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Abstract

This work investigates the impact of the extragalactic background light fluc-
tuations on very high energy v-ray spectra from distant blazars. We calcu-
late the extragalactic background light spectral energy distribution using a
model that extends those proposed by Razzaque et al. (2009ApJ.697.483R)
and Finke et al. (2010ApJ.712.238F). We introduce a model for fluctuations
in the extragalactic background light based on fluctuations in the star forma-
tion rate density, since these two fluctuations can reasonably be expected to
be correlated. Fluctuations in the star formation rate are estimated from the
semi-analytical galaxy catalogue of Guo et al. (2013MNRAS.428.1351G), we
use his model to derive the resulting opacities for v-rays from distant sources.
We determine the mean, lower and upper limits for the scatter of the star
formation rate density, which then allow us to compute corresponding limits
on the extragalactic background light spectrum. We then calculate the im-
pact of these fluctuations limits on the -ray optical depth. This appears to
be the first detailed analytical model that aims to account for the impact of
extragalactic background light fluctuations on the ~-ray opacity. The model
predicts relatively high variations (< 15%) on the opacity in the energy range
less than 100 GeV for nearby sources. The impact is found to be smaller
(~ 5%) for very high energy 7-rays from distant sources.
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Introduction

1.1 Background

In 1823 Heinrich Olbers argued that the night sky should be very bright if the uni-
verse were static, homogeneous and infinite in size which was back then a reasonable
assumption. Olbers’ argument was as follows: consider (cosmic) spherical shells of
different radii R, and of identical thickness ¢. The volume of the shells is propor-
tional to R?, so the number of stars or galaxies within the shells is also proportional
to R? (Bernstein, 2000). On the other hand, the amount of light from an object at
distance R is proportional to 1/R2. Consequently, every shell contributes the same
amount of light. Since the universe is assumed to be infinite and homogeneous, the
constant contributions of the infinite number of shells add up to an infinite bright-
ness of the sky during both day and night. The night sky should therefore not be
dark.

This contradiction is commonly known as Olbers’ paradox. Olbers’ paradox chal-
lenges the conjecture that the Universe is static, infinite and homogeneous (Bern-
stein, 2000). Olbers’ paradox may be resolved by more recent cosmological discover-
ies. Edwin Hubble’s discovery that the Universe is expanding has displaced the idea
that the Universe is static. According to Hubble’s Redshift-Distance Law the light
from the distant sources is strongly red-shifted. Therefore, the light from distant
galaxies maybe shifted out of the visible range. This provides a partial solution to
Olbers’ paradox, which is the possible attenuation of distant sources in the optical
bands. However, it implies that the Universe should be bright in other regions of the
electromagnetic spectrum. The Big-Bang theory finally provided a satisfactory so-
lution for Olbers’ paradox. The idea that the Universe possesses a finite age implies
that photons from very distant sources have not had sufficient time to reach Earth.
According to the currently most accepted cosmological paradigm we are living in
a Lambda Cold Dark Matter (ACDM) Universe, which started with the Big-Bang
some 14 Billion years ago.



1.1 Background Introduction

In fact the night sky is not completely dark. Several sources of light brighten it.
Among these is a diffuse source of light called the Extragalactic Background Light
(EBL ). The light it contributes to the sky brightness is in the Ultraviolet (UV) to
Infrared (IR) range, and maks up less than 1% (Bernstein, 2000). Measurements
of the diffuse Extragalactic Background Light (EBL) have been difficult because of
dominant foregrounds of galactic, zodiacal and terrestrial sources, which also cause
systematic bias against detection of faint or low surface brightness of individual
galaxies and intergalactic stars. However, measurements of the diffuse EBL do not
suffer from the surface brightness selection effects. Thus, the EBL can provide a
useful integral constraint on star formation models and the baryonic matter content
of the Universe (Bernstein, 2000).

EBL is defined as the accumulated light released from the time of decoupling
after the Big-Bang until now by all extragalactic sources, resolved and unresolved,
at wavelengths between 0.1 pm upto 1000 pum. The EBL contains a great deal of
information regarding the evolution and the structure of the Universe and its astro-
physical components. This makes it a topic of great interest.

Note that the EBL includes neither the Cosmic Microwave Background (CMB)
radiation nor foreground radiation from the Milky Way (Yuan et al. , 2012; Hauser
& Dwek, 2001; Dwek & Krennrich, 2013). X-rays and v-rays are not considered to
be part of the EBL even though they are produced by extragalactic sources. This is
because they are generated by difference production mechanisms. X-rays and y-rays
are produced by accretion-power in Active Galactic Nuclei (AGN), whereas the EBL
is the accumulated radiation emitted by the stellar component of galaxies.

From the discussion above, it is clear that measuring the EBL is a powerful
tool for understanding the star formation history of the Universe. However, there
are considerable difficulties in measuring the EBL directly. For example, separating
it from the zodiacal light of our solar system or from the foreground light of our
Galaxy poses serious challenges (Costamante, 2013). Indirect measurement of the
EBL can be achieved by observing the attenuation of y-ray spectra from distant ob-
jects such as Quasars !. Gamma-rays traveling through the Universe interact with
EBL photons to produce electron-positron (e~, e™) pairs. This interaction provides
an efficient absorption mechanism for high energy ~y-rays. The amount of EBL in the
line of sight from the sources to the observer can be inferred by comparing observed
quasar spectra with models of spectra that neglect absorption (Yuan et al. , 2012).

The EBL is also related to radio, and supernova neutrino backgrounds. The
correlation between radio emission and IR radiation from star forming galaxies has
been well established in several papers (e.g., Lisenfeld et al. 1996; Condon et al.

1991). These results can be used to estimate the contribution to the background
radio emission from star forming galaxies (Dwek & Barker, 2002; Haarsma & Par-
tridge, 1998; Ponente et al. , 2011). Supernova rate and the resulting neutrino flux
can be estimated using the total EBL intensity, which is mostly powered by massive
stars that eventually burn out and end their lives in a supernova explosion.

!Quasar: are extremely luminous galaxies powered by AGN (Costamante, 2013; Acker-
mann et al. , 2012)



1.2 Problem Statement Introduction

Conversely, one can also use the total intensity of the EBL to the supernova
rate and their neutrino fluxes (Horiuchi et al. , 2009; Beacom, 2010) to determine
the supernova contribution to the background radio emission. In addition to the IR
emission, stars with high mass also emit in radio through free-free emission mecha-
nism during their evolution in the main sequence, and through synchrotron emission
mechanism during the supernova remnant phase.

Most of the background X-rays produced by the AGNs are absorbed by surround-
ing dust (Mushotzky et al. , 2000), and re-emitted in the mid-IR range (Franceschini
et al. ,2002). This can be used to estimate the EBL density in certain energy ranges.
Soifer et al. (2008) and Treister et al. (2006) have shown that, at 24 pm, 15% of
the EBL intensity can be degraded from AGNs.

Interaction between high energy y-rays emitted from Blazars (AGN’s with a rel-
ativistic jet directed to Earth), and the EBL through photon-photon interaction can
be used to set limits on both spectra at the ranges of energy where these interactions
occur (Dwek & Krennrich, 2013).

1.2 Problem Statement

Several models have been proposed to predict the evolution of EBL with time/red-
shift (Finke et al. , 2010; Razzaque et al. , 2009; Gilmore et al. , 2012). Also,
astronomers have tried to observe and model the signature of the EBL density on
the spectrum of distant y-ray sources (Yuan et al. , 2012; Hauser & Dwek, 2001;
Ackermann et al. , 2012). These observations show that there are fluctuations in
the EBL density (Kashlinsky et al. , 1996b,a; Vogeley, 1997). However, to the best
of our knowledge, none of the available models consider the EBL fluctuations and
their impact on the spectrum of the distant sources.

1.3 Aims

The aim of this work is to model the EBL and, in particular, the impact of its fluc-
tuations. To achieve this we use theoretical models to study the distribution of EBL
in the Universe and explore both small and large fluctuations in the EBL. Finally
we investigate the correlation between these fluctuations and the ~-ray opacity of
distant sources.

1.4 Outline

The material of this thesis is set as follows. A brief introduction to the EBL research
has been presented in this chapter. Chapter 2 is devoted to a literature review.
Methods for modelling the EBL are described in Chapter 3. Chapter 4 presents our
results. Conclusions that can be drawn from our results are discussed in Chapter 5.



Literature Review

This chapter is in two parts. In the first, we defined EBL and outline some of its
properties. In the second we discuss some properties of y-ray radiation that are
important to the later chapters of this thesis. In detail, EBL is defined in section
2.1.1. Sources of EBL are discussed in section 2.1.2. The measurement of the EBL is
provided in section 2.1.3, followed by the EBL density and models in sections 2.1.4
and 2.1.5, respectively.

The ~-ray emission mechanisms and sources are discussed in sections 2.2.1 and
2.2.2 respectively. Sections 2.2.3 and 2.2.4 disccus the interaction of vy-ray with mat-
ter and electro- magnetic spectrum respectively. Finally, y-ray detection is presented
in section 2.2.5.

2.1 Extragalacitc Background Light

2.1.1 Definition of the EBL

Extragalactic Background Light is defined as the accumulated light released from the
time of the decoupling era after the Big Bang until the present time. In other words,
EBL is the light integrated from unresolved and resolved extragalactic sources. Be-
cause the CMB comes from a different source, the CMB light is not considered to
be part of the EBL spectrum. The EBL energy density is the second most dom-
inant energy density following the CMB density (Dwek & Krennrich, 2013). This
definition of the EBL excludes the low energy foreground radiation from the Milly
Way and the solar system as well as the high energy background radiations such
as X-rays and v-rays. The latter are not considered to be part of the EBL because
they are produced by different emission mechanisms.

Figure 2.1 shows a static snapshot of the EBL spectrum model at redshift z = 0

(Primack et al. , 2005). The EBL spectrum is distributed between 0.1 up to 1000 pm
~ (1073 up to 10 eV). It has two humps: a first hump around the short wavelengths

4
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Figure 2.1: The predicted EBL spectrum displayed as black line compared
with observations, from Primack et al. (2005). The filled squares are from the
Hubble Deep Field, filled hexagons are taken from Elbaz et al. (2002), the
shaded red region is adapted from FIRAS and the 140 pum and 240 pm points
are from DIRBE.

from 0.1 ym up to 10 um, and a second between the 10 um and 1000 gm. The
proposed reasons for these humps will be discussed in more detail in section 2.1.2.
The evolution of the EBL with redshift can be computed, for example, with the help
of Semi Analytic Galaxy Evolution Models (SAM), as proposed by Primack et al.

(2005). Figure 2.2 (Primack et al. , 2005) shows the intensity variation of the EBL
as a function of wavelength and redshift.

2.1.2 Contributors of the EBL

In section 2.1.1, we noted that the EBL spectrum has two humps. The first hump is
attributed to contributions from different types of stars (see section 2.1.2.1). Because
of the expansion of the universe the light of distant stars / galaxies is redshifted.
The light which has been absorbed by the interstellar medium (dust and gas) within
the galaxies and remitted at longer wavelengths is responsible for the second hump
in the EBL spectrum detailed in section 2.1.2.2. One can further differentiate the
contribution from AGNs which will be detailed in section 2.1.2.3.
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Figure 2.2: The evolution of the EBL luminosity as a function of wavelength
with redshift proposed by Primack et al. (2005).

2.1.2.1 Stellar Contribution

The UV to IR spectrum of the EBL is dominated by stellar emission with different
metallicity at all redshifts since the formation of the first stars. Colour and spec-
tral analysis of distant quasars suggests the presence of heavy elements ! (metals)
in the early universe. According to current star formation models, the first stars,
called Population III (Poplll), with little or no heavy elements exhausted their
fuel quickly and hence produced the first heavier elements as they went supernovae,
thereby metal enriching the Interstellar Medium (ISM). Once the star forming cloud
reaches a critical metallicity, Poplll stars are not formed any longer (see e.g., Pri-
alnik 2000; Omukai et al. 2005; Schneider 2006). They are replaced by Population
IT stars (Popll) with lower masses and “Salpeter-like” Initial Mass Functions (IMF)
(e.g. Schneider 2006). Population IT and Population III (though PoplIl are not
observationally confirmed yet) are believed to contribute to the formation of the
young and metal-rich Population I stars (Prialnik, 2000).

A common feature of actively star forming galaxies are starburst regions where
brief episodes of star formation take place. The distribution of the stellar masses
formed in the same starburst episode is described by global IMF. The lifespan and
cumulative emission of a star is mainly determined by its mass and metallicity.
Therefore, massive stars (M > 8 M) fuse hydrogen into helium rapidly leading to
a very short life span (~ 107 yrs). In contrast, low mass stars go through a slow
emission process; hence their longer life span. While massive stars emit the majority
of their energy at UV wavelengths, low mass stars emit mainly at optical wavelength
and follow the main sequence. The Spectral Energy Distribution (SED) of individual

Theavy elements mean the metals with atomic number (Z > 2)

6



2.1 Extragalacitc Background Light Literature Review

starbursts, which depends on the starburst age, must be integrated over the entire
stellar population of a given galaxy.

The spectral energy distribution of a galaxy is affected by the absorption and
reradiaiton of starlight by dust and Hydrogen in the ISM. In the far-UV, Lyman
continuum absorption by hydrogen in the Intergalactic Medium (IGM) limits the
emission from the stars above 13.6 eV, which is the ionizing energy for neutral
Hydrogen (HI). Moreover, radiation below 13.6 eV can excite the Hydrogen in the
IGM. The absorbed energy can then be remitted again in the UV, visible and IR, due
to the recombination of free electron with the Hydrogen ions, or due to dexcitation
of the Hydrogen atom.

2.1.2.2 Dust Contribution

The dust in the ISM is composed mainly of grains made of graphite and silicate with
various sizes ranging from 10~? to 107® m and Polycyclic Aromatic Hydrocarbons
(PAH; Dwek 2001). The origin of the Infrared part of the EBL spectrum (10 — 1000
pum) is assumed to be the dust in the ISM, since ISM is made of dust grains from
the universal dust factory around giant stars due to their mass loss. This dust is
powered by the hot elements in the ISM and remit its energy in the longer wave-
lengths IR. The contribution of the dust to the final SED of the EBL depends on
many factors. For instance, grain size and its abundance, the optical properties
of the dust, lumpiness of the ISM and distribution of the dust compared with the
radiation sources in the galaxies (Dwek, 2001).

Observations show that a small amount of dust can significantly increase a
galaxy’s brightness in the mid-IR to far-IR range. The brightness in the mid-IR
to far-IR range exceeds that in the optical and near-IR range (Kashlinsky, 2005).
Furthermore, with the right environment, re-radiation from the dust can be the
dominant emission in starburst regions (Kashlinsky, 2005). The presence of dust
around a black hole in the center of a galaxy absorbs a significant amount of the
AGN radiation which then is re-emitted in the far-IR regime (Dwek, 2001).

2.1.2.3 AGN Contribution

The contribution from the AGNs to the total EBL density is relatively small com-
pared with the stellar contribution (e.g., Malkan & Stecker 1998; Lagache & Puget
2000; Elbaz et al. 2002). The maximum contribution of a black hole via accretion
processes to the total EBL density observed today is less than 20% of the total
EBL, and can be calculated as (feppmc® ((1+2)71)), where ppy = (3 +£2) x 10°
hMoMpc™3 is the estimated mean mass density of black holes in the Universe, ¢
is the speed of light, € ~ 0.7 is the conversion efficiency factor from rest mass into
radiated energy and the mean redshift distribution of AGNs is at (z) ~ 2 (Madau
& Pozzetti, 2000).

2.1.3 Measurements of the EBL

Direct measurements of the EBL have been difficult because of dominant foregrounds
of galactic and zodiacal light from which it has to be separated (see Hauser & Dwek
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2001 for a review). Because of these difficulties direct measurements provide only
lower and upper limits on EBL intensity.

A solid lower limit on the EBL can be derived from the integrated light coming
from resolved galaxies (e.g., Madau & Pozzetti 2000; Fazio et al. 2004; Béthermin
et al. 2010). This approach, however, is less reliable at longer wavelengths since un-
resolved galaxies become a source of confusion, limiting the sensitivity of detectors.
These limitations can be partially avoided by extrapolation of the differential source
counts via improved data analysis techniques (i.e., stacking analysis Dole et al.
2006).

Several lower and upper limits have been placed in the IR wavelength region with
the aid of ground- and space-based observations and stacking analysis. For instance,
the Diffuse Infrared Background Experiment (DIRBE; Hauser et al. 1998) at 140
pm, and the Far-IR Absolute Spectrophotometer (FIRAS) detections (Fixsen et al.
, 1998) at longer wavelengths (see Dwek & Krennrich 2013 for a summary of recent
observation). However, the EBL is poorly constrained in the wavelength region
~ 10 — 70 pm, where the thermal emission from interplanetary dust (zodiacal light)
is dominant (Kelsall et al. , 1998). On the other hand, the fact that high energy
gamma-ray photons can pair produce with low energy photons in the EBL provides
an indirect but effective method to measure the EBL. The EBL intensity in the
optical-IR regions can be constrained by means of measured spectra of Very High
Energy (VHE) 7-ray sources (Dwek & Krennrich, 2013).

2.1.4 EBL Density

The total EBL intensity Igpr can be expressed as the integral of the comoving
luminosity density £ over redshift z:

T = (2 /Oooz:(z)

where £(z) is the luminosity density in the comoving volume emitted for all objects

at the rest frame and ’%’ is the cosmic time redshift relationship, and it is given

by:

ﬂ
dz

dz
142’

(2.1)

)= (100 2200w s+ L )

where Hy, Qs and Qp are the Hubble parameter, the normalized matter density
and the normalized dark matter density respectively.

The main contribution to the comoving luminosity density comes from starlight
integrated over cosmic time. Although AGN emission can dominate the optical/IR
output of an individual galaxy, on a global scale the contribution to the total IR
background is much smaller. Infrared observations show that AGNs produce a small
fraction, between 13 % and 19 %, of the mid-IR spectrum (Hainline et al. , 2009).
Consequently, the total comoving luminosity density can be used as a direct measure
of the Cosmic Star Formation Rate (CSFR) at a given redshift, which in turn makes
the EBL an integral measure of cosmic star-formation history. Around 10 to 20 %
comes from mass accretion processes onto a central black hole (Madau & Pozzetti,
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2000).

Using the dependence of Star Formation Rates (SFRs) on star-formation history
of a given star-forming galaxy as well as the relation between a bolometric luminosity
and SFR (V) on Salpeter stellar IMF, Dwek et al. (2011) converted CSFR to a
bolometric luminosity (Lyo = 7.5 x 10°0 Mgyr~! for a starburst age of 100 Myr).
This integrated intensity of the CSFR is then limited by:

Ippr =21 — 66 nW m?sr (2.3)

See Dwek & Krennrich (2013) for a summary of the current limits on the EBL.

2.1.4.1 Fluctuation Measurements and EBL Density

The EBL density in the Universe is generated from discrete galaxies and other
primordial stellar sources, therefore, the fluctuation in the spatial distribution of
these sources leads to fluctuations in the intensity of the EBL (Dwek & Krennrich,
2013). Several studies have been carried out to investigate these fluctuations. For
instance, Shectman (1973, 1974) investigated the anisotropy in the optical regime,
where Kashlinsky et al. (1996¢) investigated clustering in the near-IR region using
Cosmic Background Explorer (COBE) and DIRBE Maps. Although one cannot
determine the EBL density by only knowing the fluctuations in the EBL (Dwek &
Krennrich, 2013), the fluctuation measurements can be used to derive a limit on
the EBL density at certain regions of the spectrum (Pénin et al. , 2012). Furniss
et al. (2015) found a correlation between VHE-emitting sources and cosmic voids
along the line of sight. They have also estimated less than 10% attenuation of y-ray
decrease for highly attenuated VHE sources.

2.1.5 Models of the EBL

In order to predict the SED of the EBL various factors have to be taken into account,
including the stellar IMF, CSFR, metallicity evolution, the amount of energy emitted
by AGNs, and nuclear and gravitational processes (Hauser & Dwek, 2001). Further-
more, in a dusty universe, though the total EBL intensity remains unchanged, the
energy is redistributed by absorption and re-emission processes over the entire spec-
trum (Hauser & Dwek, 2001). However, constructing the re-emitted part of the EBL
spectrum has proven to be challenging since it depends on several factors, such as
the dust composition, size distribution, abundance and their evolution over time.
Furthermore, the spatial distribution of dust relative to the radiative sources has an
impact on the re-emission process (Dwek & Krennrich, 2013).

Several models have been developed to derive an overall spectrum of the local
EBL and its evolution based on the knowledge of galaxy evolution and SFR in-
corporated with observational constraints. The models use different strategies to
determine the evolution of the comoving luminosity density, £(z), as a function of
redshift which may be categorised in four groups. A brief description will be given
for each category, in the following sections. The Backward Evolution model (BE) is
described in section 2.1.5.1 and the Forward Evolution model (FE) is given in sec-
tion 2.1.5.2. The Cosmic Chemical Evolution models (CCE) are discussed in section
2.1.5.3, while the Semi-analytical Models (SAM) are reviewed in section 2.1.5.4.
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Figure 2.3: Different BE models predicting the EBL spectrum. The solid
squares represent the prediction of the (BH) model by Beichman & Helou
(1991); solid triangles is the (HS) model (Hacking & Soifer, 1991); the purple
line is the (MS) (Malkan & Stecker, 1998); the red dotted line and the blue
dash-dot line are the (BL30) and (BL60) models respectively (Blain & Longair,
1993). The solid red line is the (Xu) model by Xu (2000); black dashed line is
(TSB) model (Tan et al. , 1999); open diamonds is the (RR) model by (Rowan-
Robinson, 2001) and the blue solid line is the (YT) by (Yoshii & Takahara,
1988). The yellow shaded area are the limits from observation. The figure is
adapted from Hauser & Dwek (2001).

2.1.5.1 Backward Evolution Models (BE)

This method determines the local £(z) at z = 0 using low-red shift observations of
galaxy Luminosity Functions (LFs) and extrapolates them to higher redshifts (e.g.,
Malkan & Stecker 1998, 2001; Rowan-Robinson 2001; Stecker et al. 2006). In this
model, the SED of galaxies, constructed from existing galaxy populations in the
local Universe, is extrapolated backwards in time. The luminosity density is then
given by the convolution of the LF with the integrated SED of different types of
galaxies.

Evolution of the LF can be determined either directly from observations of
sources with known redshift and complete number counts (e.g., Dunne et al. 2000;
Rodighiero et al. 2010) or by assuming a functional form for the LF redshift evo-
lution (e.g., Rowan-Robinson 2001; Stecker et al. 2006). Evolution to the LF can
also be introduced by changing the relative number counts of different galaxy types
with redshift (e.g., Lagache et al. 2003; Rowan-Robinson 2001, 2009; Dominguez
et al. 2011). More recently, Helgason & Kashlinsky (2012) constructed a relatively
robust BE model using evolving galaxy number count at UV to mid-IR wavelengths.
Figure 2.3 shows different models using the BE approach (adapted from Hauser &
Dwek 2001).

10



2.1 Extragalacitc Background Light Literature Review

10— T oo 9

- Forward Evolution models CMB ]

ED ]

. RR J
N

5o 10% 3

g 1
=
=

X 1

—
a

107! A R R TR A

107! 1 10 10% 10°

A(pm)

Figure 2.4: Comparison between predictions of different FE models and the
observed EBL spectrum. Where the solid triangles is (Fr) model by (Frances-
chini et al. , 1994); solid violet line is (CH) model by (Calzetti & Heckman,
1999); red, green, blue solid lines are the (ED), (RR), (UVO) models respec-
tively by (Dwek, 1998). The shade yellow area is the limits from observation.
This figure is adapted from Hauser & Dwek (2001).

On of the advantages of the BE models is that they allow for a straight for-
ward comparison between the predicted galaxy properties such as color-magnitude,
number-magnitude and number-redshift, and the observed properties. This model is
a purely phenomenological, and it has no physical processes involved in constraining
the EBL intesity, such as star formation or radiative transfer processes that take
place in the galaxy evolution (Dwek & Krennrich, 2013).

2.1.5.2 Forward Evolution Models (FE)

This approach begins with primordial initial conditions for star-formation and fol-
lows galaxy evolution forward in time, whereby it is ensured that the initial condi-
tions are in agreement with observations (e.g., Dwek et al. 1998; Razzaque et al.

2009; Finke et al. 2010). These models use the redshift dependence of CSFR over
which the SED of stellar populations are integrated to determine £, (], z) as a func-
tion redshift.

The determination of the CSFR entails uncertainties due to the effect of dust
on the scattering, absorption of UV-optical starlight, and thermal reradiation at IR
wavelength. Furthermore, the conversion of CSFR to total bolometric luminosity
depends on our knowledge of the stellar IMF, which is a poorly determined param-
eter at high redshift. Once the CSFR is obtained, it is used to convolve models
for the SED of stellar population (e.g., Fioc & Rocca-Volmerange 1997; Leitherer
et al. 1999; Bruzual & Charlot 2003; Maraston & Strombéck 2011) to determine the
evolving stellar bolometric and spectral luminosity density as function of redshift.

11
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Figure 2.5: Comparison between the predictions of different CCM and SAM
models and the observed EBL spectrum. The SAM models: the green line
is (PrB) model by (Primack et al. , 1999); the violet line is (DvG) model by
(Devriendt & Guiderdoni, 2000) and the blue line is (Bl) model by (Blain et al.
, 1999). The CCE models: the red line is (PFH) model by (Pei et al. , 1999).
The shade yellow area is the limits from observation. This figure is adapted
from Hauser & Dwek (2001).

Figure 2.4 shows different models using the FE approach (adapted from Hauser &
Dwek 2001).

To determine the SED of a galaxy one can use radiative transfer models (e.g.,
Silva et al. 1998; Gordon et al. 2001; Nenkova et al. 2000), or use observational
approaches to obtain the fraction of UV-optical light absorbed by dust, and the re-
radiated IR spectrum statistically. The combination of population synthesis models
with radiative transfer models provides a useful tool to obtain the UV to radio SED
of a given galaxy. This makes FE models successful in reproducing the SED of
individual galaxies, and the global characteristics of the EBL. However, such models
do not allow one to take into account galaxy interactions and associated changes in
star formation rate, or morphological evolution of galaxies.

2.1.5.3 Cosmic Chemical Evolution Models (CCM)

This is a modeling approach which deals with globally averaged properties of the
universe. These models only consider basic galaxy ingredients, i.e., interstellar gas,
metallicity, and radiation. In this model, chemical evolution equations, that are
similar to those used for chemical evolution of the Milky Way (e.g., Audouze &
Tinsley 1976; Tinsley 1981; Pagel 2001), are used to follow the evolution of the
average stellar, gaseous and radiation content in comoving volume elements in a
self-consistent manner (Hauser & Dwek, 2001).

12
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Figure 2.6: The different EBL model adapted from Dwek & Krennrich (2013).
The BE are (Stecker et al. , 2006) in yellow line, (Franceschini et al. , 2008)
in red line and (Dominguez et al. , 2011) in green line. The FM (Finke et al. |
2010) in orange line. The SA (Gilmore et al. , 2012) in purple line. (Mazin &
Raue, 2007) in blue line. The shaded gray area is the EBL limit determined
by the intensity of IGM for the lower limits and by the absolute measurements
of the EBL for the upper limits.

2.1.5.4 Semi-analytical Models (SAM)

This model applies physically motivated descriptions for the physical processes that
determine formation and evolution of galaxies in a ACDM Universe using initial
conditions derived from observations such as the Five-Year Wilkinson Microwave
Anisotropy Probe (WMAPS5) observations. These models follow the growth and
merger history of dark matter halos, and the development of galaxies formed as
baryonic matter fall into the potential wells of these halos, and the physical evo-
lution of its baryonic component. SA models, therefore, account for factors de-
termining the fate of gas in-fall into dark matter halos. These include, the effect
of gas cooling, star formation in a multiphase ISM, AGN and supernova feedback,
chemical enrichment of the ISM, material exchange with the IGM through in-fall
and Galactic winds, galaxy merger, etc. (e.g., Kauffmann et al. 1993; Cole et al.
1994; Somerville & Primack 1999). Figure 2.5 shows different models using the SAM
with CCM approaches (adapted from Hauser & Dwek 2001). Similar to other EBL
models, reproducing galaxies SED is complicated by extinction effects. The correct
determination of the amount of starlight absorbed by dust and re-emitted is crucial.
In addition, SA models are complex and computationally quite expensive. They
depend on the modelling of several physical processes, some poorly understood, to
derive galaxy properties. Despite these difficulties, SA models managed to success-
fully reproduce various observed properties of galaxies (e.g., references mentioned
above plus Fontanot et al. 2009; Fontanot & Somerville 2011; Younger & Hopkins
2011). Therefore they provide a good base for the computation of the EBL, which
is simply the integrated light of all the modelled galaxies.

13
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2.2 Gamma-ray Astrophysics

Photons with high energies, above a few hundred keV, are classified as v-rays. The
high energy of ~-rays can only be produced by powerful processes in the Universe.
In section 2.2.1 we will discuss various proposed mechanisms of ~-ray emission.
Astronomical sources will be described briefly in section 2.2.2. In sections 2.2.3
and 2.2.4 we describe the interaction of y-rays with matter and electromagnetic
radiation, respectively. The detection methods of ~-rays are discussed in section
2.2.5, and finally its attenuation by EBL is reviewed in section 2.2.5.

2.2.1 Gamma-ray Emission Mechanisms

Two processes are known to produce v-rays: thermal and non-thermal emission pro-
cesses. Thermal emission can be modeled as a black body, for instance according to
Wien law, a 10 Mev v-rays need temperature of order 10'° K to be emitted, however
such temperature is not available in our Universe. Nevertheless, non-thermal pro-
cesses which involve interaction between charged particles and electric or magnetic
fields can produce very high energy ~-rays.

Synchrotron and Bremsstrahlung Radiation

One of the well studied phenomena in electrodynamic is that of the production of
electromagnetic radiation by accelerating charged particles in magnetic or electric
fields (Jackson, 1998). The mass, momentum and charge of the accelerated particle,
in addition to the orientation and strength of the field, are the main parameters
that affect the spectral energy, the angular distributions and the amount of emitted
radiation.

Synchrotron radiation is a free-free emission, which takes place when a charged
particle is accelerated by an electric or a magnetic field. The energy of the emitted
photon due to the interaction between a high energy electron (cosmic ray) with
energy (E.) and an interstellar magnetic field (B) where uG=10"% Gauss, is given
by equation 2.4.

E. \* B
E, ~0.05- . A% 2.4
The strong magnetic fields of order 10'0 G associated with pulsars or the surface
of neutron stars are sufficient for producing gamma photons (e.g., Ruderman &
Sutherland 1975; Schonfelder 2001).

Bremsstrahlung (braking radiation) is also a free-free emission, occurring when
charged particles are decelerated by an external electric field or when passing through
matter. Figure 2.7 shows a sketch of the process as an electron passes near to the
nucleus of an atom its direction gets deflected in other words it is losing kinetic
energy and hence a photon is emitted. The energy of the emitted photon E, is
given in equation 2.5,

E, = (v — 1)mec?, (2.5)
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Figure 2.7: Schematic representation of the Bremsstrahlung interaction.

€

Figure 2.8: Schematic illustration of the inverse Compton scattering proses.
-1
where v = ( 1-— Z—j is the Lorentz factor. The spectrum of the braking radia-

tion is characterized by its flatness and sharp drop, due to the fact that an electron
transfers all its kinetic energy to the bremsstrahlung photon (Schonfelder, 2001).

Inverse Compton Scattering

~-rays can also be produced when an energetic electron collides with a low energy
photon. These collisions promote the photon to either become a X-ray or vy-ray
photon. The typical energy of the emitted photon from such interaction is:

B, ~13 <(TEe§/>>2 - (M) (GeV), (2.6)

where € is the energy of the photon before the scattering. Figure 2.8 shows a sketch
of the inverse Compton scattering.

Nuclear Transitions

The atomic nuclei can be in different energy states, one can think of these states
similar to the electrons quantum state in their shell. Usually the energy difference
in the nuclear states flow in the MeV regime, therefore the transitions between these
states requires an absorption or emission of MeV photons (y-rays). See the schematic
in figure 2.9 adapted from Schoénfelder (2001).
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Figure 2.9: An illustration of nuclear transitions decay.

Figure 2.10: An illustration of the electric-positron annihilation.

Pion Decay

Interactions like cosmic rays (protons) colliding with the nuclei of the ambient gas
can produce an extensive number of neutral and charged pions, however neutral
pions (70) are unstable, therefore they decay into pairs of y-ray photons (Schonfelder,
2001).

=y 4y (2.7)

Annihilation

A pair of «-ray photons can be created when a particle and antiparticle annihilate.
Figure 2.10 shows a sketch of the electron-positron annihilation. Since an electron
is the lightest particle with a mass of 511 KeV, the expected photons in from a
electron-positron annihilation event will be in the y-ray range.

2.2.2 Sources of GeV/TeV Gamma-ray Emission

There are two main types to the GeV/TeV ~-ray sources, galactic and extragalac-
tic. The galactic sources can be supernova remnants, objects that remain after a
supernova, i.e., black holes or neutron stars depending on the mass of the original
stars. The main emission mechanism is supernova driven shock wave acceleration
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Figure 2.11: The Photoelectric Effect.

of charged particles (Malkov & O’C Drury, 2001). The other strong source of VHE
~-ray emission are pulsars which are rotating neutron stars created after a supernova
explosions. VHE ~-rays are emitted from pulsars. These are produced by charged
particles accelerated by the very high electric field. Inverse Compton scattering is
another source of VHE. In this process, low energy photons are scattered to much
higher energies by this process, which can also take place at the surface of the neu-
tron stars (Ruderman & Sutherland, 1975; Schonfelder, 2001). Also, X-ray binary
systems have been confirmed as VHE ~-ray emitters (Aharonian et al. , 2005b; Al-
bert et al. , 2006), through synchrotron emission.

The following list summarises the known extragalactic sources for the VHE ~-
ray. AGNs and starburst galaxies have been shown to emit VHE ~-rays. AGN’s
are powered by the gravitational energy released by the accretion onto a central
supermassive black hole. Starbusrt galaxies are galaxies which show a high degree
star formation activity. Observations revealed that even small starburst galaxies
such as M82 are able to emit VHE ~-ray (> 700GeV; VERITAS Collaboration et al.
2009). Another source of VHE ~-rays are I'-ray bursts (GRBs) which are the most
luminous sources in the universe with associated energies of 50keV to 1MeV (Weekes,
2003). Two different types of GRBs can be differentiated one is thought to originate
from super- or hypernova explosions and the other from merging neutron stars.

2.2.3 Interaction of Gamma-rays with Matter

Photoelectric Effect

Photoelectric effect is the absorption of a photon by an electron in an atom. Different
scenarios can happen depending on the energy of the absorbed photon, if the photon
has sufficient energy it can release or excite the electron from its orbit. Figure 2.11
shows the different scenarios in the photoelectric interactions. This effect is the
dominant interaction for low energy photons in the range between 100 eV to 100
keV.
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Figure 2.12: Compton Scattering.

€

Figure 2.13: The Pair Production Effect.

Compton Effect

In this effect a photon hits a free electron and transfers some of its energy to the
electron in a form of kinetic energy, and gets scattered. This interaction is dominant
in the energy range of 100 eV up to MeV. Figure 2.12 provides an illustration of the
scattering process.

Pair Production

When the energy of a photon is higher than the rest mass of a particle and its anti-
particle the pair production interaction is allowed. The minimum energy required
for the precess to occur is called a threshold energy which corresponds to two times
the rest masses of the particle or, equivalently, to the sum of the rest masses of the
particle and its anti-particle. This interaction happens in the presence of a strong
electric fields, most likely when the high energy photon passes close to a nucleus of an
atom with high atomic number. Figure 2.13 shows an illustration of this interaction.

Electromagnetic Cascades

When very high energy particles or v-rays collide with regular matter they can gen-
erate a shower of secondary particles through pair production processes and photons
with less energy through bremsstrahlung interactions. The secondary particles in the
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Figure 2.14: Electromagnetic Cascades.

shower emit Cherenkov radiation, which is emission due to the motion of a charged
particles in non-conducting medium with speed greater than the phase speed of
light in the medium. Figure 2.14 shows a schematic of electromagnetic cascading of

a vy-ray.

2.2.4 Interaction of Gamma-rays with Electromagnetic
Spectrum

The interaction of a high energy photon and low energy photon producing an
electron-positron pair (y +7 — et + e7) is one of the important processes that
responsible of the absorption of these VHE ~-ray photons traveling from distant
cosmic sources such as Quasars. This interaction can takes place only if the total
energy of the two photons is higher than the rest mass of the electron-positron pair.
The cross section of this interaction is the probability for the interaction to occur,
and can be written as (Gould & Schréder, 1967):

7 = (1= Y |(3+ 59 262 - ) 29

1
where (8 = [Pe|£ = (1—1)2) and (E.) is the electron and the positron veloc-
ity and the energy at the center of mass respectively, o is electron radius and
s = Z(1 — cosf) is square energy of the center of mass and sq = (mGQECAL) One can
see from the above equation the pair production can only occur if s > 1.

The optical depth (7) is the absorption probability of energetic photons emitted
at redshift z up to the observer at z = 0, and it can be written as (Razzaque et al.
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, 2009):
dTabs — o g 4 2/ 1 dt
dx FE o (14 21)2 d21
o0
Uey _
X de1—5Plso(e1)], (2.9)
m2ct/E(1421) €1

where Pp[so(€)] = flso(s) so(s)ds and 7 (s) = 2;%) with Sp = E(1 + 2)e1/m2ct.

The interaction of the VHE ~-ray photons and the low energy photons is the
basic physical absorption that we are studying in this thesis through investigating
the opacity of the VHE ~-ray photon due to the EBL photons.

2.2.5 Gamma-ray Detection

There are some challenges associated with ~-ray observations. First, the absorp-
tion probability of a 1MeV ~4-ray by our atmosphere is 99.8% . This means the
atmosphere is optically thick, therefore v-rays cannot be directly observed from the
surface of the Earth. Secondly, the small number of vy-ray photons compared with
the number of optical photons, in other words, the cosmic y-ray flux is very small
compare with the optical flux. This is due to the fact that the amount of energy
that the -ray photons carry can be more than million times higher than that of
optical photons which obviously makes it much harder to produce the v-rays in the
first place. Therefore, there are no enough ~-rays produced in order to transfer the
energy from the emitting sources. Thirdly, the background noise in ~-ray telescopes
(Schonfelder, 2001).

Two different approaches can be used to detect v-rays. The first one is using
space telescopes, this is a direct approach, carried out by adopting one of the in-
teraction processes between radiation and matter in section 2.2.3. Scintillators and
pair-conversion detectors are the most commonly used detector here. The scintil-
lator type detectors make use of a secondary electron generated by a photoelectric
absorption or scattered via the Compton effect. Whereas the pair-conversion detec-
tors measure the electron-positron pair created when high energy y-rays (above ~ 20
MeV) pass through a material with a high atomic number such as Lead or Tungsten.

The second approach is to use ground base telescopes: this approach does not
directly detect y-ray radiation, but observes the effects of the ~-ray interaction with
the atmosphere. This is done by observing the Cherenkov radiation that occurs in
our atmosphere due to electromagnetic cascading (see section 2.2.3).

Determination of the EBL from GeV /TeV sources

Measuring the EBL from GeV/TeV 5-ray observations works best if intrinsic spec-
trum of the source is known. Conversely, if the EBL is known, it can be used to
determine the intrinsic spectrum of y-ray sources and could in turn provide impor-
tant constraints on the processes of VHE emission.
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Different sources are used to constrain the EBL. These include blazars, a few
radio galaxies, and a couple of nearby starburst galaxies detected recently. How-
ever, the majority of extragalactic v-ray sources at VHE are blazars, therefore, the
current constraints on the UV /optical to Mid-IR regions of the EBL are derived
primarily from studies of blazars.

The spectra of most VHE sources follow a power-law of the form dN/dE oc E~T
over a wide energy range. The law has spectral indices I'gey and I'rey at GeV and
TeV energies respectively. However, over sufficiently small energy ranges, there is a
deviation from the power-law.

The observed spectra of blazars show a sharp cut-off between GeV and TeV
energies, defined as Al'gey = I'gev — I'rev. The location of the cut-off depends
on the redshift of the source, increasing with redshift. The cause for this spectral
feature is suggested to be the EBL absorption Dwek & Krennrich (2013).

A single power-law can be fitted to a VHE gamma-ray source in the region
~ 1 —10 GeV which is unaffected by EBL absorption (e.g., Punch et al. 1992). If
we assume that the intrinsic blazar spectra follow this power law to energies ~ 1
TeV, then any spectral break in the observed spectrum can be attributed to EBL
absorption. In this method, spectral break analysis, the knowledge of the intrinsic
blazar spectrum is not required to study the EBL.

Since different studies used different assumptions for the intrinsic spectra of the
~-ray sources, there is variation on the limits derived by this method. Nonetheless,
several studies (e.g., Aharonian et al. 2005a; Mazin & Raue 2007; Orr et al. 2011)
have shown that the EBL intensity at optical-IR wavelength range is close to the
lower limits set by the integrated light from galaxies.
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A New Model for EBL

In this chapter we describe the models used to generate the energy density distri-
bution of the EBL. We used the model proposed by Razzaque et al. (2009) for the
stellar contribution (section 3.1) while the dust contribution is modeled following
the work of Finke et al. (2010) (section 3.2). The numerical implementations of the
model developed in this thesis are discussed in section 3.3.

3.1 Razzaque Model

The Razzaque et al. (2009) model, hereafter referred to as (RDF09), is a forward
evolution model which aims to predict the contribution of the stellar component of
the EBL spectrum. It ignores the re-emission of the light in the IR of the light ab-
sorbed by dust. In this model, the starlight component (~ 0.1 — 10 eV) of the EBL
is inferred from the stellar thermal surface emission of main-sequence stars. This
emission is modelled as blackbody radiation. The contributions from the AGNs and
quasars are ignored since these objects radiate mostly in the X-ray range. Stars
in the main-sequence phase are also ignored as they contribute very little in the
UV-optical wavebands. Most of their emission occurs at longer wavelengths.

The RDF09 model is built as follows; if the star with M mass is born at redshift
zp and evolves away from the main-sequence at redshift z4(M), then the lifetime of
this star, t,, can be written as:

2p
te = / dz dt , (3.1)
zq(M) dz
where,
a _ (~Ho(L+ )T+ 2P + ) (3.2)
dz m )

Hj is the Hubble constant, €2, and Q, are dimensionless matter and vacuum en-
ergy densities in the standard ACDM cosmology. By inverting equation 3.1 we can
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determine z4(M),

Q 3 Q
14| - <QA> sech [2Hot*\/QA + tanh_l\/l + <Qm> (1+2)3
m A

e (@)/()

M and L are respectively the mass and luminosity of the main sequence star, and
My = 1.99 x 103 g, Lo = 3.846 x 10%3 erg s7! and tu ~ 11 Gyr are the solar
mass, luminosity and lifetime, respectively. Figure 3.1 shows z4 as a function of
mass M, for various redshifts z, where equation (3.4) is used to approximate t,.
The mass-luminosity ratio in equation (3.4) has been modeled by a single as well
as a broken power law. Solid lines are based on Single Power Law (SPL; Bressan
et al. 1993) and the dashed-lines represent the results based on a Broken Power Law
(BPL; Binney & Merrifield 1998). Figure 3.1 implies that stars which are formed
with masses above 10M, leave the main sequence almost instantaneously, between
z ~ 1 —>5. On the contrary, stars with masses less than or equal to one solar mass
stay in the main sequence for live-times close to the Hubble time.

The comoving number density of photons, dN, per comoving energy interval
de = de'/(1 + 2'), emitted by a single star with mass M born at redshift z and
integrated to the present time is given by the following expression (Razzaque et al.

, 2009):
dN (e, M z dt | dN(¢', M
N M) _ / g | LI INEM) oy (3.5)
de max{M,='} dz' de'dt
where d]\;gf;ly) is the total number of emitted photons per time par energy intervals

from a star with radius R and temperature 7. Assuming the radiation field of
the star can be approximated as a blackbody radiator, one obtains the following
expression:

dN (e, M) R? €2
= ) (3.6)
dedt wh3c? exp(e/kT) — 1
where k£ and h are respectively the Boltzmanns, rationalized Planck’ constants, and
c is the speed of light.

The mass distribution of a given stellar population can be represented by the
IMF, {(M), given by:

M~=F  at OIMQ S M S MlM@,
E(M) o { M—"2 at MMy < M < MyM,, (3.7)
M~" at MyMs < M < 120M.

In the models considered here the stellar masses are constrained to a range between
Mpin = 0.1 and Mpyax = 120M and it is assumed that the shape of the IMF does
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— SPL
-- BPL

M/M

Figure 3.1: Shows max{0, z4(M, z)} versus mass in solar units. This is an
illustration of equation 3.3 for redshifts 1 to 6 within the standard ACDM
cosmology. The solid lines represent the lifetime of the main sequence stars
following Single Power Law (SPL) for the stellar mass-luminosity ratio (Bres-
san et al. 1993), where the dashed-lines represent results for Broken Power
Law (BPL) (Binney & Merrifield 1998). (This plot is adapted from Razzaque
et al. (2009) Fig 1).

not change with time.

Figure 3.2 shows four different IMF models deduced from observations of local
galaxies which have been utilised in the models of RDF09. The heavy blue line
represents the classic Salpeter IMF (Salpeter) (Salpeter, 1955). The green dashed-
dotted line displays the modified Salpeter IMF (Salpeter B). The Baldry-Glazebrook
IMF (Baldry & Glazebrook, 2003) is given by the red dashed line. Finally, the Scalo
IMF (Scalo 1986, 1998) is shown by the cyan dashed - double dotted line. Table 3.1
lists the various parameters for these IMF's.

Table 3.1: Parameters of IMF models

H IMF model ‘ K1 ‘ M, [ M) ‘ Ko ‘ M, [ M) ‘ K3 ‘ M;[ M) H
SalpeterA 1.5 0.5 2.35 120 - -
SalpeterB 1.5 1.0 2.35 120 - -
Baldry-Glazebrook | 1.5 0.5 2.20 120 - -
Scalo 1.2 1.0 2.70 10.0 2.3 120

Razzaque et al. (2009) considers different models for the global star formation
rate (SFR), i.e. the total a amount of mass which is converted from gas into stars
per unit comoveing volume and time. Those models are displayed in Figure 3.3. One
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Figure 3.2: Shows four different IMFs, the blue lines shows the classic Salpeter
IMF (Salpeter A; Salpeter 1955), the in green dashed - dotted is the modi-
fied Salpeter IMF (Salpeter B) , the red dashed line represents the Baldry-
Glazebrook IMF (Baldry & Glazebrook, 2003) and Scalo IMF (Scalo, 1986,
1998) is displayed as cyan dashed - double dotted line. (This plot is adapted
from Razzaque et al. (2009) Fig 2).

such model follows Cole et al. (2001) by assuming that the SFR has a functional
form given by:
h(a + bz)

Y(z) = T+ (z/0)d’ (3.8)

where the values for a, b, ¢ and d are given in table 3.2. The table also introduces
the denotation of the different models from A through E as used by Razzaque et al.
(2009). Another model adapted from Hopkins & Beacom (2006) assumes that the
SFR has the following functional form:

101+ 2)? at 0<z2<z
P(z) = 10°(1+2)" at 21 <z< 2 (3.9)
10°(1+2)7 at 2 <2 <6.

The values for a, b, ¢, d, e and f are given in table 3.2 (for the models D and
F). Figure 3.3 displays the different SFRs as a functions of redshift. The SFRs
for the models A through E are given by the blue (dashed), the green, the red
(dashed-double dotted), the cyan (dashed) and the purple (dashed-dotted) lines,
respectively.

It is evident that the shape and the amplitude of the global SFR and the IMF
(discussed above) have a strong impact on the shape and amplitude of the EBL.
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Figure 3.3: Shows five different SFR models.

(This plot is adapted from Razzaque et al.

SFR (Msun yr—* Moc™ 3)

10°

modelA
modelB
- modelC
modelD
modelE

3

Redshift

Where the blue dashed-line is
model A, the green line is the model B, the red dashed double dots is model
C, the cyan dashed line is model D and the model E in purple dashed-dot line.

(2009) Fig 3).

Table 3.2: Parameters of SFR models

H model ‘ IMF model a ‘ b ‘ c d e f ‘ Z1 ‘ 2 H
A Salpeter A 0.0166 | 0.18 | 1.9 2.6 - - - -
B Salpeter B 0.0170 | 0.13 | 3.3 5.3 - - - -
C BaldryGlazebrook | 0.0118 | 0.08 | 3.3 5.2 - - - -
D Salpeter B -1.82 | 3.28 | -0.724 | -0.26 | 4.99 | -8.0 | 1.04 | 4.48
E BaldryGlazebrook | -2.02 | 3.44 | -0.930 | -0.26 | 4.67 | -7.8 | 0.97 | 4.48
A, B and C are used for equation 3.8, D and E are used for equation 3.9.
Razzaque et al. (2009) computed the spectral energy density of the EBL using:
dN(e,z=0) o [ Mmax
W N/ d — (2 )/Mmm dME(M)
dN (e, M) ,
X fesc( N—"2(1+2), (3.10)
/rnax{O,zd(M,z’)} de'dt

where N 71 = Mm‘”‘ dME(M) is the IMF normalization factor, and fes.(€') is an

min

empirical fitting function for the averaged photon escape fraction from the galaxy
(adapted from Driver et al.
photons which are absorbed by dust are re-emitted in the IR. This process will be
treated in more detail when the work by Finke et al. (2010) is discussed. By multi-
plying equation 3.10 by €? the energy density, eu., can be obtained. Consequently,

(2008)).
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Figure 3.4: The EBL energy density obtained by Razzaque et al. (2009)
modelling at different redshifts, using Model-B as described in table 3.2 with
SPL approximation.

the comoving EBL density is given by equation:

dN
eue = (1 + 2)*e? deS{/Z)

Figure 3.4 shows the EBL energy density for various redshifts based on RDF(09
model B.

(3.11)

3.2 Finke Model

The model of Finke et al. (2010), hereafter referred to as (FRD10), is an extension
of the RDF09 model with the aim to predicting the EBL for wavelengths up to
1000 ym. As mentioned in chapter 2, dust absorbs radiation from stars and remits
it at longer wavelengths. In the FRD10 model the full EBL spectrum is constructed
by adding a model for the dust re-emission process.

The FRD10 dust re-emission model is based on the empirical dust model by
Desert et al. (1990). FRD10 used three components for the dust in the ISM, big
and very small grains and polycyclic aromatic hydrocarbons (PAHs; Desert et al.
1990). The big grains are the coolest with a temperature around 40 K. Therefor this
component re-emits in the far-IR. The small grains with a temperature around 70 K
are expected to emit at near-IR wavelength. Finally, the PAHs have temperatures
of some 450 K and could emit broad emission lines, and generally PAHs are not
in thermodynamic equilibrium with their environment (Dwek et al. , 1997). The
temperatures of the different dust species and the fractional contribution to the re-
emission spectrum are presented in table 3.3.
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Figure 3.5: The EBL energy density based on the Finke et al. (2010) model
at different redshifts, using model-B as described in table 3.2 with SPL ap-
proximation for the stellar mass - luminosity relation.

The FRD10 model assumes that the dust contributions can be represented by a
combination of three blackbody spectra (BB), each one represents a different type
of dust. To determine the fractional contribution of each dust component, Finke
et al. (2010) fitted the observed IR luminosity data at z = 0.0 and z = 0.1. The
proper luminosity density eL. was calculated using the following equation:

15 1
GLdUSt(El, Z) :F /de |:f(€) _ 1:| Lstars(elyz)

3
In el
. Z (kT /mec?)* explmec?e/kT,] — 1° (3.12)

n=1

where [m — 1} Lstrs is the fraction of energy absorbed by the dust. f,, and T},

are respectively the fraction and the temperature of each dust component in the ISM
and n = 1,2,3. The values for these parameters are presented in table 3.3. L5%9"¢ is
the luminosity density escaped from the stars derived in RDF09 (Finke et al. , 2010).

Figure 3.5 shows the EBL densities at different redshifts obtained using a com-
bination of the RDF09 and the FRD10 approaches. The RDF09 approach is used

to compute the comoving EBL density and from the FRD10 approach the dust
re-emission description is adapted.

3.3 Numerical Implementation

The ultimate goal of this work is to investigate the impact of the EBL fluctuations
on the VHE ~-ray spectra from distant blazars. To do this, we started by calculating
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Table 3.3: Dust parameters from FRD10. n, f, and T are the dust label,
fractions and temperatures respectively.

H Dust Component ‘ n ‘ fn ‘ Tr [K] ‘

Warm large grains | 1 | 0.60 40

Hot small grains 2| 0.05 70
3

PAHs 0.35 | 450

the EBL spectrum energy distribution based on models proposed by Razzaque et al.

(2009) and Finke et al. (2010). However, unlike their models, the spectrum gen-
erated here covers the energy range from 0.001 to 100 eV using 400 logarithmically
scaled sampling points. In order to compute the optical depth for VHE ~-rays from
distant sources which requires an integration along the path of the v-rays, the EBL
spectrum has to be known as a function of redshift. We therefore computed the
EBL spectrum for the redshifts from 0 to 10 using 1000 steps.

Due to the nested integrals in equation 3.10 the computational effort to deter-
mine a single EBL spectrum at a given redshift is substantial. It takes about 20
minutes to compute one spectrum. Consequently, the computation of 1000 spectra
would take two weeks. We therefore used a parallel computing strategy, based on
the use of shell scripts, this reduced the run time to 2 days.

In our new model, fluctuations in the EBL are implemented by means of fluc-
tuations in the SFR density. The rationale behind this approach is that, if a region
shows a low SFR for some time, the galaxy population density is lower compared to
the cosmic mean. It is self-evident that such regions may show lower EBL intensities
simply because there is a smaller number of galaxies in this region.

It is very difficult to extract spatial fluctuations of the SFR from observations,
i.e. from large galaxy catalogues such as Sloan Digital Sky Survey (SDSS; Spergel
et al. 2007) or the 6-degree Field survey (6DF) (Jones et al. , 2004) or Two Micron
All-Sky Survey (2MASS) (Skrutskie et al. , 2006). Therefore, in this work we esti-
mate the fluctuations of the SFR from the publicly available, semi-analytical galaxy
catalogue by Guo et al. (2013) based on the Millennium Run 7 (M R7) (Lemson
& Virgo Consortium, 2006). MR7 is a large cosmological N-body simulation which
was set up to study the structure evolution of dark matter (Guo et al. , 2013). The
simulation uses a specially customized version of the GAlaxies with Dark matter
and Gas intEracT 2 (GADGET?2) which is based on a “TreePM” solver (Lemson &
Virgo Consortium, 2006). This method — used for evaluating gravitational forces —
is a combination of a classical Fourier transform particle-mesh method and the Tree
algorithm.

The MR7 run computes the evolution of 2160% dark matter particles, i.e. dark
matter phase space elements, with masses of m, = 8.61 x 108 Mg, in a box of 500
Mpc/h on a side from redshift z = 50 to z = 0.0. Based on 62 snapshots from MR7
run the merger trees were extracted and used to generate semi-analytic galaxy cat-
alogues (Guo et al. , 2013) which have been proven to result in observed properties
that are derived from large galaxy catalogues such as mass function and color dis-

29



3.3 Numerical Implementation A New Model for EBL

7
-1
8 107 ¢
=
IL
>
= MR7
o o1 modelA : \
T I, _ :
h ,.l{, modelB \\ '
¥ -+ modelC N
',' - - modelD
I modelE
10'2 4 : ‘ ‘ ’ :
0 1 2 3 4 5 6
Redshift

Figure 3.6: Mean SFR derived from the Guo et al. (2013) galaxy catalogue
based on the MRT7 (solid blue line). The redshifts of the available snapshots
are indicated by the black stars. The other lines show the models presented in
Figure 3.3.

tribution. The good statistical agreement between modeled galaxies and observed
ones allows us to derive the fluctuations in the SFR from the semi-analytical cata-
logues rather than from the observed ones. Figure 3.6 shows the mean SFR, derived
from the Guo et al. (2013) galaxy catalogue as solid blue line where the black stars
represent the redshifts of the available snapshots.

As mentioned above, the Millennium data base is a public data base which can
be queried via a web portal based on the Structured Query Language (SQL). Figure
3.7 shows an example query to retrieve the stellar mass, SFR, positions and masses of
the Guo et al. (2013) galaxy catalogue. At z = 0 the catalogue comprises about 30
Million galaxies. Such large amounts of data can not be downloaded via a graphical
user interface (GUI). Therefore, the query has been incorporated in a shell script
allowing one to circumvent the GUI and to download directly the data from the data
base. Even with this approach, the data for a single snapshot can not be retrieved as
a single big file. The data have to be separated into smaller chunks in order to make
the transfer via the Internet feasible. This is why the Peano-Hilbert key (PHkey) is
used in the query. The Peano - Hilbert curve is a space filling curve which is used
as parameter (or key) to select swiftly only those galaxies which are located in close
proximity. Therefore, working successively through the entire range of the PHkey
(1 —16777214) allows one to gradually retrieve all galaxies in the simulation box.

Scatter of the SFR

To compute the mean as well as upper and lower limits of the scatter for the SFR
we employed the following steps:

30



3.3 Numerical Implementation A New Model for EBL

T .

 Nirgo Weniu Datea

= 5 o »

Se . e A K

Documentation
CREDITS/Acknowledgments
Registration

News

FAQ

Public Databases
DGalaxies
DHaloTrees
Guo2010a
E-Guo2013a
E- Tables

MR7

MRIIscWMAP7

MRscWMAP7
Henriques2012a
Henrigues2014a
MField
MillenniumII
millimil
miniMIIII
MMSnapshots
MPAGalaxies
MPAHaloTrees
MPAMocks
Snapshots

Private (MyDB) Databases
akudoda_db (rw) (context)

Welcome Ayman Kudoda.

Streaming queries return unlimited number of rows in CSV format and are cancelled after 420 seconds.

Browser queries return maximum of 1000 rows in HTML format and are cancelled after 30 seconds.

For long duration batch queries, or file uploads into your MyDB, use the MyMillenniumTAP service in the Galformod
Dashboard or stand-alone.

|select top 20 stellarMass, sfr, x, ¥, z
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Help

Maximum number of rows to return to the query form: | 10

Previous queries.
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seled lop 20 stellarMass, sfr, x, y, zfrom Guo2013a..MR7 where snapn : Show all previous queries
Demo queries: click a button and the query will show in the query window.
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Mainly Halos: H1 H2 H3 H4 HS HF 1 HF 2 HF 3
Mainly Galaxies: G1 G2 G3 G4 G5 G6 HG 1 HG 2 GF2

Metadata queries: The SQL stalements under these buttons provide examples for querying and managing the state of a private
database.
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Show Indexes MyDB Size MyDB Table Size
_ CreateView | | DropTable | | CreateIndex
Query time (in milisec) = 1
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Reformat | |GsV : Plat (VOPlat)
stellarMass st x ¥y z

0.009221367 0.010248967  0.5622845 2.920867 04042433
0.012467005 0.030530235 07236217 7486999 32467048
3.9412244E4 00047844537 066471684 74384193 31201634
0.009542898  0.004795801 24945304 5.0856304 1.8167807
5.1742536E-4 0.025089145 7557252 4.0800557 3.620482

0.5835107 1.3687739 7405164 6647146 27363782
0.0037769834 1.11081594E-4 7.408594 6.8317377 2.747586

0.0012625799 5.820328BE-5 T7.382172 7.07589 3.5285244
0.010237849 0.0049104495 6.80B876 6.309238 3.7218838

0.013507837 0.011723147 72536964 62684927 063276386

Figure 3.7: SQL query to retrieve stellar mass, SFR and position of Guo et al.
(2013) galaxies. Screen shot taken for the Millennium web-page showing an
SQL sequence similar to that used in the script for obtaining the star formation

rates.
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Figure 3.8: The SFR radial profile at redshift 0.0 where the solid red line is
the mean SFR density, the dashed and dashed doted red lines are the upper
and lower limits respectively.

e We choose 1000 points of a 3D (10 x 10 x 10) grid in an MR7 simulation box
with separation of 50 Mpc between points.

e For a chosen point on the grid, we applied periodic boundary conditions to
centralize the point and created 25 shells around it, resulting in a shell thick-
ness of 10 Mpc.

e For each shell we computed the average SFR density thus creating a radial
profile.

e We repeated the second and third steps for the 1000 grid points.

e Then we computed the upper limit of the scatter as 95 %, mean and the lower
limit of the scatter as 5% of the 1000 radial SFR density profiles. Figure 3.8
shows an example of the mean SFR for each shell, where the shaded “trumpet”
shaped area represents the upper and lower limits of the SFR at z = 0.0.

e We repeated the above steps for the 62 available snapshots (the first galaxies
appear in snapshot ~ 7).

e We then converted the shell radii, R;, to a redshift, z;, by using the distance-
redshift relation, z; = H(z) X R; * a(z), where H(z) and a(z) are the Hubble
parameter and the scale factor at redshift of the snapshot.

Once the mean, and lower and upper limits for the scatter of the SFR were
determined, we implemented these limits in equations 3.10 and 3.12 to find the
mean, lower and upper limits of the EBL spectrum.
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Gamma-ray Opacity Calculation

The interaction of the EBL with ~-rays can create opacity for the propagating
GeV/TeV photons due to an electron-positron pair formation. Determining the
opacity of the Universe to the -rays is important for several VHE ~-ray observa-
tions such as the Fermi y-ray Space telescope and High Energy Stereoscopic System
(H.E.S.S).

Therefore, we derived the v-ray opacity with upper and lower limits by inserting
the mean, the upper and lower EBL energy densities obtained above, into equation
2.9 accordingly, in the energy range of 0.1 to 1 Tev.

The above calculations require substantial computations. We were able to speed
up the process by using logarithmic sampling points in the integrations, which al-
lowed us to reduce the number of sampling points without reducing accuracy, and
parallel processing where it was applicable. For instance, to compute the EBL spec-
trum, the job was distributed among 12 cpus which allowed us obtain the results
after several days of computation.
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Results

4.1 Fluctuations in the Star Formation History

As discussed in section 3.3 we derived the fluctuations in the SFR for the 62 MR7
snapshots. Figure 4.1 shows the global SFR history with the upper and lower limits
for each snapshots up to redshift 6. From this figure we can clearly see that the
SFR profiles share the same “trumpet” like shape. A comparison of the shape of
functional form revealed that they are almost identical. Figure 4.2 shows an example
of the normalized SFR radial profile for 6 different snapshots obtained using the
mean SFR density profile at each snapshot as a normalization factor. Furthermore,
we can also deduce from this figure that the value of the SFR density fluctuates
strongly (+50% off the mean density) when the volume is smaller, for example
strong differences in the mean SFR are observed in spheres with radius less than 25
Mpec, for larger volumes, i.e. for shells with larger radii, the differences are small.
This is expected since the SFR averaged over large volumes should approach the
cosmic mean.

This findings imply that the EBL at a given redshift may deviate from the cosmic
average at that time due to the local variation of the SFR, i.e. in extreme cases the
integration backwards in time to obtain the EBL spectrum (Equation 3.10) starts
at the upper edge of the trumpet or the lower one. But these differences quickly
reduce as the integration progresses to larger redshifts and therefore spheres with
larger radii. To calculate the intensity of the ~-rays (radiation) after they have
propagated through the EBL, we need to integrate the interaction probability of
the ~-rays with the EBL over the redshift range corresponding to the distance of
the ~-ray source. In order to determine a lower or upper limit for the optical depth
of the vy-rays we will use respectively the lower or upper edges of the trumpets for
entire redshift range of the integration.
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Figure 4.1: Left panel: the SFR history derived from MR7 with the fluctua-
tions from each snapshots as vertical “bulgy-strips”. Right panel: enlargement
of region shown in red in the left panel. Because of their shape, we shall call
them “trumpets”.
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Figure 4.2: Six overlapping trumpets at different redshifts. This figure shows
clearly that the shape of the SFR fluctuations as a function of redshift is nearly
independent of redshift.
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4.2 Upper and Lower Limits of the EBL Density

Reproducing the EBL model proposed in Razzaque et al. (2009) for the stellar EBL
component, and following Finke et al. (2010) approach for the dust emission, we
extended the spectrum to 100 eV. The trumpets discussed in Section 4.1 are all
nearly identical in shape. We used this fact to fit the upper and lower EBL limits
for the snapshots up to redshift 6 using two suitable functional forms. Inserting
these fitting functions in to our EBL model, we obtained the mean, upper and lower
EBL densities. Figure 4.3 shows the EBL spectrum for different redshifts (z = 0, 2,
4 and 6).

4.3 Upper and lower Limits of Gamma-ray Opacity

Figure 4.4 shows the ~-ray optical depth based on Equation 2.9 (In the following,
optical depth and opacity are used interchangeably) for observed energies, E., and
different redshifts in the energy range of 0.1 to 1 eV. We can see that at higher
redshifts (above z ~ 5) the higher v-ray energies (above E, ~ 50 GeV) opacities are
almost identical. The inclusion of the dust re-emission spectrum allows us to inves-
tigate the total EBL spectrum from 0.01 up to 100 eV. Therefore we were able to
include a wider y-ray energy range, from 1 up to 1000 GeV (compared to Razzaque
et al. 2009). Nonetheless, it is assuring that our y-ray opacity calculations matched
those presented in Razzaque et al. (2009) for the corresponding energy range.

In this work, we investigated two extreme scenarios to determine the upper and
the lower y-ray opacity limits. One extreme is the scenario where we assumed that
the ~-ray is traveling through over dense regions all the way form the source at
a given redshift z up to redshift z, = 0.0. The other scenario is where the y-ray
traveling through under dense regions from the source at the redshift z up to the
redshift z, = 0.0.

The final result of this approach is presented in Figure 4.5, where the impact
of the fluctuations in the EBL on the v-ray opacity or optical depth is shown. The
figure displays the upper and lower percentage limits of the opacity at different
redshifts. From this Figure, we see clearly that the opacity can vary significantly at
lower redshifts (e.g., z ~ 0.5 the variation is about 35% from the mean), but as we
go to larger redshifts the impact of the fluctuation decreases. However, the impact
of the fluctuation on the VHE ~-rays is relatively small, £2% at the energies above
100 GeV. These results are in good agreement with the results derived by Furniss
et al. (2015).

For low energy «-rays, the EBL is transparent, i.e. the optical depth approaches
zero. Accordingly, we see the extreme increase for y-rays approaching low energies
(the lower part of Figure 4.5), and decreases for y-rays approaching low energies(the
top part of Figure 4.5). The fact that the extremes are located at lower energies for
higher redshifts is a result of the redshifting of the gamma-ray energy. Focussing
on the horizontal parts of the graphs in Figure 4.5, we find that the difference be-
tween ~-rays traveling though under-luminous regions as compared to those traveling
though over-luminous regions amounts to approximately < 15% which may have a
measurable impact on the shape of the high energy part of v-ray spectra.
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Figure 4.3: The EBL energy density for Model B described in section 3.1 for
different redshifts from 0.001 to 100 eV. In order to show the difference between
the upper and lower limits of the EBL density, the lower panels present enlarged
views of the regions between the red lines on the corresponding upper panels.
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Figure 4.4: Gamma-ray opacity of the Universe at different redshifts, with
energy range of 0.1 to 1 TeV. With observed energy, F,, and for increasing
redshifts, 0.5 to 10, from inner to outer lines.
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Figure 4.5: The difference between the y-ray opacity and its upper and lower
limits in percentage as a function of observed ~-ray energy, £,. The doted and
the dashed lines are the upper and lower limits. The graphs for all redshifts
show a strong increase of the deviation from the mean when the observed en-
ergies, E,, approach a lower energy limit (from the top). This is a consequence
of the (mean) optical depth approaching zero for low 7-ray energies. However,
the horizontal part of the graphs indicate a relative difference of <15%, which
should be sufficient to have an impact on the shapes of the high energy parts
of v ray depending of whether the rays predominantly encountered over or

under-luminous regions.
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Conclusions

Understanding the evolution of the EBL is crucial for understanding ~-ray astron-
omy, and for galaxy evolution in general. We reproduced the Razzaque et al. (2009)
model which determined the stellar component of the EBL spectrum, and extended
their work following the work by Finke et al. (2010) to include the dust component
of the spectrum. For that purpose, we have developed and optimised our code in
order to predict realistic EBL spectra at minimum of computational cost.

As a new feature, we introduced fluctuations in our EBL model. The fitting
function for the scatter of the EBL was based on the fluctuations in the SFR density
observed in the Guo et al. (2013) galaxy catalogue. Our results show that the fluc-
tuations of the SFR density in the smaller volumes (less than 25 Mpc sphere radius)
can reach up to £50% off the mean density.

The upper and lower limits of the EBL density fluctuations determined at differ-
ent redshifts were used to compute the impact of the fluctuation on the v-ray optical
depth. To the best of our knowledge, this is the first detailed analytical model aim-
ing to account for the impact of EBL fluctuations on the v-ray opacity. Our model
predicts relatively high variations (< 15%) on the opacity in the energy range less
than 100 GeV for nearby sources, whereas the impact is found to be smaller, ~ 5%,
for VHE ~-rays from distant sources.

Future Perspectives

In the future we plan to carry out further investigations on the subject and run full
3D simulations to obtain a better under- standing of the EBL fluctuations and their
relation to observed ~y-ray spectra. With an eye to the Cherenkov Telescope Array
(CTA) and other future y-ray observations and galaxy surveys, the measurement
of the EBL fluctuation may prove to be a powerful tool in cosmology for obtaining
insight into the workings of our Universe.
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