.4. Figure 5.9 shows the layout

of the telescopes used in our simulation. The analysis performed in the next sections is

based on the South IRFs for zenith angle of 20 deg in the azimuth-averaged case.

For the determination of the quantities described here, which form the instrument

response function for CTA optimized for speci�c exposure times, realistic and detailed

simulations were performed in [147] including the EAS simulation for primary gamma-

rays and cosmic ray showers as well as Cherenkov photons ray tracing across the telescope

optical systems, response of the electronics, etc. Three di�erent telescope sizes were

treated in the simulation: LST (Large Size Telescope), MST (Middle Size Telescope) and

SST (Small Size Telescope).
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Figure 5.8: Background rate from cosmic-rays estimated for CTA South with gamma/hadron
separation cuts optimised for 50 hours of observation time.

5.4 Simulating observational campaigns of extragalac-

tic point sources

The IRFs determined during the mass production simulations described in the last section

allow much faster physics simulations to be done. Ctools, for instance, is a free software

which allows to do scienti�c analysis using CTA data [148]. It is based on GammaLib, a

toolbox for high-level analysis in gamma-ray astronomy [148]. Gamma-ray events can be

simulated 1 for a given source and background models. For this, some information must be

provided, such as the region of interest (ROI), observation time, energy interval and IRF.

The photon �ux can be simulated for several intrinsic spectrum parameterizations, such

as power-law, log-parabola, etc., including a customized �ux as input. This is the ideal

case for our studies, because the SED measured at Earth must be attenuated by EBL.

By using the GLF elaborated by M. Ajello et al. for BL Lacs and FSRQs [61, 62], which

1With the executable called �ctobssim�
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Figure 5.9: Layout of telescopes simulated for observations from the southern hemisphere array.
The di�erent points correspond to the di�erent mirrors. Red: Large Size Telescopes (LST).
Green: Middle Size Telescopes (MST). Purple: Small Size Telescopes (SST). Figure extracted
from www.cta-observatory.org/project/technology/.

was shown in Chapter 3, with the EBL model developed by F10 [29], it was possible to

build these attenuated spectra. The intrinsic source spectrum parameterization behavior

assumed is the power-law �ux with spectral index Γ sampled from the GLF.

In order to select sources with high statistical signi�cance of detection, we have �tted

the data collected in the simulation with Ctools 2 using a speci�c model of interest. The

statistical signi�cance associated to the observation is determined through a likelihood

ratio test where the null hypothesis (the detected photons are coming from background

cosmic rays) was compared to an alternative one (the photons are coming from a gamma-

ray point-like source). The corresponding test statistic (TS) is given by

TS = −2(lnL0 − lnL1), (5.5)

where L0 is the null hypothesis and L1 the alternative one.

2With the �ctlike� executable.
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Based on the recipe usually adopted by Fermi-LAT observations [149], we use a power-

law spectrum with �xed spectral index, Γ = 2.48 (typical value). Therefore, just the

normalization is allowed to vary. From Wilks's theorem [80], the TS must be asymp-

totically distributed as χ2
n (where n is the di�erence between the dimensionality of the

parameter spaces of the two hypotheses) when the null hypothesis is assumed to be true.

With n = 1,
√
TS can be immediatelly identi�ed as the number of Gaussian standard

deviations. Here, sources presenting TS<25 (5σ) for 30 minutes of observation are ex-

cluded from our analysis. With an initial set containing 36 sources sampled from Ajello's

BL Lacs GLF, 16 of them were detected with at least 5σ of signi�cance. Such sources

de�ne the sample used in the analysis proposed in this chapter. Table 5.1 shows the main

information of each source.

It is worth mentioning that the TS could be calculated if the spectral index were also

free to vary. In this case, the value of the test statistic corresponding to 5σ of detection

signi�cance would be TS=28.8. Due to the long computation times required when the

spectral index is included in the �t, we decided to perform the �ts at the source selection

level with a �xed index.

Name z log(Lγ/erg s
−1) Γ TS30m TS30m(> 1 TeV)

src1 0.0982 45.3331 1.9913 1307.8 1060.3
src2 0.0965 44.0213 1.8087 56.5 45.8
src6 0.0581 44.0214 2.1006 69.4 31.6
src10 0.0968 45.0219 1.9177 670.5 736.0
src11 0.0558 44.2770 2.0971 58.2 101.6
src12 0.0478 43.9742 2.1414 49.5 65.3
src13 0.0344 43.9385 1.9012 1271.2 957.1
src19 0.0808 44.0241 1.5489 692.8 542.9
src21 0.0459 44.2640 1.9330 943.5 932.4
src22 0.0475 44.2443 1.6912 3858.7 4088.2
src23 0.0853 44.1772 1.8887 52.3 86.0
src26 0.0873 44.1389 1.6319 355.2 422.0
src27 0.0367 44.3515 1.9808 1976.1 2092.5
src28 0.0949 44.4405 2.0016 26.6 65.6
src31 0.0611 44.3077 1.6680 2340.0 2341.2
src32 0.0447 44.4493 1.6810 10988.7 10989.1

Table 5.1: Summary of the source parameters generated by GLF for Bl Lacs. The two last
columns are the calculated test statistic for 30min case, where TS30min regards the whole energy
range measured, 0.1 TeV - 100.0 TeV. TS30min(>1 TeV) is calculated from 1.0 TeV up to 100.0
TeV.
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5.5 Construction of a likelihood

We are interested in estimating the potential of the CTA regarding the determination of

EBL and source intrinsic parameters. In particular, the relative contribution of the dust

grains, the spectral index and the gamma-ray luminosity will be the work variables of the

analysis performed here.

For gamma-ray observations, the probability of detection is generally assumed to follow

a Poisson distribution. For a given energy bin k, the probability of observing nk photons

when a given model predicts a corresponding number count mk is

Pk =
mnk
k e
−mk

nk!
. (5.6)

The product of the probabilities over all the bins gives us the probability of getting the

data collected, which is the likelihood

L =
∏
k

mnk
k e
−mk

nk!
. (5.7)

Usually, it is more convenient to work with lnL, so we have

lnL =

Nbins∑
k

(nk lnmk − ln(nk!))−Npred, (5.8)

where Npred is the total number of photons predicted by the model.

As we saw in Section 5.3, equation 5.1 shows how to build the counting rate model

mi. Firstly, it must be the combination of source and background

mi = si + bi (5.9)

where si is the signal from a point-like source convoluted with the CTA IRF and bi is the

background counting rate estimated by Monte Carlo simulations, as we saw in Section

5.3. We write the source signal as

S(E, n̂) = Φ(E;Lγ, z,Γ) e−τ(E,z) δ(n̂). (5.10)

Therefore, the predicted signal contribution obtained by marginalizing the incoming �ux

5.10 over the primary photon true energy and direction is

s(E ′, n̂′|z,Γ, Lγ, n̂) =

∫ ∫
dE dΩR(E ′, n̂′;E, n̂)S(E, n̂). (5.11)

The number of expected photons in a bin k is given by integrating 5.9 over the measured

quantities of such bin. The total number of expected photons is obtained integrating 5.9
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over the whole range of the measured quantities

Npred =

∫ ∫
dE ′ dΩ′m(E ′, n̂′). (5.12)

Once the likelihood is constructed, we can �nd the set of parameters that maximizes such

function. It is worth noting that the term ln(nk!) in equation 5.8 is model independent,

in such a way that the function which we will maximize is

lnL =

Nbins∑
k

nk lnmk −Npred. (5.13)

5.6 Forecasts for the sensitivity to dust grain fractions

Here, we present the results of forecasts for the CTA sensitivity to dust grain fractions as

well as intrinsic spectrum parameters. The core of the analysis is based on the binned like-

lihood previously described which is fed by photons collected by telescopes with IRFs given

by CTA prod3 during simulated observation campaigns of extragalactic point sources.

Figure 5.10: Sky maps generated from the simulated observation of the src27 for the three
exposure times studied. In the left-top we have the case of 30 minutes of observation, while in
top-right the 5 hours case is shown. The 50 hours case is exhibited in the bottom. The color axis
corresponds to the photon counting.
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Figure 5.11: Spectra of the sources. The SED with EBL nominal fractions (black line) and
those determined by the likelihood maximization (red line) are superimposed to the spectra.
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Figure 5.12: Continuation of �gure 5.11.
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Three di�erent observation times were simulated for the sources in the sample de�ned

in table 5.1: 30 minutes (30min), 5 hours (5h) and 50 hours (50h). The photon counts

sky maps observed for these three exposure times for one of the sources (Src27) are shown

in �gure 5.10 providing the spatial distribution of primary photons in the ROI. In order

to visualize the energy dependence of the �ux, �gures 5.11 and 5.12 show the spectra of

the whole sample for the 50h case. Two solid curves are superimposed to the binned �ux:

the SED attenuated by EBL with nominal dust fractions (black) and the SED attenuated

by EBL with fractions obtained from the maximum likelihood solution (red). The reader

interested in visualizing the spectra for 30min and 5h cases should go to the Appendix C.

As we can see, all the spectra are reasonably described by the parameters obtained from

the likelihood maximization, even for sources presenting a low photon counting around

tens of TeV, where for some bins only �ux upper limits could be established. These, in

turn, are low detection TS sources for TeV energies (TS(>1 TeV)) as we can see in table

5.1. In general, these gamma-ray sources have a soft spectrum (Γ > 1.8) and just a few

photons can be detected in energies where the EBL dust component becomes important.

Sources with harder spectra, such as src22 and src32, exhibit a large TS(>1 TeV) and

hence the dust parameters can be better determined. The likelihood function

L ≡ L(αi) (5.14)

where

αi = {fPAH , fSG,Γ}3 (5.15)

can quantify the resolution of the CTA to the parameters αi. From the Bayes' theorem,

we can write

P (α|data)P (data) = P (data|α)P (α). (5.16)

If nothing about the a priori probability P (α) is assumed (i.e. P (α) = 1 for a �at prior),

the a posteriori probability P (α|data) is equal to the likelihood P (data|α).

Figures 5.13 and 5.14 show the posterior (i.e. the likelihood, since we have adopted

�at priors on all parameters of interest) as a function of the PAH fraction. The curves

shown are not marginalized probability distributions, but instead they correspond to the

likelihood conditioned to the �tted values of the n − 1 remaining parameters, to know:

fSG, Γ. For the 30min case, the width of the likelihood is the largest compared to the

curves for 5h and 50h cases. Increasing the exposure time the likelihood becomes narrower

and its maximum goes towards the nominal value. For 50h, a good determination of the

fPAH is obtained with almost all cases within 1σ from the true value. Figures 5.15, 5.16,

5.17 and 5.18 show the likelihood as a function of the small and large grain fractions.

The determination of these fractions is not as good as the PAH case since the photon

3Since the dust fractions must obey de normalization condition
∑
fi = 1, just two fractions are being

taken into account in the �t.
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Figure 5.13: Likelihood as a function of fPAH . The black curves correspond to the 30min,
green lines to the 5h and red to the 50h case. The vertical line corresponds to the true solution.
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Figure 5.14: Continuation of �gure 5.13.
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Figure 5.15: Likelihood as a function of fSG. The black curves correspond to the 30min, green
lines to the 5h and the 50h case with red ones. The vertical line corresponds to the true solution.
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Figure 5.16: Continuation of �gure 5.13.
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Figure 5.17: Likelihood as a function of fLG. The black curves correspond to the 30min, green
lines to the 5h and the 50h case with red ones. The vertical line corresponds to the true solution.
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Figure 5.18: Continuation of �gure 5.13.
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counts are still low, for all observations times, in the energy range in which SG and LG

are important.
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Figure 5.19: Analysis for the 50h case with three free parameters assuming Lγ �xed in the true
value. Top-left: PAH dust fraction. Top-right: Small grains. Bottom: Spectral index. The black
lines represent the expected value of each parameter.

The results obtained through the likelihood maximization with these three free pa-

rameters (αi = {fPAH , fSG,Γ}) for the 50h case can be visualized in �gure 5.19. As we

can see, the uncertainties on the �tted small grain fractions are, on average, larger than

those associated to the PAH relative contribution, but for sources with large TS the SG

dust fraction can also be determined with a good resolution. Di�erently from the relative

dust contributions, the reconstructed spectral index are well determined independently

of the detection signi�cance of the source. This should be expected since the spectral

index is responsible for the description of the intrinsic �ux in the whole energy range con-

sidered, including the region dominated by the stellar attenuation. On the other hand,

the determination of dust fractions are conditioned to a good measurement of the SEDs

at speci�c energy regions. During the �t procedures, which were made with the Minuit

package of ROOT [150], problems of convergence in some sources were detected and the

reason of such problems must be understood.

A second case is performed considering also the gamma-ray luminosity of the source
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Figure 5.20: Analysis for the 50h case with four free parameters. Top-left: PAH dust fraction.
Top-right: Small grains. Bottom-left: Spectral index. Bottom-right: Luminosity. The black lines
represent the expected value of each parameter.

in the �t, αi = {fPAH , fSG,Γ, Lγ}. Figure 5.20 shows the values found from the likelihood

maximization. We can see that in this case, the uncertainties of fPAH and Γ become,

on average, larger than the case with the luminosity �xed at its true value. For the fSG
parameter the �ts are even worse than in the previous 3-parameter �t. The red points in

�gure 5.20 indicate �ts with problem where either the minimization of f = −lnL did not

converge or the uncertainties could not be properly estimated. In fact, we can see this

behavior also in the case previously considered (αi = {fPAH , fSG,Γ}). The attenuation

by small grains becomes important at energies above that where PAH are dominant,

therefore, the �ts performed were unable to determine correctly the small grains for several

of the sources in our sample.

In order to get around the problem of the lack of sensitivity to SG fractions in the �t,

a last case is considered, now �xing the SG fraction in the nominal value, fSG = 0.05, and

leaving free in the �t the parameters αi = {fPAH ,Γ, Lγ}. Figure 5.21 shows the results

obtained for each quantity. For the PAH fraction, the behavior is similar to the previous

cases, the higher the TS the better the determination of fPAH . A good resolution is

also obtained in the determination of the spectral index and the gamma-ray luminosity,
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Figure 5.21: Analysis for the 50h case with three free parameters assuming fSG �xed in the
true value. Top-left: PAH dust fraction. Top-right: Luminosity. Bottom: Spectral index. The
black lines represent the expected value of each parameter.

with the reconstructed parameters within 1σ, on average, from the true values. Special

attention should be paid to the parameter Γ since a clear bias can be identi�ed in �gure

5.21 for soft spectral indices (Γ & 2.0). These sources exhibit a low number of photons

around tens of TeV, in such way that fPAH cannot be well determined and higher values

of Γreco are obtained in comparison to Γtrue, which is the case of src6 and src12, for

example (see table 5.2). In this case (i.e., when the set of �t parameters is given by

αi = {fPAH ,Γ, Lγ}), the �ts for all the sources converged with no problems and the �t

values obtained are shown in table 5.2.

As we can see from these three di�erent analyses, the sample of sources considered

are not suitable to study the relative contribution of the small grains in the attenuation

process. On the other hand, the PAH fraction is well determined for sources presenting

large TS. A good resolution is also found in the determination of the spectral index and

the gamma-ray luminosity in the sample considered.

This single source analysis can be extended to include combination of several sources,

because even though they have di�erent intrinsic spectra, the EBL is common to all of

them. The di�erent redshifts of the sources being included in the likelihood bring extra
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Source log(Lγ/erg s
−1)±∆ log(Lγ/erg s

−1) Γ±∆Γ fPAH ±∆fPAH
src1 45.41± 0.03 2.03± 0.01 0.23± 0.01
src2 43.91± 0.16 1.75± 0.09 0.31± 0.09
src6 44.22± 0.14 2.18± 0.05 0.13± 0.06
src10 45.07± 0.04 1.94± 0.02 0.23± 0.02
src11 44.34± 0.10 2.13± 0.04 0.21± 0.05
src12 44.15± 0.18 2.22± 0.07 0.19± 0.07
src13 43.95± 0.03 1.91± 0.01 0.23± 0.02
src19 44.01± 0.03 1.54± 0.02 0.26± 0.01
src21 44.25± 0.02 1.93± 0.01 0.27± 0.01
src22 44.26± 0.01 1.70± 0.01 0.25± 0.01
src23 44.10± 0.11 1.85± 0.05 0.26± 0.03
src26 44.13± 0.05 1.64± 0.03 0.25± 0.02
src27 44.38± 0.03 2.00± 0.01 0.24± 0.02
src28 44.58± 0.07 2.07± 0.03 0.22± 0.08
src31 44.32± 0.02 1.68± 0.01 0.26± 0.01
src32 44.48± 0.01 1.699± 0.004 0.24± 0.01

Table 5.2: Summary of the values obtained through the likelihood maximization for the 50h case
with three free parameters: gamma-ray luminosity, spectral index and PAH fraction.

information to break some of the degeneracy between the intrinsic source spectral index

and the EBL attenuation. Figure 5.22 shows the combination of all the sources studied

for the three exposure times assumed. It is interesting to see that even the 30min case,

where single source observations could not determined very well the PAH fraction, now

exhibits a good resolution for fPAH . As expected, the combinations for 5h and 50h cases

present great resolutions in the determination of the PAH dust fraction. As we can see,

combining all the source, the statistical uncertainty in the PAH fraction are better than

0.5% for the 50h case.

So far, all the analyses performed here were based on the assumption that the redshift

of the sources is precisely known. In fact, this assumption is not true since an error is

associated to each redshift. For sources with considerable uncertainty in the redshift, an

a priori probability must be taken into account in equation 5.16. As we saw, the PAH

is the dust grain best determined in our analysis, thus we will study the impact of the

redshift uncertainties on the determination of this grain. Therefore, we have compared

the posterior probabilities for fPAH conditioned to values of all the other parameters �xed

at their true values with and without marginalizing over the redshift of the source. The

a priori probability for the source redshift in the marginalized case was written as

P (z) ∝ z2e
− (z−zsrc)2

2σ2
z , (5.17)

where zsrc is the measured redshift (here taken to be simply the true value) of the source

and σz is its uncertainty. This function is a Gaussian probability weighted by a quadratic
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Figure 5.22: Likelihood resulting from the combination of all the sources studied for the exposure
time considered. Top-left: 30min case. Top-right: 5h case. Bottom: 50h case. The vertical line
corresponds to the true solution.

term in redshift. Since in the local universe the Hubble �ow is constant, H0 ∼ 70 km

s−1 Mpc−1, the distance is given by d ' (c/H0)z. Therefore, as a �rst approximation, we

can consider that, for low redshifts, the number of BL Lacs increases with the square of

the distance. Figure 5.23 shows the z2 curve superimposed to the corresponding Ajello's

GLF distribution being used to sample the sources in our analysis.

Figures 5.24 and 5.25 show that assuming a prior in the redshift with uncertainties

corresponding to 10% of the central value, the width of the likelihood becomes slightly

larger than the case without prior. An uncertainty of 10% can be considered quite large

for sources with spectroscopic redshifts. However, we have adopted such a value both to

probe the limiting uncertainties on fPAH and also to embrace situations where a spec-

troscopic redshift is not available as can be the case of newly discovered sources at high

redshifts. Therefore, the prior in redshift does not a�ect substantially the results obtained

previously.

A possible extension of the analysis performed here would be the inclusion of the

redshift as a free parameter in the likelihood maximization.
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Figure 5.23: Redshift distribution for BL Lacs from the GLF by M. Ajello et al. and a curve
of the type z2.

5.7 Summary

Here, we have studied the potential of the CTA in determining parameters of the EBL and

of the source spectrum. Simulating observations of 30 minutes, 5 hours and 50 hours for 16

sources sampled from M. Ajello et al. GLF, we could see that for the single source analysis,

50 hours of observation determines the PAH fraction with a good resolution (12%), in

special for sources with high detection signi�cance at TeV energies. The sensitivity to SG is

low, mainly because there are not enough photons detected in the tens of TeV region of the

SEDs. Since the spectral index and the gamma-ray luminosity are important parameters

for the whole energy range of the spectra, they are well determined also for sources with

low TS, however, a clear bias can be identi�ed in �gure 5.21 for the Γreco of soft spectra.

The low photon counting around tens of TeV for such spectra makes the determination of

fPAH di�cult, more precisely, the lack of photons is such that the reconstructed spectral

indices are biased towards softer spectra. The combination of observations improves the

resolution of the parameter determination and combining all the 16 spectrum studied,

we can see that the PAH fraction is well determined even for 30 minutes of observation.

A �ne resolution is obtained for 5h and 50h exposure times. Assuming an uncertainty

of 10% in the redshift of the sources, we have studied its impact in the determination

of the PAH fraction. A small enlargement of the likelihood is observed, implying in an

increase in the errors of the fPAH . However, this e�ect is not pronounced even for such
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Figure 5.24: Likelihood as a function of fPAH . Black curves correspond to the case with no
prior and red lines with a prior on the redshift. The vertical line shows the nominal value.
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Figure 5.25: Continuation of �gure 5.24.
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large uncertainty (compared to typical spectroscopic values) in the redshift.



Chapter 6

Conclusions

We have investigated here the importance of the EBL in gamma-ray astronomy given

that the spectrum of AGNs must undergo attenuation due to the quantum nature of

the interaction between matter and radiation. The complex spectral energy and time

evolutions of the EBL carry information on galaxy evolution because stars and dust

are their main sources of radiation. In order to investigate the role of each of these

contributions in the attenuation of SEDs of distant gamma-ray sources, we have based

our study mainly in the F10 model [29], which was implemented in this thesis from scratch

in a C++ code. F10 treats the EBL as the result of a combination of four components: 1

stellar and 3 types of dust. We have been able to separate each one of these contributions,

which allowed studying the impact of them in the spectra of blazars observed at TeV

energies by IACTs.

The IACTs and gamma-ray detectors on-board satellites have been observing AGNs (in

general, blazars) in energies where a substantial attenuation by EBL is expected. In one

decade of operation, Fermi-LAT has detected a considerable number of AGNs at energies

up to hundreds of GeV. The third catalog of AGNs detected by Fermi-LAT, published

in 2015 [151], contains 1563 gamma-ray sources associated with AGNs, where 98% of

them are identi�ed as blazars. Sources observed at TeV energies have been catalogued in

the TeVCat [58], which currently provides information from 41 extragalactic gamma-ray

emitters with determined redshift, all of them observed by IACTs. These two samples of

sources were very important for the studies performed in this thesis. Thanks to the large

amount of objects detected by Fermi-LAT, the distribution of blazars could be described

through the gamma-ray luminosity functions, an essential piece of information to feed the

simulation chain described in Chapter 5 which included also the CTA IRFs.

Sources observed by IACTs allowed a detailed investigation of the role of the EBL

dust component in the attenuation process, since some of these sources present a well

determined spectrum around tens of TeV, as we saw in Chapter 4. Mkn 501 �are state

observed in 1997 by HEGRA allowed the detection of photon �ux at energies up to ∼
20 TeV. At these energies, the SED of a source located in a redshift like that of Mkn 501
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(z = 0.034) must be subject to non-negligible attenuation by IR radiation emitted by

cosmic dust. In particular, the role of the PAH contribution, responsible for emission

mainly in mid-IR, could be better understood. We showed that this dust component

is essential for the correct description of the spectral index of the SED of Mkn 501 in

the region below 10 TeV, for neither the stellar component nor the emission from other

dust grains provided the correct slope for the measured SED at these energies. This

becomes clear when we isolate the attenuation contribution of each EBL component in

the Mkn 501 spectrum. On the other hand, based on the likelihood ratio test comparing an

e�ective 1-grain model (null hypothesis) against the 3-grain one (alternative hypothesis),

the scenario with just PAH as dust contribution can be excluded with more than 5σ

independent of the intrinsic spectrum used, provided the grain temperatures are �xed a

priori. The attenuation caused by the PAH grains has an e�ective energy dependence as

a single spectral index over a broad energy range, thus the strong decrease of the Mkn 501

�ux at energies above 10 TeV cannot be described in this PAH-only scenario, even if an

intrinsic spectrum with an exponential cuto�, which can mimic part of the attenuation by

EBL, is assumed. Therefore, this single source analysis showed the potential that a well

measured SED have in constraining both spectral and EBL parameters. It is important

to note the presence of degeneracies between some grains (small and large fractions) and

intrinsic curvature of the spectrum in the �t of the SED. In the cases of zero (power-law)

and constant curvature (log-parabola), small grains are overestimated compared to large

ones since in the former the attenuation factor is slightly harder. However, with an energy

dependent curvature (like in the power-law with exponential cuto�), at least part of the

�ux suppression can be accounted for already at the intrinsic spectrum level.

The extention of this single source analysis to a combination of many sources well

measured at di�erent redshifts can eliminate the degeneracies since the number of degrees

of freedom of the �t increases. With this purpose, a �rst step was taken by checking the

consistency of the EBL parameters tuned by Mkn 501 in describing the attenuation of the

sample of SEDs collected from TeVCat. For several combinations of EBL dust fractions

and intrinsic spectra we were able to study the distributions of �ux residuals. When

the uncertainties on the �ux measurements are Gaussian and the model describing the

observed spectrum is suitable, these �ux residuals must follow a normal distribution. By

�tting a Gaussian function to these data it is possible to see that the power-law intrinsic

case has the worse �t compared to the cases with an intrinsic curvature, independent of

the dust fractions used. By adding an intrinsic curvature to the spectra the quality of the

�t is improved since the reduced χ2 of the distributions becomes closer to unity compared

to the PL case. Based on the estimator de�ned in equation 4.5, we also separated the

measured SED bins into two groups, stellar and dust attenuation dominated subsamples,

and we could not observed a systematic change in the quality of the Gaussian �ts of these

distributions when going from nominal to tuned fractions. This is consistent with the fact
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that the sample of sources measured today by IACTs is dominated by stellar attenuation,

as shown by the appropriated estimator in �gure 4.12.

Finally, we made some forecast studies for the CTA in order to verify the potential

of this observatory in determining EBL and intrinsic source parameters. Since the CTA

will measure �uxes at tens of GeV, the unattenuated part of the SEDs will be obtained,

providing the intrinsic behavior of the source. However, �uxes up to hundreds of TeV are

also expected to be observed by CTA, therefore, an investigation of the role of the dust

component of the EBL in the opacity of the universe to the gamma-rays must be possible.

Based on the IRFs provided by the simulation mass production of the CTA consortium,

known as �prod3b-v1�, we simulated observations of 16 gamma-ray sources with high TS

by the CTA South. This array is the one with best performance for our studies since the

�ux sensitivity expected for the CTA South around tens of TeV is better than the site

located in the North. The 16 sources sampled from the GLF for BL Lacs developed by M.

Ajello et al. have their redshifts in the interval [0.0, 0.1] and each spectrum is measured

between 0.1 TeV and 100 TeV. Considering a power-law as the intrinsic �ux and the F10

model, a likelihood maximization procedure was performed leaving the dust fractions of

the EBL and intrinsic parameters free to �t the data collected by the CTA. We showed

that the PAH fraction can be determined with good resolution already for the single

source analysis using 50 hours of exposure time. As expected, sources with high detection

signi�cance present a better determination of the PAH relative contribution. Due to the

�nite observation time, on average, high TS sources will tend to be associated to hard

intrinsic spectra, implying in a reasonable photon �ux at very high energies, essential for

studies of the EBL dust component. The sample of spectra considered could not determine

the small grains very well since the opacity caused by this grain plays an important role

for photons with energies greater than tens of TeV. Intrinsic parameters, as the spectral

index and the gamma-ray luminosity could be well determined when they were included

in the �t. This was expected since these quantities are important in the description of

the observed SED in the entire energy range covered by the observations, unlike the dust

components, whose determination are conditioned to measurements of speci�c regions

of the spectrum. The combination of the sources improves the resolution obtained for

single observations. Taking into account all the 16 sources, we can see that the PAH

is already well determined for 30 minutes of observation. It is worth mentioning that

the estimated errors for the fPAH through the likelihood represent a posteriori statistical

uncertainties given the a priori information that F10 provides the correct description of

the EBL energy density. The contributions to the statistical uncertainty of fPAH coming

from the corresponding uncertainties in the others parameters of the F10 model, such as

grain temperatures, IMF, SFR, etc, were not taken into account in this thesis, but should

certainly be incorporated in a future work.

It is important to mention that the variability of the sources was not take into account
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in our simulations. Since we have noted a bias for soft spectra and a source with high

variability can exhibit appreciable changes in its spectral index, a �nal bias in the Γreco

could be generated considering a time average of the spectrum.

In order to incorporate in the EBL absorption forecasts the e�ect of the source redshift

uncertainties, we have marginalized the likelihood over the redshifts using an appropriate

a priori probability for z, which includes both the e�ect of the uncertainties on this param-

eter, as well as the dependence of the local density of gamma-ray sources. Considering an

error of 10% (considerably large for typical spectroscopic redshifts) in the redshift of the

sources, we observed a small increase in the width of the posterior for the PAH fraction.

The uncertainty on the redshift implies in an increase on the errors of fPAH , however,

this e�ect is relatively small.
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Appendix A

Boltzmann equation to a smooth CMB

distribution

One of the most remarkable result in cosmology certainly is the discovery of the Cosmic

Microwave Background by Penzias and Wilson, con�rming the predictions about a radi-

ation emitted at the beginning of the universe and which could travel freely in a future

time after the decoupling between matter and radiation. This observation was a crucial

evidence in favor of the Big Bang theory [1, 19].

Before the photons decouple from the matter the interaction between them was su�-

ciently strong to keep the photons, protons and electrons in thermodynamics equilibrium,

so that the photon energy distribution is well described by a blackbody. In order to solve

for the time evolution of their emissivity from the last scattering surface (LSS) until now,

we can use the mathematical arti�ce of multiplying a blackbody term by de Dirac delta

function centered at the LSS

j(t, ν) = δ(t− tlss)
8πh

c3

ν3

ehν/kBT − 1
, (A.1)

the Boltzmann equation becomes

dI(t, ν)

dt
= −3

ȧ

a
I(t, ν) + δ(t− tlss)

2h

c2

ν3
lss

ehνlss/kBTlss − 1
. (A.2)

As we have seen in Chapter 2, the solution for this equation takes the following form

I(t, ν) =

∫ t

0

dt′
(
a(t′)

a(t)

)3

δ(t′ − tlss)
2h

c2

ν3
lss

ehνlss/kBTlss − 1
. (A.3)

Performing the integral and remembering that the emitted photon frequency νlss scales

with the cosmological factor a(t) as a(tlss)νlss = a(t)ν and a similar scaling applies to

temperature a(tlss)Tlss = a(t)T , we get

I(t, ν) =
1

a(t)3

2h

c2

a(t)3ν3

ehν/kBT − 1
, (A.4)
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the spectrum measured today from the CMB is given by

I(T, ν) =
2h

c2

ν3

ehν/kBT − 1
, (A.5)

where T = 2.725 K is the current (a = 1) temperature of the CMB.

Figure A.1 shows the CMB intensity as a function on wave number. The theoretical

curve are superimposed to dozens of measured data.

Figure A.1: Intensity of CMB as a function of the frequency. The theoretical blackbody predic-
tion and data points are displayed for comparison. Figure extracted from [152].

The total energy �ux due to photons traversing the cross section of a detector is then

given by

F =

∫ ∫
I(T, ν) cos(θ) dν dΩ = π

∫ ∞
0

2h

c2

ν3

ehν/kBT − 1
dν. (A.6)

Here we can do a convenient change of variable with x = hν/kBT ,

F =
2πh

c

(
kBT

h

)4 ∫ ∞
0

x3

ex − 1
dx. (A.7)

The integral in A.7 can be solved remembering the de�nition of the Riemann zeta function

ζ(s) [153]

ζ(s) =
1

Γ(s)

∫ ∞
0

xs−1

ex − 1
dx (A.8)
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where Γ(s) is the gamma function. For s = 4, ζ(4) = π4/90 and Γ(4) = 15, therefore we

can writte

F = σT 4 (A.9)

where σ = 2kBπ
5

15h3c2
= 5.67× 10−5 erg cm−2 K−4 s−1 is the Stefan-Boltzmann constant and

A.9 is known as the Stefan-Boltzmann law.
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SEDs and best�ts

B.1 Power-law intrinsic spectrum and F10 model
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Figure B.1: Spectra measured by IACTs �tted by an intrinsic power-law with F10 model.
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Figure B.2: Continuation of �gure B.1.
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Figure B.3: Continuation of �gure B.2.
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Figure B.4: Continuation of �gure B.3.
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Figure B.5: Continuation of �gure B.4.
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Figure B.6: Continuation of �gure B.5.



Appendix C

Spectra simulated for 30min and 5h

cases

All spectra of the 16 sources analyzed in Chapter 5 are shown in �gures C.1 and C.2 for

30 minutes of observation and in C.3 and C.4 for 5 hours.
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Figure C.1: Spectra of the sources with 30 minutes of observation by CTA south.
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Figure C.2: Continuation of �gure C.1.
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Figure C.3: Spectra of the sources with 5 hours of observation by CTA south.
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Figure C.4: Continuation of �gure C.3.
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