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ABSTRACT

This work is based on a two-part paper series developed by Kneiske et al. (2002) and Kneiske
et al. (2004). Our project investigates the effects of changes in the parameters of star forma-
tion history on the predicted extragalactic background light and the gamma-ray opacity of
the Universe. We use observations from Fermi-LAT to constrain our model parameters. We
introduce a model of stellar emission and dust re-emission as a function of redshift proposed
by Kneiske et al. (2002) in our calculations, since the extragalactic background light (EBL)
consists of the contribution from dust and stellar emission. The components that contribute
to the stellar emission involved the use of simple stellar population (SSP) models that were
computed using the Padova (1994) evolutionary tracks Bruzual and Charlot (2003). The SED
of an simple stellar population (SSP) is a function of time, since stars progress over various
cosmological times, depending on their mass. The infrared emission associated with each
SSP-spectrum is computed as the addition of three modified Blackbody spectra. The total
spectra of starlight and re-emission are used to calculate the luminosity density, which is then
used to calculate the spectrum of the EBL at different redshifts. We use the Best-fit model
developed by Kneiske et al. (2004) and updated stellar populations (Bruzual and Charlot,
2003) pertaining to the star formation history (SFH) by constraining the parameters of the
SFH which lead to the comoving EBL spectrum. This model leads to EBL predictions to be
compared with EBL measurements from Fermi data. We then calculate the optical depth and
use Fermi observations to constrain our models. The opacity produced in this work deviates
slightly from the observations published by Fermi-LAT.
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Chapter I

INTRODUCTION

1.1 Background
When one thinks of the residual light in the Universe as a result of the Big Bang, the cosmic
microwave background (CMB) comes to mind, with good reason, as it is the most famous
light in the Universe and it provides evidence for the Big Bang theory and the cosmological
standard model. However, the focus of this thesis is not the CMB, but rather the resid-
ual radiation that exists as a result of star formation over the history of the Universe. Star
formation began shortly after the Big Bang 13.7 billion years ago; during this process, the
Universe cooled enough to let atoms form, which eventually clumped together to create the
first stars Larson and Bromm (2001). The light from these stars has been filling our Uni-
verse ever since they ignited, thus creating a ubiquitous radiance that permeates space, to
which each successive generation of stars adds. This gleam of light is now known as the
extragalactic background light (EBL) or rather the “history book of the Universe” Larson
and Bromm (2001), even though the EBL is considered one of the most prominent sources
of radiation in the Universe apart from the CMB. It must be mentioned that the CMB and
the foreground radiation from the Milky Way are separate entities and are thus not included
in the spectrum of the EBL (Yuan et al., 2013; Dwek, 2001; Dwek and Krennrich, 2013).
The same holds for both X-rays and γ-rays; even though they are produced by extragalactic
sources, they are not considered to be a part of the EBL. The reason for this is directly linked
to their diverse production mechanisms: the production of γ-rays and X-rays mostly stem
from accretion-powered emission in AGN, whereas the EBL is all the radiation emitted by
the stellar component of galaxies. The light contributed from later stars are different from
the light contributed from the first stars that ever existed. The stars that were formed when
the Universe began are thought to have been different from stars today. They are thought to
have been hundreds of times the mass of our sun and their lifetimes were shorter as they may
have burned hotter and brighter than stars today. The EBL is the ensemble of photons emit-
ted at all epochs by stars and dust, and provides information about the evolution of galaxies

10
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from very early times up to the present. A vast majority of the EBL energy is found in two
wavelength ranges, namely, optical and near-infrared (Franceschini et al., 2008). The optical
light consists of direct light from stars, and the infrared light is produced by thermal radiation
from dust (Pueschel, 2017).

The EBL is a topic of great interest because it contains an enormous amount of informa-
tion about the evolution of the universe, giving insight into its structure and astrophysical
components. From the above discussion, it is evident that the star formation history (SFH)
of the Universe is of fundamental importance to cosmology, not only to galaxy formation
itself but also to ongoing efforts to determine cosmological parameters and matter content of
the Universe (Razzaque et al., 2009). Star formation processes aid in the understanding of
galaxy evolution, making the EBL a powerful tool to probe the star formation history of the
Universe. Direct measurements of the EBL pose significant challenges since the observable
diffuse radiation consists not only of the radiation of stellar components of galaxies but also
the contamination of zodiacal light from our solar system as well as the foreground light
from our Galaxy (Costamante, 2013). An alternative is to perform indirect measurements,
which can be attained by using γ-ray astrophysics, specifically the attenuation of γ-ray spec-
tra from extragalactic sources, such as quasars. In this process, a γ-ray photon from a distant
astrophysical source travelling through the Universe with energy Eγ and an EBL photon of
energy EEBL annihilate and create an electron-positron pair. The amount of extragalactic
background light in the line of sight can be probed by studying the observed quasar spectra
and comparing them to models of spectra that do not take absorption into account (Yuan
et al., 2013). Lower limits placed by counting galaxies can be used to fit models of the EBL
from observations obtained from satellites like the Hubble and GALEX (Kneiske and Dole,
2010). The interaction between high energy γ-rays emitted from blazars can be used to set a
strict upper limit on the opacity of the universe to the TeV photons at an given redshift (Dwek
and Krennrich, 2013). The Fermi γ-Ray Space Telescope was launched into low-earth orbit
in the summer of 2008 (Atwood et al., 2009). Since Fermi’s launch, its Large Area Tele-
scope (LAT) observes the entire sky in high-energy γ-rays every three hours, creating the
most detailed map of the Universe ever known at these energies. The Fermi telescope can
measure the diffuse background as well as resolve point sources. It is sensitive to photon
energies ranging from 20 MeV up to ∼100 GeV. Observations of blazars are one of the pri-
mary drivers of the Fermi γ-Ray Space Telescope (Franceschini et al., 2008). Blazars are
characterized by having a pair of relativistic jets one of which is pointing towards Earth,
carrying highly energetic plasma away from the AGN, providing a Doppler boost to the
observed gamma-ray flux. A signature of the EBL spectral distribution is expected in the
observed very high energy (VHE, 100 GeV) spectra of extragalactic sources (Domínguez
et al., 2013). This is due to the properties of the interaction. A γ-ray photon interacts mainly
with an EBL photon within a well-defined and narrow wavelength range, extending between
0.1 – 1000 µm, which leaves a visible imprint in the spectra of distant AGN. The Fermi-LAT
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instrument builds up an increasingly detailed picture of the γ-ray sky and has observed an
extensive sample of AGN extending out to large redshifts (z < 2.56) which has been used by
the Fermi-LAT collaboration to study the EBL (Ackermann et al., 2012).

1.2 Problem statement
About two decades ago, the derivation of the Extragalactic Background light (EBL) from
galaxy observations became a powerful tool. Around this (1998) time spaced-based instru-
ments and large-scale surveys were constructed, which aided in studies of the EBL. In 1998
the Hubble Space Telescope (HST) was used to observe emission and star formation histo-
ries within galaxy populations, which Madau et al. (1998) used to predict the EBL. One year
later chemical histories observed in Lyman-alpha systems were introduced in the modelling
of the background flux, which agreed with background flux levels set by observations Fall
and Pei (1999). In 2001 Infrared Space Observatory (ISO) data was used to make IR predic-
tions (Franceschini et al., 2001). In this work, we use updated (Bruzual and Charlot, 2003)
stellar population synthesis models to reproduce (Kneiske et al., 2004) EBL with the use of
their best-fit model, and compare opacity calculated from this model to Fermi observations
(Fermi-LAT Collaboration et al., 2018).

1.3 Aims
This project aims to create models of the SFH and use it to model the EBL, calculate the
γ-ray opacity of the Universe and use the Fermi data to constrain our models. We achieve
this by using a model of starlight and dust re-emission to model the EBL. Lastly, we use new
new measurements of the gamma-ray opacity obtained by the Fermi analysis team.

1.4 Outline of this work
The contents of this dissertation are as follows: Presented in this Chapter is a brief discussion
of the relevance and importance of the EBL. The remaining four chapters will be presented
as follows: a literature review will be covered in Chapter 2, which will be an in-depth review
of the concepts and ideas used in this work. The Methodology used in the modelling of
the EBL, modelling of the SFH and the calculation of the γ-ray opacity of the Universe
is presented in Chapter 3. An in-depth discussion of our results and our findings will be
presented in Chapter 4. Conclusions that can be drawn from our results are discussed in
Chapter 5.



Chapter II

What is the Extragalactic Background
light?

The Extragalactic Background Light (EBL) is one of the fundamental observational quanti-
ties in cosmology (Dwek and Krennrich, 2013). The EBL is the radiation interlaced from
resolved and unresolved extra-terrestrial sources. A portion of the EBL is resolved into
galaxies that, with the aid of giant telescopes with increasing detecting power and higher sen-
sitivities, are seen to deeper and deeper limiting magnitudes (Mattila and Väisänen, 2019).
Thus, this resolved part is now known to contribute a substantial part of the EBL.

The Cosmic Microwave Background (CMB) is a faint cosmic background radiation filling all
space that is an important source of data on the early Universe because it is the oldest electro-
magnetic radiation in the Universe; it arises from the last scattering surface of the expanding
universe, before re-ionization.The CMB energy density is considered to be the dominant ra-
diation energy density in the Universe. However, the CMB is a source of radiation that is not
related to starlight in galaxies; its contribution to the EBL spectrum will not be considered
in this work. Thus, after the cosmic microwave background radiation, the EBL produces the
second most energetic diffuse background, making it essential for the understanding of the
full energy balance of the Universe.

2.1 Contributors to the EBL
The extragalactic background light (EBL) is composed of photons that were radiated at all
eras by stars and dust, thus providing information about the evolution of galaxies from very
early times up to the present (Franceschini et al., 2008). A vast majority of the EBL energy
is found in two wavelength ranges, namely, optical and near-infrared. The near-infrared
radiation is produced by thermal radiation from dust.

13



CHAPTER II. WHAT IS THE EXTRAGALACTIC BACKGROUND LIGHT? 14

Figure 2.1: This figure depicts the intensity of the Extragalactic Background Light as a
function of wavelength/frequency. The cosmic optical background (COB) and the cosmic
infrared background (CIB) are illustrated as ’bumps’. Also shown is the cosmic microwave
background (CMB). The numbers indicate total intensity in the bands. Figure adopted from
Bavouzet et al. (2008).

As discussed in chapter 1, the cosmic optical background (COB) or rather the stellar compo-
nent of the EBL exists as a result of all the radiation emitted by stars and galaxies, whereas
the cosmic infrared background (CIB) is directly related to the re-radiation of light by dust
grains (Ackermann et al., 2012). Thus, the two humps in the spectrum represent the COB
and the CIB (Ackermann et al., 2012), See Figure 2.1. The EBL designates just one segment
of the diffuse photon field present in the Universe. An indirect means of probing the diffuse
radiation fields is through γ − γ absorption of high-energy gamma rays. In this process,
a gamma-ray photon from a distant astrophysical source of energy Eγ and an extragalactic
background (EBL) photon of energy EEBL annihilate and create an electron-positron pair
(Ackermann et al., 2012).

2.1.1 The Hertzprung-Russell diagram
In around 1910, two incredible astronomers named Einar Hertzsprung and Henry Russell
worked independently to develop the Hertzsprung-Russell diagram, commonly known as
the HR diagram, see Figure 2.2. This diagram was constructed to study the relationship
between stars, temperature, luminosity, colour and size.

Ordinary stars like our sun, for instance, lie between the upper-left band to the lower-left
band of the H-R diagram and are known as main-sequence stars. All stars spend most their
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Figure 2.2: The Hertzsprung-Russell-diagram. This figure depicts the various stages in the
stellar evolution process. From the figure it is evident that the most prominent feature, is
the main sequence (grey), which runs from the upper left (hot, luminous stars) to the bottom
right (cool, faint stars) of the diagram. The giant branch and supergiant stars lie above the
main sequence, and white dwarfs are found below it. Credit:Hollow (2003).

existence on the main sequence and constitute about 90% of the H-R diagram. The position
of main-sequence stars on the H-R diagram ranges from blue stars (which are hotter and
larger than small red stars) to cooler red stars. The sun is situated in the middle of the main
sequence and is therefore considered to be an average yellow star. It must be noted however
that all other (stars other than main sequence) stars are evolved stars which were on the main
sequence before.

The upper-right band of the H-R diagram is occupied by a group of luminous stars known
as Red giants. These stars are in a late phase of their evolution and their position on the
H-R diagram is related to their surface temperatures and intensities. Giants have low surface
temperatures and high luminosities which, according to the Stefan-Boltzmann law, means
they also have large radii. Stars enter this evolutionary stage once they have exhausted the
hydrogen fuel in their cores and have started to burn helium and other heavier elements.
Thus, giants are located on the upper right part of the H-R diagram Hollow (2003)

2.1.2 The stellar contribution of the EBL
All the radiation in the Universe that accumulated from star formation processes forms part of
the EBL. Radiation emitted from stars with varying metallicities at all redshifts is responsible
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for the ultraviolet to the infrared components of the EBL spectrum. Star-forming galaxies
are characterized by starburst regions; within these regions abrupt episodes of star formation
occur. Speaking of abrupt occurrences of star formation: an assembly of stars produced
from synchronic initial conditions namely, time, space and chemical composition are known
as Simple Stellar Populations (SSPs) (Kneiske et al., 2002).

An SSP can be described by using four main parameters, namely, its age (t), composition (Y,
Z, where Y is the mass fraction of helium, and Z is the mass fraction of all the remaining
chemical elements) and the initial mass function (IMF). After a burst of star formation oc-
curs the stellar mass distributed by the burst is governed by a global initial mass function (Orr
et al., 2011). The accumulative emission and the duration of the star’s existence are mainly
determined by its mass and its chemical composition. The abrupt fusion of hydrogen into
helium occurring within the cores of massive stars (M > 8M�) lead to a swift stellar lifespan
of (∼ 107 yrs). Massive stars in SSPs produce ultraviolet radiation and have short life spans
while low-mass stars have longer life spans and remain within the main sequence over as-
tronomical timescales and are the primary source of the majority of the "red light" (Kneiske
et al., 2002). To construct the SED of a single starburst, the age of the population must be
considered; thereafter, an integration over the whole stellar population for a given galaxy
must be performed. In addition to this, the mass of a star determines the evolutionary path
that it will follow. Thus, depending on their mass, stars progress over various cosmological
times; for this reason, the SEDs of SSPs become time-dependent. The evolving production
of energy is traced using the Bruzual and Charlot (2003) (BC-Model) population synthesis
code.

The SEDs presented in this project are constructed from stellar spectra that are based on
Padova tracks and Lejeune stellar atmosphere models and a additional post-asymptotic giant
branch (post-AGB) evolutionary phase is included (Kneiske et al., 2002). The absorption
and re-radiation of starlight by dust and Hydrogen in the interstellar medium (ISM) affects
the spectral energy distribution of a galaxy.

2.1.3 Star formation and star formation history
The physical processes that drive star formation are important in the understanding of galaxy
evolution. Stars are formed in condensed opaque molecular clouds. The gas within these
clouds is cold with temperatures just above absolute zero. Extremely low gas temperatures
cause gas to clump together (i.e. causes the gas to become molecular) until the density of
the gas reaches a certain threshold, stars form (Kennicutt, 1989). A variety of techniques can
be used to estimate current star formation (SF), namely: Hα observations. For example, if
one assumes that all photons are absorbed and eventually re-emitted, Hα observations give
the number of these ionizing photons, which are almost exclusively emitted by massive (hot)
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Figure 2.3:
Stellar evolution.

Encyclopædia Britannica, Inc.

stars which have short lifetimes; also the effects of dust can be large and have to be taken
into consideration. Another technique uses the far-infrared flux, assuming that a constant
fraction of the emitted stellar energy is absorbed by dust. Thirdly, far-UV flux is primarily
emitted by young hot stars, and lastly, X-ray emission is produced by ’high mass’ X-ray
binaries (a neutron star or black hole with a massive companion). Figure 2.3 portrays an
elegant depiction of stellar evolution.

The cosmic star formation history (CSFH) is defined as the rate at which stars are born
depending upon the age of the Universe. Star formation processes are summed up by the
CSFH since the Universe began (Madau and Dickinson, 2014). Massive short-lived stars
provide the key to estimating the rate at which stars form. This is achieved through the
measurement of UV light that is directly emitted by stars that have a short lifespan. These
estimates are found in two wavebands, namely the UV and infrared waveband. The estimates
found in the IR are as a result of the re-emission of radiation from dusty star-forming regions.
The initial mass function, element enrichment history of the ISM, and the concealment by
dust are crucial in understanding the transformation of ultraviolet radiation emitted by stars
to stellar mass formed per year (Fermi-LAT Collaboration et al., 2018). The IMF influences
most observable properties of stellar populations and thus galaxies, and detecting variations
in the IMF could provide deep insights into the star formation process (Kroupa, 2002).
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Figure 2.4: This figure illustrates the magnificent Orion Nebula. The opulent red glow that
percolates the Orion nebula is a result of hydrogen emission. The presence of hydrogen sug-
gests the existence of young hot stars and that processes such as ionization are taking place
within the nebula. The specks of blue that are observed at the edges of some of the clouds
are a result of scattering. Lastly, irregular contours of dust are also visible intertwined with
the glowing gas. Credit: NASA,ESA, M. Robberto (Space Telescope Science Institute/ESA)
and the Hubble Space Telescope Orion Treasury Project Team

.

2.1.4 Processes of absorption and re-emission that occur in the ISM
Interstellar dust grains absorb stellar photons from the ultra-violet to the near-infrared wave-
length band, the energy is then re-emitted at longer wavelengths, essentially in the mid and
far-IR domains. Dust emission can be split into three broad components, namely, warm
dust, cold dust, and polycyclic aromatic hydrocarbons (PAH) components. Emission fea-
tures around 8 µm are in the mid-IR and are dominated by polycyclic aromatic hydrocarbons
(PAH) bands (Kneiske et al., 2002). Warm grains resemble regions heated by the average
interstellar radiation field intensities, but progressively become dominated by equilibrium
emission at higher intensities. Beyond ∼ 100 µm, the emission is increasingly due to big,
relatively cold grains (Boquien et al., 2019). The different heating mechanisms of these
different dust species, their composition, the metallicity, and the intensity and shape of the
incident radiation field, all have an impact on the dust SED (Boquien et al., 2019). The Orion
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Figure 2.5: This figure illustrates the EBL calculated using a forward evolution model: (solid
triangles), Davies et al. (1997), (solid violet line) CH, Calzetti and Heckman (1999), (red,
green, blue solid lines), depict two possible alternative star formation histories, respectively
Dwek (1998). Each given by a sum of two components: the ultraviolet optically determined
CSFR and the second is either sharply peaked at z=1.5 and gradually declines at higher
redshifts. This figure shows the comparison of the predictions of different FE models and
the observed EBL spectrum. The limits from observations are represented by the yellow
band. Note: these limits are more than two decades old and are obsolete. There are more
recent measurements and limits, those should be used. This figure is adopted from Hauser
and Dwek (2001).

Nebula, an example of a stellar nursery, is shown in Figure 2.4.

It is evident from observations that even the slightest amount of dust can have a substantial
effect on the brightness of a galaxy in the mid-IR and far-IR range. The result is an increase
in the IR brightness of the galaxy and has been found to exceed the brightness in the op-
tical and near-IR range (Kashlinsky, 2005). Furthermore, if the environment is conducive,
the prevalent emission in starburst regions will be attributed to the re-radiation from dust
(Kashlinsky, 2005).

2.2 Computation of the EBL
In the following section I will discuss the various models used for the computation of the
EBL, the physics involved in these computations as well as their limitations.
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2.2.1 Models of the EBL
The estimation of the spectral energy distribution of the EBL requires a variety of factors,
which include cosmic evolution of the stellar IMF, CSFR, the evolution of gas metallicity,
the radiation emitted by AGN, and gravitational as well as nuclear processes (Dwek, 2001).
However, in a dusty Universe, processes like absorption and re-emission cause the energy to
be redistributed across the entire spectrum, leaving the EBL intensity unchanged.
The formulation of different EBL models, as well as the deviation from the overall local
EBL spectrum, stems from our current understanding of galaxy evolution, SFR processes,
and observational limitations. The approach used to determine the comoving luminosity
density as a function of redshift (L(z)) separates these models from each other. The strategies
adopted by each model can be classified into four groups. Sections 2.2.2, 2.2.3 and 2.2.4 are
devoted to the description and discussion of the Forward Evolution model (FE), Backward
Evolution model (BE), and the Semi-analytical model (SAM).

2.2.2 The Forward Evolution model
The Forward evolution model begins with cosmological initial conditions (ensuring that the
initial conditions satisfy observational data) and follows galaxy evolution forward in time
(e.g. Dwek (1998); Razzaque et al. (2009); Finke et al. (2010)). FE models rely on the CSFR
as a function of redshift over which the stellar populations are integrated for the formulation
of the luminosity density Lν(λ, z). Figure 2.5 presents the CIB predictions of selected for-
ward evolution models. The solid triangles represent the model of Franceschini et al. (1994).
The red, green and blue lines show the models of Dwek (1998) for three distinct cosmic star
formation histories. The red line represents a cosmic star formation rate constructed to fit
the EBL intensities detected by Cosmic Background Explorer (COBE). The green line repre-
sents a cosmic star formation rate with an excess of sources at high redshifts. In this work we
use the forward evolution model for the calculation of the EBL. However,the determination
of the CSFR becomes difficult as one would have to consider the effects of scattering on the
dust, the amount of UV radiation that would be absorbed and lastly the thermal re-emission
of infrared radiation. To convert the CSFR to bolometric luminosity requires knowledge of
the IMF. Nonetheless, this poses a problem at high redshifts as the parameters are not well
understood. After the CSFR is found, the convolution of models of the SEDs of stellar popu-
lations (i.e. Leitherer et al. (1999); Fioc and Rocca-Volmerange (1997); Bruzual and Charlot
(2003); Orr et al. (2011)) is used to evaluate how the spectral luminosity density changes as a
function of redshift (see Chapter 3 for the details of star formation history used in this work).

Radiative transfer models can be used in the determination of the spectral energy distribu-
tion of a galaxy (Gordon et al. (2001) & Silva et al. (1998)), as an alternative by using a
statistical approach, which involves the absorption of UV light and re-emission of radiation
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by dust, which must agree with observations. Radiative transfer models in conjunction with
population synthesis models can provide a useful tool in obtaining the UV-radio SED of a
given galaxy. Hence, the FE model has been proven to successfully reproduce the global
characteristics of the EBL as well as the SED of individual galaxies. There are limitations to
using these models, for example, galaxy interactions that are associated with fluctuations in
the rate at which stars form are not considered.

2.2.3 The Backward Evolution model
These models begin with existing galaxy populations and extrapolate them backwards in
time. The calculation of the luminosity density using the BE model involves the SEDs of
diverse galaxies and a luminosity function. In this approach, the Luminosity function is con-
volved with the SEDs of galaxies. The method entails the determination of the luminosity
at redshift zero through extrapolation: this is achieved by using low-redshift observations
of galaxy luminosity functions and the extrapolation of those LFs at higher-redshifts (Car-
roll and Ostlie, 2006). Observations of sources of which the redshift and number counts
are known can be used to determine the LF evolution (Dunne et al., 2000) or by using an
estimated functional form of the evolution of LF with redshift (Stecker et al., 2006).

The BE model is useful because it allows for the integration of the predicted properties of
galaxies and observations. These properties include colour-magnitude and number-magnitude.
The Backward evolution model (BE) is solely phenomenological and has no physical pro-
cesses, meaning that processes that normally govern galaxy evolution (i.e. star formation
or radio transfer processes), which are involved in constraining the EBL intensity, are not
considered (Dwek and Krennrich, 2013).

2.2.4 The Semi-analytical Models (SAM)
Forward evolution models are extremely useful; however, they are also flawed, especially
when it comes to resolving issues pertaining to structural evolution utilised to predict ob-
servational properties of galaxies as well as the spectral properties of the EBL. The EBL,
including the emergence of galaxies and galaxy clusters in a pyramidal sequence of events
of galaxy formation gives a more detailed explanation Cole et al. (2001). Semi-analytical
models must consider a number of physical processes, such as the temperature reduction of
gas that descends onto dark matter halos, a regulation for star formation, a technique for
assessing the efficacy of how stars form, an initial distribution of masses for a population of
stars, the efficacy of star formation that occurs during the composition of events, to reproduce
observable galaxy properties.

Semi-Analytical models are complex and computationally expensive. The models contain
many parameters which can be changed to mirror the properties observed in galaxies in
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the Universe at redshift zero (Cole et al., 1994). The modelling of the physical processes
involved in SA models is quite cumbersome as some of these physical processes used to
derive galaxy properties are poorly understood. The use of SA models is rewarding since
they have reproduced several properties observed in galaxies. Quantities of absorption and
re-emission must be accurately determined in both models. Despite these difficulties, SA
models provide an adequate foundation for the computation of the EBL, which simply put,
involves the integration of the radiation over all the modelled galaxies. The same difficulties
that are encountered in other EBL models affect SA models as well, including the complica-
tions caused by extinction effects in the reproduction of galaxies SED. One should proceed
with caution when using both models as they require an accurate determination of the quan-
tities of starlight absorbed and re-emission of radiation by dust. Despite these difficulties,
SA models provide a strong foundation for calculation of the extragalactic background light,
which in this case, would involve the integration of the light from modelled galaxies, by
definition.

The latest pioneering work done by Gilmore et al. (2012) presents a new semi-analytic model
that is based on galaxy formation in a Five-year Wilkinson Microwave Anisotropy Probe
(WMAP5) cosmology. Gilmore et al. (2012) assumes a standard ΛCDM universe and a
Chabrier (Chabrier 2003) stellar initial mass function (IMF) that does not evolve in redshift.
Their SAMs are based on Monte Carlo realizations of a dark matter halo (a hypothetical re-
gion that has decoupled from cosmic expansion and contains gravitationally bound matter)
merger histories. Their work differs from the model developed by Kneiske et al. (2002),
which calculates the EBL from the UV-far-IR using ‘semi-empirical’ method based on mea-
sured star formation rates and spectral synthesis models. Starlight is processed by dust,
which is modeled as a blackbody with three temperature components. The metallicity is
assumed to increase slowly over cosmic time and an average global extinction curve applied
to starlight. A follow-up paper, Kneiske et al. (2004), expanded this earlier model into 6
realizations, varying in gas temperature contribution, star formation rate, and UV escape
fraction. Kneiske’s results are based upon a broken power-law for the star-formation history,
with a peak at z=1.2. The history predicted by this SAM model is considerably lower in
this epoch, and does not peak until z ≈ 3 for this SAM CΛCDM model, or z ≈ 2.5 for the
WMAP5 model. Thus, leading to these models having a lower present-day flux, but higher
flux at the location of Kneiske’s peak and at higher redshifts

Gilmore et al. (2012) uses templates to describe re-emission by dust at mid- and far-IR
wavelengths, which is relevant to the interpretation of multi-TeV data from nearby blazars,
this is one of the significant weaknesses of their approach. The methodology used in this
approach assumes that galaxies of a given bolometric luminosity emit light with a similar
spectral distribution. Gilmore et al. (2012)’s Fiducial model does predict slightly higher
opacities at high redshift compared to the fiducial model of Gilmore et al. (2009); this is due
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Figure 2.6: The illustration of the Bremsstrahlung interaction discussed in the text is shown
in this schematic. From the figure, we see that when a charged particle is deflected by another
charge, Bremsstrahlung radiation is emitted. Figure adopted from Chris (2001 (accessed
August 24, 2020)) .

to more UV light escaping high-redshift galaxies in our evolving dust model than in the fixed
dust model used in the CΛCDM prediction. See Gilmore et al. (2012) for a more detailed
discussion.

2.3 Gamma-ray Astrophysics
Gamma radiation is the shortest wavelength electromagnetic wave and imparts the highest
photon energy (i.e. photon energies that exceed 100 keV). The last sections of this chapter
contain discussions of various γ-ray emission processes, astronomical sources and how γ-
rays interact with matter and electromagnetic radiation. The interaction of γ-rays; with
the electromagnetic spectrum will be discussed in the methodology section in Chapter 3,
specifically in Section 3.6.
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2.3.1 Gamma-ray Emission mechanisms
Gamma-rays are produced by non-thermal emission processes. Thermal emission can be
modelled as a blackbody, which absorbs all radiation falling on it, reflecting or transmitting
none. According to Wien’s Law, γ-rays that have energies in the MeV range which require a
temperature of the order of 1010 K to be emitted. However, temperatures of that magnitude
are unattainable in our Universe. The manner in which charge particles interact with electric
and magnetic fields are generally known as non-thermal processes, which generate very high
energy γ-rays.

Synchrotron and Bremsstrahlung Radiation

Synchrotron radiation is a well-studied phenomenon in electrodynamics. It is the electro-
magnetic energy emitted by charged particles (i.e. electrons and ions) that are moving at
speeds close to the speed of light when their paths are altered by a magnetic field. Mass, mo-
mentum, the charge of the accelerated particle, as well as the orientation of the field strength
lead to the derivation of the angular distribution, the energy of the spectrum and the quantity
of energy radiated by this interaction (Jackson, 1999).

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 cosmic ray with energy (Ee) and the interstellar magnetic field (B) lead
to the emission of a photon with energy is given by Equation 2.1, where µG = 10−6 Gauss
Diehl (2001). Note, this equation is only for electrons.

Eγ ' 0.05×
(

Ee
(TeV)

)2

× B

3µG
(eV) . (2.1)

Bremsstrahlung is a German term that means "braking radiation." It is an important phe-
nomenon in the generation of X-rays. To understand this process completely, we require a
quantum treatment. This is related to the energy of the photons produced, which is compa-
rable to that of the emitting particle. However, in certain regimes, a classical treatment can
be justified and most of the physical parameters have the correct functional dependencies.
The quantum results can be stated as corrections (Gaunt factors) to the classical formulas
(Rybicki and Lightman, 2008).

The process of free electrons decelerating in the Coulomb field of atomic nuclei and radi-
ating energy is called free-free emission (see Figure 2.6). The term free-free arises from
the fact that the radiation is produced by free electrons scattering off ions without being
captured—the electrons are free before the interaction and remain free afterwards. More ex-
plicitly, during these collisions, electrons move at a velocity with respect to the ions and get
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deflected. The electron decelerates and emits a photon due to the electrostatic interaction,
bringing away some of its kinetic energy. Hydrogen II (HII) regions are mainly composed of
clouds of ionized hydrogen (that is, protons and electrons). An astrophysical example would
be HII regions at an equilibrium temperature of 104 K (Rybicki and Lightman, 2008).

The energy of the emitted photon Eγ is given in Equation 2.2, Diehl (2001). Note that this
equation represents the maximum energy of a photon. The photons can have lower energies.

Eγ = (γ − 1)mec
2 . (2.2)

where γ =
(√

1− v2

c2

)−1

is the electron’s Lorentz factor. An electron transfers most of its

kinetic energy to the Bremsstrahlung photon, leading to the flatness and sharp drop of the
braking radiation spectrum. It drops sharply towards zero above, as effectively all the kinetic
energy of the electron has been transferred to the bremsstrahlung photon (Diehl, 2001).

The total emissivity, which we obtain by integrating over velocity (energy) distribution

εbr(ν, T ) = 6.8× 10−38T−
1
2 e−

hν
kT nenzZ

2gff (ν, T ) erg s−1cm−3Hz−1 . (2.3)

where e−
hν
kT is the high energy cut-off, a cloud with ions is given by number density, nz and

free electron is given by number density, ne, gff (ν, T ) is the average gaunt factor, Z is atomic
number of hydrogen, h is Planck’s constant, ν the frequency of the emitted radiation, T is the
temperature of the plasma and k is the Boltzmann constant. For a more detailed overview
see Rybicki and Lightman (2008).

Inverse Compton Scattering

The collision between an energetic electron and a low-energy photon can also produce γ-
rays. The scattering of low-energy photons to high energies by ultra-relativistic electrons so
that the photons gain, and the electrons lose energy is known as Inverse Compton scattering
(see Figure 2.7). This process is called inverse because the electrons lose energy rather than
the photons, which is the opposite of the standard Compton effect. The energy of the emitted
photon from the Inverse Compton effect interaction is (Diehl, 2001):

Eγ ' 1.3

(
Ee

TeV

)2(
ε

2× 10−4 eV

)
GeV . (2.4)

where the energy of the electron is given byEe and the energy of the photon before scattering
occurs is given by ε.

Nuclear Transitions



CHAPTER II. WHAT IS THE EXTRAGALACTIC BACKGROUND LIGHT? 26

Figure 2.7: The Inverse Compton interaction discussed in the text. Figure adopted from
Ertley (2014).

Transitions that occur between energy levels in the nucleus are called nuclear transitions.
They lead to the emission of alpha, beta, or gamma radiation. The energy range governed
by nuclear transitions are within the MeV regime, hence the transition between different nu-
clear states requires that the photons involved in absorption or emission are within the MeV
regime.

Pion Decay

Neutral and charged pions are produced by the interactions produced by collisions between
cosmic rays (protons) and the nuclei of ambient gases. However, the unstable nature of
neutral pions (π0) propels their decay into pairs of γ-ray photons (Schönfelder, 2001).

The decay is given by:

π0 −→ γ + γ (2.5)

Annihilation

Annihilation occurs when a particle and an antiparticle collide and disappear, releasing en-
ergy. This energy is in the form of a pair of γ-ray photons. Figure 2.8 illustrates the electron-
positron annihilation. An electron has a mass of 511 keV which causes the electron-positron
annihilation event to occur in the γ-ray range.

2.3.2 Sources of gamma-ray emission at GeV-TeV energies
Sources of γ-rays in the GeV-TeV energy range may be galactic or extragalactic. Extragalac-
tic sources exist outside of the Milky Way whereas Galactic sources are inside the Milky Way
galaxy and can, therefore, be less luminous. Galactic sources are characterized according to
the mass of original stars, meaning they can be supernova remnants, black holes, diffuse
emission, novae, and the Sun. Galactic supernova remnants are among the brightest radio
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Figure 2.8: Schematic representation of particle and antiparticle annihilation. Credit: Uni-
versity (May 2014 (accessed March, 2020)).

sources on the sky. The emission is synchrotron radiation produced by relativistic electrons
that are accelerated in the hot interaction region Branch (2003). Continuum diffuse γ-ray
emission is produced in our Galaxy by interactions of high-energy cosmic rays with inter-
stellar matter and low-energy radiation fields. A weaker diffuse component is observed with
almost isotropic distribution over the sky, and thus is thought to be extragalactic in origin.
This emission is usually referred to as the extragalactic γ-ray background (EGB). The great
majority of the EGB can be attributed to unresolved populations of extragalactic gamma-ray
sources, primarily the nuclei of active galaxies called blazars Neronov and Semikoz (2020).

A pulsar is a highly magnetized rotating compact star that emits beams of electromagnetic
radiation out of its magnetic poles. Pulsars are a source of very high energy (VHE) γ-rays
(VHE; E & 100 GeV). In rotation-powered pulsars, the beam originates from the rotational
energy of the neutron star, which generates an electric field from the movement of the very
strong magnetic field. High-powered electric fields accelerate charged particles and produce
VHE γ-rays. Another source of VHE γ-rays is Inverse Compton scattering. This process
involves the scattering of low energy photons to much higher energies, and can occur on the
surface of neutron stars (Schönfelder, 2001; Ruderman and Sutherland, 1975).

There are currently several classes of detected γ-ray extragalactic sources, some of which
are associated with active galactic nuclei (AGN) and (at soft γ-rays) to γ-ray bursts (GRB)
(Bosch-Ramon, 2011). However, it must be noted that there are other extragalactic γ-ray
sources such as star-forming galaxies, galaxy clusters, etc. which are not AGN.
There are two types of GRBs, can be long- and short- duration, the first of which may have
originated from hypernova or supernova explosions originated from super or hypernova ex-
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Figure 2.9: The photoelectric effect in an atom. Credit: Ertley et al. (2012).

plosions, and merging neutron stars contribute to the second type of GRBs, respectively.
Active galactic nuclei are accreting supermassive black holes hosted by a galaxy that present
in some cases powerful relativistic jet activity (Blandford et al., 2019). These sources are
probably the most energetic astrophysical objects and have been studied in gamma-rays for
several decades. Their appearance depends much on whether their jets point to us (Blandford
et al., 2019).

2.3.3 Gamma-ray interactions with matter
The photoelectric effect is a phenomenon in which an electron is released from an atom
when it absorbs electromagnetic radiation. In this particular scenario the electrons are in a
metal and are not bound to an individual atom. The energy absorbed by the photon can lead
to many different scenarios (i.e. the excitation of an electron into orbit, if the photon has
enough energy). Figure 2.9 portrays the photoelectric effect in an atom. This interaction
favours photons in the 100 eV to 100 keV range (low energy photons).

Compton scattering

This effect involves the scattering of a photon by a charged particle, usually an electron.
Compton scattering is the interaction between a high-energy photon and a low-energy or
stationary charged particle, usually an electron. It results in an increase in wavelength and
thus a decrease in the energy of the photon. The photon may be an X-ray or gamma-ray.
Some of the energy of the photon is transferred to the recoiling electron. This differs from the
Inverse Compton effect, which occurs when a charged particle transfers some of its energy
to a photon. These interactions occur within 100 eV-MeV energy range.

Pair Production
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Figure 2.10: This figure is a schematic of a γ-ray space telescope spark chamber where the
incoming γ-ray converts into an electron positron pair which is tracked to reconstruct the
photon arrival direction while the photon energy is measured within the calorimeter. The
anticoincidence is used to reject the particle background. Credit: Thompson (2015).

Pair production is the creation of a subatomic particle and its antiparticle. However, pair
production only occurs for γ-rays of high energy. An electron has a rest mass equivalent
to 0.511 MeV of energy; therefore, a minimum γ-energy of 1.02 MeV is required for pair
production. The presence of a strong electric field is required for this interaction.

Pair production also can occur in the field of an atomic electron, to which considerable recoil
energy is thereby imparted. The threshold for such a process is four times the rest energy
of an electron, or 4mc2 The total pair-production cross section is the sum of the two com-
ponents, nuclear and electronic. These cross sections depend on the energy of the γ-ray and
are usually calculated in an electron theory proposed by the British physicist P.A.M. Dirac
through a method of approximation that is a simplification of a method (a “first approxi-
mation”) devised by the German physicist Max Born Burton (2017 (accessed August 20,
2020)).

How to Detect High-Energy Gamma Rays?

γ-rays, at least at energies above 10’s of MeV, interact by electron-positron pair production (
E=mc2); a γ-ray telescope is really a particle detector. This same interaction process makes
the Earth’s atmosphere opaque to these γ-rays see Figure 2.10.

Electromagnetic cascades

In particle physics, a cascade of secondary particles can be produced as the result of high-
energy particles interacting with dense matter. The incoming particle interacts with atoms in
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the material in producing several new particles with lesser energy; each of these will continue
creating many thousands, millions of new interaction until all the energy has been absorbed.

2.4 Gamma-ray Detection
γ-ray observations are associated with several challenges; for instance, the probability of
gamma-rays with energy of 1 MeV being absorbed by our atmosphere is 99.8% (i.e. they
interact with atoms in the atmosphere and can produce ions by dislodging electrons from the
atoms). This implies that our atmosphere is optically thick, making it impossible to observe
γ-rays directly from the earth’s surface. The number of γ-ray photons is smaller than the
number of optical photons, meaning that the cosmic γ-ray flux is significantly smaller than
the optical flux. The difference in flux is due to the energy content of each photon; γ-
rays carry more than one million times more energy than optical photons, and this therefore
makes it more difficult to produce γ-rays in the first place (Schönfelder, 2001). γ-rays can be
detected using two different approaches. The use of space telescopes is one approach, which
investigates the interactions of γ-rays with matter, discussed in Section 2.3.3.

Another approach involves the use of ground-based telescopes: this method takes advantage
of the effects of the interaction of γ-rays with the atmosphere and does not detect γ-ray
emission directly. Optical telescopes are used to detect the Cherenkov radiation resulting
from the electromagnetic cascades produced in the atmosphere.

How is the EBL determined from GeV/TeV sources?

The answer to this question can be resolved by looking at the high-energy spectra produced
by GeV/TeV sources. In particular, the observed spectra can be compared to models of the
intrinsic spectra to measure the EBL from γ-ray observations.

The EBL can be constrained using different sources, such as blazars. Blazars make up most
of the extragalactic sources emitting very high energy gamma-rays and are therefore used in
current studies to provide constraints on the UV-IR emission of the EBL. Most of the VHE
source spectra follow a power-law of the form dN

dE
∝ E−Γ over a wide energy range. Upon

analysis of blazars, a sharp cut-off is detected between GeV and TeV energy ranges. This
change is defined as 4 ΓGeV ≡ ΓGeV − ΓTeV . The location of the cut-off depends on the
redshift of the source. The cutoff energy decreases as the redshift increases. (Dwek and
Krennrich, 2013).

In the region ∼ 1-10 GeV (which is unaffected by EBL absorption), a single power-law can
be fitted to a VHE γ-ray source Orr et al. (2011). 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
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knowledge of the intrinsic blazar spectrum is not required to study the EBL Orr et al. (2011).
Different studies are used and different assumptions are made for the intrinsic spectra of the
γ-ray sources, which leads to the variation of the limits derived by this method.

2.5 A brief discussion of the Fermi-LAT
The Fermi Gamma-Ray Space Telescope was launched into low-earth orbit in the summer of
2008 (Atwood et al., 2009). Since Fermi’s launch, its Large Area Telescope (LAT) observes
the entire sky in high-energy gamma rays every three hours, creating the most detailed map
of the Universe ever known at these energies. The Fermi telescope can measure the diffuse
background as well as resolve point sources. It is sensitive to photon energies ranging from
20 MeV up to ∼ 100 GeV.

Extragalactic γ-rays and cosmology

The extragalactic γ-ray sky offers a unique opportunity to explore phenomena at cosmolog-
ical distances. The EBL can be studied indirectly through its effect on very-high energy
photons that are emitted by cosmic sources and absorbed via γ γ interactions during their
propagation across cosmological distances. This radiation (EBL) is accumulated over the
cosmic history, and redshifted by the expansion of the universe Acciari et al. (2019). The
Fermi Large Area Telescope (LAT, Atwood et al. (2009)) is a pair conversion detector con-
sisting of a 4x4 array of silicon strip trackers and tungsten converters and a Cesium Iodide
(CsI) based calorimeter. The instrument is fully covered by a segmented anti-coincidence
shield which provides a highly efficient vetoing against charged particle background events.
The LAT is sensitive to gamma rays from 20 MeV to more than 300 GeV. It normally oper-
ates in survey mode, covering the whole sky every three hours and providing an instantaneous
field of view of 2.4 sr (that is, 20 % of the sky).
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Method

3.1 Introduction
In this Chapter I will discuss all the steps followed for the calculation of the EBL from
(Bruzual and Charlot, 2003) population synthesis models mentioned in Section 2.1.2. The
software package used in this work is discussed in Section 3.2.1. The calculation of the EBL
is discussed in Section 3.3.3. The calculation of the Emissivity is discussed in Section 3.4.
The absorption and re-emission is discussed in Section 3.4.5, the best-fit model is discussed
in Section 3.5 and lastly, the Gamma-ray attenuation is discussed in Section 3.6.

In this work, we use a stellar population synthesis code by (Bruzual and Charlot, 2003) to
compute the light produced by stars in galaxies. This code predicts the spectral evolution
of stellar populations at wavelengths from 91 Å to 160 µm, at ages between 1x105 and
2x1010 yr, for different metallicities, initial mass functions (IMFs) and star formation histo-
ries. Synthetic galaxy spectral energy distribution (SED) templates are preferred since they
can simulate both early and late phases of galaxy evolution (Massarotti et al., 2001). The
SEDs of galaxies are created by adding various types of stellar SEDs together. This is done
by making a few assumptions about the relationships of different types of stars, the SED
models can be designed to match the observed galaxy’s SEDs. These assumptions include:
(1) the assumption that low metallicity, massive stars dominate young stellar populations of
distant galaxies but are relatively rare in the local Universe; (2) Branch (AGB) dominates the
integrated light, slight differences in model prescription can lead to substantially different
predictions for a population SED, particularly in the near-infrared and (3) the most widely-
used stellar population synthesis models make the fundamental assumption that every star
evolves independently of any companions, i.e. that all stars are single stars Stanway and
Eldridge (2018). The luminosity evolution of stellar populations depends on the amount of
interstellar extinction and is sensitive to the IMF (Kneiske et al., 2002). In all applications
throughout this thesis, processors involving star formation are based on a Salpeter (1955)
IMF.

32
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Figure 3.1: SSP spectra for various population ages, for a Salpeter IMF, normalized to 1
M� is depicted in this figure. The spectral energy distribution (SEDs) of a population of
coexistent stars, which is expressed as a function of the age of the population. This was
calculated for the following ages: τ = 0, 0.0038, 0.00724, 0.0138, 0.07187,0.28612, 1.434,
and 11 Gyrs (from top to bottom, based on calculations by (Bruzual and Charlot, 2003). The
figure shows a rapid drop in luminosity as massive stars become supernovae (whose light is
not included in these SEDs), and the wave- length of the bulk of the emission shifts to the
red as the population ages.

The calculation of the evolving spectrum of the EBL discussed in this chapter entails a model
of stellar emission and dust attenuation. This model is used to determine the emissivity
(luminosity density) corresponding to a star formation history, which is then used to calculate
the comoving power spectrum of the EBL. Thereafter, we investigate the effects of varying
the star formation rate on the EBL and the γ-ray opacity of the Universe.

3.2 SSP Software Models
3.2.1 GALAXEV
GALAXEV is a software package that is utilised in the computation of the spectral evo-
lution of stellar populations for galaxies. It was released in 2003 by Bruzual and Charlot
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(2003). The SEDs are produced in two modes which include two different resolutions: Its
low-resolution counterpart wavelength range is from 91 Å to 160 µm with wavelength sam-
pling of 1221 points per spectrum. Both high and low-resolution share a wide range of ages
from 1×105 to 2×1010 yr. The parameters of the simple stellar population (SSPs) include
ages, metallicities, the Padova 1994 library (details of this library is discussed in Bruzual and
Charlot (2003)) as suggested by Girardi et al. (2000)) evolutionary tracks within the mass
range 0.1 to 100 M� for the lower and upper mass cutoff range, mL = 0.1 M� and mU =
100 M� , respectively. These SSPs are normalized to a total mass of 1 M� in stars at age t =
0. This software uses an updated library of observed stellar SEDs predictions called STELIB
complied by (Le Borgne et al., 2003) where fundamental stellar parameters along the HR di-
agram were maximized. The theoretical isochrones are mapped from the library of observed
stellar spectra (i.e for any given properties of stellar populations, any SFH can be expanded
in a series of instantaneous starbursts (SSP), and is suitable for population synthesis mod-
elling). The model proposed by Bruzual and Charlot (2003) has been proven to reproduce
the observed optical and NIR colour-magnitude diagram (CMD) of Galactic star clusters of
various ages and metallicities. Their model has been compared to several observations of
star clusters. The spectral fit can constrain physical parameters such as metallicity, SFH and
dust content of galaxies. GALAXEV has been tested by (Bruzual and Charlot, 2003), who
found that it can reproduce in detail the typical galaxy spectra extracted from the SDSS Early
Data Release by Schneider et al. (2002). Furthermore, GALAXEV is one of the first models
to enable accurate studies of absorption line features over all ages that reproduce simulta-
neously the observed strengths of the Lick indices (the Lick index system is a method used
to derive the average stellar population characteristics through the evolutionary synthesis of
integrated spectra (Fan et al., 2016)) at that epoch (Bruzual and Charlot, 2003). This opens
up the possibility of exploring new indices over the full wavelength range from 3200 to 9500
Å. For star-forming galaxies studies, the attenuation of starlight by dust can be included in
the modelling Bruzual and Charlot (2003).

3.3 Individual spectra extraction from GALAXEV and its
connection to the computation of the EBL

3.3.1 Bruzual & Charlot (2003)
In this work, we used a program called galaxevpl, provided by the GALAXEV program,
launched by the alias command gpl. It reads a binary *.ised file as defined in the (Bruzual
and Charlot, 2003) documentation which enables the user to access individual spectra (up to
24) at various ages (in Gyrs). Once the spectra are selected, the data are written into a multi-
column file that can be plotted. The user can specify a wavelength range and the program
will write the spectra into a file, the flux units, and lastly, the name of the output file can be
modified according to the user’s preference. By default, the spectra are output as luminosity
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per unit wavelength. The spectral evolutionary models produced by the Bruzual & Charlot
code are stored as binary files. The program also assumes that the files fed into the program
are in binary format. A program called bin_ised is provided that translates from text to
binary format.

3.3.2 Extracting individual spectra
Here is a summary of the procedures followed in the creation of galaxy SEDs from the
GALAXEV program:

• The SSPs were converted from ASCII format into binary files using the bin_ised
program.

• The galaxevpl program was used to read the binary files, by extracting one indi-
vidual spectrum for a given wavelength range and at selected ages in Gyrs (we used
an SSP with low metallicity in this work). The selected spectra were written into a
multi-column file and saved. By default, the spectral output was in units of luminos-
ity per unit wavelength (L�Å

−1
). The resulting spectra were plotted over the given

wavelength range.

3.3.3 Computation of the Extragalactic Background Light (EBL)

The modelling for the absorption and re-emission of the EBL leads to the comprehension of
how the production of the EBL affects the opacity observed as a function of redshift. The
opacity, which is manifestation of the removal of γ-rays from view, alters observations from
extragalactic sources.

A semi-empirical forward evolution (see Section 2.2.2) model is used in the calculation of the
stellar part of the EBL in this work. The rest of this chapter will be devoted to explanations
of detailed calculations of the EBL.

3.4 Calculation of the Emissivity
The calculation of the luminosity density involves the convolution of the specific luminosity,
Lν(t), the star formation rate density and the Jacobian (

∣∣ dt′
dz′

∣∣), which incorporates the cos-
mology. To arrive at this point, we need to develop a model that predicts the luminosities of
the SEDs as a function of cosmic time, which in this work were constructed from realistic
stellar evolution tracks with detailed atmospheric models. A Salpeter IMF between 0.1 and
100 M� was used in the construction of these SEDs.
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The luminosity density, also known as the emissivity, is given by the following equation:

εν(z) =

∫ zm

z

Lν(t(z)− t(z′))ρ̇∗(z′)
∣∣∣∣ dt′dz′

∣∣∣∣ dz′ , (3.1)

where ρ̇∗(z′) is the star formation rate per comoving unit volume. The star formation rate is
assumed to have begun at a finite epoch zm = z(tm).

∣∣ dt′
dz′

∣∣ is the Jacobian. The details and
application of the above equation will be discussed in the following sections.

3.4.1 Spectral Synthesis model
A "universal" initial mass function is used to describe how stars convert gas into stars, given
by a stellar-mass distribution (Madau and Dickinson, 2014). A simple stellar population
SSP refers to several stars produced by a spontaneous explosion that abruptly converts gas
into stars (see Section 2.1.1 and Kneiske et al. (2002)). The evolution of the interstellar
medium of galaxies is driven by massive stars. Massive stars in the SSP typically produce
UV radiation, are short-lived (∼ 107 yrs) and can ionize surrounding atomic hydrogen gas.
This ionized gas is heated by the photo-electrons and cooled through forbidden line radiation
of trace species such as oxygen, resulting in a temperature of some 104 K (Mokiem et al.,
2004). Low-mass stars produce red light and remain within the main sequence (see Section
2.1.2). Stars progress over various cosmological times, depending on their mass. This makes
the SEDs of these populations a sensitive function of time (Kneiske et al., 2002).

In this work, we the used Bruzual & Charlot population synthesis model (BC-model) to
trace the varying production of energy as a function of time. A depiction of multiple SEDs
produced at specific times after the explosion is shown in Figure 3.1. The stellar spectra
used in synthesizing the SEDs stem from Padova (Bruzual and Charlot, 2003) and Lejeune
stellar atmosphere models (Lejeune et al., 1997). The spectra of elliptical galaxies can be
approximated using a single explosion of star formation, which is reassuring since the SEDs
fabricated using this code resemble these galaxies.

3.4.2 Low metallicity SEDs

According to the Russell-Vogt theorem, the position of a star on the HR diagram is deter-
mined by its mass and composition. The luminosity of a star is mainly determined by its
central temperature and composition. As mentioned in Section 3.4.1, the time dependence
of the luminosity of stars is set by the time dependence of mass and the rate of change of its
composition. This is evident in the nuclear burning regions of a star. However, the chemical
composition of stars is important, as lower metallicity stars are less opaque to radiation. The
radiation escapes more efficiently in lower metallicity stars than higher metallicity stars; as a
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Figure 3.2: This figure depicts the IR spectra associated with each SSP-spectrum (updated
Bruzual and Charlot (2003) stellar populations) shown in Figure 3.1. We assume the dust
emits as a combination of three blackbodies, representing three types of dust: a 37 K black-
body representing warm, large dust grains, a 80 K blackbody representing hot, small dust
grains, and a 202 K blackbody representing PAHs. Thus, the IR emission is modelled as the
sum of three modified blackbody spectra. The details of this calculation are mentioned in
Section 3.4.5

result of this, these stars tend to be smaller and hotter at the surface for the same luminosity.
Smaller stars tend to be hotter in the middle, thus making them more luminous. Overall,
the evolution of the luminosity of low metallicity stars is much faster than those of higher
metallicity. In this work, we used SEDs of low metallicity. The calculation of the infrared
spectra produced in Figure 3.2 involves the calculation of the bolometric luminosity at each
age listed in Figure 3.1. A low metallicity star produces a more luminous SEDs, and thus a
slightly higher bolometric luminosity. This may account for the slight deviation observed in
our plot compared to the IR spectra in Figure 2 of (Kneiske et al., 2002), which was calcu-
lated using solar metallicity Z=0.02. In addition, lower metallicity in the stellar atmospheres
leads to a higher fraction of light primarily emitted in the UV, and subsequently redistributed
towards the IR by interstellar dust grains, with extinction parameters determined newly from
the fit to the emissivities (i.e. independent of the assumed low metallicity in the stellar at-
mospheres producing the bulk of the light Kneiske et al. (2002)). See Figure 6 in Kneiske
et al. (2002) for an illustration of the comparison of the low metallicity EBL to the standard
model with solar metallicity.
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3.4.3 Interstellar medium and dust attenuation
To obtain the correct SEDs, processes such as intrinsic absorption that occur in the galactic
interstellar medium (ISM) must be considered. In this work, we assumed a homogeneous
dispersion of the gas enclosing the stars of the SSP, which was done for simplicity. We also
applied Osterbrock’s (Osterbrock, 1989) Case B recombination for optically thick clouds at
an equilibrium temperature of 104 K, mentioned in detail in Section: 3.4.5.

3.4.4 Average Dust extinction
The average metallicity of gas in galaxies slowly increases with cosmic time; the present
value was not known at the time Kneiske et al. (2002) was written. For this reason, the
following average extinction curve was adopted:

Aλ = 0.68× E(B − V )× (λ−1 − 0.35) . (3.2)

whereAλ with λ [Å] is the average dust extinction andR = 3.2 (the parameter R≡A(V)E(B−
V ), the ratio of total to selective extinction at V-band), E(B−V ) = 0.14 was used for young
SSPs and E(B − V ) = 0.03 was used for older SSPs.

Equation 3.2 was used to calculate the dust extinction curve and was used to determine the
absorption coefficient

g(λ) = 10−0.4·Aλ . (3.3)

3.4.5 Re-emission computed as the addition of three modified Black-
body spectra

Equation 3.4 is a numerical representation of the modelling used in the calculation of the in-
frared spectrum. The starlight that is absorbed by dust is reradiated in the infrared. There are
generally thought to be three major dust components in the interstellar medium (e.g. Desert
et al. (1990)): (1) a large grain component that absorbs optical light and reradiates in the
far-IR, found in and around star-forming regions; (2) A small grain component that absorbs
the far UV and reradiates in the near-IR, located throughout the disk of spiral galaxies and
is responsible for most of the observed dust radiation and (3) a component from polycyclic
aromatic hydrocarbons (PAHs) which emit as broad emission lines and are not generally
in thermodynamic equilibrium with their environment Dwek et al. (1997). Thus, in this
work the IR emission is computed as the modification of three blackbodies, each of which
symbolize a specific temperature related to the dust components found in the ISM. These
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Table 3.1: Dust parameters used in the calculation of the dust spectra of the EBL.

Dust component Temperatures Dust Parameters (c1, c2, c3)
Cold Dust 37 K 10−10

Warm dust 80 K 10−24

PAH molecules 202 K 10−20

components are classified as cold dust, warm dust and polyaromatic hydrocarbons (PAH) for
short.

The spectra of the re-emission is calculated as follows (Kneiske et al., 2002):

Ldλ(Lbol) =
∑
i=1

ci(Lbol)QλBλ(Ti) . (3.4)

where Qλ ∝ λ−1 is the extinction efficiency factor, Bλ(Ti) is the Planck function at tem-
perature Ti ,Lbol = Lbol(τ), Lbol is the bolometric luminosity and τ represents the age of
the stellar population. The dust components found the ISM are characterized as follows,
(c1, T1), (c2, T2) and (c3, T3), represents cold dust, warm dust and PAH molecules, at the
three temperatures Ti, i = 1...3 and three constants ci, i = 1...3, respectively. Observations
from non-Seyfert galaxy observations by Spinoglio et al. (1995) were used to fix the 6 model
parameters in Equation 3.4. The relation was fit for four bands, 12 µm, 25 µm , 60 µm, and
100 µm from Spinoglio et al. (1995) observations. Non-Seyfert galaxy observations were
used to normalize the components ci, i = 1, 2, 3 relative to each other.

The Fitting procedure

The Lbol = Lbol(τ) is known as the bolometric luminosity and is defined as the total lumi-
nosity integrated over all wavelengths (in the optical band in this case).

We selected distinct ages for each SSP, and thus performed this calculation for each age over
the wavelength range in the optical band. The temperatures Ti, i = 1,2,3 stated in Equation
3.4 were used in the fit as free parameters. T3 = 240 K (which is found in the range presented
by Kneiske et al. (2002)), T2 = 80 K (warm dust), T1 = 30 K (cold dust) were used as starting
temperatures. T1, T2 , T3, were allowed to vary between 27-33K, 70 -25 K, 180-400 K,
respectively. The fit was done to find the parameters that best fit the infrared luminosities
calculated according to Spinoglio et al. (1995) figures. The actual temperatures used for the
fit is given in Table 3.1.

The Absorption is calculated using an Osterbrock Case B recombination
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The Lyman-alpha line is a particular line in the hydrogen spectrum, going from n=2 to n=1.
The Lyman series are all lines for all transitions to level 1. Ly-α emission can be generated
via ionizing radiation in a form of ionization and thermal equilibrium (Gould and Weinberg,
1996). In ionization equilibrium, a Ly-α photon is produced since each ionization leads to
recombination. Secondly, the radiation originates from the electron being heated by the gas
as a result of the kinetic energy of the ionized electron, which occurs in thermal equilibrium
(Gould and Weinberg, 1996). Most of the radiation emitted in the second case is in the form
of free-bound, free-free emission or collisional excitation which gives rise to line emission
(Gould and Weinberg, 1996). In optically thick clouds (at high densities, and temperature
∼ 104 K ), the dominant cooling mechanism is line emission. As a result, a huge fraction of
deposited thermal energy is released in Ly-α photons.

In this work, we used the assumption that all the hydrogen ionizing photons are absorbed lo-
cally in the interstellar medium. This means that 68% of them (hydrogen ionizing photons)
are converted to into Ly-α photons, which is the fraction appropriate for case B recombina-
tion in a gas (Pei et al., 1999). The total emissivity required for Bremsstrahlung radiation
(the stellar part of the emission) is given by the following equation (Rybicki and Lightman,
2008):

εν = 6.8× 10−38neniT
− 1

2 e−
hν
kT ḡff

erg
s cm3Hz

. (3.5)

where Z is the atomic number of the element (in this case, Z represents the atomic number
of hydrogen), ḡff is the average Gaunt factor, ne and ni are the number densities of the
electrons and ions, respectively. Using the relation λελ = νεν , we calculate ελ. The aim
at this point was to calculate ελ, which is referred to as the optical emission of gas heated
by absorbed photons. It is evident from Equation 3.5 that obtaining the correct units for ελ
required the multiplication of a volume element in order to arrive at emissivity in terms of
wavelength. Therefore, in order to obtain the correct units in Equation 3.5, the following
relation was used to calculate the optical emission of gas heated by absorbed photons:

ελ = c× εν
λ2
× V .

where V is the volume of the cloud.

A uniform distribution of gas and dust surrounding the stars of the SSP was assumed to
simplify the calculations. Osterbrook’s Case B recombination was applied for optically thick
clouds at an equilibrium temperature of 104 K, i.e. total absorption of all ionizing photons
and reemission of 68 % of the absorbed power in Lα line emission (which is subsequently
absorbed by dust). The remaining energy (32 %) is assumed to be reemitted in the optical
regime via bremsstrahlung and recombination line/continuum emission.
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The total spectra, including absorption and re-emission computed per SSP-spectrum is
written as follows:

Lλ(τ) = [(Lλ,BC(τ) + cg(τ) · ελ)] · gλ + cd · Ldλ(τ) . (3.6)

where the SEDs provided by the BC-Model are given by Lλ,BC(τ) at an age τ . The optical
emission of gas heated by absorbed photons is represented by ελ ∝ exp(−hν/kT ) which
is multiplied by the fractional energy cg(τ) of 32% that can be accessed by this channel.
The absorption coefficient, given by gλ modifies both spectral components in the optical
band. We then added the contribution from the dust re-emission spectra Ldλ(τ) according to
Equation 3.4. The normalization constant cd was used to normalize the IR-spectra, through
the use of the conservation of energy of the photons that were absorbed and re-emitted. The
relation λLλ(τ) = νLν(τ) was used to calculate the emissivity (see Equation 3.1) .

3.4.6 Cosmology
Kneiske et al. (2002) adopted the flat Friedman cosmology with cosmological parameters:
Ω0 = 1 implies that the universe is spatially flat, Ωλ = 0 (which is referred to as the constant
energy density associated with the “vacuum”), and h = H0/100 km s−1 Mpc−1, where H0 is
the Hubble constant and h is a dimensionless (current) Hubble parameter, which were used
for the EBL model predictions . The calculation of t(z), which is referred to the age of the
universe at redshift z proceeds as follows:

The general expression for the time evolution

H0t(z) =

∫ ∞
z

dz

(1 + z)E(z)
. (3.7)

where

E(z)2 = Ωr(1 + z)4 + Ω(1 + z)3 + ΩΛ . (3.8)

E(z) =
√

Ω(1 + z)3 . (3.9)

Therefore,
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Figure 3.3: This figure depicts the EBL at z = 0, calculated using Bruzual and Charlot
(2003) stellar population synthesis models at low metallicity (Z = 0.001) and best-fit model
parameters proposed by Kneiske et al. (2004). The EBL measurements produced in this
work agrees with the EBL measurements made by Kneiske et al. (2004) at z = 0. These
Best-fit model parameters are listed in Table 3.2.

t(z) =
1

H0

=

∫ ∞
z

dz

(1 + z)
5
2

. (3.10)

t(z) =
2

3
H−1

0 (1 + z)−
3
2 + C . (3.11)

The parameters used in Kneiske et al. (2004) were adjusted to Friedman cosmology with the
following fixed parameters: Ωm = 0.3, ΩΛ= 0.7 and h = 0.75 which corresponds to the cold
dark matter cosmology (ΛCDM).

The star formation rate density SFRD(z) and the SEDs calculated from a spontaneous ex-
plosion of star formation were used to calculate the emissivity at distinct frequencies and
redshifts (Khaire and Srianand, 2015). An assumed IMF along with the metallicity Z, pro-
vide SEDs that are functions of age τ and frequency νLν(t) in units of erg s−1 Hz−1 per unit
mass of stars formed at different ages, τ , of the stellar population as mentioned in earlier
sections. Due to the short timescales at which star formation processes occur (105−107 yrs),
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the starburst spectra can be interlaced which the global SFRD(z) to compute the luminosity
density, also known as the emissivity εν(z) (Khaire and Srianand, 2015).

The comoving emissivity at cosmic epoch t can be derived from the population synthesis
starburst models

εν(t) =

∫ t

tm

Lν(t− t′)ρ̇∗(t′)
∣∣∣∣ dt′dz′

∣∣∣∣ dt′ . (3.12)

where ˙̃ρ∗(t) is the star formation rate per comoving cosmic epoch. The star formation rate
is assumed to have begun at some finite epoch zm = z(tm) . Therefore, equation (3.12) can
be rewritten in terms of redshift by solving the following convolution integral where ˙̃ρ∗(t) =
ρ̇∗(z) is defined as the star formation rate per comoving unit volume:

εν(z) =

∫ zm

z

Lν(t(z)− t(z′))ρ̇∗(z′)
∣∣∣∣ dt′dz′

∣∣∣∣ dz′ . (3.13)

where ρ̇∗(z′) is the star formation rate per comoving unit volume and (t(z) − t(z′)) is a
representation of the time or rather the age of the population as a function of the redshift at
which the spontaneous explosion of star formation occurred at redshift z′. The burst of star
formations occurs at all epochs, t, but with the average star formation rates which are equal
to the global SFRD(t), which is captured by the product of Lν(t(z)− t(z′)) and ρ̇∗(z′) in the
convolution integral (3.24).

The energy density for a given evolution of the emissivity can be calculated by conducting
a second integration over redshift. After multiplying the emissivity by c/4π, we obtain the
comoving power spectrum of the EBL, which is given in intensity units:

Pν(z) = νIν(z) =

∫ zm

z

εν′(z
′)

∣∣∣∣ dt′dz′
∣∣∣∣ dz′ . (3.14)

with νIν(z) is in units of nW m−2 sr−1 and ν ′ is represented in Equation 3.24 is given by
ν ′ = ν(1 + z′)(1 + z). The factor

∣∣ dt′
dz′

∣∣ takes into account the assumed cosmology (e.g.,
Peebles (1993)), and is given explicitly by∣∣∣∣ dt′dz′

∣∣∣∣ =
1

H0(1 + z′)
√

Ωm(1 + z′) + ΩΛ

. (3.15)

with H0, Ωm, ΩΛ given by the parameters of the Friedmann Model cosmology which corre-
sponds to the ΛCMD. The spectrum of the EBL computed from the Best-fit model is given
by Figure 3.3.

The result of this integral yields the entire history of the light emitted from stars in our
Universe.
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3.5 Calculation of the EBL using different parameters of
star formation rate

The global star formation rate (SFR) ρ̇∗(z) consists of two components (Kneiske et al., 2004):

ρ̇∗(z) = ρ̇OPT∗ (z) + ρ̇ULIG∗ (z) . (3.16)

The first component (optical (OPT)) accounts for the stars which can be optically detected,
the other (Ultra-Luminous Infrared Galaxy (ULIG)) coming from stars hidden by dust which
can only be seen looking at infrared or submm wavelength. Each of the SFRs can be
approximated with a simple broken power law (Kneiske et al., 2004)

ρ̇∗(z) ∝ (1 + z)α (3.17)

with α = αm ( αm and βm are the conditions for which α is positive or negative, depending
on the value of the redshift at the peak, zpeak), for z ≤ zpeak and α = βm < 0 for z > zpeak.
Thus, each SFR provides four parameters, αm, βm, zpeak and ρ̇∗(zpeak), see Table3.2.

3.5.1 The Best-fit Model
The parameters used in the best-fit model (in terms of SFH) are derived from observations,
namely, galaxy number counts in the optical and infrared wavelength range as well as direct
measurements of the EBL. When the best-fit model is used in the computation of the EBL, a
sharp cut-off is produced at 0.1 µm. This is caused by the absorption of starlight due to the
interstellar gas (Kneiske et al., 2004). Table 3.2 provides a mathematical description of the
parameters used in this model.

Table 3.2: SFH parameters used in the calculation of the of the star formation rate .The
values were obtained from (Kneiske et al., 2004).

Parameter used to constrain the SFH
Models Parameters α β zp ρ̇∗(zpeak)
Best-Fit SFROPT 3.5 -1.2 1.2 0.1

SFRLIG 4.5 0 1.0 0.1
fesc = 0
c2 = 10−24

where fesc is the fraction of the ionizing photons that escapes from a galaxy, e.g. through
superbubbles blown into the ISM by supernovae.
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Figure 3.4: This figure illustrates the reaction of the γ-γ pair and depicts the definition of the
angle θ between the interacting photons. Figure adopted from (Dwek and Krennrich, 2013)

3.6 Gamma-ray attenuation
A particle and anti-particle pair is created from the interaction between two photons with
energies Eγ and ε. However, this process only occurs when the total γ-ray energy energy in
the center of momentum of the system exceeds the rest frame energy of the two particles.

The threshold energy for the creation of an e+ + e− pair is given by Dwek and Krennrich
(2013) :

εth(Eγ, µ) =
(2mec

2)2

Eγ(1− µ)
. (3.18)

where µ ≡ cos θ, and θ is the angle between the two photons (Dwek and Krennrich, 2013,
see Figure 3.4).

The cross-section for the γ-γ interaction is given by (Dwek and Krennrich, 2013):

σγγ =
3

16
σT (1− β2)[2β(β2 − 2) + (3− β4) ln

(
1 + β

1− β

)
] . (3.19)

where

β ≡
√

(1− εth
ε

) . (3.20)

σT is the Thomson cross section.
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Figure 3.5: The cross section for the γ-γ interaction Left panel: The cross section’s depen-
dence on β (see Equation 3.19) ; Right panel: The cross section’s dependence on various
incident angles.

The (left panel) of Figure 3.5 depicts the cross section as a function of β. The cross sec-
tion peaks at a value of β = 0.70, providing a relation between the energies Eγ and ε (or
wavelength λ) at the peak, given by:

Eγ =
1.07

ε(eV )(1− µ)
=

0.86λ(µm)

1− µ
(3.21)

The right panel of the figure depicts the cross section as a function of b ≡ (2mec2)2

Eγε
for

different values of the angle θ. When the photons are moving in the same direction (θ = 0),
the cross section collapses to a delta-function at b = 0, and the energy threshold becomes
infinite.

The optical depth for γ − γ attenuation

The following equation was used for the determination of the optical depth (Dwek and Kren-
nrich, 2013):

τγγ(Eγ, z) =

∫ zq

0

dl

dz′
dz′
∫ 1

−1

dµ
(1− µ)

2

∫ ∞
εmin

dεσγγ(Eγ, ε, µ, z)(1 + z′)3nε(ε, z) . (3.22)

with the cosmological line element dl
dz′

= c
∣∣ dt
dz

∣∣, where l is the proper distance, µ = cos θ is
the angle between interacting photons, nε(ε, z) is the number density of the EBL (cm−3eV−1)
of background photons with energy ε at redshift z, (1 + z′)3 is used in the conversion of the
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proper number density and σγγ is the pair-production cross section (Dwek and Krennrich,
2013). The threshold for pair-production is εth′ = (2mec2)2

Eγ(1−µ)(1+z)
; (1 + z) is added to account

for the increased energy of a γ-ray photon observed at the redshift at which the interaction

occurred. Therefore, β′ =
√

1− εth′
ε

, in terms of the threshold for creation. The determi-
nation of how opaque the EBL is to γ-rays from distant astrophysical sources necessitates
knowledge of how the specific number density evolves with redshift nε(ε, z). The relation-
ship between the specific EBL intensity and the specific number density of photons with
energy ε at redshift z is given by (Dwek and Krennrich, 2013):

ε2nε(ε, z) =
4π

c
νIν(ν, z) . (3.23)

nε(ε, z) =
4π

c

1

ε2
νIν(ν, z) (3.24)

where ε is the energy of a photon, given by ε = hν , νIν(ν, z) is the specific intensity of the
EBL given by Equation 3.24 in nW m−2 sr−1. Therefore, nε is in units of cm−3eV−1.



Chapter IV

Results and discussion

4.1 Topics of the investigation
As discussed in section 3.5, we used a best-fit model for the star formation history with pa-
rameters listed in Table 3.2. The luminosity density was derived at three different wavelength
bands in the optical region, between 0< z < 4. We calculated the comoving EBL at five dif-
ferent redshifts. Lastly, we calculated the opacity at five different redshifts and compared
our results to Fermi-LAT observations.

4.1.1 Best fit Star formation rate model and Emissivity
In our model, the stars in galaxies are all represented by SSPs. The emissivity is obtained
for a given star formation rate. The emissivity was calculated at three different wavelength
bands in the optical region. The star formation results from a burst of star formation that lasts
for up to 105-107 yrs as mentioned in Chapter 3. The stars have low metallicity (Z = 0.001)
for a Salpeter IMF. We assumed total absorption of ultraviolet starlight due to interstellar
gas. As mentioned in Chapter 3, the parameters used in the best fit model interpolate the
data from galaxy number counts at optical and infrared wavelengths optimally. In Figure
4.1, the star formation increases between 0 and 1.1 and decreases from 1.1 towards higher
redshifts. Upon analysis of the model used in the calculation of the extragalactic background
light, we observed a sharp cut-off at 0.1µm due to the total absorption of UV starlight by
interstellar gas.

Emissivity

The emissivity was calculated at three different wavelength bands in the optical region. The
best fit model used in this work is similar to the CSFR model used in Kneiske and Mannheim
(2000), with the star formation increasing up to a redshift of z = zb ∼ 1 − 2 and decreases

48
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Figure 4.1: This figure illustrates the relationship between the model luminosity density as
a function of redshift and a given a star formation rate model. Left panel: Total global star
formation rate for Kneiske et al. (2004), best-fit model SFR = SFROPT + SFRLIG ; Right
panel: The model emissivities are plotted at 1.0 µm, 0.44 µm, 0.28 µm wavelength bands in
the optical region from top to bottom.

at z > zb. Naturally the shape of the UV-luminosity density curve is similar to the that of
the SFR. As stars form, they become hotter and brighter. Most of the radiation is emitted
in the UV band-optical wavelengths. This accounts for the increase in the luminosity and
the wavelength increases. This effect is observed in Figure 3.1: the luminosity drops rapidly
as stars become supernovae. As the population ages, a large portion of emission of the
wavelengths becomes redder.

In a similar way, a steeper increase at 0.28 µm and the shallower increase at 1.0 µm are
well reproduced by our model. However, the emissivity produced by our model is slightly
lower than the emissivity produced by Kneiske and Mannheim (2000). This might be due to
the fact that the parameters in their work are not exactly the same.

4.1.2 The EBL at various redshifts using best-fit model
At a given redshift, the EBL is the accumulated emission over the history of the Universe,
minus the amount lost to absorption, plus the amount re-emitted by dust over time. This
changes because stars are continuously formed and die. Figure 4.2 represents the EBL at four
different redshifts based on the model proposed by Kneiske et al. (2002). These plots were
produced using updated (Bruzual and Charlot, 2003) stellar population synthesis models with
metallicity Z = 0.001 as the exact SSP used in Kneiske et al. (2004) was not listed. These
plots resemble the plots published in Kneiske et al. (2004). The temperatures used for the
dust re-emission lie within the range published in Kneiske et al. (2002). The absorption part
of the spectrum (Equation 3.6) was challenging to reproduce as the normalization constants
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Figure 4.2: The comoving-frame EBL using the best-fit model proposed by Kneiske et al.
(2004) with updated (Bruzual and Charlot, 2003) models.
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Figure 4.3: This figure illustrates the γ-ray opacity of the Universe at different redshifts,
calculated using observed Eγ energies in GeV. The calculations are based on the Kneiske
et al. (2004) model.
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Figure 4.4: This figure illustrates the γ-ray opacity of the Universe at different redshifts,
where the dashed lines represent the data from Fermi observations Fermi-LAT Collaboration
et al. (2018). The solid line shows the predictions of the Kneiske et al. (2004) EBL model.
It is apparent from the figure that most of the constraining power is around τγγ =1 (Tajima,
2013). The value τγγ = 1 marks the cosmic γ-ray horizon, i.e., the energy above which our
Universe becomes opaque to γ-rays for a given redshift. The Fermi data are depicted with
error bars.
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used in the model were not provided. According to Equation 3.6 the total emissivity required
for Bremsstrahlung requires an electron number density, column density and the radius at
which the cloud becomes optically thick, which were also not provided. The values for the
electron number density used in this work were ∼ 104 cm−3 based on the temperature of ∼
104 K as listed in Kneiske et al. (2002).

Fermi-LAT Collaboration et al. (2018) analysed γ-ray photons detected by the Large Area
Telescope (LAT) instrument on the Fermi γ-ray Space Telescope, over 9 years of operations.
The sample used in this analysis consists of 739 blazars, galaxies hosting a super-massive
black hole with a relativistic jet pointed at a small angle to the line of sight. See section 2.4
and 2.5 for more details.

At any epoch, the EBL is composed of the emission of all stars that existed up to that point in
time and can therefore be used to infer properties related to the evolution of galaxy popula-
tions. In this work, we use the parameters for the SFH from Kneiske et al. (2004) to calculate
the EBL, which was then used to calculate the optical depth.

Fermi-LAT Collaboration et al. (2018) calculated the cosmic SFH using two independent
approaches: 1) by using a reconstructed UV emissivity across cosmic time to derive the SFH
from established relations between the UV luminosity and star-formation rate. 2) by using
a physical EBL model to calculate the optical depth due to the EBL directly from the SFH.
The SFH was then optimized using a Markov Chain Monte Carlo (MCMC) to reproduce the
Fermi-LAT optical depth data. According to the latter, the opacity is supposed to provide a
constraint on the SFH. Thus, in this work the Fermi data was used to constrain the parameters
of the SFH developed by Kneiske et al. (2004).

According to Fermi-LAT Collaboration et al. (2018), the Fermi-LAT dataset is tightly con-
straining at UV, optical and, at low redshifts, also near-IR wavelengths) and should provide
the tightest constraints around redshift, 0.5-1.5 as the opacity increases for larger distances
travelled, shown in Figure 4.4. In addition to this, the confidence regions grow larger to-
wards mid-IR wavelengths due to the energy range of Fermi LAT being limited to < 1 TeV.
Figure 4.4 depicts how the computed EBL fits to the Fermi data. The solid line shows the
predictions of the Kneiske et al. (2004) EBL model and the red error bars represent the Fermi
data. Based on the analysis of Figure 4.4, it is evident that the results obtained from the up-
dated EBL model is closer to the Fermi data than Kneiske et al. (2004). This means that
our updated model, which uses the Best-fit model for the SFH developed by Kneiske et al.
(2004) and updated stellar populations Bruzual and Charlot (2003) with low metallicity are
validated by the improved agreement with the Fermi data.
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4.1.3 Summary of different models used to calculate the EBL, including
the model used in this work

In Malkan and Stecker (1998), IR luminosity functions from IRAS were extrapolated back-
wards in redshift using power-law functions. The model of Stecker et al. (2006) updated
this work and computed the EBL below the Lyman limit (13.6 eV) for two different cases
of stellar evolution. The model of Rowan-Robinson (2001) also utilized a 60 µ m evolving
luminosity function, and a four-component spectral model for IR and optical emission. One
potential problem with this method was that it had difficulty accounting for the emissivity
contribution of merger-triggered starbursts, believed to have contributed an increasing frac-
tion of the SFR density and IR emissivity with increasing redshift. Franceschini et al. (2001)
tried to account for this starburst phase in a backwards evolution model. Franceschini et al.
(2008) published a sophisticated model using observed luminosity functions, and used it to
calculate the EBL and γ-ray attenuation. This model used evolving luminosity functions in
the near-IR up to z = 1.4 for two different galaxy populations (spiral and spheroidal) and
local luminosity functions for the irregular/starbursting population, combined with synthetic
SEDs to find the total emissivity. The infrared component of Franceschini et al. (2008) model
is comparable to that of the best-fit model of Kneiske et al. (2004), and similarly, it over pre-
dicts the 250 µm BLAST (Marsden et al., 2009) measurement and the Cosmic Background
Explorer (COBE) (Fixsen et al., 1998) infrared data.

Kneiske et al. (2002) calculated the EBL from the UV to far-IR using a ‘semi-empirical’
method based on measured star formation rates and spectral synthesis models. Light is re-
processed by dust and gas; dust is modelled as a blackbody with 3 temperature components.
Metallicity is assumed to increase slowly over cosmic time and an average global extinction
curve is applied to starlight. A follow-up paper, Kneiske et al. (2004) (model used in this
thesis), expanded this earlier model into 6 realizations, varying in gas temperature contribu-
tion, star formation rate, and UV escape fraction. The result from the Kneiske et al. (2002,
2004) papers are based upon a broken power-law for the star-formation history, with a peak
at z = 1.2.

Stecker et al. (2006) have used a backward-evolution model based on observations of the in-
frared luminosity function to calculate the IR EBL energy density. They then used a forward-
evolution model similar to Salamon and Stecker (1998) to calculate the optical/UV EBL, and
normalize it to their backward-evolution calculation.

Gilmore et al. (2009) presented models based on semianalytic models of galaxy evolu-
tion, using cosmological parameters from Wilkinson Microwave Anisotropy Probe (WMAP)
and normalizing their semi-analytic model’s luminosity density prediction to local luminos-
ity density measurements. They also included a component from quasars and realistically
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treated extinction of ionizing radiation by the intergalactic medium, both of which had im-
plications for the UV portion of the EBL at high redshift. Gilmore et al. (2009) only treated
the UV–optical portion of the EBL. The ‘best-fit’ EBL in Kneiske et al. (2004) is consider-
ably higher than Gilmore et al. (2009) fiducial model in both the optical and far-IR peaks.

Razzaque et al. (2009), presented EBL models in the optical through ultraviolet by consis-
tently considering the star formation rate (SFR), initial mass function (IMF), and dust extinc-
tion, and treating stars on the main sequence as blackbodies. Finke et al. (2010) (which was
an extension of Razzaque et al. (2009)’s model) presented an inferred evolution model for
the UV through IR components of the EBL from the direct stellar radiation and reprocessed
stellar radiation by the dust. This model considered the star formation rate, initial mass func-
tion, dust extinction and main-sequence stars as black bodies. The model is also extended
to include the post-main sequence stars and reprocessing of starlight by the dust. The total
energy absorbed by the dust is assumed to be re-emitted as three blackbodies in the IR, one
at 40 K (warm, large dust grains), one at 70 K (hot, small dust grains) and one at 450 K
(polycyclic aromatic hydrocarbons). This model does not require a complex stellar structure
code or semi-analytical models of the galaxy formation. The work presented in Finke et al.
(2010) is significantly below the models of Kneiske et al. (2004) and Stecker et al. (2006)
for all wavelengths.

An update to this work by Kneiske and Dole (2010) attempted to create a model using a
similar method that produceed a minimal background, and a similar method was employed
in Razzaque et al. (2009), Finke et al. (2010).

Gilmore et al. (2012) presented a new semi-analytic model that is based on galaxy formation
in a Five-year Wilkinson Microwave Anisotropy Probe (WMAP5) cosmology, which has
already been discussed in Section 2.2.4.

4.1.4 Gamma-ray opacity of the Universe
When EBL photons interact with propagating GeV/TeV gamma-ray photons, opacity is cre-
ated due to the production of electron-positron pairs. The determination of the opacity of
the Universe to γ-rays is important for several VHE γ-ray observations such as the Fermi
γ-ray Space telescope and High Energy Stereoscopic System (H.E.S.S). Figure 4.3 gives an
illustration of the gamma-ray optical depth based on Equation 3.30. The optical depth was
calculated for observed energies (Eγ), and several redshifts in the energy range from 0.1 eV
to 10 eV. The observed energy range was from 1-1000 GeV. Higher opacity would be ex-
pected at higher energies and higher redshifts, and lower opacity at lower energies and lower
redshifts, consistent with the figure, since the EBL is transparent to at low energy γ rays.



Chapter V

Conclusions

The spectrum of the extragalactic background light is of fundamental importance in galaxy
evolution and γ-ray astronomy. As a new feature, we reproduced the Kneiske et al. (2002)
model, using updated (Bruzual and Charlot, 2003) low metallicity (Z= 0.001) stellar popula-
tion synthesis models as well as the best-fit SFRD model proposed by Kneiske et al. (2004).
The EBL produced in this work resembles the work published in Kneiske et al. (2004). As
mentioned in Chapter 4, the deviation may be due to various factors, namely the normal-
ization factor used in the absorption model (radius, electron number density and column
density) as well as the exact SSP used in the analysis.

According to Equation 3.4, the re-emission spectrum depends on the bolometric luminosity.
This means that if the luminosity of the SSPs increase, the bolometric luminosity increases as
well increased dust re-emission spectrum. In (Kneiske et al., 2002),the EBL was computed
using solar metallicity with lower dust re-emission. The dust spectrum in Kneiske et al.
(2004) is higher than the absorption spectrum in Paper II (Kneiske et al. (2004)). This is
evident in our work as well.

The results obtained in Figure 4.4 provide evidence of a strong correlation between the up-
dated EBL model and the Fermi data. This means that our updated model, which uses the
Best-fit model for the SFH developed by Kneiske et al. (2004) and updated stellar populations
Bruzual and Charlot (2003) with low metallicity are validated by the improved agreement
with the Fermi data.

In addition to this, I expected to see higher opacity at higher energies and higher redshifts,
and lower opacity at lower energies and lower redshifts, which is consistent with the figure.
The opacity produced in this work appears to match the observations found by Fermi-LAT,
(for the given redshifts used in our work) but deviate slightly at redshifts 0.2, 0.6, 1.0 and
1.3. The results produced in this work are in agreement with the literature.
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