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Abstract

Very-high-energy gamma ray photons (VHE; E > 100 GeV) from distant gamma ray objects
(e.g. blazars) are expected to be absorbed by the diffuse extragalactic background light (EBL),
which leads to a high-energy cut-off in a blazar’s spectral energy distribution (SED). But
recent observations of cosmological gamma ray sources, after correction for the standard EBL
absorption, have been interpreted by some authors that the Universe is more transparent to
VHE gamma rays than expected from our current knowledge of the EBL energy density and
cosmological evolution. These unexpected VHE gamma ray signatures are currently one of the

subjects of intensive research.

One of the suggested solutions to this problem is the hypothesis that a reduced EBL opacity
results from the EBL energy density inhomogeneities in particular if the line of sight to a blazar
is passing through a cosmic void (under-dense region) in intergalactic space.

In this thesis, we start by studying the effects of such inhomogeneities on the energy density of
the EBL and the resulting gamma-gamma opacity, specifically, by investigating the effects of
cosmic void along the line of sight to a distant blazar. First, we studied the possibility of one
single void and then the possibility of multiple voids, by assuming an accumulation of voids (10
voids) of typical radii R = 100h~! Mpc centred at a redshift of z, = 0.3 along the line of sight
to an object (for example, a blazar) located at redshift z, = 0.6. We conclude that spectral
hardening of the VHE gamma ray spectrum for blazars (e.g. PKS 1424-+240), after correction
for the EBL gamma ray attenuation, is most likely not an artifact of an over-estimation of the

EBL absorption due to cosmic inhomogeneities.
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In the second part of this thesis, we considered the impact of the Lorentz Invariance Violation
(LIV) effect on the gamma-gamma opacity of the Universe to VHE gamma rays propagating
from a distant object, compared with the possibility of multiple voids along the line of sight
(LOS) to the same object, and we investigated the impact of the LIV effect on the Compton
effect. Both subluminal and superluminal modifications of the dispersion relation of photons
are considered. In the subluminal scenario, the LIV effects may result in a significant reduc-
tion due to the gamma-gamma absorption for photons with energies 2 10 TeV. However, the
effect is not expected to be sufficient to explain the apparent spectral hardening of several
observed VHE gamma ray blazars in the energy range from 100 GeV up to few TeVs, even
when including effects of the EBL inhomogeneities in the distributions of matter and light in
the intergalactic space. superluminal modifications of the dispersion relation of photons lead to
a further enhancement of the EBL gamma-gamma absorption. We consider, for the first time,
the influence of LIV on the Compton effect. We find that the modified Compton scattering
process due to the LIV effect becomes relevant only for photons with energies, £ = 1 PeV. In
the case of a superluminal modification of the photon dispersion relation, both the kinematic
recoil effect and the Klein-Nishina suppression of the cross-section are reduced. However, we
argue that the impact of LIV effect on the Compton scattering process is unlikely to be of
astrophysical significance.

Keywords: High Energy Astrophysics, Gamma-Gamma Absorption, Extragalactic Back-
ground Light, Physics Beyond the Standard Model, Lorentz-Invariance Violation, Cosmology
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Introduction

Gamma ray photons from distant astronomical objects with energies greater than the thresh-
old energy for electron-positron pair creation are expected to be annihilated due to gamma-
gamma absorption by Extragalactic Background Light (EBL). In particular, very-high-energy
(E > 100 GeV) gamma rays from distant objects (e.g., blazars) are subject to gamma-gamma
absorption by EBL, resulting in a high-energy cut-off in the gamma ray spectra of blazars. The
probability of absorption depends on the distance of the object and the photon energy. Studies
of EBL gamma-gamma absorption signatures have attracted further interest in high energy
astrophysics and cosmology due to their potential to study the cluster environments of blazars
(see e.g., Sushch & Bottcher 2015) and estimate cosmological parameters (see e.g., Dominguez
& Prada 2013; Biteau & Williams 2015).

Recent observations of distant blazars, after correction for EBL absorption, have been inter-
preted by some authors (e.g., Furniss et al. 2013) to suggest that the Universe may be more
transparent to VHE gamma rays than expected based on the existing EBL models. That is
because for several blazars the VHE gamma ray spectra appear to be unexpectedly hard.
These unexpected VHE signatures are currently one of the the subjects of intensive research.
To explain these spectral hardening signatures, there are several possible explanations that are
proposed, for example the existence of exotic Axion Like Particles (ALPs) into which VHE
gamma rays can oscillate in the presence of a magnetic field, thus enabling VHE gamma ray
photons to avoid the absorption due to the EBL (e.g., Dominguez et al. 2011b); the hypothesis
that the EBL energy density might be lower than expected from current EBL models (e.g.,
Furniss et al. 2013); the VHE gamma ray emission component due to interactions along the line
of sight of extragalactic Ultrahigh-Energy Cosmic Rays (UHECRS) originating from the VHE
gamma ray source (e.g., Essey & Kusenko 2010). In this thesis, we first studied the possibility
of EBL inhomogeneity and then the possibility of Lorentz Invariant Violation (LIV). Before
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the possible solution which we are trying to investigate in this thesis we start by introducing
the necessary tools which are important as introduction in Chapter 1 and Chapter 2. Chapter
1 starts with the sources of the VHE gamma rays, how gamma ray photons can be detected
using space telescopes and the ground-based gamma ray telescopes, and then a very brief intro-
duction about EBL models, highlighting the model proposed by Razzaque et al. (2009) which
will be used in Chapter 3 and Chapter 4 and the EBL model proposed by Finke et al. (2010)
which will be used in Chapter 5 and Chapter 6. In the last Section of Chapter 1 (Section 1.3.3)
we introduce the basic equation to calculate the optical depth of gamma-gamma absorption
for VHE gamma ray photons coming from an objects located at cosmological distances (e.g.
a blazar), showing that the EBL gamma-gamma absorption is quite significant for blazars ob-
served at TeV energies, see Figure 1.3.4, at the end of Chapter 1.

To investigate the possibility of Lorentz Invariant Violation, the important tools needed to
understand the foundation of LIV are the concept of symmetry in physics and how symme-
try can be broken. Therefore in Chapter 2 the necessary tool for that is discussed from the
philosophy and importance of symmetry in physics from both the classical and the quantum
mechanics sides, how symmetry (e.g. Lorentz symmetry ) can be broken and the possibility of
new physics. In Chapter 3, we investigated the effect of EBL inhomogeneities and the resulting
gamma-gamma opacity. Specifically, we considered the impact of a cosmic void along the line
of sight to a distant source and investigate the resulting anisotropic and inhomogeneous EBL
energy density and therefore, the EBL gamma-gamma opacity. The calculation is done for one
single void and also using multiple voids along the line of sight, and more details on how an
accumulation of 10 voids with typical radii can impact the EBL gamma-gamma absorption
are presented in Chapter 4. In Chapter 5 the possibility of a Lorentz Invariance Violation
(LIV) signature compared with the reduction of the EBL gamma-gamma absorption due to
the existence of voids along the line of sight to distant VHE gamma ray sources, using the full
EBL spectrum which is proposed by Finke et al. (2010), is presented.

The LIV effect using both subluminal and superluminal modifications of the photon dispersion
relation and the influence of the LIV effect on the Compton scattering process are presented
in Chapter 6. The summary and conclusions are presented in Chapter 7.

Throughout this thesis we assumed the AC DM cosmological model as the background frame-
work which is generally the most acceptable model, even when we assumed inhomogeneity and
anisotropy due to cosmic voids. Because the size of each individual void in consideration is
much smaller than the scale which the cosmological principle may break down. The following
cosmological parameters are assumed: the Hubble constant Hy = 70 km s~ Mpc™!, the total

matter density €2,, = 0.3, the cosmological constant density parameter {2y = 0.7.



CHAPTER 1

Extragalactic Background Light and Gamma Ray

Attenuation

1.1 Gamma Ray Sources

gamma ray photons are mainly emitted by non-thermal mechanisms (e.g. Synchrotron emis-
sion, Compton scattering), tracing the most violent and energetic phenomena in our galaxy
and beyond, such as superluminal jets powered by supermassive black holes (see for example,
Bottcher et al. 2012), supernova explosions (e.g., H.E.S.S.Collaboration 2018), particle winds
and shocks driven by neutron stars spinning on their axes and binary neutron star mergers
such as the GW170817 event (e.g., Abbott et al. 2017; H.E.S.S.Collaboration 2017).

One of the most powerful known gamma ray sources is the jet of an active galactic nucleus
(AGN). Radiation from AGNs is likely to be the result of the accretion of matter by a spinning
supermassive black hole at the center of its host galaxy (see e.g., Maraschi 1992; Bottcher et
al. 2012; Potter & Cotter 2012). There are numerous sub-classes of AGNs that have been
classified based on their observed characteristics. The most powerful AGNs are classified as
quasars (from Quasi-Stellar Objects or QSO, because they looked like stars in early telescopes).
The blazars are AGNs with jets pointed toward the observer, in which radiation from the jets
is enhanced by relativistic beaming. Their spectral energy distributions characterized by non-

thermal emission extending from radio to gamma rays.
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There are two fundamentally different approaches that have been proposed to explain the SEDs,
referred to as hadronic and leptonic models. In leptonic models, the radiation output is due
to the energy loss by electrons producing the synchrotron emission at lower energies and the
high-energy component is expected to be due to upscattering soft seed photons by the same
relativistic electrons (see e.g., Maraschi 1992; Potter & Cotter 2012; Bottcher et al. 2013). In
hadronic models also protons are accelerated to ultra-relativistic energies, low-energy photons
are still dominated by synchrotron emission from primary electrons, while the high-energy pho-
tons are dominated by 7° decay, proton synchrotron emission and photo-pion production (for

more details, see e.g., Bottcher et al. 2013).

Inner Structure of an Active Galaxy

|—| Shock
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Relativistic Jet
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Figure 1.1.1: The left panel illustrates the inner structure of a galaxy with an active galactic
nucleus and the right panel is an image taken by the Hubble Space Telescope of a 5000-light-
year-long jet ejected from the active galaxy M87, the blue synchrotron radiation contrasts
with the yellow starlight from the host galaxy.

credit: wikipedia.org https://en.wikipedia.org/wiki/Active galactic nucleus.

1.2 The Detection of Gamma Rays

There are several challenges associated with gamma ray observations. The first challenge is that
the atmosphere is optically thick for short wavelengths, therefore it is difficult to observe gamma
rays from the surface of the Earth. The second challenge is that there are a small number of
gamma ray photons compared to the optical photons. Due to these problems, gamma ray

photons can be detected using space telescopes such as Fermi gamma ray Space Telescope or



indirectly by observing the Cherenkov radiation that occurs due to electromagnetic cascading

using ground-based telescopes.

1.2.1 Fermi Gamma Ray Space Telescope

The Fermi gamma ray Space Telescope (FGST) is a powerful space observatory it is a high-
energy gamma ray telescope (covering the energies from below 20 MeV to around 300 GeV)
and launched into orbit on June 11, 2008 (Atwood et al. 2009). Its main instruments are the
gamma ray Burst Monitor (GBM) and the Large Area Telescope, which is called Fermi LAT,
see Figure (1.2.1). The LAT detector measures the tracks of the electrons and positrons that
result when incident gamma rays undergoes pair creations. The scientific objectives addressed
by the Fermi LAT include understanding the mechanisms of particle acceleration operating in
the sources, determining the nature of the unidentified sources and the origins of the diffuse
photons revealed by Energetic gamma ray Experiment Telescope (EGRET), understanding
the high-energy behaviour of gamma ray Bursts (GRBs) and transients and using high-energy
gamma rays to probe the physics of the early Universe. More details about these objectives

and technical instrument details can be found in the Collaboration paper (Atwood et al. 2009).

1.2.2 Ground-based Gamma Ray Telescopes

Ground-based gamma ray astrophysics effectively began in 1989, with the first detection of
TeV photons from Crab Nebula, by using the 10m Cherenkov telescope of the Whipple Ob-
servatory (Weekes et al. 1989). The typical effective collection area of the single Cherenkov
Telescope (CT) is 100000 m?, which is larger around five orders of magnitude than what can be
realistically achieved via direct detection in space (Hinton 2009). Also one of the advantages
of ground-based gamma ray telescopes is their high angular resolution < 2° (more details can
be found in Weekes et al. 1989).

As mentioned, gamma ray photons cannot be observed directly from the ground when they
reach the Earth’s atmosphere, gamma ray photons collide with atoms and molecules at the
Earth’s atmosphere and initiate electromagnetic cascades via the electron-positron pair cre-
ation processes and subsequent bremsstrahlung. The gamma ray shower detection at ground
level is illustrated in Figure (1.2.2) (for more details see e.g., Weekes et al. 1989; Mangano
2017).

Ground-based gamma ray observations have greatly progressed during the last few decades



Figure 1.2.1: Artist’s view of the Fermi LAT satellite detector, credit: Fermi gamma ray
Space Telescope website, [www.nasa.gov/content /fermi/images|. For more details regarding
to the Scintillator crystal detector elements and the tracker design principles see Atwood et
al. (2009)

through the use of imaging atmospheric Cherenkov telescopes (IACTs) such as High En-
ergy Stereoscopic System H.E.S.S. (see Figure 1.2.3), Major Atmospheric Gamma Imaging
Cherenkov Telescopes MAGIC (see Figure 1.2.6) and Very Energetic Radiation Imaging Tele-
scope Array System VERITAS (see Figure 1.2.41).

Furthermore, there is now an international project to build the largest high-energy gamma ray
observatory in the world called the Cherenkov Telescope Array (CTA), which is expected to be
a major global observatory for VHE gamma rays astrophysics over the next decade and beyond.
This project will consist of two arrays of IACTs, a Cherenkov Telescope array in the Northern
Hemisphere with emphasis on the study of extragalactic sources at the lowest possible energies
(from 20 GeV up to around 20 TeV), and a second Cherenkov Telescope array in the Southern
Hemisphere covering VHE gamma rays (from 100 GeV up to around 300 TeV).

The CTA will be around ten times more sensitive and has an unprecedented accuracy com-
pared to the current telescopes such as MAGIC, H.E.S.S., and VERITAS in its detection of
high-energy gamma rays. More detailed information for CTA Science can be found in Acharya
et al. (2017).
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Figure 1.2.2: Schematic drawing of the imaging atmospheric Cherenkov technique. A
telescope located within the Cherenkov light pool can record an image of the primary gamma
ray indirectly. When a gamma ray interacts with an atmospheric nucleus an electron-positron
pair is usually produced and each one of the pair can interact with other atoms generating a
cascade of particles. Some of the particles travel at ultra-relativistic speed and emit Cherenkov
light. Therefore, the optical mirrors of the telescopes reflect the collected Cherenkov light
into the camera, which contains photomultiplier tubes (PMTs). The final shower image can
be recorded as shown in the bottom left of this figure. The simultaneous observation of a
cascade shower with several telescopes such as H.E.S.S. (called Stereoscopic) under different
viewing angles increases substantially angular and energy resolution. This figure is taken
from Mangano (2017).



Figure 1.2.3: H.E.S.S. is located in Namibia, has five telescopes, four with a mirror 12
m in diameter are called Phase I and went into operation in 2002, and one larger telescope
with a 28 m mirror, constructed in the centre of the array. This current system, called
H.E.S.S. 11, saw its first light on 26 July 2012 [credit: webpages of H.E.S.S., https://www.mpi-
hd.mpg.de/hfm/HESS/].

Figure 1.2.4: VERITAS is an array of four telescopes with a mirror 12 m in diameter each,
located in Mount Hopkins, Arizona, US. The first light celebration for the full 4 telescope array
was on April 27-28, 2007 [credit: webpages of VERITAS https://veritas.sao.arizona.edu/|.



Figure 1.2.5: MAGIC is a system of two telescopes with a mirror 12 m in diameter each,
located in La Palma, one of the Canary Islands, at about 2200 m above sea level, bottom
panel, during foggy nights, the laser reference beams of MAGIC’s active control could be seen
[credit: webpages of MAGIC https:/ /wwwmagic.mpp.mpg.de/].
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Figure 1.2.6: Artist’s view of the CTA telescopes, the top panel is an image of
CTA’s Southern Hemisphere Site and the bottom panel is an image of CTA’s North-
ern Hemisphere Site Credit: Gabriel Pérez Diaz, TAC, SMM |[credit: webpages of CTA
https://phys.org/news/2017-09-cherenkov-telescope-array-science-case.html].
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High Altitude Water Cherenkov Observatory

The High Altitude Water Cherenkov (HAWC) observatory is an instrument for the detection of
high-energy gamma rays and cosmic-rays (from 100 GeV to 100 TeV), located on the flanks of
the Sierra Negra volcano in Mexico at an altitude of 4100 meters. HAWC is a Water Cherenkov

shower detector array for the observation of TeV gamma rays.

Figure 1.2.7: The HAWC was completed in 2015, and consists of an array of 300 water
Cherenkov detectors; each tank contains circa 188,000 liters of water and four photomulitplier
tubes (PMTs). In the right panel is a simulation of a 1 GeV muon (red line) passing through
one detector and emitting Cherenkov light (green lines), for more details see Mostafa (2014)
[credit: webpages of HAWC https://www.hawc-observatory.org/|.

1.3 Extragalacitc Background Light and Gamma-Gamma
Absorption

The Extragalactic Background Light (EBL) can be defined as the accumulated photons (dif-
fused light) from the era of the decoupling until the present day. In other words, the EBL is
the integrated light from all extragalactic sources. In this definition the solar system as well
as the high-energy background radiations such as X-rays and gamma rays and the low-energy
foreground photons from the Milky Way are excluded. The direct measurement of the EBL is
very difficult due to the contribution of zodiacal light (Hauser & Dwek 2001).

There are several studies of the EBL focusing on the predicted gamma-gamma opacity imprints
and employing a variety of empirical and theoretical methods (e.g., Stecker 1969; Aharonian
et al. 2006; Franceschini et al. 2008; Razzaque et al. 2009; Finke et al. 2010; Dominguez et
al. 2011a; Gilmore et al. 2012). All the cited works agree that the Universe should be opaque
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to VHE gamma ray photons from extragalactic sources at high redshift (z = 1). All models
have been developed to derive an overall EBL spectrum based on the knowledge of the star
formation rate (SFR) and the evolution of the galaxies incorporated with the observational
constraints.

In this chapter we will highlight the model which was proposed by Razzaque et al. (2009) and

its extension Finke et al. (2010), because we will use these two models in the following chapters.

1.3.1 Razzaque et al. EBL Model

The Razzaque et al. (2009) EBL model aims to calculate the contribution of the stellar com-
ponent only for the EBL spectrum. In this model the re-emission in the infra-red of starlight
absorbed by dust and the contributions from AGNs and quasars are ignored. Their goal was to
build a model of the EBL starlight component of the spectrum (from 0.1 to 10 €V only) directly
from the stellar thermal surface radiation. Also, post-main-sequence stars are ignored in this
model because their lifetime is very short compared to the main-sequence lifetime. Therefore,
their contribution to the UV-optical wave bands is expected to be not significant. This model
is built as follows to calculate the emitted number of photons from a star over cosmic time.

The relationship between the cosmic time and redshift can be written as

dt

()7 = —Ho(1+ 2)3/(Qn(1+ 2)3 + Qy, (1.3.1)

Hy is the Hubble constant, €2,,, (25 are dimensionless matter and vacuum en- ergy densities. A
lifetime of the star ¢, with mass M from its birth at red-shift z, to the red-shift z;(M) which

it had evolved off the main sequence, can be written as

= dt
t, = / dz |~ (1.3.2)
za(M) dz
By inverting Equation (1.3.2), z4(M, z) can be written as
Q 3 Q '
za(M,2) = -1+ [ = [ =2 ) sech |2 Hyt, tanh™" \/1 + —==(1+ 2)3 (1.3.3)
Qm 2 Qn

The lifetime ¢, of the star can be calculated as

R <Mﬁ®> (%) | (1.3.4)
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where L, M are the luminosity and mass of the main sequence star respectively and Lo, Mg
and . are the solar luminosity, solar mass and lifetime respectively.

The number of stars formed at a redshift z depends on the star formation rate (SFR) and the
initial mass function (IMF). In Razzaque et al. (2009) a universal IMF which is normalized
between mass from M,,;, = 0.1My to M., = 120M, is assumed as f]ilw;"zl dME(M)M. The
mass distribution (M) of a given stellar population is represented by the IMF which is de-
scribed by the functional form £(M) = M~*, where k depends to the stellar masses. The IMF
is illustrated in Figure 1.3.2, more details can be found in (Razzaque et al. 2009).

The function for the star formation model from Cole (2001) is used,

h(a + bz)

U(z) = 0+ /o (1.3.5)

where h,ab,c,d is the dimensionless parameters depend on the model (for more details, see e.g.,
Cole 2001). In this work we will use a model which corresponds to the Salpeter B IMF model.
So, the parameters for this model are a = 0.0170, b = 0.13, ¢ = 3.3, and d = 5.3 (see Figure
1.3.2).

Now, the EBL energy density can be calculated (for more details see Razzaque et al., 2009)

dN (e, z) * _|dt (M AN
sy~ ] 0 [, () 139
: | dt , AN (€ M) , e
X dz a7 fesc €)——F— 1 + z s
Law{zd(ﬂf,zl)} dz ( ) de'dt ( )

AN (€ M)
de’ dt
number of photons emitted per unit energy and time by a star with mass M. To calculate

is the total

where f...(€) is the escape fraction of photons from the host galaxy and

the EBL energy density in co-moving cordinate, the energy and volume can be transformed
as €, = €(1 + z;) and V; = V/(1 + 21)3 respectively, then by using Equation (1.3.6), the EBL
energy density can be written as (Razzaque et al., 2009)

4 o AN(e,2 = z1)

€1 = (1 -+ Zl) € W (137)

This model can be used to calculate the opacity of the Universe for gamma ray photons with
energy up to around 300 GeV, which is relevant for the high-energy data from the FGST and
the Atmospheric (or Air) Cherenkov Telescopes, but the gamma-gamma opacity calculation
using this model is insufficient for photons with energy around 500 GeV or higher (Razzaque
et al. 2009).
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Figure 1.3.1: The top panel is an illustration of max{0,z;} versus the masses in solar
units (see equation 1.3.1). The solid-lines represent the lifet-time of the main-sequence stars
following the Single-Power-Law (SPL) and the dashed-lines represent results for the Broken-
Power-Law (BPL). The bottom left panel represents the four different IMF models and the
bottom right panel shows five different SFR models. These three plots are reproduced from
Razzaque et al. (2009) in which more details can be found.



15

EBL density (ergs cm'j)

Figure 1.3.2: KEvolution of the comoving EBL energy density as calculated by Equation
(1.3.7). The curves are plotted for z = 0 — 5 with 0.2 interval. The EBL density increases up
to redshift z = 2.2 and then decreases, as indicated by the solid and dashed arrows, this due
to the evolution of SFR with red-shift (see Figure 1.3.1). This figure is taken from Razzaque
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To calculate the opacity for VHE gamma ray photons with energy higher than around 500 GeV

the full EBL spectrum from far infra-red to optical-ultraviolet is needed because such VHE

gamma ray photons could interact with EBL photons in the mid- to far-IR, which has been

ignored in Razzaque et al. (2009). The possible interaction energies between the VHE gamma

ray photons and the diffused EBL photons can be deduced from the gamma-gamma pair-

production threshold formula (1.3.10), see the black solid line in Figure 4, Chapter 5.
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1.3.2 Finke et al. EBL Model

In Razzaque et al. (2009), the EBL model in the optical through ultraviolet has been developed
by considering the SFR and IMF treating stars on their main sequence lifetime as blackbodies.
This model is extended by Finke et al. (2010), to include post-main-sequence stars and re-
processing of star-light by dust. In Razzaque et al. (2009) only the escape fraction fe..(e) of
photons from the host galaxy is considered (see Equation 1.3.6) but the fraction of photons
which does not escape 1 — f..(€) is ignored. By setting the luminosity density from the
fraction of absorbed starlight (1 — fus(€')) equal to the luminosity density from dust emission,
the infrared emission is calculated in the Finke et al. EBL model (for more details see, Finke
et al. 2010). The full EBL spectrum from UV through far-IR, from direct stellar radiation and

stellar radiation which is absorbed and re-radiated by dust is presented in Figure 1.3.3.
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Figure 1.3.3: The EBL energy density as a function of photon energy, for different redshifts.
This figure is taken from Finke et al. (2010).
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1.3.3 Absorption of Gamma Rays

The optical depth 7,,(E, z) of gamma-gamma absorption for VHE gamma ray photons coming
from sources at redshift z, due to their interaction with the EBL can be written as Gould &
Schréder (1967)

r(E,2) = ¢ /0 T |2 / de, / 2 dp B (1= 1)y (s), (1.3.8)

le
where 41 = cos(f) and ., is the EBL energy density and o,,(s) is the gamma-gamma pair-

production cross-section, which can be written as

1

o (5) = 32— ) [ (3= B (HEE2

1_ch

) - Qﬁcm(Q - BCQm)

where r. is the clasical electron radius and (Be,, = (1 — 2)1/2) is the electron-positron velocity

in the centre of momentum system, s = (1 —cosf)), is the centre of mass frame and sy, = 7;1264.
We introduce the dimensionless function ¢ defined by Gould & Schréder (1967) as
so(€)
dlsale] = [ salo)is,
1
where 7 (s) = 20(5 and so(€) = E(1 + z)e/m2c*.
Then Equation (1‘3.9) can be written as (see e.g., Razzaque et al. 2009)
m2A\° [ dx dt o
B — 2 (e at der He 5 1.3.9
T’Y’Y( ’Z) CTTe ( E ) /0 (1 + 21)2 dz /eth €1 6? 90[80(6)}7 ( )

where m, is the electron rest mass and ¢, is the threshold energy for electron-positron pair-

production can be written as

m204

et (1.3.10)

€th =

From the gamma-gamma opacity 7., (E, z), the attenuation for the intrinsic photon flux F/

can be written as
Fl(/)bs — Fﬁnte_T’W(EJ), (1311)

where F°* is the observed spectrum.

For different sources, the vF, spectra before and after de-absorption for each source using the
Finke et al. EBL model are plotted in the top panels of Figure 1.3.4. The Universe becomes
optically thick for gamma ray photons, defined where 7., (E,2) = 1, see the bottom panel of
Figure 1.3.4. As we can see from Figure 1.3.4, the absorption is quite significant for many /most

blazars observed at TeV energies with CTs.
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Figure 1.3.4: TeV blazar spectra observed indicated by circles and deabsorbed indicated by
squares are ploted in the top panels. 7,,(E,z) = 1 for several EBL models as indicated in
the bottom panel. These Figures are taken from Finke et al. (2010).
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CHAPTER 2

Brief Overview of Symmetry and Symmetry Breaking

2.1 Symmetry

It is increasingly clear that the
symmetry group of nature is the
deepest thing that we understand about

nature today

Steven Weinberg

The physical or mathematical feature (e.g. quantity) of a system that is preserved or remains
unchanged under some transformation is called symmetry. Since the sixth century BC, the days
of natural philosophy (during the time of the ancient Greek philosophers such as Pythagoras),
symmetry has provided insight into the laws of physics and the nature of the cosmos. The
principles of symmetry played only a very small explicit role until the twentieth century. The
conservation laws, especially those of energy and momentum were regarded as a fundamental
importance and considered to be consequences of the dynamic laws of nature rather than as
consequences of the symmetries. For example, the Maxwell’s equations formulated in 1865
embodied both Lorentz symmetry and gauge invariance (symmetry). Nonetheless, these sym-

metries were not fully appreciated for over 40 years (Gross 1996).
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Nowadays, the concepts of symmetry are regarded as the most fundamental part and play a
central role in our description of nature. There are two different types of symmetries which
generally can be classified into discrete symmetries and continuous symmetries. Continuous
symmetries can be described by Lie groups, while discrete symmetries are described by finite

groups.

2.1.1 Symmetries in Classical Mechanics

The grand theme of symmetries in classical mechanics is simplifying a mechanical problem
by exploiting a symmetry to reduce the number of variables. According to Noether’s theorem
there is a very deep connection between symmetries and conservation laws. Noether’s theorem
states that every differentiable symmetry of the action of a physical system has a corresponding
conservation law.

The action (S) of a physical system is the integral over time (t) of a Lagrangian (L), from which
the system’s behaviour can be calculated by using the principle of least action.

The Lagrangian L is the difference between a kinetic energy 7" and a potential energy V' for a
system, which can be expressed by using generalised coordinates q(t) = (q(t)1, q(t)2, ..., q(t)n)

as :
L(4,q,t) =T(q,q,t) — V(q,t), Note: for simplicity we set q(t) = gq, (2.1.1)

where ¢ = dq/dt. The principle of least action (or also called the principle of stationary action)
is a variational principle that can be applied to the action of a mechanical system and can be
used to obtain the equations of motion for that system.

The action of the mechanical system S can be defined as the integral of the Lagrangian L

between two instants of time, the initial time ¢ = ¢; and final time ¢ = ¢ as

ty
S:/ dt L(g, q,t). (2.1.2)
t;

By using the extremum (or action) principle, it required that the first-order change for the

action 0.5 must be zero, the equations of motion of the system can be written as follows,

d (0L oL
— =) —-—=—=0. 2.1.3
d <aq'> 94 (2.1.3)
As one can see from Equation (2.1.3), if the Lagrangian is independent of a specific coordinate

or several coordinates ¢,, (called cyclic coordinates) the second term is zero. Therefore, from
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Equation (2.1.3) we can deduce,
oL

@ = const.
Thus, for each cyclic coordinate g,,, there is a constant of motion associated with the coordinate
Gm- Using cyclic coordinates is very important to calculate the conserved quantities in physics;
for example if we assume a Lagrangian L = m/2(i% + §?) + cz, clearly we can notice that the
motion is in x-y plane, but our potential term cx is independent of the y coordinate. Therefore,
the momentum in the y direction is conserved, and by considering a coordinate transformation

which can describe a continuous set of translations in the cyclic coordinate,
q—q =qm+a,

where a is a continuously varied parameter. However, the coordinate is cyclic, the Lagrangian
is invariant under these translations. Symmetries of the equations of motion can be used to

derive new solutions.

2.1.2 Symmetries in Quantum Mechanics

Symmetries in quantum mechanics are extremely powerful tools. In quantum mechanics the
physical states for given vectors (e.g. |¢), |¥), |x) ... etc) for the systems are represented in the
Hilbert space H by rays R rather than vectors. By rays R we mean classes of equivalence of
vectors which satisfy the condition |¢)) ~ |¢/) if they differ from one another by a phase factor
[9) = € |p1). The observables (let us call it A) are represented by linear Hermitian operators.
Hermitian means that which satisfies A = A", where for any linear operator A, the adjoint A"

is defined by the relation
(| AT) = (Adly) = (] Av)". (2.1.4)

The physical information which can be extracted from the quantum mechanical systems is the
probability P. Suppose that we have a physical system represented by rays (R, Ra,...R,), if
we assumed that R = [¢) and R,, = |1),,), the state represented by R,, is given by

P(R = Ry) = | (¥[von) |*. (2.1.5)

Symmetries in quantum mechanics are changes of the system which preserve probabilities of all
possible measurements or in other words "the probabilities measured by one observer O must

be the same as the probabilities measured by another observer O'", that means,

P(R = Rn) = PR = R [ (W) [ = [ (&|¢r) *.
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Wigner’s Symmetry representation theorem is considered to be a cornerstone of the mathemat-

ical formulation of quantum mechanics, which states that:

Theorem 1. The Hilbert space operators corresponding to symmetry transformations can be

of two types only: either they are unitary and linear operators U,

{UplU) = (oY) ; V |o),|¥) € H,

Ula|g) + 8 1) = aUlg) + U ) 5 ¥V |9),[¢) € H, Vo, 8 € C,

or antiunitary and antilinear operators A
(Ag|AY) = (olv)" 5 V |9),[¥) € H,

Alalo) +B1Y)) = a"Alg) + B AlY) 5 VY |¢),|lp)eH, Va5 € C

The complete proof for Wigner’s theorem (1) can be found in Weinberg (1995), which is pre-
sented at the end of Chapter 1 (Appendix A). From Wigner’s theorem (1) one of the obser-
vations which one can make, is that the identity operator U = I is unitary and linear. The
important consequence from this trivial observation is that (any set of transformations that
are continuously connected to the identity I must correspond to operators that are unitary and
linear.)

There are many continuous symmetries in physics (e.g. rotation), and by continuous we mean
that we can connect the associated unitary operator U with the identity I by a continuous
change in some parameters, such as the continuous change in angle for the rotation group.
The set of symmetry transformations has certain properties that define it as a group G. If T}
is a transformation that takes rays R — R and T) is transformation that takes R — R,
another transformation 7' = Th o T}, that can take R — R’ can be defined by using an oper-
ator acting into Hilbert space H. For illustration, see Figure 2.1.1.

To reflect the structure of this group of transformations which is illustrated in Figure 2.1.1,
we can consider a unitary representation such as 7" — U(T) by using the fact that if we take
any transformation 7" we will get some unitary operator U(T), similarly T} and T can be
mapped into U(T}) and U(T3) respectively. Since these operators (U(T}), U(T3), U(T) ) act

pn(T20T1

on vectors [1), these vectors can differ only by a phase factor ), and we can write (see

also Weinberg 1995; Das & Okubo 2014),

U(To)U(TY) |t) = e T*TOU(Ty 0 TY) [4hy) - (2.1.6)

By using the linearity of the operator U(T'), we can show that the face factor e?»(T2°T1) ig

independent of the state [¢) (for example see Das & Okubo 2014). Therefore, from (2.1.6) we
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Figure 2.1.1: This is an illustration representing a set of symmetry transformations 77 :
R — R and T, : R — R" defined in a group G, another transformation T'= 75 o T} in
the group G can be defined such that 7: R — R”.

can write an operator statement as
U(Ty)U(Ty) = " T2TVU(Ty 0 TY). (2.1.7)

If ¢,, = 0, the operator (2.1.7) is called a unitary representation of the group of transformations,
but for ¢, # 0, it is called a projective representation (Weinberg 1995).

Any group of symmetric transformation which is continuously connected to the identity [
is called continuous symmetry. A Lie group is the most common type of continuous group
and has special importance in physics. The basic idea of a Lie group representations is that
we need to study the properties of infinitesimal transformations characterized by parameters
infinitesimally close to the identity U = I.

Now, consider a set of elements as a group of transformation 7'(¢) which depends on a number
of real continuous parameters ¢ = ¢!, @2, ...¢™, each element of the group connected to the
identity by a path within the group. If we take T(¢1) and T(¢s), we can use the group

multiplication as

T(¢1) T(p2) = T(g(o1, ¢2)), (2.1.8)

where g(¢1, ¢2) is a composition function defined as a set of numbers depending on ¢; and ¢,.
We assume that ¢ = 0 corresponds to the identity transformation, that means 7(0) = 1, and
therefore g(¢1,0) = é1, (0, ¢2) = ¢2 and ¢(0,0) = 0.
The trick to understand the structure of such group is to consider infinitesimal transformation.
Let us assume ¢ is infinitesimal, then the unitary operator U(7T(¢)) can be expanded around
the identity as

U(T(¢)) =1+ i¢p,. (2.1.9)

Note that we kept only the first order and ignored other terms, because ¢ is infinitesimally

small and our constraint is that the operator U has to be unitary. Therefore UTU = 1, then
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using (2.1.9) we can write
(1 — it ) (1 +ig%,) = 1 —ig®(t5 —t,) = 1. (2.1.10)

From (2.1.10), clearly we can see that ¢, = ¢}, which means the generator t, is Hermitian.
To study more deeply the structure of the group, let us consider ¢ is only small but not
infinitesimally small as before (which means, we can keep up to the quadratic terms) in the

Taylor expansion,
1
U(T(¢)) =1+ i¢"ta + 56" ta, (2.1.11)

where the operator t,, is symmetric (tup = tpa)-
Suppose that U(T'(¢)) provides a unitary representation of this group of transformations.

Therefore, by using (2.1.8) we can write

U(T(¢1)) U(T(92)) = U(T(9(01, ¢2)))- (2.1.12)

Now, using the Taylor expansion we can expand the function g(¢1,¢2) around the identity

(which means around ¢; = ¢ = 0 ) up to the second order to obtain,
9°(61,62) = A"+ B + O + D% $6h + B0 + F6505. (2.1.13)

According to the arguments which we discussed after Equation (2.1.8) such that g(¢1,0) = ¢,
9(0,¢2) = ¢9 and ¢(0,0) = 0, we can see that A* =0, BY = C% = ¢ and E%, =0 = F9..

Therefore, Equation (2.1.13) can be written as

94 (01, ¢2) = &7 + 95 + D075 (2.1.14)

By using the Taylor expansion and keeping up to the quadratic terms for both sides of the

Equation (2.1.12), we can write

(14 663t + 5670%tw) (14 i63ta + 56308w) = 1 — ig"(0r, Ba)tu + 36°(01, 62)0" (01, Bo)tus
(2.1.15)
From Equation (2.1.14), substituting for ¢g*(¢1, ¢2) and ¢°(¢y, ¢2) in the right-hand side of
Equation (2.1.15) with a little algebra, we get

—toty = iD°yte + tap. (2.1.16)
By using the fact that ¢, is symmetric, Equation (2.1.16) can be written as

—tyty = iDte + tap, (2.1.17)
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and by multiplying Equation (2.1.16) by (-1) and adding it with Equation (2.1.17), we can

write
tatb - tbta - Z(cha - Dcab)tc. (2118)
We can write (D¢, — D¢,,) = f¢,, note that f¢, = —f¢. . Therefore, Equation (2.1.18) can be
written as
[ta — to] = i fptes (2.1.19)

where [t, — tp] is called a commutator and €, is called the structure constant.

2.1.3 Lorentz Symmetry

In Lorentz transformations, the distance between two events in the direction of motion and

time interval could be different in different frames of reference, which can be expressed as

ct’ = Y (Ct - Bm)a
x' = Y (.I' - /Bct)a

/ (2.1.20)
y =Y,
7 =z,
where v = ﬁ, B =2 and (t,2',y,2') and (t,z,y, 2) represent an event’s coordinates in
T2

two frames with relative velocity in x-direction v. Also, Equation (2.1.20) can be written in
matrix format, in the form of 2 = Az, where = 0,1, 2,3 and the Lorentz transformation

matrix A% can be written as

(2.1.21)

|

)

)

)
o = o o
_ o o o

In the special theory of relativity, the space-time interval ds? is an invariant under Lorentz
transformations, as all observers who measure time and distance carefully will find the same
space-time interval between any two events. Mathematically the interval between any two

events can be described by
ds* = n,,dz"dz”, (2.1.22)
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where 7, can be written as

1 0
0 -1
= 2.1.23
Y 0 1 ( )
0 0 -1
By using Equation (2.1.22), we can write
ds® = nudatdas” = nepda’da’” = nes\®,dat A% da” = (1asA%,A°,)datdx”. (2.1.24)
Since z# and z¥ are arbitrary, and 7,4 is symmetric, this implies,
M = Nap A7, (2.1.25)

Also in Minkowski space-time, from the four-momentum P = (E/c, p) and using the fact that

P.P is an invariant quantity, we can derive the dispersion relation as
E? = p*c? + mic?, (2.1.26)

where, my is the rest mass of the particle (note: for the photon mg = 0 ), E and p are the

energy and momentum of the particle respectively.

2.1.4 Inhomogeneous Lorentz Group (Poincaré Group)

The inhomogeneous Lorentz group, commonly called the Poincaré group, has ten parameters,
four for space-time translations a, and six for homogeneous Lorentz transformations A. There-

fore, if we have a space-time point x* the Poincaré transformation can be defined as
™" =AY + ot (2.1.27)

Sometimes we can use an index-free notation (2’ — Ax + a). This transformation forms a
group (A, a), which is called the Poincaré group. To study the composition law for the finite
transformation, let us start with the vector z and make a transformation (Aja;) to 2/, as
follows,

xS Ayw +ay = ) (2.1.28)

Now we can do the same for the transformation to z” by using (Ajas), and substituting for a’
as
.I'/ A’ﬂ AQ.Z'/ + ag = AQ(Al.Tl + CL1) + ag = AQAl.Z'l + AQCLl + ag = LE'H. (2129)
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Therefore, the group composition law can be written as
(AQ, CLQ) o (Al, al) = (A2A1, A26L1 + ag). (2130)

The term Asaq reflects the fact that if we do the second Lorentz transformation basically act
on the first translations, which makes sense!

Instead of two successive transformations (finite transformation) which we derived in (2.1.30),
let us see what happens in the case of infinitesimal transformation. The infinitesimal transfor-
mation for the translations is very trivial and can happen just by choosing a very small vector

e, and for the Lorentz transformation we could write
AP = 61 4wt (2.1.31)

where w! is an infinitesimal transformation and ¥ is the Kronecker delta which is equal to 1
for p = v and otherwise is equal to zero. To study the properties of w!, by using Equation
(2.1.25), we can write

Moo = NN Ny = 1, (05, + w") (0%, 4",) = T + Wy + Wpo. (2.1.32)

Note that this is an infinitesimal transformation, therefore we kept the linear terms only. From
Equation (2.1.32) clearly we see that, w,, = —w,,. Therefore, w,, is an antisymmetric second-
rank tensor in four dimensions and has 6 independent components.

To study the structure of the Poincaré group, first we can start by representing the Poincaré
group (A, a) as an operator acting on the Hilbert space H. As we discussed in the beginning of
this chapter (see Section 2.1.2) the most suitable operator in this case is the unitary operator

U(A, a). Therefore, we can write

) =U(A,a) [¢), (2.1.33)
and the Poincaré group representation, from Equation (2.1.30) can be written as
U(AQ,&Q) OU(Al,al) = U(AgAl,Agal +G,2). (2134)

As we did at the beginning of this chapter (see, Section 2.1.2), for an infinitesimal transforma-
tion, the unitary operator for the Poincaré group (which can be written as, U(1 4+ w, €)) must

then equal 1 plus terms linear in € and w as (see e.g. Weinberg 1995)

1
ULt w,€) = 1+ Sitwye ] —ic,P", (2.1.35)
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where J*? and P” are the generators of the Poincaré algebra, and they should be Hermitian
because U(1+ w, €) is unitary. Since w,, is antisymmetric (see Equation (2.1.32)), we can take
the operator J*? to be antisymmetric as well: J?° = —J°?. On the other hand, from the fact

that U(1 4 w, €) is unitary and linear, the same as (2.1.35) we can expand U(1 4+ w,¢€) as
1
UM l+w,e)=U"(1+w,e)=1— 5 iWao /7 + i€, PP (2.1.36)

Now, we are going to find out how J and P behave under a Poincaré transformation. If we
have an operator O, acting on (¢| and [¢), to study how the operator O looks from an another

observer O, we can use the following trick!
(8]0 ) = (6| U UOU*U [9) = (US| UOU™ |U) = (U] O' |U). (2.1.37)

By using the same trick which we used in (2.1.37), and using Equations (2.1.36) and (2.1.37)

with some algebra (also, see e.g. Weinberg 1995), we can write

1
U(A,a) UL +w,e) U (Aya) =U(A,a) (1+ giwpgjp" —ie,P?) U (A, a)

(2.1.38)
=U(1+AwA™, Ae — AwA™a).
Consequently, we can write
U(A,a) J* U (A a) = A A} (J7 = a”P7 + a” P?), (2.1.39)
and
U(A,a) P* U (Aa) = AJPP. (2.1.40)

In order to get the Poincaré algebra, one could take A and @ in Equation (2.1.39) and (2.1.40)
to be infinitesimal (A — 1+, a +— €), through substituting in (2.1.39) and (2.1.10), and doing

some algebra (also, see e.g. Weinberg 1995), the commutation rules can be written as

QM TP = P JHT — e JVT B TPV o ok,
i[PF, JP7] = nP P — 5”7 PP, (2.1.41)
[P*, PPl =0.

In order to give physical meaning to the generators J and P, one could start by the simple
abelian sub-group (such as translation only, in the Poincaré group). By abelian we mean non-
commutative (see previous sections). We can assume that we have an element in the group

U(1,a) and U(1,b), by applying the group multiplication, from Equation (2.1.34), we can notice
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that this is just a translation, which is can be written as
U(l,a) o U(L,b) = U(1,a +b). (2.1.42)
From Equation (2.1.42), if a = b, we can write
U(1,a) o U(L,b) = U(1, 2a). (2.1.43)
Using Equation (2.1.43), we can do a little trick by writing any finite element in the group as

U(1,a) = U(1, %)N, (2.1.44)
which means that we are doing small translations N times.
Now, we can consider an infinitesimal transformation, using Equation (2.1.35) after setting
w = 0, because we are considering the translation only. Therefore Equation (2.1.44) can be
written as
U(l,a) = lim U(L, %)N = lim (1 — ia—N“P“)N = emiuP", (2.1.45)

N-—00 N-—00

Now, let us consider a* = {t,0,0,0}; we can see that this corresponds to an operator e~ itP?
Therefore, from the foundation of quantum mechanics and by setting the Planck constant
h = 1, clearly we can see that the zero component P° has to be identified with the Hamiltonian
H. If P° is the Hamiltonian, the other three components P!, P2, P? can be identified with the
momentum operator P and the angular momentum operator J can be identified as J, J3!, J'2,
(for more details, e.g. Weinberg 1995).

In physics, the operators that commute with all elements of the algebra are called Casimir
operators, while one of the easy examples for a Casimir operator of the Poincaré group is
P*=p,P*r.

A single particle has a unique value,
P?=P,P" = M (2.1.46)

where M is the rest mass of the particle. Also in the Poincaré group there is another Casimir
operator W2, which can be obtained by defining a vector (see e.g. Das & Okubo 2014; Weinberg
1995)

Wt = e""P,J,,, (2.1.47)

where €77” is an antisymmetric (Levi-Civita) and W* is a four-dimensional vector called Pauli-
Ljubanski vector.

The quantity W? = M, M* is Lorentz invariant and hence commutes with all generators, which
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describes the spin of the particle and M, is the generators of rotation transformation (for more

details see, e.g., Weinberg 1995).

2.2 Lorentz Symmetry Violation

Lorentz symmetry (invariance) is considered to be one of the pillars of modern physics and a
fundamental symmetry in Quantum Field Theory (QFT). During the last few decades, there
have been many theoretical suggestions that a Lorentz symmetry may not be an exact sym-
metry at all energies. Due to the importance of this research topic, there are several papers on
studying the Lorentz invariant violation (see for example Colladay & Kostelecky 1998; Carroll
et al. 2001; Hinchliffe et al. 2004). Moreover, various approaches have been used for violating
Lorentz symmetry such as string theory (see for example Fujikawa 1984), Lorentz violation
in supersymmetric field theories (see for example Nibbelink & Pospelov 2005), assuming pre-
ferred reference frames a revival of the old aether idea (see e.g. Jacobson & Mattingly 2004)
and non-commutative field theory (see for example Carroll et al. 2001; Hinchliffe et al. 2004;
Borowiec et al. 2010). In this thesis we are not going to dive into the details of all possibilities,
just we will use the tools which have been developed in the previous section to see how a
Lorentz symmetry can be broken by using non-commutative geometry, again diving into the

technical details of the non-commutative algebra is beyond the scope of this work (more details

the consequences of the Lorentz Invariance Violation (LIV) effect, the possibility of unfamiliar

physics and possible future observations.

2.2.1 Non-Commutative Geometry

The difference between classical and quantum mechanics is that the algebra of the observables
in classical systems can be described by commutative algebras but in quantum mechanics, the

algebra of observables (such as the position z, and the momentum p) is non-commutative:
[z, p] = ih. (2.2.1)

By non-commutative, we mean that the commutator is not equal zero (see Equation 2.1.19 in
Section 2.1.2 in this chapter). The earliest published work regarding the coordinates that may
not commute is the work of Snyder (1947), who acknowledges Heisenberg’s principle (mathe-

matically described by equation 2.2.1). One of the consequences of non-commutative geometry
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is the Lorentz symmetry breaking, which could lead to interesting new phenomenological pos-
sibilities (e.g., Carroll et al. 2001) and also to alternative or new theories that lie beyond
standard-model physics (e.g., Colladay 1997). Generally, the non-commutative space-time can
be defined as a deformation of ordinary space-time in which the space-time coordinates z,, can
be represented by non-commutative Hermitian operators &, (for more details see Carroll et al.
2001; Hinchliffe et al. 2004):

[, 8] = iAPO,u, (2.2.2)

where Ap is the Plank length and 0, is an antisymmetric tensor. Note that for 6,, — 0 the
standard commutation relation is recovered. Also one could prove that Equation (2.2.2) is not

an invariant under the action of the Poincaré group (2, — %, = A{i, + a,) as follows:

(7, @] = INPAGAY Oap # [2,, 2] (2.2.3)
If we impose
{“%;u ;%;/] = Z)‘?De,uzz = [im jju], (224)

this group is no longer the Poincaré group, but a deformed version of it (for more details see
Martinetti 2015), called 6—Poincaré group. From Equation (2.2.1) one can note that this

group is characterized by a non-trivial commutation relation for the translation, as follows:
[y, @] = 0, — 0asAGA. (2.2.5)

By considering the boost N;, the rotations M; and the momentum F,, the deformed commu-

tation relations can be written as ( Majid & Ruegg 1994)

[Pu; )] =0,

[M;, Py) =0,

[M;, Pj] = i€ P,

[M;, Mj| = i€z My,

[M;, Nj| = i€ Ny, (2.2.6)
[Ni, Nj| = —ieiji My,

1 —2 1
[Ni, Pj] = idy; (g(l —e P — p ) —i-hb,

where ¢;;;, is an antisymmetric tensor, x is constant, i, j = 1, 2, 3.

Using the deformed commutation relations (2.2.6) with some algebra (for more details see,
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Majid & Ruegg 1994; Kosinski et al. 1995), the Casimir for this algebra has the form

P
M? = i:—g (2.2.7)
Equation (2.2.7), can be written as
2 F
P2=p +M? (1 - —0) . (2.2.8)
K

As has been explained from Equation (2.1.45), P, is the representative Hamiltonian (energy)
of the particle and ? is the momentum of the particle and M is the rest mass energy for the
particle (see equation 2.1.46).

The deformed Casimir relation (2.2.8), could lead to a modification of the dispersion relation
as follows (see, e.g., Carroll et al. 2001; Martinetti 2015)

E
E? = p*® + m*c! (1 + gE—P + ... ) , (2.2.9)

where Ep is the Planck energy scale, ¢ the conventional speed of light in vacuum and ¢ is dimen-
sionless parameter. Also, there are several other approaches by considering non-commutative
algebra such as k-Poincaré deformation, which lead to modification for the commutation rules
(2.1.41) and therefore one can expect non-negligible deformation for the dispersion relation.
For example, detailed calculation by using k—deformed Minkowski spacetime provided with

non-commutative coordinates can be found in Borowiec et al. (2010).

2.2.2 Time-Lag due to the Lorentz Invariance Violation Effect

The speed of light ¢ in a refractive medium depends on its wavelength (frequency) as a shorter
wavelength (higher frequency) is expected to propagate more slowly than a longer wavelength
(lower frequency) counterpart. This effect is due to the sensitivity of photons to the microscopic
structure of the refractive medium of the materials. Several quantum gravity (QG) theories
predict that VHE gamma ray photons could be sensitive to the microscopic structure of space-
time, that can lead to the Lorentz invariance violation. Therefore, gamma rays with higher
energy are expected to propagate more slowly compared to their lower-energy counterparts
(e.g., Amelino et al. 1998; Bolmont 2016; Tavecchio & Bonnoli 2016; Lorentz & Brun 2017).
This would lead to an energy-dependent refractive index for light in vacuum (see, e.g., Bolmont
2016). The deviation from Lorentz symmetry can be measured by comparing the arrival time of

photons at different energies originating from the same astrophysical source (see, e.g., Amelino
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et al. 1998; Bolmont 2016; Lorentz & Brun 2017). For more general cases both subluminal and
superluminal modifications of the photon dispersion relation can be considered, subluminal
meaning that decreasing photon speed with decreasing wavelength and superluminal means
increasing photon speed with decreasing wavelength. Using Equation (2.2.9), we can write the

modified dispersion relation for the photons and electrons as (see also., Bolmont 2016):

E? =p*c® + m*c* + SE? ( b )n (2.2.10)
LIV

where S = —1 represents a subluminal scenario, and S = 41 represents the superluminal
case. The characteristic energy Eppv is parameterized as a fraction of the Planck energy,
Eviv = Ep/&,, where the order of the leading correction n and the dimensionless parameter &,
depend on the theoretical framework particle type (see e.g., Amelino et al. 1998; Bolmont 2016;
Tavecchio & Bonnoli 2016). A value of Ep;y ~ Ep (i.e., & = 1) has been considered to be the
physically best motivated choice (see, e.g., Liberati & Maccione 2009; Fairbairn et al. 2014;
Tavecchio & Bonnoli 2016), which is also consistent with the results of (Biteau & Williams
2015) that constrained Er;y > 0.65 Ep. For photons, Equation (2.2.10) can be written as:

3

E
E? = p*? + SELW' (2.2.11)

Note that we consider only the leading correction n = 1 case. From Equatin (2.2.11) we can

calculate the speed v = dE/dp as:

EQ
2EdE/dp — 3S dE/dp = 2pc?, (2.2.12)
ELIV
therefore,
/d Pe (2.2.13)
E(l - 355

From Equation (2.2.11) we can substitute for p, by p = £, /(1 — S%) to get

(1 - SEE ) (1 -5 L )
v=dE/dp =c o re |20t ) (2.2.14)
(1 o 2%i€v) (1 o QSEi?v)

By setting © = STEN and using a binomial approximation, Equation (2.2.14) can be written

as

11__—?;2//22 =1 —2/2)1=32/2)"" = (1 - 2/2)(1 4 32/2) =1 — /2 + 32/2 + (3/4)2".
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Therefore, by neglecting the last term, because it is second order and z is small, we can write

v e (1 +5 ) . (2.2.15)

Errv

From Equation (2.2.15) we can see that the photon speed in the case of a subluminal scenario
(S = —1) is decreasing with increasing energy and the other way around in the case of a
superluminal scenario.

The time lag between two photons when they reach earth depends on the red-shift of the source
and on cosmological parameters. We can consider two photons with energies E}, for the high
energy photon and E; for the low energy photon, measured at redshift z = 0. By using the
AC'DM model one can calculate the corresponding co-moving distance for each photon. The

time-lag over energy difference At,, can be written as (for more details see Bolmont 2016):

At, =S5

n+1 E} — E} /z (1+ Z/)ndz’ (2.2.16)
0

2 ELIV H(Z,)

where H(2') = Ho\/[Qm(1 + 2/)® + Q4. Recently, there have been several attempts for different
VHE gamma ray sources such as Mrk 501 to constrain the LIV scale Ep v, (for details see e.g.,
Bolmont 2016).

2.2.3 Lorentz Invariance Violation and Photon Stability

According to the standard quantum electrodynamics the following interaction is forbidden,
¥ — et +e .

Before trying frameworks different from the standard quantum electrodynamics (QED), we are
going to prove why the above process is not possible according to the standard QED. The four

momentum P, for a photon can be written as

Ey (1
ra=2(1) (2217

c

where E, is the energy of the photon. The four momentum P_+ of the electron-positron pair,

1
Pt = %im60< ) (2.2.18)
56:&

By writing the law of conservation and square both sides, we can write

(P)' = (Poy +P.)" = (P,)" =P% +P* +2P_P, . (2.2.19)
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For the photon, by using (2.2.17) we can write

(1-1)=0. (2.2.20)
Also from (2.2.18) and (2.2.19) for the electron-positron pair we can get

P2+ P2 +2P. P, = (m)” + (mec)® + 2(mec)® = 4(mec)’. (2.2.21)
The energy and momentum should be simultaneously conserved, but clearly we can notice from

duce an electron-positron pair without interacting with another photon, according to standard
QED.

Now we are going to consider the Lorentz invariance violation to calculate the photon energy
and momentum. If we consider the modified dispersion (2.2.9), the four-momentum for the

photons, can be written as

E? 1 E3 E3
p=—-—p==(p-5S—")-p=-5"—. 2.2.22
by c? Py c? (pvc ELIV) By cErry ( )
From Equations (2.2.21) and (2.2.22), and by considering the subliminal case (S = —1), we
can write
£ 4 2 2.2.23
ZE, (mec)”. (2.2.23)

Then, the threshold energy for such interaction can be written as:
E, = (4m?c*ELp)5. (2.2.24)

According to many arguments and constraints Er;y ~ Ep (e.g., Liberati & Maccione 2009;
Fairbairn et al. 2014; Tavecchio & Bonnoli 2016). From (2.2.21) we can see that a single photon
can produce an electron-positron pair, if the photon has energy £, > 10 TeV.

A generic approach for calculating the squared probability amplitude for vacuum Cherenkov
radiation and the possibility of the photon decay by correcting the QED coupling at first order
in LIV parameters is presented in (Martinez-Huerta & Pérez-Lorenzana 2016), where they
found that vacuum Cherenkov radiation and photon decay, kinetically forbidden in a Lorentz

invariant framework but can be possible under the LIV hypothesis.
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2.2.4 Cosmic Gamma Ray Horizon and the Lorentz Invariance Vi-

olation Effect

Gamma ray photons with energies greater than the electron-positron pair-production threshold
from objects (e.g. blazers) located at a large distance can expected to be affected by their QED
interaction with low-energy extrag-alactic diffused photons (Nikishov 1962). The intergalactic
gamma-gamma absorption signatures have attracted great interest in astrophysics and cosmol-
ogy (see Chapter 1). From equation (2.2.10), we can see that the LIV modifies the dispersion
relation for gamma rays it could also affect the kinematics in the pair production process. With
this modification and the cross-section for interaction that attenuates the VHE-gammaa rays
as it travels through the diffuse extragalactic background radiation (see, e.g., Amelino et al.
1998; Bolmont 2016; Tavecchio & Bonnoli 2016; Abdalla & Bottcher 2018).

In Chapter 5 and Chapter 6, detailed calculations considering a subluminal and a superluminal
modification of the photons dispersion relation for the LIV effect by considering EBL gamma-
gamma absorption and also the impact of the LIV effect on the Compton scattering process

are presented.
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ABSTRACT

The unexpectedly hard very-high-energy (VHE; E > 100 GeV) ~-ray spectra of a few distant blazars
have been interpreted as evidence for a reduction of the v~ opacity of the Universe due to the interac-
tion of VHE ~-rays with the extragalactic background light (EBL) compared to the expectation from
our current knowledge of the density and cosmological evolution of the EBL. One of the suggested so-
lutions to this problem consisted of the inhomogeneity of the EBL. In this paper, we study the effects
of such inhomogeneities on the energy density of the EBL (which then also becomes anisotropic) and
the resulting v+ opacity. Specifically, we investigate the effects of cosmic voids along the line of sight
to a distant blazar. We find that the effect of such voids on the v opacity, for any realistic void size,
is only of the order of <1 % and much smaller than expected from a simple linear scaling of the v
opacity with the line-of-sight galaxy under-density due to a cosmic void.

Keywords: radiation mechanisms: non-thermal — galaxies: active — galaxies: jets — cosmology:
miscellaneous

1. INTRODUCTION

Gamma rays from astronomical objects at cosmological distances with energies greater than the threshold energy
for electron-positron pair production can be annihilated due to 77 absorption by low-energy extragalactic photons.
The importance of this process for high-energy astrophysics was first pointed out by Nikishov (1962). In particular,
very-high-energy (VHE; E > 100 GeV) ~-ray emission from blazars is subject to 4 absorption by the extragalactic
background light (EBL), resulting in a high-energy cut-off in the v-ray spectra of blazars (e.g., Stecker 1992). The
probability of absorption depends on the photon energy and the distance (redshift) of the source. Studies of intergalactic
~ absorption signatures have attracted further interest in astrophysics and cosmology due to their potential use to
probe the cluster environments of blazars (Sushch & Bottcher 2015) and to estimate cosmological parameters (Biteau
& Williams 2015). However, bright foreground emissions prevent an accurate direct measurement of the EBL (Hauser
& Dwek 2001). Studies of the EBL therefore focus on the predicted v absorption imprints and employ a variety of
theoretical and empirical methods (e.g., Stecker 1969, 1992; Aharonian et al. 2006; Franceschini et al. 2008; Razzaque
et al. 2009; Finke et al. 2010; Dominguez et al. 2011a; Gilmore et al. 2012). All the cited works agree that the universe
should be opaque (i.e., 7y4 2 1) to VHE 7-rays from extragalactic sources at high redshift (z 2 1).

Observations of distant (z 2 0.5) y-ray blazars have been interpreted by some authors (e.g., MAGIC Collaboration

2008; Archambault et al. 2014) as evidence that the universe may be more transparent to very high energy ~-rays
than expected based on all existing EBL models. Furthermore, several studies have found that, after correction for
EBL absorption, the VHE ~-ray spectra of several blazars appear to be unexpectedly hard (photon indices I'p,, S 1.5)
and/or exhibit marginal hints of spectral upturns towards the highest energies (e.g., Finke et al. 2010; Furniss et
al. 2013). These unexpected VHE signatures in the spectra of distant blazars — although present only at marginal
significance — are currently the subject of intensive research. Possible solutions include the hypothesis that the EBL
density is generally lower than expected from current models (Furniss et al. 2013); the existence of exotic axion like
particles (ALPs) into which VHE ~-rays can oscillate in the presence of a magnetic field, thus enabling VHE-photons
to avoid v absorption (Dominguez et al. 2011b); an additional VHE 4-ray emission component due to interactions
along the line of sight of extragalactic ultra-high-energy cosmic rays (UHECRs) originating from the blazar (e.g.,
Essey & Kusenko 2010); and EBL inhomogeneities. The idea of EBL inhomogeneities was considered by Furniss et
al. (2015), who found tentative hints for correlations between hard VHE ~-ray sources and under-dense regions along
the line of sight. They suggested a direct, linear scaling of the EBL v opacity with the line-of-sight galaxy number
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density. The effect of EBL inhomogeneities on the v opacity was also investigated by Kudoda & Faltenbacher (2016).
However, in that work, EBL inhomogeneities were considered only as a modulation of the redshift dependence of the
cosmic star formation rate, without a detailed consideration of the geometrical effects of large-scale structure of the
Universe. Both Furniss et al. (2015) and Kudoda & Faltenbacher (2016) concluded that the possible reduction of the
EBL v opacity due to inhomogeneities is likely negligible.

In this paper, we investigate the effect of cosmological inhomogeneities on the energy density of the EBL and the
resulting v opacity with a detailed calculation of the inhomogeneous and anisotropic EBL in a realistic geometrical
model setup. Specifically, we will consider the effect of cosmic voids along the line of sight to a distant blazar and
investigate the resulting inhomogeneous and anisotropic EBL radiation field. In Section 2, we describe the model setup
and the method used to evaluate the EBL characteristics and the resulting v+ opacity. The results are presented in
Section 3, where we also compare our results to a simple linear scaling of the EBL ~v opacity with the line-of-sight
galaxy count density for the specific example of PKS 1424+4-240. We summarize and discuss our results in Section 4.

2. EBL IN THE PRESENCE OF A COSMIC VOID

Our calculations of the inhomogeneous EBL are based on a modified version of the formalism presented in Razzaque
et al. (2009), considering only the direct starlight. The effect of re-processing of starlight by dust has been included
in Finke et al. (2010) and leads to an additional EBL component in the mid- to far infrared, which is neglected here.
Since dust re-processing is a local effect, it will be affected by cosmic inhomogeneities in the same way as the direct
starlight contribution considered here.

For the purpose of a generic study of the effects of cosmic voids along the line of sight to a blazar, we start out by
considering a single spherical cosmic void located with its center at redshift z, and radius R between the observer and
a 7y-ray source at redshift zs. The geometry is illustrated in Figure 1. We calculate the angle- and photon-energy-
dependent EBL energy density at each point between the observer and the source by using co-moving cordinates,
converting redshifts z to distances I(z). The cosmic void is represented by setting the star formation rate to 0 within
the volume of the void.

For the evaluation of the differential EBL photon number density spectrum at a given redshift z, we modify the

expression from Razzaque et al. (2009), based on the direct contribution from stars throughout cosmic history:
dN (e, 2) maz dN
— = voi Q dM
dQdedV 2 ‘ Z) froia (2, 2) / (dM) )
’ dN(6 s M) ’
x / KA G KA CEELD C RS
max{O,zd(M,z')} de'dt

where (2 represents the solid angle with respect to the photon propagation direction, and fyeia (€2, £) is the step function
set to zero within the void, as specified below. W(Z) is the cosmic star formation rate, dN/dM is the stellar mass
function, dN(¢/, M) /(de’ dt) is the stellar emissivity function, and fes(€') is the photon escape probability, for which we
use the parameterizations of Razzaque et al. (2009). dt/dZ is evaluated using a concordance cosmology with €2, = 0.3,
Qa =0.7and h =0.7.

From Figure | we can find the distances l; and [; where the gamma-ray propagation direction €2 crosses the boundaries

of the void, as
li9 =10, u F \/R2— 25in? 0, (2)

where p = cos 6 is the cosine of the angle betwen the line of sight and the gamma-ray propagation direction, Q = (6, ¢).
The maximum angle 6, at which the gamma-ray travel direction still crosses the boundary at one point, is given by:

Sin Omax = ZE (3)

and the corresponding distance to the tangential point, fy,.x, is given by

Crnax = £y €OS Omax- (4)

The void condition can now be written as
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Figure 1. Illustration of an underdense region between the observer at redshift z and source at redshift z;. We assume that
the underdense region has a radius R and the redshift at the center of the underdense region is z,.

outside __ { 0 if El < g < Ez
void -

1 else

for points z along the line of sight that are located outside the void, and

void

nside _ { 0 if < b
1 else

for points z along the line of sight located inside the void. Note that, although the star formation rate has been set to

zero inside the void, the EBL is not zero there because of the contribution from the rest of the Universe outside the
void.

To calculate the EBL density in comoving cordinates, the photon energy and volume can be transformed as e; =
€(1+ z1) and V; = V/(1 + 2z)3 respectively. Using equation (1), the EBL energy density can then be written as
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(Razzaque et al. 2009):

dN(e,z =z
€1tte, (€1,21,Q) = (1 +21)* € W (5)

With this expression for the EBL energy density, we can calculate the optical depth due to vy absorption for a vy-ray
photon from a source at redshift z, with observed energy E as (Gould & Schréder 1967):

fao "o telEE 0 o), (6)

€

e dt
Tw(EaZs):C/O dz dor

The 7 7 pair-production cross section o, (s) can be written as:

o) = yr21 = 32 [ - gt (120 oo g2 (P00 )

1/2

where r, is the classical electron radius and ., = (1— %) is the electron-positron velocity in the center-of-momentum
3

(c.m.) frame of the v interaction, s = (1 — cos#) is the c.m. frame electron/positron energy squared, so = 7

and H is the Heaviside function, H(z) =1 if > 0 and H(x) = 0 otherwise, representing the threshold condition that

In the case of a homogeneous and isotropic EBL (with which we will compare our results for the inhomogeneous
EBL case), equation (6) can be simplified using the dimensionless function @ defined by Gould & Schréder (1967):

pair production can only occur i

so(€)
plso(e)] = / sa(s)ds,

where a(s) = 2:52) and so(e) = E(1 + 2)e/m2c?, so that equation (6) reduces to equation (17) in Razzaque et al.

(2009):

2.4\ 2 rz 00
ho 5 [ Mic s dn dt / Hey
m(m - 0 der —= .
Ty (E,2) €me ( FE > /o (14 21)2 |dz mZct “ €3 Plso(e)] )

B0 1

Knowing the optical depth 7., we can calculate the attenuation of the intrinsic photon flux F/" as:

F;)bs — F;'ntefnm(E,z)’ (9)

where F°% is the observed spectrum.

3. RESULTS
3.1. General Parameter Study: Single Void

We first investigate the effect of a single cosmic void along the line of sight to a distant y-ray source on the resulting
angle-averaged EBL energy density. Figure 2 (top panels) compares the EBL energy density spectrum (keeping in
mind that only the direct starlight contribution is accounted for) in the case of a void (dashed lines), compared to
the homogeneous case (solid lines) for a spherical void of radius R = 50 A~ Mpc (left panels) and R = 100 h~! Mpc
(right panels), at different points (redshifts, as indicated by the labels) along the line of sight. The center of the void
is assumed to be located at a redshift of z, = 0.5, considering a source located at redshift z; > 0.6. The bottom panels
of Figure 2 show the fractional difference between the homogeneous and the inhomogeneous case as a function photon
energy for various redshifts along the line of sight, for the same two cases. As expected, the effect of the void is largest
right in the center of the void, but even there, it does not exceed a few % (maximum fractional deficit ~ 7 % in the
R =100 h~! Mpc case). The effect generally increases with photon energy. This is because high-energy photons are
produced primarily by high-mass stars and, thus, trace the most recent star-formation history, which, for points within
the void, is zero up to the time corresponding to the light travel time to the boundary of the void. As a function of
position along the line of sight, the void-induced EBL deficit decreases approximately symmetrically for points in front
of and behind the center of the void, with the slight asymmetry being due to the (1 4 21)* factor in Equation 5.

Figure 3 illustrates the effect of the void on the differential EBL energy density as a function of distance along the
line of sight to the y-ray source, for two representative EBL photon energies, in the near-IR (e = 1 V) and near-UV
(e = 8 eV). The top panels show the absolute values of the energy densities, while the bottom panels show the fractional
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Figure 2. Top panels: Angle-averaged EBL photon energy density spectra for a homogeneous EBL (solid lines) and in the
presence of a spherical cosmic void (dahed lines) with its center at redshift z, = 0.5 (comoving distance 1.724 Gpc) and with
radius R = 50 h~* Mpc (left) and R = 100 ™" (right). Green curves indicate locations in front of the void, red within the void,
and blue behind the void. Bottom panels: Relative deficit of the EBL energy density due to the void.

difference between the homogeneous and the inhomogeneous cases. The figure illustrates that the maximum effect (at
the center of the void) is approximately proportional to the size of the void, but does not exceed ~ 7 % in the case of
the R = 100 A~ Mpc void.

The relative EBL deficit as a function of distance is plotted for various different photon energies in the case of the
R =50h~! Mpc void in the left panel of Figure 4. The right panel of Figure 4 illustrates the angle dependence of the
EBL in the presence of a void, compared to the homogeneous case. Right in the center of the void (z, = 0.5 in the
example studied here), the EBL is isotropic, due to the assumption of a spherical void, but reduced compared to the
homogeneous EBL case. For positions located outside the void, the reduction is present only for EBL photon arrival
directions intersecting the void, as expected.

Figure 5 illustrates the effect of a void on the vy opacity for the same two example cases as illustrated in Figure 2,
for sources located at various redshifts in front of, within, and behind the void. As expected, the effect is negligible if
the source is located in front of the void (as seen by an observer on Earth), and is maximum for source locations right
behind the void. However, even in the case of the R = 100 h~! Mpc void, the maximum effect on the vy opacity is
less than 1 %. Note that the effect on the vy opacity is much smaller than the maximum EBL energy density deficit
in the center of the void due to the integration over the entire line of sight.

3.2. Multiple voids along the line of sight

After investigating the effect of one single cosmic void along the line of sight we now investigate the more realistic
case of several voids along (or near) the line of sight. From Figure 3, we notice that the relativie EBL-energy-density-
deficit scales approximately proportional to the size of the void. We therefore conclude that the effect of a number n
of voids of radius R, is aproximately the same as the effect of a large void with radius R,, = n R;. As a test case, we
therefore consider void sizes up to R < 1h~! Gpc which approximates the effect of < 10 voids with realistic void sizes
R <100~ Mpc distributed along or very close to the line of sight. The center of the cumulative void is assumed to
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Figure 3. Top panels: Differential EBL photon energy density as a function of distance along the line of sight for various
sizes (as indicated by the labels) of a void located at z, = 0.5, at two representative photon energies of ¢ = 1 eV (left) and
e = 8 eV (right). The red solid lines (R = 0) represent the homogeneous case. The general increase of the EBL energy density
with redshift is due to the (1 4 z1)* factor in Equation 5 and the increasing star formation rate with redshift. Bottom panels:
Relativie EBL energy density deficit due to the presence of the void for the same cases as in the top panels. The red vertical
lines indicate the boundaries of the void for the R = 100 A~ Mpc case.
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EBL photon energy densities, in the case of a R = 50h~! Mpc void located at z, = 0.5. The red vertical lines indicate the
boundaries of the void. Right panel: Angle dependence (0 is the angle with respect to the direct line of sight through the center
of the void) of the EBL energy density in the presence of a R = 50h~' Mpc at z, = 0.5 void (dashed lines), compared to
the homogeneous case (solid lines, which does not have any angle dependence), at a representative near-UV photon energy of
e = 8 eV, for two positions (redshifts) along the line of sight: at the center of the void (black, lower curves), within the void,
but behind its center (red curves), and behind the void (blue and cyan, upper curves).

be located at a redshift of z, = 0.3, considering a source located at redshift z; > 0.6.
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Figure 5. Top panels: EBL ~v optical depth as a function of «-ray photon-energy in the presence of a void (dashed), compared
to the homogeneous case (solid), for the same example voids as illustrated in Figure 2. Bottom panels: v+ optical depth deficit
due to the presence of the voids for the same two cases as in the top panels.

Figure 6 (top left panel) compares the EBL energy density spectrum for the case of such an accumulation of voids

(dashed lines) to the homogeneous EBL case (solid lines). The top right panel of Figure 6 shows the fractional difference
between the homogeneous and the inhomogeneous case as a function of photon energy for various redshifts along the
line of sight. In the bottom left panel of Figure 6, we compare the resulting v opacities for the case of an ensemble
of voids (dashed lines) and the homogeneous EBL case (solid lines), and the bottom right panel shows the 7 optical
depth deficit due to the presence of the voids for the same two cases as in the left panel.
We can notice that for the extreme case of an accumulation of about 10 voids of typical sizes along the line of sight to a
blazar, the EBL energy density even at the center of the cumulative void is reduced by around 35 %, and the resulting
maximum 7y opacity reduced by around 15 %. This is because even if the star-formation rate is set to zero within
the void, the EBL density within the void is still substantial due to the contributions from the rest of the Universe
outside the void.
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Figure 6. Top left panel: Angle-averaged EBL photon energy density spectra for a homogeneous EBL (solid lines) and in the
presence of an accumulation of 10 cosmic voids of radius R = 100 ™' Mpc each (dahed lines), whose distribution along the
line of sight is centered at redshift z, = 0.3. Green curves indicate locations in front of the ensemble of voids, red within, and
blue behind the ensemble of voids. Top right panel: Relative deficit of the EBL energy density due to the voids, dash lines
and solid lines represents the effect of voids to the EBL-energy-density inside and outside the ensemble of voids, respectively.
Bottom left panels: EBL v optical depth as a function of v-ray photon-energy in the presence of voids (dashed), compared
to the homogeneous case (solid), for the same example voids as illustrated in the top panels. Bottom right panels: v optical
depth deficit due to the presence of the voids for the same two cases as in the left panel.

3.3. Application to PKS 1424+240

Furniss et al. (2015) had investigated the possibility that the unusually hard VHE ~-ray spectra observed in some
distant (z 2 0.5) v-ray blazars might be due to a reduced EBL density caused by galaxy underdensities along the
line of sight. Specifically, they investigated a possible correlation between galaxy-count underdensities based on the
Sloan Digital Sky Survey (SDSS) and the positions of hard-spectrum VHE blazars, and found a tentative hint for
such a correlation (although the small sample size prevented the authors from drawing firm conclusions). Based on
this result, as a first estimate of the effect of such underdensities on the EBL, they suggested a linear scaling of the
line-of-sight galaxy density with the EBL ~~ opacity. For the specific case of the distant (z > 0.6, Furniss et al. 2013)
VHE blazar PKS 14244240, they found that the reduction of the EBL resulting from such a direct linear scaling is
not sufficient to remove the apparent spectral hardening of the VHE ~-ray spectrum observed by VERITAS, when
correcting for EBL absorption based on state-of-the-art (homogeneous) EBL models (Archambault et al. 2014).

For an assumed redshift of z = 0.6 for PKS 14244-240, our example case of R = 50 ! Mpc and z, = 0.5 results in
approximately the same galaxy-count underdensity factor as found by Furniss et al. (2015) along the line of sight to
this source. In Figure 7, we therefore compare the EBL reduction effect based on the direct linear scaling with galaxy
underdensity, with our detailed EBL calculation assuming a void along the line of sight, for the two observing periods
presented in Archambault et al. (2014). The left panel illustrates the effect on the actual vF, spectra, while the right
panel shows the ~-ray spectra normalized to the flux points corrected by the homogeneous Gilmore et al.  (2012)
EBL-absorption model. The figure illustrates that the EBL-opacity reduction effect due to the void, found in our
detailed calculations, is slightly smaller than the effect resulting from a direct linear scaling with galaxy underdensity.
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Figure 7. HE — VHE ~-ray spectra of PKS1424+240, from Archambault et al. (2014). The blue points show the EBL-corrected

spectrum using the Gilmore et al. (2012) EBL model. The red points represent the reduced EBL correction, using the linear
scaling of 7y, with the line-of-sight galaxy density, as suggested by Furniss et al. (2015). The green points illustrate the reduced
EBL correction resulting from our model calculation with a void of radius R = 50h~* Mpc centered at z, = 0.5 (comoving
distance 1.724 Gpc), assuming a source redshift of z; = 0.6 (comoving distance 2.056 Gpc), which results in approximately the
same perceived line-of-sight galaxy underdensity as used by Furniss et al. (2015). The left panels show the actual vF), spectra,
while the right panels show the spectra normalized to the EBL-corrected flux points from Archambault et al. (2014).

Thus, we conclude that the tentative spectral hardening of the VHE spectrum of PKS 1424+240 is likely not an
artifact of an under-estimate of the EBL opacity due to possible EBL inhomogeneities.

4. SUMMARY AND CONCLUSIONS

We have presented detailed calculations of the effect of cosmic inhomogeneities on the EBL and the resulting vy
opacity for VHE ~-ray photons from sources at cosmological distances. Specifically, we have considered the presence
of a cosmic void, which, for simplicity, we have represented as a spherical region in which the local star formation rate
is zero. We have shown that for realistic void sizes of R < 100 h~! Mpc, the EBL energy density even at the center of
the void is reduced by less than 10 %. Even if the void is located right in front of the background 7-ray source, the
~v opacity is reduced by typically less than 1 %. We found an approximately linear scaling of the EBL deficit effect
with the size of the void. Even in the presence of a large number of voids adding up to a total line of sight distance
through voids of ~ 2k~ Gpc (= 2 R,,), the EBL v opacity is only reduced by ~ 15 %.

This reduction is smaller than obtained from a direct linear scaling of the v+ opacity with galaxy-count underdensities
along the line of sight to y-ray sources. For the specific case of PKS 1424+240, we have illustrated that the inferred
(marginal) spectral hardening of the VHE ~-ray spectrum, after correction for EBL absorption, if confirmed by future,
more sensitive VHE ~-ray observations, is most likely not an artifact of an over-estimation of the EBL opacity due to
cosmic inhomogeneities.

Since we have shown that realistic EBL inhomogeneities do not lead to a significant reduction of the EBL v+ opacity,
hints for unexpected spectral hardening of the VHE spectra of several blazars remain, for which other explanations
would have to be invoked, if they can be confirmed by future observations (e.g., by the Cherenkov Telescope Array,
CTA). One possibility is that this hardening is, in fact, a real, intrinsic feature of the y-ray spectra of these blazars,
possibly due to a pion-production induced cascade component in a hadronic blazar model scenario (e.g., Bottcher et
al. 2013; Cerruti et al. 2015). If such a spectral hardening is not intrinsic to the source, more exotic explanations, such
as ALPs or a cosmic-ray induced secondary radiation component, would need to be invoked.
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Very High Energy Gamma Rays (VHE; more than 100 GeV) from Cosmological Gamma Ray
Sources such as blazars can be absorbed by the Extragalactic Background light (EBL), which
leads to a high-energy cut-off in blazar spectral energy distributions. However, recent observa-
tions of distant gamma ray sources suggest that the universe is more transparent to VHE gamma
rays than expected from our current knowledge of a homogeneous EBL. One of the possible so-
lutions is the hypothesis that a reduced EBL opacity results from inhomogeneities of the EBL
density in particular if the line of sight to a blazar is passing through large voids in intergalactic
space. We have evaluated the inhomogeneous and anisotropic EBL density and resulting gamma-
gamma opacity in such a case. We find that even a sizeable void R < 1h~' Gpc or many typical
voids R < 100A~! Mpc located along the line of sight to a distant blazar leads to a reduction
of the EBL opacity only around 15%. EBL inhomogeneities are not expected to reduce the EBL
gamma-gamma opacity significantly, and alternative solutions to the problem of hard VHE spectra
of blazars may be required.
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1. Introduction

Very High Energetic Gamma rays from distant blazars can be annihilated due to yy absorption
by low-energy intergalactic photons. The importance of this process for high-energy astrophysics
was first pointed out by [1]. Currently the study of yy absorption of VHE photons from high-
redshift sources is one of the hot topics in high energy astrophysics due to their potential to study
the cluster environments of blazars [2] and estimate cosmological parameters [3]. However, The
EBL is very difficult to be measured accurately due to foreground emissions [4]. Studies of the
EBL therefore focus on the predicted yy absorption imprints and employ a variety of theoretical and
empirical methods [5, 6, 7, 8, 9, 10, 11, 12]. Recent observations of distant (z = 0.5) y-ray blazars
have been interpreted by some authors [13, 14] that the universe may be more transparent to very
high energy y-rays than expected based on all existing EBL models. Possible solutions include
the hypothesis that the EBL density is generally lower than expected from current models [15];
the existence of exotic Axion Like Particles (ALPs) [16]; extragalactic Ultra-high-Energy Cosmic
Rays (UHECRs) [17]; and EBL inhomogeneities [18, 19, 20]. Based on a detailed calculation of
the opacity due to an inhomogeneous EBL, including cosmic voids of typical sizes between the
observer and a distant blazar, we have shown that for realistic void sizes of R < 1004~ Mpc, the
EBL energy density even at the center of the void is reduced by less than 10 %. Even if the void
is located right in front of the background 7y-ray source, the Yy opacity is reduced by typically
less than 1 %. More details regarding to this work can be found in [20]. In the current work we
consider an unrealistic extreme void or an equivalent accumulation of about 10 voids of typical
sizes, distributed along the line of sight, to investigate whether this could explain the spectral
hardening feature in the VHE spectra of some blazars such as PKS 1424+24.

2. EBL in the Presence of a Cosmic Void

Our calculations of the inhomogeneous EBL are based on a modified version of the formalism
presented in [9], considering only the direct starlight. The effect of re-processing of starlight by dust
has been included in [10] and leads to an additional EBL component in the mid- to far infrared,
which is neglected here. Since dust re-processing is a local effect, it will be affected by cosmic
inhomogeneities in the same way as the direct starlight contribution considered here.

For the purpose of a generic study of the effects of cosmic voids along the line of sight to a
blazar, we assume that a spherical cosmic void is located with its center at redshift z, and raduis
R between the observer and a 7y-ray source at redshift z;. The geometry is illustrated in Figure 1.
We calculate the angle- and photon-energy-dependent EBL energy density at each point between
the observer at redshift O and the source by using co-moving cordinates, converting redshifts z to
distances [(z). The cosmic void is represented by setting the star formation rate to O within the
volume of the void.

We start out by modifying the expression from [9] for the differential photon number density
of the EBL at a given redshift z, based on the direct contribution from stars throughout cosmic
history. For more details see [20].

Figure 2 illustrates the effect of the void on the differential EBL energy density as a function
of distance along the line of sight to the y-ray source, for one representative EBL photon energy,
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Figure 1: Illustration of the geometry of an underdense region between the observer at redshift O and
source at redshift z;. We assume that the underdense region has a radius R and the redshift at the center of

the underdense region is z,

in near-UV (¢ = 8 eV). The figure illustrates that the maximum effect (at the center of the void)
is approximately proportional to the size of the void, but does not exceed ~ 7 % in the case of the
R=100h""! Mpc void. Also, we can notice that, when we double the void radius, the relativie
EBL-energy-density-deficit will double. We can therefore conclude that the effect of a single large
void with radius R is approximately equivalent to the effect of a number of smaller voids with radii

adding up to R.
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Figure 2: Relativie EBL energy density deficit due to the presence of the void for the same cases as in the
top panels. The red vertical lines indicate the boundaries of the void for the R = 1004~ Mpc case [20].

3. Gamma-gamma Absorption in the presence of a void

To study the influence of a cosmic void along the line of sight to a distant VHE-y-rays source
on the EBL energy density and resulting Yy opacity, we used the formalism described in the previ-
ous section (with the geometry illustrated in Figure 1). We consider spherical unrealistically large
void sizes R < 14! Gpc or equivalently around ten realistic void sizes R < 1002~ Mpc distributed
along or very close to the line of sight to a distant blazar. The center of the void is assumed to be
located at a redshift of z, = 0.3, considering a source located at redshift z; > 0.6.

Figure 3 (left panel) compares the EBL energy density spectrum for the case of a void (dashed

lines), compared to the homogeneous case (solid lines). The right panel of Figure 3 shows the frac-
tional difference between the homogeneous and the inhomogeneous case as a function of photon
energy for various redshifts along the line of sight. In the left panel of Figure 4, we compare the
resulting gamma-gamma opacities for the case of a voide (dashed lines) and the homogeneous case
(solid lines), and the right panel shows the gamma-gamma optical depth deficit due to the presence
of the voids for the same two cases as in the left panel.
We can notice that for even unrealistically large void sizes or an equivalent accumulation of about
10 voids of typical sizes, most of them distributed excactly along-the line of sight with the remain-
ing ones located very close to the line of sight, the EBL energy density even at the center of the
void is reduced by around 35 % and the resulting maximum Yy opacity reduced by around 15 %.
This is because even if the star-formation rate is set to zero within the void, the EBL density within
the void is still substantial due to the contributions from the rest of the Universe outside the void.
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Figure 3: Left panel: Angle-averaged EBL photon energy density spectra for a homogeneous EBL (solid
lines) and in the presence of a spherical cosmic void (dahed lines) with its center at redshift z, = 0.3 and
with radius R=1h"! Gpc. Green curves indicate locations in front of the void, red within the void, and blue
behind the void. Right panel: Relative deficit of the EBL energy density due to the void, dash lines and solid
lines represents the effect of void to the EBL-energy-density inside and outside the void respectively.
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Figure 4: Left panels: EBL 7y optical depth as a function of y-ray photon-energy in the presence of a void

(dashed), compared to the homogeneous case (solid), for the same example voids as illustrated in Figure 3.
Right panels: yy optical depth deficit due to the presence of the voids for the same two cases as in the left

panel.

4. Summary and Conclusions

We have presented detailed calculations of the effect of cosmic inhomogeneities on the EBL
and the resulting yy opacity for VHE y-ray photons from sources at cosmological distances. Specif-
ically, we have considered the presence of a large cosmic void, which, for simplicity, we have rep-
resented as a spherical region in which the local star formation rate is zero. We have shown that
for unrealistically large void sizes R < 147! Gpc or equivalently around ten realistic void sizes
R < 1004~ Mpc distributed along or very close to the line of sight to a distant blazar, the EBL



The effects of EBL inhomogeneity on the gamma-gamma absorption of VHE gamma-rays Hassan Abdalla

energy density even at the center of the void is reduced by around 35 %. Even if the void is located
right in front of the background y-ray source, the ¥y opacity is reduced by typically less than 15 %.
Specifically, we found that even with an alignment of about 10 realistic voids towards a blazar at
z = 0.6 (such as PKS 1424+240), gamma-rays with energies above 130 GeV are expected to be
heavily attenuated. In order to suppress the gamma-gamma opacity sufficiently up to energies of
300 GeV, one would need more than 40 voids of typical sizes R < 1004~ Mpc located exactly
along or very close to the line of sight. This is clearly unrealistic and in conflict with observational
constraints.

As with our current knowledge of the EBL, the spectral hardening feature in PKS 1424+240 and a
few other VHE 7y-ray blazars remains even when considering possible EBL inhomogeneities. Thus,
other explanations for such hardening must be invoked. One possibility is that this hardening is, in
fact, a real, intrinsic feature of the y-ray spectra of these blazars, possibly due to a pion-production
induced cascade component in a hadronic blazar model scenario [21, 22]. If such a spectral harden-
ing is not intrinsic to the source, more exotic explanations, such as ALPs or a cosmic-ray induced
secondary radiation component, would need to be invoked.
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Recent observations of distant gamma ray sources indicate that the universe may be more trans-
parent to VHE-gamma-rays than expected. In this paper we study the reduction of the EBL
gamma-gamma opacity due to the existence of underdense regions along the line of sight to
VHE gamma-ray sources and the possibility of a Lorentz Invariance Violation (LIV) signature.
Therefore, we study whether one or both of these effects could be suitable to explain the spec-
tral hardening observed in a few VHE gamma-ray sources. We found that, although the cosmic
opacity for VHE gamma rays with energy more than 10 TeV can be strongly reduced, the spectral
hardening feature observed in some VHE gamma-ray blazars with energy from 300 GeV up to
few TeVs (e.g. PKS 1424+240) still remains puzzling.
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1. Introduction

The extragalactic Very High Energetic (VHE) photons from distant gamma-ray sources (e.g.
blazars) can be absorbed due to ¥y absorption by low-energy extragalactic background light (EBL)
photons. The photon flux attenuation due to this process and its importance in high-energy as-
trophysics was first pointed out by Nishikov in 1962 [1], which has shown that the probability
of conversion of TeV gamma ray traversing a length comparable to the Hubble distance into an
electron-positron pair due to it is interaction with soft EBL photons, is appreciable. Currently, the
study of the opacity or transparency of the Universe to VHE photons coming from high redshift
astronomical objects due to their interaction with intergalactic EBL photons is a very active area
of high-energy astrophysics, because of its potential to study the cluster environments of blazars
[2] and estimate some cosmological parameters [3]. However, the EBL is very difficult to measure
directly because of the strong foreground emissions within our galaxy and solar system (e.g. atmo-
sphere and zodiacal light ) [4].

Several important studies have been carried out to estimate the average EBL energy density and
its cosmological evolution, and to calculate the predicted yy absorption imprints, by employing a
variety of theoretical and empirical research methods [5, 6, 7, 8,9, 10, 11, 12, 13].

Recent observations of some distant VHE-gamma rays sources (e.g. blazars) seem to indicate
hard VHE gamma-ray spectra which have been interpreted by several authors as a hint that the
Universe might be more transparent to VHE gamma-rays than expected from current EBL models.
[14, 15, 16]. There have been many attempts to find possible explanations for this VHE-gamma ray
signature in some distant blazar spectra. Possible solutions include the hypothesis that the EBL den-
sity is generally lower than expected from current models [17]; the existence of exotic Axion Like
Particles (ALPs) [14, 18]; photo-pion-production interactions of extragalactic Ultra-high-Energy
Cosmic Rays (UHECRs) along the line of sight [19]; and EBL inhomogeneities [20, 21, 22].

In a previous paper [22] we investigated the effects of inhomogeneities of the EBL on the gamma-
gamma opacity using the prescription of Razzaque et al. (2014) [9].

In this paper, to include the additional EBL component from mid- to far infrared, by re-processing
of starlight, we used the model of Finke et al. (2015) [10]. To calculate the resulting yy opacity for
VHE y-ray photons from sources at cosmological distances, due to their interaction with intergalac-
tic radiation fields (EBL) through electron-positron pair production, we assumed a VHE-gamma
ray source located at redshift 0.6. Then, we investigate the effect of cosmic voids along the line of
sight to the VHE-y-rays source, and the effect of LIV, to compare the two effects, and discuss in
which energy band each is dominant.
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2. Cosmic Voids Along the Line of Sight

To study the impact of an under-dense region, a generic study of the effects of cosmic voids
along the line of sight to a blazar has been done [22], in which we assumed that a spherical cosmic
void with radius R is located with its center at redshift z,, between the observer and the VHE y-ray
source located at redshift z;. We calculate the angle- and photon-energy-dependent EBL energy
density at each point between the observer at redshift zero and the source by using co-moving
cordinates, converting redshifts z to distances /(z). The cosmic void is represented by setting the
star formation rate to 0 within the volume of the void. Following Razzaque et al. (2014), only the
direct starlight contribution to the EBL was considered in [22]. From figure (1), we notice that the
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Figure 1: The relative EBL photon energy density deficit due to the presence of a void of various sizes (as
indicated by the labels) as a function of distance along the line of sight of a void located at z, = 0.5, at a
representative photon energy of € = 8 eV . The red vertical lines indicate the boundaries of the void for the
R =100A"" Mpc case [22].

EBL deficit is proportional to the size of the void. Therefore, the effect of a number n of voids
of radius R; is aproximately the same as the effect of a large void with radius R, = nR;. Detailed
calculations, which assume voids along the line of sight using the Razzaque. et al. (2009) [9] EBL
model, can be found in [22].

In this work we calculate the impact of cosmic voids along our line of sight to a distant VHE
gamma-ray source, by using the model developed by by Finke, et al. (2015) [10]. In this model,
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the full EBL spectrum (from far infrared through visible and extending into the ultraviolet) is
calculated, by considering the stars that evolved off the main sequence and re-emission of absorbed
starlight by dust. More details can be found in [10]. We investigate the impact of the existence of an
accumulation of about 10 voids of typical sizes with radius R = 1004~ Mpc centered at redshift
z, = 0.3 along the line of sight to an object (e.g. ablazar) located at redshift z, = 0.6, which is

presented in figure (2).

EBL density (ergs cm

= 0.0
=0.2
=04
=0.6
=0.8

1073 102 1071 10° 10!
Energy (eV)

Figure 2: Differential EBL photon energy density as a function of distance along the line of sight. The
solid lines (R = 0) represent the homogeneous case, and the dashed lines represent the EBL energy density
considering an accumulation of about 10 voids of typical sizes with radius R = 100h~' Mpc centered at
redshift z, = 0.3. The general increase of the EBL energy density with redshift is due to the increasing star

formation rate with redshift.
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In figure (2) we present the EBL energy density spectrum (the full spectrum from 0.001 to
10 eV including the direct emission, and absorption and reradiation by dust) for the case of a void
(dashed lines), compared to the homogeneous case (solid lines) at different points (redshifts, as in-
dicated by the labels) along the line of sight. To represent the difference between the homogeneous
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Figure 3: Relativie EBL energy density deficit due to the presence of a void for the same cases as repre-
sented in figure (2). The fraction between the homogeneous and inhomogeneous cases for different redshifts
presented in this figure.

and inhomogeneous cases clearly, we calculated the fractional difference between the homoge-
neous and the inhomogeneous case as a function of photon energy for various redshifts along the
line of sight. The result is plotted in figure (3). Figure (3) illustrates that the EBL deficit is smaller
for low-energy (IR) photons than for optical - ultraviolet photons. This is because the UV EBL is
dominated by hot, young stars, thus more strongly reflecting the local effect of the void.

Since in this work we set only the star formation rate inside the void equal to zero, some dust re-
processing still takes place inside the void.

From figure (3), we can notice that the relative EBL energy density deficit due to the presence of
voids is quite significant only at (and around) the center of the voids but the deficit close to the edge
of the void or just outside of the void is very small. Therefore the reduction of the gamma-gamma
opacity due to the cosmic voids is expected to be insignificant; the optical depth deficit for the
VHE-gamma rays due to the possibility of cosmic voids is investigated in Sections (3) and (4).
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3. Lorentz Invariance Violation

Lorentz invariance (or Lorentz symmetry) is one of the fundamental concepts in the Spe-
cial Theory of Relativity. But recently, several quantum-gravity theories predict that familiar con-
cepts such as Lorentz symmetry can be broken at energies approaching the Planck energy scale
(ELyy ~ 1.2 x 10'°GeV). While such extreme energies are currently unreachable by experiments,
tiny residual effects at attainable energies can be measured when VHE photos propagate over suf-
ficiently large distances. Thus, for photons traveling over cosmological distances, the accumu-
lated deviations from the Lorentz symmetry might be large enough to be measured. The deviation
from Lorentz symmetry can be described by a modification of the dispersion relation as follows
[23, 24, 25, 26, 27]:

n
E2:p202+m2c4:|:E2< E ) , (3.1)
CuEL1y
where ¢ is the conventional speed of light, the dimensionless parameter {, and the order of the
leading correction n are depending on particle type and theoretical framework. The values n = 1,2
are the cases most often considered. The* — sign” represents a subluminal scenario (decreasing
photon speed with increasing energy), and the “+ sign” represents the superluminal case (increas-
ing photon speed with increasing energy) [23, 28]. The violation of Lorentz invariance leads to
a modification of the threshold energy and cross section of the gamma-gamma pair production
process. This can lead to an energy-dependent refractive index for light in vaccum, with higher
energy photons propagating more slowly than their lower-energy counterparts [28]. The modi-
fied pair-production threshold energy &,,;,, can be obtained solely on the minimal assumption that
the standard energy-momentum conservation still holds in the Lorentz violation framework (Note:
this may not be true in some LIV schemes). To lowest non-trivial order in E/E;y, the modified
pair-production threshold energy &, by considering the subluminal case only, can be written as

[29]:
m2c* E?
- 3.2

where E is the considered VHE-photon energy and Ej;y is the relevant energy scale, which is
commonly assumed to be of the order of the Planck energy. For energies E < Eyy, any deviation
from Lorentz symmetry is expected to be very small. The resulting threshold energy &, of a
target photon as a function of its VHE gamma-ray energy is shown in figure (4). In this figure
we represented the standard quantum electrodynamics case by a black solid line and the dashed-
lines indicate the modified threshold energy for different E;;y values (in units of 10" GeV). The
standard relation for optical depth at the energy Ey and for a source at redshift z, is modified as

[29]:
c Zs dZ e n(87 Z) Smax(z) E,}:E
E,z) =S _r d 3.3
lErz) 8E%/0 H(z)(1+2)3 /em & /s (S Epy Orr(s)ds, G-

min

where H(z) = Ho/[Qum(1+2)3 +Q4], n(€,z) is the EBL photon number density as a fuction of
redshift z and energy €, and Gyy(s) is the total pair production cross section as a function of the
modified square of the center of mass energy s = —% +2€E,(1 —cos(0)), where 0 is the angle
between the soft EBL photon of energy € and the VHE gamma ray photon. The limits of the last
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Figure 4: This figure (reproduced from [29]), gamma-gamma pair production threshold energy as a function
of VHE gamma-ray photon energy (Equation (3.2)). The black solid-line shows the standard case and the
dashed lines indicate the modified threshold due to the effect of LIV, for different values of the parameter
Epv (in the units of 10! GeV).

integral can be written as s,,;;, = 4m§c4 and S0 = 48E},(1 +27)— % Note that the kinematics
outlined above take into account the modified dispersion relation only for photons, but not for elec-
trons. From equation 3.3, it is obvious that when Ej;y — oo, the standard relations are recovered.
In the following, it is assumed that the expression for the cross section as a function of s remains
unchanged.

4. Cosmic Voids and LIV

We compare the effects of inhomogeneities due to the presence of cosmic voids to those of
LIV in figure (5). For comparison purposes, to study the effect of cosmic voids along the line
of sight and/or of LIV, in figure (6) we plot the relativie optical depth 7,, deficit as a function of
energy for VHE-gamma rays that propagate from a source located at redshift z = 0.6. The effect
of a cosmic void along the line of sight is presented by the black dot-dashed line. As already
elaborated in [22], the effect of a plausible EBL inhomogeneity on the gamma-gamma opacity
is not sufficient to explain the unexpected spectral hardening of, e.g., the blazar PKS 1424+240.
We also notice that the optical depth 7y, deficit decreases with energy and is very small for VHE
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Figure 5: Absorption coefficient exp(—7yy) as a function of energy for VHE-gamma rays that propagate
from a source located at redshift z = 0.6, using the EBL model devoloped by Finke, et al. (2015) [10].
The black solid line represents the case of standard quantum electrodynamics (QED) physics and using the
homogeneous EBL energy density distribution, and the blue dot-dashed line represents the case of standard
QED and EBL energy density calculated by considering an accumulation of 10 voids of typical sizes with
radius R = 1004~" Mpc centered at redshift z, = 0.3. The dashed-lines show the modified coefficient for

different values of E;;y in the unit of Planck energy scale (1.2 x 10'2GeV).

gamma-ray photons above ~ 10 TeV. To study the effects of LIV, we again use the EBL model of
Finke, et al. (2015) [10], and calculate both the effect of LIV alone, as well as the combined effect
of LIV and a cosmic void. In figure (6), the green, blue and red lines represent the deficit due to the
LIV modification, for different values of E;;y and the violet dashed line due to both effects. We
can notice that the LIV effect is very small for energies below about 5 TeV, but very significant at
higher energy E =~ 10 TeV or higher.

Our results show that, due to LIV, one may expect VHE gamma-ray photons beyond 10 TeV to
be observable from cosmological sources, but even the combination of LIV and cosmic voids is
insufficient to explain the spectral hardening in the TeV regime seen in several blazars.
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Figure 6: Relativie optical depth Ty, deficit as a function of energy for VHE-gamma rays that propagate
from a source located at redshift z = 0.6, using Finke, et al. (2015) [10] EBL model. The black-dashed
line represent the case that, the deficit due to that the EBL energy density calculated by considering an
accumulation of about 10 voids of typical sizes with radius R = 1004~! Mpc centered at redshift z, = 0.3.
The green, blue, red lines represent that, the deficit due to the correction from LIV for different values of
E;;y in the unit of Planck energy scale (1.2 x 10!1°GeV) and the top dashed line due to the both effects.

5. Summary and Conclusions

We have presented calculations of modifications of the gamma-gamma opacity for VHE y-ray
photons from sources at cosmological distances, due to their interaction with intergalactic radiation
fields (EBL) through electron-positron pair production. We evaluated both the effects of cosmic
voids along the line of sight and of Lorentz-invariance violating extensions of the standard model.
We found that the optical depth deficit for VHE-gamma rays due to the existence of cosmic voids
along our line of sight to distant blazars is not enough to explain the unexpected spectral hardening
of the VHE spectra of several blazars (e.g. PKS 1424+240).

We found that the optical depth 7,y deficit due to voids decreases with energy and becomes neg-
ligible for VHE gamma-ray photons above ~ 10 TeV. We confirm previous results that the effect
of LIV becomes important only at VHE energies above ~ 10 TeV. Even if we consider the com-
bination of both effects (cosmic void along the line of sight and LIV) the reduction of the EBL
gamma-gamma opacity is too small to explain the unexpectedly hard VHE gamma-ray spectra of
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some blazars. More detailed calculations considering a subluminal and a superluminal modifica-
tion of the dispersion relation for photons for the LIV effect, by considering ¥y absorption and also
the impact of LIV effect on the Compton scattering process are presented in [30].

The future Cherenkov Telescope Array with its significant sensitivity above 10 TeV will offer
the opportunity to test LIV extensions of the standard model due to the resulting reduction of the
EBL opacity at those energies, and thus offer an exciting window on fundamental physics [28].
However, the spectral hardening of several observed VHE gamma-ray sources (e.g. blazars) with
energy from 300 GeV up to few TeVs (e.g. PKS 1424+240) still remains puzzling. Therefore,
other explanations for such hardening must be invoked. One possibility is that this hardening is, in
fact, a real, intrinsic feature of the y-ray spectra of these blazars, possibly due to a pion-production
induced cascade component in a hadronic blazar model scenario [31, 32]. If such a spectral
hardening is not intrinsic to the source, more exotic explanations, such as ALPs or a cosmic-ray
induced secondary radiation component, would need to be invoked.
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ABSTRACT

In this paper, we consider the impact of Lorentz Invariance Violation (LIV) on the v — v opacity
of the Universe to VHE-gamma rays, compared to the effect of local under-densities (voids) of the
Extragalactic Background Light, and on the Compton scattering process. Both subluminal and super-
luminal modifications of the photon dispersion relation are considered. In the subluminal case, LIV
effects may result in a significant reduction of the v — « opacity for photons with energies > 10 TeV.
However, the effect is not expected to be sufficient to explain the apparent spectral hardening of
several observed VHE ~-ray sources in the energy range from 100 GeV — a few TeV, even when in-
cluding effects of plausible inhomogeneities in the cosmic structure. Superluminal modifications of
the photon dispersion relation lead to a further enhancement of the EBL ~v opacity. We consider,
for the first time, the influence of LIV on the Compton scattering process. We find that this effect
becomes relevant only for photons at ultra-high energies, £ 2 1 PeV. In the case of a superluminal
modification of the photon dispersion relation, both the kinematic recoil effect and the Klein-Nishina
suppression of the cross section are reduced. However, we argue that the effect is unlikely to be of
astrophysical significance.

Keywords: radiation mechanisms: non-thermal — galaxies: active — galaxies: jets — cosmology:
miscellaneous — quantum-gravity: Lorentz Invariance Violation (LIV)

1. INTRODUCTION

Recent astronomical observations and laboratory experiments appear to show hints that several phenomena in
physics, astrophysics and cosmology oppose a traditional view of standard-model physics (e.g., Riess et al. 1998;
Furniss et al. 2013). This has motivated developments of modified or alternative theories of quantum physics and
gravitation (e.g., Capozziello et al. 2013; Wanas & Hassan 2014; Nashed & El Hanafy 2014; Arbab 2015; Sami et al.
2018), generally termed physics beyond the standard model (e.g., Sushkov 2011; Abdallah et al. 2013; El-Zant 2015).

The special theory of relativity postulates that physical phenomena are identical in all inertial frames. Lorentz
invariance is one of the pillars of modern physics and is considered to be a fundamental symmetry in Quantum Field
Theory. However, several quantum-gravity theories postulate that familiar concepts such as Lorentz invariance may
be broken at energies approaching the Planck energy scale, Ep ~ 1.2 x 10GeV (e.g., Amelino et al.  1998; Jacob &
Piran 2008; Liberati & Maccione 2009; Amelino 2013; Tavecchio & Bonnoli 2016). Currently such extreme energies
are unreachable by experiments on Earth, but for photons traveling over cosmological distances the accumulated
deviations from Lorentz invariance may be measurable using Imaging Atmospheric Cherenkov Telescope facilities, in
particular the future Cherenkov Telescope Array (CTA) (e.g., Fairbairn et al. 2014; Lorentz & Brun 2017).

2 hassanahh@gmail.com

b Markus.Bottcher@nwu.ac.za



A deviation from Lorentz invariance can be described by a modification of the dispersion relation of photons and
elementary particles such as electrons (e.g., Amelino et al.  1998; Tavecchio & Bonnoli 2016). It is well known that
the speed of light in a refractive medium depends on its wavelength, with shorter wavelength (high momentum) modes
traveling more slowly than long wavelength (low momentum) photons. This effect is due to the sensitivity of light
waves to the microscopic structure of the refractive medium. Similarly, in quantum gravity theories, very high energy
photons could be sensitive to the microscopic structure of spacetime, leading to a violation of strict Lorentz symmetry.
In that case, y-rays with higher energy are expected to propagate more slowly than their lower-energy counterparts
(e.g., Amelino et al. 1998; Fairbairn et al. 2014; Tavecchio & Bonnoli 2016; Lorentz & Brun 2017). This would
lead to an energy-dependent refractive index for light in vacuum. Therefore, the deviation from Lorentz symmetry can
be measured by comparing the arrival time of photons at different energies originating from the same astrophysical
source (e.g., Amelino et al. 1998; Azzam 2009; Tavecchio & Bonnoli 2016; Wei 2017; Lorentz & Brun 2017).

Gamma rays from objects located at a cosmological distance with energies greater than the threshold energy for
electron-positron pair production can be annihilated due to v — v absorption by low-energy extragalactic background
photons (Nikishov 1962). The intergalactic v — 7 absorption signatures have attracted great interest in astrophysics
and cosmology due to their potential to indirectly measure the Extragalactic Background Light (EBL) and thereby
probe the cosmic star-formation history (e.g., Biteau & Williams 2015). The predicted v — - absorption imprints
have been studied employing a variety of theoretical and empirical methods (e.g., Stecker 1969, 1902; Hauser & Dwek
2001; Primack et al. 2005; Aharonian et al. 2006; Franceschini et al. 2008; Razzaque et al. 2009; Finke et al. 2010;
Dominguez et al. 2011a; Gilmore et al. 2012).

Recent observations indicate that the very-high-energy (VHE; E > 100 GeV) spectra of some distant (z = 0.5)
blazars, after correction for 4 — v absorption by the EBL, appear harder than physically plausible (e.g., Furniss et al.
2013), although systematic studies of the residuals of spectral fits with standard EBL absorption on large samples of
VHE blazars (e.g., Biteau & Williams 2015; Mazin et al. 2017) reveal no significant, systematic anomalies on the entire
samples. Nevertheless, the unexpected VHE-v-ray signatures seen in a few individual blazars are currently the subject
of intensive research. Possible explanations of this spectral hardening include the hypothesis that the EBL density
could be lower than expected from current EBL models (Furniss et al. 2013), an additional y-ray emission component
due to interactions along the line of sight of extragalactic Ultra-high-Energy Cosmic Rays (UHECRS) originating
from the blazar (e.g., Essey & Kusenko 2010; Dzhatdoev 2015), the existence of exotic Axion-Like Particles (ALPs)
into which VHE ~-rays can oscillate in the presence of a magnetic field, thus enabling VHE-photons to avoid v —
absorption (e.g., Dominguez et al. 2011b; Dzhatdoev et al.  2017), EBL inhomogeneities (e.g., Furniss et al. 2015;
Kudoda & Faltenbacher 2016; Abdalla & Bottcher 2017) and the impact of LIV, which can lead to an increase of
the v+ interaction threshold and thus to a reduction of cosmic opacity (especially at energies beyond ~ 10 TeV), thus
allowing high-energy photons to avoid v — ~ absorption (e.g., Tavecchio & Bonnoli 2016; Abdalla & Bottcher 2018).

In this paper, we discuss the reduction of the EBL v — v opacity due to the existence of underdense regions along the
line of sight to VHE gamma-ray sources (including contributions of both the direct star light and re-processed emission
to the EBL) and compare the results with the LIV effect on cosmological photon propagation. We consider the LIV
effect only for photons, but not for electrons, since the high-energy synchrotron spectrum of the Crab Nebula imposes
a stringent constraint on any deviation of the electron dispersion relation from Lorentz invariance (e.g., Jacobson et
al. 2003).

LIV may also effect the process of Compton scattering, which is likely to be an important y-ray production process
in many astrophysical high-energy sources, such as accreting black hole binaries, pulsar wind nebulae, the jets from
active galactic nuclei, and supernova remnants. In this paper, we discuss, to our knowledge for the first time, the
impact of LIV on the Compton scattering process, both on energy-momentum conservation and on the Compton cross
section.

In Section 2 we investigate the impact of the existence of cosmic voids along the line of sight to a distant VHE
~-ray source, by using the EBL model devoloped by Finke et al. (2010). In Section 3 we review the impact of LIV
on the EBL ~~ opacity. In Section 4 we investigate LIV effects on the Compton scattering process, starting with
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basic conservation of energy and momentum, using the LIV-deformed dispersion relation for photons. The results are
presented in Section 5, where we compare our results with predictions from standard quantum electrodynamics (QED).
We summarize and discuss our results in Section 6. Throughout this paper the following cosmological parameters are
assumed: Hp = 70 km s~! Mpc™t, Q,,, = 0.3, Qp =0.7.

2. THE IMPACT OF A COSMIC VOID ON THE EBL ENERGY DENSITY DISTRIBUTION

A generic study of the effects of cosmic voids along the line of sight to a distant astronomical object (e.g. blazar)
on the EBL v — v opacity has been done in (Abdalla & Bottcher 2017). In that paper, the EBL was represented
using the prescription of Razzaque et al. (2009), taking into account only the direct starlight contribution to the EBL.
Assuming that a spherical cosmic void with raduis R is located with its center at redshift z,, between an observer and
a VHE ~-ray source located at redshift z,, the angle- and photon-energy-dependent EBL energy density at each point
between the observer at redshift zero and the source was calculated. The cosmic void was represented by setting the
star formation rate to O within the volume of the void. We found that the EBL deficit is proportional to the size of
the void. Therefore, the effect of a number n of voids of radius R; is aproximately the same as the effect of a large
void with radius R,, = nR;.

Since in the Razzaque et al. (2009) prescription, only the direct starlight contribution to the EBL is considered, the
work of (Abdalla & Bottcher 2017) under-predicts the EBL « — v opacity for VHE 4-rays with energies of E 2 1 TeV.
Such VHE photons preferentially interact with longer-wavelength (IR — FIR) EBL photons, which are dominated by
dust re-processing of starlight, which is neglected in Razzaque et al. (2009). To study the impact of a cosmic void on
the full EBL spectrum, from far infrared through visible and extending into the ultraviolet, we used the EBL model
of Finke et al. (2010), in which stars that evolved off the main sequence and re-emission of absorbed starlight by dust
are considered. In all other aspects, we follow the formalism of Abdalla & Bottcher (2017).

One of the most complete public catalogues of cosmic voids Sutter et al. (2012) is based on data from the Sloan
Digital Sky Survey (SDSS), with effective radii of voids spanning the range 5 — 135h= Mpc. Also, there is evidence
for a 300h~! Mpc under-dense region in the local galaxy distribution (e.g., KKeenan et al. 2013). Recent measurements
of optical and NIR anisotropies (e.g., Matsuura et al. 2017), at 1.1 and 1.6 pm, indicate that the resulting amplitude
of relative EBL fluctuations is typically in the range of 10 to 30% Zemcov et al. (2014).

The impact of an accumulation of cosmic voids amounting to a total size of radius R = 1A~ Gpc (where h =
Ho/(100 km s~! Mpc™1)) centered at redshift z, = 0.3, is illustrated in Figure 1. The EBL energy density spectrum
in the presence of voids (dashed lines) is compared to the homogeneous case (solid lines) at different points (redshifts,
as indicated by the labels) along the line of sight in the left panel of Figure 1. The fractional difference between the
homogeneous and the inhomogeneous case as a function of photon energy for various redshifts along the line of sight
is presented in the right panel of Figure 1. We notice that the EBL deficit is smaller for low-energy (IR) photons than
for optical — ultraviolet photons. This is because the UV EBL is dominated by hot, young stars, thus more strongly
reflecting the local effect of the void. Since in this work we set only the star formation rate inside the void equal to
zero, dust re-processing of star light produced outside the void, still takes place inside the void. As can be seen from
Figure 1, with our choice of a void configuration, the impact of underdense regions is comparable to the measured
optical and NIR anisotropy Zemcov et al. (2014). The impact of the EBL deficit due to the cosmic voids on the EBL
~v — 7 opacity will be presented in Section 5.1.

3. LORENTZ INVARIANCE VIOLATION: COSMIC OPACITY

In this Section we review the imprints of LIV on the cosmic v — 7y opacity, primarily based on the work by Tavecchio
& Bonnoli (2016). The results will be compared to the imprints of EBL inhomogeneities discussed in the previous
section. The deviation from Lorentz symmetry can be described by a modification of the dispersion relation of photons
and electrons (e.g., Amelino et al. 1998; Tavecchio & Bonnoli 2016):

E n
E? = p*? +m?ct + S E? (E ) , (1)
LIV
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Figure 1. Left panel: Differential EBL photon energy density as a function of distance (redshift) along the line of sight. The
solid lines represent the homogeneous case (R = 0), and the dashed lines represent the EBL energy density considering an

accumulation of about 10 voids of typical sizes with radius R = 100 h~! Mpc centered at redshift z, = 0.3. The EBL energy
density increases with redshift because of the star formation rate increasing with redshift at low redshifts (e.g., Cole et al. 2001)
Right panel: Relativie EBL energy density deficit due to the presence of a void for the same cases as represented in the left
panel. Up%% and URY: are the EBL energy densities considering the cosmic void case and the homogeneous case, respectively.
As expected, the maximum EBL energy density deficit occurs around the center of the voids (z = 0.3), and the EBL energy
density deficit beyond the center of the cosmic voids is greater than the deficit in front of it, comparing points at the same
distance from the voids center, due to the star formation rate increasing with redshift.

where c¢ is the conventional speed of light in vacuum, “S = —1” represents a subluminal scenario (decreasing photon
speed with increasing energy), and “S = +1” represents the superluminal case (increasing photon speed with increasing
energy). The characteristic energy Eprrv is parameterized as a fraction of the Planck energy, Errv = Ep /&, where the
dimensionless parameter &, and the order of the leading correction n depend on particle type and theoretical framework
(e.g., Amelino et al. 1998; Tavecchio & Bonnoli 2016). A value of Erry ~ Ep (i.e., & = 1) has been considered to
be the physically best motivated choice (e.g., Liberati & Maccione 2009; Fairbairn et al.  2014; Tavecchio & Bonnoli
2016) This is consistent with the results of Biteau & Williams (2015) which constrained Er;y > 0.65 Ep. Some
authors (e.g., Schaefer 1998; Billers et al. 1999) argue that the best constraint from current data is & < O(1000).
In the literature (e.g., Tavecchio & Bonnoli 2016), usually only the subluminal case is considered for the LIV effect
on v absorption, as this is the case that could lead to an increase of the v+ interaction threshold and consequently,
a decrease of the opacity. In this work, for completeness, we consider both the subluminal and superluminal cases.
Based on the revised dispersion relation (1) with n = 1, the modified pair-production threshold energy €,,;, can be
written as (e.g., Tavecchio & Bonnoli 2016):

2.4 E?
€Emin — me — S il . (2)
E, 4FE; v

Using equation (2), the target photon energy threshold for pair-production as a function of the y-ray photon energy
for the subluminal and the superluminal cases is illustrated in Figure 2.

Also from equation (1), an effective mass term for photons can be defined as (e.g., Liberati & Maccione 2009;
Tavecchio & Bonnoli 2016):
E3(1 + 2)3

202 _
m~c?) = S
(’Y ) ELIV

3)
Following (Fairbairn et al. 2014; Tavecchio & Bonnoli 2016), we assume that the functional form of the v — v cross
section (as a function of the center-of-momentum energy squared s) remains unchanged by the LIV effect, and only
the expression for s is modified. The optical depth at the energy E, and for v-ray photons from a source at redshift
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Figure 2. Left panel: Photon target energy at threshold for pair-production as a function of ~-ray photon energy, for the
subluminal case. The black solid line represents the case of standard QED and the dashed lines show the LIV-modified
threshold for different values of Erry. Right panel: Same as the left panel, but for the superluminal case.

zs can thus be evaluated as (Fairbairn et al. 2014; Tavecchio & Bonnoli 2016):

¢ [* dz © nle,z) [SFmes 2\
T’Y’Y(‘E’Wzs) - 8E‘,%//0 H(Z)(l + 2)3 / €2 / [S - (m’YC ) ]U’Y’Y(S)d‘g’ (4)

€min Smin

where H(z) = Ho\/[Qmn(1+ 2)3 + Qal, Smin = 4(me ®)? and $(2)maz = 4€E,(1 + 2) + (m4 )% n(e, 2) is the EBL
photon energy density as a function of redshift z and energy €, and 0, (s) is the total pair production cross-section as
a function of the modified square of the center of mass energy s = (m., ¢?)? + 2eE., (1 — cos(0)), where 6 is the angle
between the soft EBL photon of energy ¢ and the VHE ~-ray photon. Obviously, when Fj;y — oo, the standard
relations are recovered.

By using equation (1) with the EBL model by Finke et al. (2010), we calculate the optical depth for VHE ~-ray
photons from a source at redshift 0.6. The comparison with the standard case (homogeneous EBL, no LIV) and with
the effect of EBL inhomogeneities (as discused in Section 2) is presented in Section 5.1.

4. LORENTZ INVARIANCE VIOLATION: COMPTON SCATTERING

One of the most important fundamental high-energy radiation mechanisms is Compton scattering, the process by
which photons gain or lose energy from collisions with electrons. In the Compton scattering processes, the energy of
a scattered photon E, follows from momentum and energy conservation:

(zaﬂ/c,i?w) +—(E;i/c,i?m) ::(ﬁgf/c,§37f)A+ (E;f/c,igef), (5)

which is assumed to still hold even in a Lorentz-invariance violating framework. In Equ. (5), Ey;, Eyf and E.;, Ecy
are initial and final energies for the photon and electron respectively, and ?viv ?7 rand Pg;, Py are initial and final
momenta for the photon and electron, respectively. To consider the LIV effect, we consider the first order correction

n =1 in the modified dispersion relation (1):

3
E2=p2c*+ S &7 (6)
T Errv

As motivated in the introduction, and consistent with our treatment of LIV on the EBL opacity in Section 3, we
consider LIV only for photons, not for electrons. Substituting for E.; using the standard electron dispersion relation
and momentum conservation (considering that in the electron rest frame, p.; = 0), the energy conservation part of
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Equ. (5) can be written as:

Eyp = Eyit Bui = (g1 = pyp)? + (mec?)2. (7)

Squaring and rearranging Equ. (7), expressing all photon momenta in terms of energies using the dispersion relation
(6) yields

ES_ ng ES_ ng
2F By + 2(Ey s — Evi)mec® = S o 2 B2 -8 B2 -8 2 8
vilos + Uy ) Eriv - Errv H K Eprv \| 7 Errv ®

where 1 = cos 6 is the cosine of the scattering angle in the electron rest frame. In the limit Frry > E,, the square-root
expressions in Equ. (8) can be simplified to

E3 E
E2-S ' ~FE (1 -8 u ) . 9
K Errv K 2ELrv )
Thus, to lowest order in E,/Errv, Equ. (8) can be written as:
E3. E3 E.; E
2B Bt + 2By — Ey)mec® = S | =2 + 2L ) 1 ouE E (1—5 g ) 10
iy 2(Ey — Ey) (ELIV Errv HEviEad 2ELrv 2EL1v 10)

Equ. (10) is solved numerically to find the scattered photon energy E. s as a function of initial photon energy E.; and
scattering angle # = cos—! . Results are presented in Section 5.2.
From QED, the Klein-Nishina cross-section oxny can be written as:

dogn 12 (By\° (By By
_ a0 = [ e o = 2 6in26 ) dO 11
TEN / dQ / 2 \E,) \&, &, ™ ’ (11)

Y

where d(;% is the differential Klein-Nishina cross section and df? is the solid angle, and r. is the classical electron
radius.

As for our considerations of the LIV effect on the v — v opacity, we assume that the functional dependence of the
Klein-Nishina cross section on the incoming and scattered photon energies remains unaffected. Thus, in order to
modify the Klein-Nishina cross-section considering the LIV effect, we use the scattered photon E,; from the solution
of Equ. (10) in the Klein-Nishina formula (11) and integrate numerically. The results of this integration compared
with the standard QED case are presented in Section 5.2.

5. RESULTS AND DISCUSSION

In this section, we present the results for representative test cases for the LIV effect on the cosmic v — 7 opacity,
compared standard Lorentz-invariance case and the suppression of the opacity due to EBL inhomogeneities, and on
the Compton scattering process, compared to the standard-model case.

5.1. EBL Absorption

To study the opacity or transparency of the Universe to VHE ~-ray photons from distant sources (e.g. blazars) due
to their interaction with intergalactic EBL photons, we compare the effects of the EBL inhomogeneities due to the
presence of cosmic voids to those of the LIV effect. Figure (3) shows the absorption coefficient exp(—7,) as a function
of energy for VHE-gamma rays from a source at redshift z; = 0.6. The standard-model QED case is represented
by the black solid line. The impact of an EBL underdensity (for parameters as used in Fig. 1) is illustrated by
dot-dashed lines and the LIV effect is represented by dashed lines for different values of the chracteristic LIV energy
scale Frry = Ep/& . Note that the standard case without LIV is recovered for Epjy — 0.

The reduction of the EBL ~ — v opacity due to plausible EBL inhomogeneities is only of the order of < 10 % and

decreases with energy. The LIV effect is negligibly small for energies below about 5 TeV, but the cosmic opacity for
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Figure 3. Left panels: Absorption coefficient exp(—7y4) as a function of energy for VHE ~-rays from a source at redshift
zs = 0.6, using the EBL model of Finke et al. (2010). The black solid line represents the case of standard QED; the dashed
lines show the LIV-modified coefficient for different values of Errv, for the subluminal case (top panel) and the superluminal
case (bottom panel). The blue dot-dashed line represents the case of standard QED and EBL energy density calculated by
considering an accumulation of 10 voids of typical sizes with radius R = 100 A~ Mpc along the line of sight, centered at redshift
z» = 0.3. Right panels: Relative optical depth deficit as a function of energy for VHE ~-rays for the same cases as in the left

panel. The Relative optical depth deficit is defined as (1 — T,%F 8 jrStandy “where T:?Vt“"d‘ represents the optical depth calculated

vy
in standard QED and using the homogeneous EBL energy density distribution, and T%F S represents the optical depth calculated

including the effects of cosmic voids (blue dashed-dot line) or of LIV (dashed lines). The black dot-dashed line represents the
relativie optical depth deficit due to the combined effect of LIV and EBL inhomogeneities.

VHE ~-rays with energies 2 10 TeV can be strongly reduced for the subluminal case and increased for the superlumi-
nal case. Therefore, if LIV is described by the subluminal dispersion relation (S = —1), one may expect VHE ~-ray
photons beyond 10 TeV to be observable even from distant astrophysical sources.

However, the spectral hardening of several observed VHE gamma-ray sources with energy from 100 GeV up to a few
TeV (e.g. PKS 14244-240) still remains puzzling. Compared to the Finke et al. (2010) EBL absorption model for an
object at a redshift of zs ~ 0.6, the opacity would have to be reduced by = 60 % in order to explain the spectral
hardening of the VHE spectrum of PKS 14244240 with standard emission mechanisms. FEven if we consider the
combined effects of EBL underdensities and LIV, as represented by the solid line in the right panel of Figure (3), the
relative optical depth 7+ deficit is only around 10 % in the energy range from hundred of GeV to a few TeV.



5.2. Compton scattering
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Figure 4. Top and middle panels: Scattered photon energies E, ; as a function of incoming photon energy E, ;, for scattering
angles of 1 and 180 degrees, respectively. The black solid line represents the case of standard QED; the dashed lines show the
LIV effect for different values of Erry, for a subluminal case (left) and superluminal case (right). Bottom panels: Scattered
photons energies Ef vs. scattering angle, for an incoming photon energy of E; = 1 PeV in the subluminal case (left) and
superluminal case (right). The black solid line represents the case QED; the dashed lines illustrate the LIV effect for different

values of Errv.
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The LIV effect on the Compton scattering process has been evaluated as described in Section 4. To assess the
importance of LIV signatures, we have evaluated this effect for a large range of values of Ey;y. All calculations are
done in the electron rest frame.

Figure 4 illustrates the effect of LIV on the scattered photon energies as a function of the incoming photon energies
E; for two representative scattering angles (1 and 180 degrees — top and middle panels) for different values of Ep v,
as well as the scattered photon energies as a function of the scattering angle 6 for one representative incoming photon
energy (102 TeV — bottom panels). The subluminal cases are illustrated in the left, the superluminal cases in the
right panels. In the standard QED case (black solid curves), the kinematic constraints (recoil) lead to the well-known
levelling-off of the scattered photon energies at a value of E, s ~ m.c*/(1 — cosf). In Figure 5 we illustrate the LIV

S= +1

g . standard § | — standard
21 === Buy=0001 Ep 21 === Euy=0001 Ep
-== E,;y=001Ep -== E;y=0.01Ep )
W0°9 o Epy=01Ep 0% o Erp=0.1Ep
\
=== Ev=1Ep 1 -== Eyv=1Ep )
1009 == Erp=10 Ep H 10901 —ee B =10 Ep
-== E; =100 Ep i ! -== E =100 Ep
1012 r r . r . | T 1012 r r r r T . .
107 107 10 107 10 10t 10° 10° 107 10° 107 10 1073 10 10! 103 10° 107
E(TeV) E;(TeV)

Figure 5. Total Klein-Nishina cross-section oxn (in the units of or) as a function of the incoming photon energy E. ;. The
black solid line represents the case of QED; the dashed lines show the LIV-modified Klein-Nishina cross-section for different
values of Fr v, for the subluminal (left panel) and superluminal case (right panel).

effect on the total Klein-Nishina cross-section ok n (in units of o), plotted as a function of the incoming photon energy
E, ;. The black solid line represents the case of standard QED and the dashed lines show the modified Klein-Nishina
cross-section for different values of Ejy, calculated as described in Section 4. Again, the subluminal and superluminal
cases are illustrated in the left and right panel, respectively.

From Figures (1) and (5) we see that LIV signatures in the Compton scattering processes are expected to be
important only for very large incoming photon energies, £, ; 2 1 PeV. In the superluminal case, the scattered photon
energies are larger than expected in the standard case, while in the subluminal case, the scattered photon energies
are further reduced. Although the impact of this effect on the scattered photon energy is large for photons with
energy F.; > 10 PeV, even in the superluminal case the scattered photon energy F., ; is still much smaller than
the incoming photon energy E., ;. This indicates that the electron recoil effect is still substantial, as expected, but
strongly reduced/increased compared to standard-model kinematics, in the superluminal /subluminal case, respectively.
Equally, at energies E,; 2 1 PeV the Klein-Nishina cross section gradually recovers from the standard-model Klein-
Nishina suppression (which sets in at E, ; ~ mec?) in the superluminal case, but is expected to remain suppressed to
oxn < 1076 op for photon energies below ~ 1 EeV (in the electron rest frame) for any plausible choice of Erry. In
the subluminal case, Compton scattering of photons at energies E,; 2 1 PeV is expected to be strongly suppressed,
far beyond the standard-QED Klein-Nishina suppression.
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6. SUMMARY AND CONCLUSIONS

We have presented calculations of the modification of the EBL v — v opacity for VHE ~-ray photons from sources at
cosmological distances, by considering two effects: the impact of under-densities (voids) along the line of sight to the
source and the LIV effect. For the LIV effect, we considered both a subluminal and a superluminal modification of the
dispersion relation for photons. We found that the reduction of the optical depth due to the existence of cosmic voids
is insignificant for realistic parameters of the void and is thus insufficient to explain the unexpected spectral hardening
of the VHE spectra of several blazars. The effect of LIV becomes important only at y-ray energies above ~ 10 TeV,
where the v interaction threshold is increased and consequently, the EBL opacity is reduced in the subluminal case.
The opposite effect (reduced pair production threshold and increased EBL opacity) results in the superluminal case.
The effect is negligible for VHE spectra in the range ~ 100 GeV — a few TeV. However, these results suggest that,
if LIV is manifested by a subluminal modification by the photon dispersion relation, VHE ~-ray sources may be
detectable at cosmological redshifts z = 1 at energies E 2 10 TeV, as the EBL opacity at those energies may be
greatly reduced compared to standard-model predictions. Observations with the small-size telescopes of the future
Cherenkov Telescope Array (CTA: Acharya et al. 2013) — and its predecessors, such as the ASTRI (Astrofisica con
Specchi a Technologia Replicante Italiana: Vercellone 2016) array — will provide excellent opportunities to test this
hypothesis.

We have presented, to the authors’ knowledge for the first time, detailed calculations of the effect of LIV on the
Compton scattering process. As for v absorption, we considered both subluminal and superluminal modifications to
the photon dispersion relation. In the superluminal case, we find that for incoming photon energies of £, ; 2 1 PeV in
the electron rest frame, both the electron recoil effect and the Klein-Nishina suppression of the scattering cross section
are reduced compared to standard-model expectations. This may suggest that Compton scattering at ultra-high
energies may overcome the suppression due to the standard Klein-Nishina effect and possibly lead to the production
of >> 1 PeV photons through inverse Compton scattering. However, it is unlikely that this effect is of relevance to
realistic astrophysical environments. Such scattering would require electrons of energies FE. > 1 PeV. In spite of the
recovery at ultra-high energies, the Compton cross section is still suppressed by several orders of magnitude compared
to the Thomson cross section. Hence, for any realistic magnetic field value in an astrophysical source, if electrons are
actually accelerated to E, > 1 PeV, or produced as secondaries in ultra-high-energy muon decay processes, they are
likely to lose their energy radiatively via synchrotron radiation rather than Compton scattering. In the subluminal
case, both the reduction of scattered photon energies and the Klein-Nishina cut-off of the cross section are further
enhanced by the LIV effect, rendering Compton scattering at ultra-high energies even less efficient than due to the
standard Klein-Nishina effects.
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CHAPTER [

Summary and Conclusions

The propagation of VHE gamma ray photons (VHE; E > 100 GeV) over cosmological distances
is suppressed by electron-positron pair-production processes with the diffuse EBL. There are
many authors who, by using the observation of several blazars, indicated that there is an
anomalous transparency for VHE gamma ray photons coming from these blazars.

In this thesis, detailed calculations for the effect of the EBL inhomogeneities and the resulting
EBL gamma-gamma absorption for VHE gamma ray photons from objects at cosmological
distances are presented in Chapter 3 and Chapter 4. First, we considered the presence of a
cosmic void, and for simplicity, we assumed a spherical region in which the local star formation
rate is equal to zero. We have used/assumed possible realistic void sizes of R < 100h~! Mpc
(by realistic we mean that there are such possible voids with such sizes available in catalogs,
such as the Sloan Digital Sky Survey (SDSS) catalog). The EBL energy density even at the
centre of the under-dense region (void) is reduced by less than 10%. We found that even if the
void is located right in front of the gamma ray source, the gamma-gamma opacity is reduced
by typically less than 1%. By comparing with linear scaling of the EBL gamma-gamma opacity
with the line of sight galaxy number density suggested by Furniss et al. (2015) for the specific
case of PKS 14244240 using the same size of the void (R = 502! Mpc), we found that this
reduction is quite smaller than that obtained by Furniss et al. (2015). After that, we investi-
gated the effect of the existence of multiple voids instead of one single void, and specifically
we assumed an accumulation of about 10 voids with typical radii R = 100 h~! Mpc centred

at redshift z, = 0.3 along the line of sight to an object (e.g. a blazar) located at redshift
84
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2z, = 0.6. A more detailed discussion regarding the possibility of multiple voids was presented
in Chapter 4. In Chapter 3 and Chapter 4 we illustrated that the inferred spectral hardening
of the VHE gamma ray spectrum for blazars (e.g. PKS 1424+4-240), after correction for the
EBL gamma gamma absorption, is most likely not an artifact of an over-estimation of the EBL
gamma-gamma opacity due to the possible cosmic inhomogeneities. The calculations of the in-
homogeneous EBL energy density in Chapter 3 and Chapter 4 are based on a modified version
of the formalism presented in (Razzaque et al. 2009) considering only the direct starlight.

In the paper presented in Chapter 5 we considered the possibility of a Lorentz Invariance Viola-
tion (LIV) signature compared with the possibility of the reduction of the EBL gamma-gamma
absorption due to the existence of voids along the line of sight to distant VHE gamma ray
sources. By using the full EBL spectrum which is proposed by Finke et al. (2010) instead of
only the stellar light EBL component (Razzaque et al. 2009) and because we are interested in
the VHE gamma ray photons around and beyond TeV energies, photons with energy = 500 GeV
are expected to annihilate due to their interaction with the far infra-red photons. Therefore,
gamma-gamma opacity calculations using only the stellar component of EBL are less reliable
(Razzaque et al. 2009). By using the full EBL spectrum, we have presented calculations of the
modification of the EBL gamma-gamma opacity for VHE gamma ray photons from sources at
high red-shift, considering two effects: the effect of under-dense EBL energy density distribu-
tion (voids) along the line of sight to the source and the impact of the LIV effect. For the
LIV effect, we confirmed previous results that the effect of the LIV becomes important only at
energies above ~ 10 TeV and we found that the optical depth deficit due to voids decreases with
energy and becomes negligible for VHE gamma ray photons above ~ 10 TeV. Even considering
the combination of both effects, cosmic voids along the line of sight and the LIV effect, the
reduction of the EBL gamma-gamma opacity is too small to explain the unexpectedly hard
VHE gamma ray photons of several blazars.

In the paper presented in Chapter 6, for completeness, we assumed both a subluminal and a
superluminal modification for the photons dispersion relation and for the first time, we pre-
sented detailed calculations by considering the LIV effect on the Compton scattering process.
As for gamma-gamma opacity, we assumed both subluminal and superluminal cases. We found
that the impact of the LIV effect becomes important only at gamma ray photons with energies
above ~ 10 TeV, where the gamma-gamma interaction threshold is increased and consequently,
the absorption due to the EBL is reduced in the subluminal scenario. The opposite effect (re-
duced pair production threshold and opacity due to increased EBL) results in the superluminal
scenario. However, these results suggest that, if the LIV effect is manifested by a sublumi-
nal modification, VHE gamma ray sources may be detectable at high redshifts and energies
E = 10 TeV, as the EBL opacity at those energies may be greatly reduced compared to stan-
dard QED predictions. Therefore, observations with the future Cherenkov Telescope Array
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(see e.g., Acharya et al. 2013) and its predecessors, such as the ASTRI (Astrofisica con Specchi
a Technologia Replicante Italiana Vercellone, 2016) array could provide excellent opportunities
to test this hypothesis.

For the Compton scattering process, we found that for incoming photon with energies E.; 2
1 PeV in the electron rest frame, both the electron recoil effect and the Klein-Nishina cross-
section suppression are reduced compared to standard QED, which may suggest that Compton
scattering at ultra-high energies may overcome the suppression due to the standard Klein-
Nishina effect and may lead to the production of >> 1 PeV photons due to the inverse Compton
scattering process. However, it is unlikely for this effect to be compatible with realistic astro-
physical environments, since such scattering would require electrons with energies E, > 1 PeV.
In spite of the recovery at ultra-high energies, the Compton scattering cross-section is still
suppressed by many orders of magnitude compared to the Thomson scattering cross-section.
Hence, for any possible realistic magnetic field value in an astrophysical object, if the electrons
can be accelerated to E. > 1 PeV, or produced as secondaries (e.g. muon decay processes
at ultra-high-energy), they are likely to lose their energy radiatively via synchrotron emission
rather than due to the Compton scattering process. In the subluminal case, both the reduc-
tion of scattered photon energies and the Klein-Nishina cut-off of the cross-section are further
enhanced by the impact of the LIV effect, rendering the Compton effect at ultra-high energies
even less efficient than the case of the standard Klein-Nishina effects.

Overall, we can conclude that the spectral hardening feature in PKS 1424+240 and a few
other VHE gamma ray blazars (with photon energies ~ 100 GeV up to a few TeV) remain,
even by jointly considering possible EBL inhomogeneities and the LIV effect. Therefore, other
explanations for such hardening must be found. One possibility is that this hardening is a real,
intrinsic feature of the gamma ray spectra of these blazars, possibly due to a pion-production
induced cascade component in a hadronic blazar scenario (see e.g., Bottcher et al. 2013; Cerruti
et al. 2015). If a spectral hardening for such energies is not intrinsic to the source, more exotic
explanations, such as Axion Like Particles (ALPs) or the possibility of a cosmic-ray-induced

secondary radiation component, would need to be found.
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