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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 yy 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 7-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-7y-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 = 1004~! 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
7y, = 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™3)

oPooo
0o rNO

Z =
Z =
zZ =
zZ =
Z =

1073 1072 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 = 1004~ 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
(Erry ~ 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
E? = p*c? +mPct + E? ( E ) , (3.1)
GErLry
where c 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/Eyy, the modified
pair-production threshold energy &, by considering the subluminal case only, can be written as

[29]:
m2c* E?
Epin = —— 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 £ < 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 E7;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 % dz * n(g,z) [Smat) E;
E,z) = —— T ds, (33
FrrlEr2) SE;/O H(z)(1+z)3/ &2 /y (S By ) s G

Emin min

where H(z) = Ho+/[Qu(1 +2)3 +Qa], n(g,z) is the EBL photon number density as a fuction of
redshift z and energy €, and 0,y(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
Ev (in the units of 1012 GeV).

. . E} . .
integral can be written as s,;,;, = 4m5c4 and S0 = 48Ey(1 +7) — =%. Note that the kinematics

Epv®
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 E;;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 7y, 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 = 100A~! Mpc centered at redshift z, = 0.3. The dashed-lines show the modified coefficient for

different values of Eyy in the unit of Planck energy scale (1.2 x 10GeV).

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 7,y 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 = 1002~! 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
Epyv in the unit of Planck energy scale (1.2 x 10'°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 7y, 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 yy 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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