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Abstract

Measurements of the ultra high energy cosmic rays (UHECR) spectrum at the ground level
taken by the Pierre Auger Observatory indicate a suppression in the spectrum at about 50
EeV, the so-called cut-off. The origin of this suppression is still unclear. One possible
explanation could be the so-called Greisen-Zatsepin-Kuzmin (GZK) process, in which ultra
high energy protons interact with the photons of the cosmic microwave background and
lose energy. Indirect evidence for the GZK-process could be provided by the search for
UHE photons produced in such an interaction.

Although a possible photon signal could yet not be identified among the cosmic ray flux,
upper limits on ultra high energy (UHE) photon flux have been derived from the experimen-
tal data. The low energy enhancements of the Pierre Auger Observatory allow search for
photons with energies above 2 x 10!7 eV.

In order to interpret the upper limits on the flux of the UHE photons derived from the exper-
imental data, theoretical predictions are needed. Predictions of the photon flux above 1 EeV
as expected from the propagation, in which GZK-process is included, have been derived in
the past.

In the current thesis new predictions of the photon flux above 0.1 EeV are derived for both
pure proton and mixed compositions of the initial cosmic rays, with latest results regarding
the composition of CRs and the interstellar medium taken into account. For both pure proton
and mixed compositions the predictions stay below the upper limits on the UHE photon
flux at Earth derived from the experimental data. Main uncertainties on the predictions are
coming from not yet full understanding of the UHECR sources and their features. Also, a
step in the direction of estimating the impact of the sources emitting UHE photons into the
UHE photon flux at the Pierre Auger Observatory is taken.
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1 Introduction

Astroparticle physics has plenty of unsettled questions. Hints that could help answer many of
these questions could be obtained from the observation of cosmic rays (CR), ionizing radiation
that reaches the atmosphere of Earth from outer space. For instance, questions of the acceleration
mechanisms for ultra high energy cosmic rays (UHECR) and their chemical composition are the
open ones, however, clues and indirect evidences could be obtained from the measurements of
the air showers produced by cosmic ray particles in the atmosphere.

Cosmic rays mostly consist of the nuclei of atoms, yet there are also electrons. A considerable
fraction of the hadronic part of the cosmic rays are protons, but heavier nuclei appear there as
well. Cosmic ray particles have very high energies, as they travel with relativistic velocities.
There are several hypotheses concerning the sources of the cosmic rays, but testing these hy-
potheses proves challenging, especially for the ultra high energy cosmic rays (UHECR) in EeV
range, as sources of these particles are believed to be located outside of our galaxy.

Measurements of the cosmic rays started with balloons drifting in the atmosphere. Currently,
there are two main types of the experiments developed to study cosmic rays: satellite-based
experiments that detect cosmic rays on top of the Earth’s atmosphere and ground-based experi-
ments that operate on the surface of Earth. High-flying balloons and underground detectors are
also of use. For ultra high energy cosmic rays, the most efficient way to observe them is to mea-
sure them indirectly by observing the air showers that these UHECR produce in the atmosphere.
The Pierre Auger Observatory [1] is currently the largest experiment focused on the air showers
from the ultra high energy cosmic rays with energies above 0.1 EeV.

Cosmic rays that we could observe on the top of the Earth’s atmosphere had had to travel through
space from their sources, interact with background light, and become deflected by the magnetic
fields within and outside our galaxy. The task to understand the process of propagation of the
cosmic rays from their sources towards Earth is a challenge, as many parameters of this propaga-
tion are unclear. There are different models and hypotheses concerning the structure of galactic
and extragalactic magnetic fields, background light, and interactions in which particles of ener-
gies such high could participate in space.

Measurements of the UHECR spectrum at the ground level taken by the Pierre Auger Observa-
tory indicate a suppression in the spectrum at about 50 EeV, the so-called cut-off. The origin of
this suppression is still unclear. One possible explanation is the maximum acceleration energy
of the sources, so particles with energies above 50 EeV simply could not be produced. An-
other explanation could be the interactions, specifically the so-called Greisen-Zatsepin-Kuzmin
(GZK) [2] [3] process, in which ultra high energy proton interacts with the photons of the cos-
mic microwave background and lose energy. Indirect evidence for the GZK-process could be
provided by the search for ultra high energy (UHE) photons that are produced in such an in-
teraction. Although a possible photon signal could yet not be identified among the cosmic ray
flux, upper limits on UHE photon flux have been derived from the experimental data [4], [5],
[6]. The constantly growing amount of data collected at Pierre Auger Observatory along with
refined analysis methods make it possible to improve the upper limits on the UHE photon flux.
The low energy enhancements of the Pierre Auger Observatory (HEAT and SD 750 m array [1])
allow search for photons with energies above 2 x 10'7 eV.



2 1 Introduction

In order to interpret the upper limits on the flux of the UHE photons derived from the experi-
mental data, theoretical predictions are needed. Predictions of the photon flux above 1 EeV as
expected from the propagation of UHECR from their sources towards Earth, in which GZK-
process is included, have been derived in the past [7], [8], [9]. The aim of this thesis is to study
the propagation of cosmic ray hadrons and photons and derive updated predictions of the ex-
pected GZK photon flux including the latest results regarding the composition of CRs and the
interstellar medium.

The thesis is structured as follows. In Chapter 2 a short overview of the cosmic rays and their
known properties is presented. The energy spectrum of the cosmic rays and its features are
introduced, possible sources for ultra high energy cosmic rays are discussed, and the main inter-
actions of UHECR and their secondary particles are listed. Foundation and methodology of the
study of photons among cosmic rays are given, and the Pierre Auger Observatory is introduced.
CRPropa 3, a publicly available code for Monte Carlo simulations of the UHECR propagation,
is introduced in Chapter 3. The main operation principles of the framework and the way the
framowork is used in the thesis are presented as well.

The measurements of the Pierre Auger Observatory indicate a considerable fraction of protons
among the CRs (at energies below EeV region), so the study of the pure proton UHECR and their
propagation resulting in UHE photon flux predictions is shown in Chapter 4. For highest energies
(above 1 EeV), however, it is expected for initial cosmic rays emitted from the sources to be of
heavier mass composition (as discussed in [10], [11], [12]), so the predictions of UHE photon
fluxes coming from initial cosmic rays of heavier and mixed mass composition are presented in
Chapter 5. A step in the direction of estimating the impact of sources emitting UHE photons on
the UHE photon flux at the Pierra Auger Observatory is taken in Chapter 6. Conclusions and
outlook are discussed in Chapter 7.



2 Cosmic Rays

Cosmic rays are charged nuclei moving through space with the velocity close to speed of light.
Every second, thousands of them hit every square meter of the Earth’s atmosphere. Approxi-
mately 90% of the nuclei are protons, 9% are alpha particles, and 1% are heavier nuclei. The
energy range of the cosmic rays is wide, from 1 GeV, which is close to their rest masses, to
ultra-relativistic ones with energies above 100 EeV [13].

Victor Hess, one of the pioneers of the cosmic ray research, in 1912 took three Wulf electrome-
ters on a hot air balloon and rose up to 5,000 meters to measure the ionisation of the atmosphere.
He found out that ionisation increased significantly with the height of the measurement, and
stated that "radiation of very high penetrating power enters from above into our atmosphere"
[14]. In upcoming years, his discovery was confirmed [15], and, for many years, the procedure
of sending self-operating electrometers on a balloon was the major way of studying this phe-
nomenon. As the cosmic ray science evolved, new and far more efficient methods of detecting
and distinguishing particles emerged, and, now, cosmic rays are measured on the surface of the
Earth and deep below it, in the atmosphere, and even in outer space with many different types
of detectors. The data collected from different experiments helps search for answers to the main
questions about cosmic rays, such as sources of the cosmic rays and the mechanisms of their
acceleration.

Within this chapter, features of the energy spectrum of cosmic rays are discussed in Sec. 2.1,
the discussion of different possible sources of cosmic rays is given in Sec. 2.2, and details of the
propagation of cosmic rays through space are described in Sec. 2.3. The Pierre Auger Obser-
vatory is introduced in Sec. 2.4. Lastly, ways to detect photons, non-charged messengers of the
cosmic rays, and current upper limits on the flux of ultra high energy photons are discussed in
Sec. 2.5.

2.1 Energy spectrum and mass composition of cosmic rays

Cosmic rays have been detected in the energy range from 1 GeV to above 10'! GeV, and within
this energy range, the flux of the cosmic rays decreases by more than 30 orders of magnitude,
from thousands of particles per second per square meter to less than one particle per square
kilometer per century. It is from the variety of experiments we know that the dependency of
the cosmic ray flux on energy can be described with a broken power law function with several
features, see Fig. 2.1.1.

To understand the physics beyond this dependency, one must look into the energy density bal-
ance (following [17]). It could be noticed that energy density of the kinetic movement of matter
wT, cosmic ray energy density wc, and magnetic field energy density wg are approximately
equal in space volume near Earth:

we ~ wg ~ H? |87 ~ wr = pu? /2 = nkgT ~ 5% 1070 eV/m?, 2.1)

where H is magnetic field strength, p is the density of the matter, u is the velocity of the matter,
n is a concentration, kg is the Boltzmann constant, and 7 is the temperature of the matter.



4 2 Cosmic Rays

10° 102
[ [
1/ cm? /s
.
9]
n 1/m? /yr
NE N
I
= :
W i
5 | .
s} i %
| -
> : ",
o18) i .
3 ! Ankle oo /km/yT
LT% i : 'o.
T v IRGB LV P
1 ] LJ
1075 — AMS02 FERMI : : .
HAWC HESS | | 3
AUGER : : {}
CETOP > >
CALET &:\‘If‘iuk—t,mmu & i LHC o i
CREAM I+11 o o
DAMPE Tibet-1II ] \ :
10—7 | | | | | [+ 1 | | |
GeV TeV PeV EeV
Energy

Figure 2.1.1: Differential energy spectrum of cosmic rays of energy above 10° eV multiplied by E? [16]. Together
with the total CR spectrum, the spectra of specific particles (protons, photons, electrons etc) are shown.
These spectra are the results of different cosmic ray experiments mentioned in the plot. Energies of the
CR required to perform an interaction with the maximum centre-of-mass energy equal to the one of the
Large Hadron Collider is shown at the energy scale.

This equation can be verbally interpreted as the equilibrium between the cosmic ray, magnetic
field and kinetic energy densities. If the cosmic ray energy density in some arbitrary volume
would start exceeding the magnetic field energy density, then magnetic field will not be able to
restrain cosmic ray particles in this volume. Particles then will escape the volume, so the cosmic
ray energy density will decrease and get back to equilibrium. Same holds for kinetic energy
density. So the assumption that this equilibrium remains in any space volume could be made.
One could write then for cosmic ray energy W and total energy Wigar:
1
We = §Wtotal (2.2)
Let € be the energy of one average cosmic ray particle, and Ny be the number of the particles.
Then,
dWiotal = d(3eNp) = 3edNy (2.3)
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where dNj is the change of the amount of the particles while they leave the volume. Further
steps of the derivation are omitted here, yet it could be shown that from this assumption, the
resulting differential spectrum could be derived:

dNy(e) = Ae > de (2.4)

where A is a constant. So the power law dependency with a spectral index of -2.5 occurs from
very general assumption [17].

In Fig. 2.1.1, three main features of the spectrum could be noticed. The spectrum has a knee
above 3 PeV, an ankle above 5 EeV, and a cut-off above 30 EeV. Between these features, the
spectrum can be described as a power low dependency E~% with slightly different spectral in-
dices: @ = 2.7 below the knee and between the ankle and the cutoff, and @ = 3.1 between
the knee and the ankle [18]. The data received at Kascade-Grande experiment shows another
feature, the 2nd knee at about 80 PeV [19].

Physics behind these features are unclear, yet there are several possible explanations. For the 1st
knee a possible reason could be that some of the sources within the galaxy have their maximum
acceleration energy at this energy range, so fewer particles are produced and hence observed for
energies above the 1st knee (e.g., some types of the supernova remnants have their maximum
energy limit at about 1 PeV). 2nd knee could correspond to the transition from lighter to heavier
initial hadrons: as, in general, the lightest hadrons (protons) have higher energy per nucleon, and
almost all heavy nuclei decay into lighter ones, the decrease of the spectrum with energies above
the 2nd knee could be expected. The ankle is understood as the place of a smooth transition from
galactic to extragalactic cosmic rays [20]. It could be because particles with energies higher than
1 EeV are expected to have their gyroradii being larger than the size of our galaxy [13]. With this
change of origin of the UHECR comes the change of the spectrum’s behaviour. Finally, the cut-
off could be an evidence for either lack of sources with higher energies of emitted particles or the
GZK process (UHE proton interacting with the photons of the cosmic microwave background,
see Sec. 2.3.2).

Concerning the chemical composition (mass composition) of the cosmic rays, all stable nuclei
from the periodic table could be observed in the cosmic ray spectrum [21]. Some of the fluxes
of different components of the cosmic rays are shown in Fig. 2.1.2.

2.2 Origin of cosmic rays

The sources of the cosmic rays are not yet fully clarified. It is known so far that the Sun as
a source does not play a major role in the cosmic ray spectrum observed on Earth, as only a
few particles produced during the solar eruptions could contribute to the cosmic ray spectrum at
energies E < 2 x 10'%eV [29]. As was discussed above, the ankle of the cosmic ray spectrum
is believed to be the range at which the flux of the cosmic rays of galactic origin (below the
ankle) is smoothly exceeded by the flux of the cosmic rays of extragalactic origin. Cosmic rays
of energies below 1 EeV are believed to be mostly of galactic origin, and the ones with higher
energies are coming from outside of our galaxy.

There are different models for the processes of creation of the UHECR. Non-acceleration models
consider processes of decay or annihilation of primordial relics such as topological defects or
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Figure 2.1.2: Spectra of different components of the cosmic rays [21]. Data by AMS-02 in the International Space
Station for H [22] and He [23] fluxes, by HEAO-3 satellite for C, Si and Fe fluxes [24], by balloon
flights CREAM-I and CREAM-III for H and He fluxes [25], by balloon flight CREAM-II for C, Si and
Fe [26]. Results for higher energies are from KASCADE [27] and KASCADE-Grande [28]. Elements
here are grouped to mass ranges’ labeled by a representative element.

super heavy dark matter to be responsible for the creation of the UHECR [30]. Acceleration
models require sources in which cosmic ray particles could be accelerated to ultra-high energies.
Mechanisms of this acceleration could be divided into two classes: diffusive and inductive.

Diffusive shock acceleration (stochastic acceleration) is a process in which particles are mov-
ing around inside the accelerator and eventually receiving energy while interacting with inner
structure of the accelerator itself [31], and this happens again and again until the particle gains
enough energy to escape the accelerator. Typical examples of diffusive acceleration are first and
second order Fermi accelerations [32].

Second order Fermi acceleration is a process in which a particle gets inside the magnetised
plasma cloud and diffuses by elastic non-collisional "scattering" on the irregularities in the mag-
netic field [13]. If the shock front is involved, a particle goes through the front into the cloud,
get deflected by the irregularities in the magnetic field (and probably participates in the 2nd or-
der Fermi acceleration), and then goes back through the front, it gains even more energy while
being accelerated by the shock front itself. This acceleration with the shock wave is called 1st
order Fermi acceleration. The processes are named so, as the energy gained in one encounter
is proportional to 3 in 1st order Fermi acceleration and to A% in 2nd order Fermi acceleration,
where 8 = v/c, ratio of the velocity of the cloud to the speed of light. One encounter of each of
the processes is shown in Fig. 2.2.1.

Inductive acceleration (one shot acceleration), on the other hand, is a mechanism in which parti-
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Ep

Figure 2.2.1: Illustration of the Fermi acceleration mechanisms [13]. Left: Acceleration at a plane shock front, 1st
order Fermi acceleration. Right: Acceleration by a moving, partially ionized gas cloud, 2nd order
Fermi acceleration.

cles are directly (in one shot) accelerated by the electric fields arising from the alteration of the
magnetic field. These accelerators, at their turn, could be divided into ones with synchrotron-
dominated losses (e.g. active galactic nuclei) and ones with curvature-dominated losses (neu-
tron stars and black holes). Curvature radiation is the one coming from a particle sliding along
a curved magnetic field line. Synchrotron radiation is the one coming from a particle gyrating
around a straight magnetic field line. Whether the former or the latter dominates while charged
particles move on curved trajectories depends on the magnetic field, radius of the curvature,
pitch angle between the magnetic field and the velocity of the particle and the Lorentz factor of
the particle [33]. Acceleration mechanisms are discussed in more details in [34].

While searching for the possible sources of the cosmic rays, one must consider several restric-
tions on their properties. Geometric criterion states that the size of the accelerators should exceed
the space needed for a particle to accelerate. The restriction on power of the source states that
the accelerator needs to be able to provide the particles with enough energy, with energy losses
due to radiation, curvature and interactions being taken into account. Finally, the observational
criterion states that the the combination of all sources should be able to provide the energy
and distribution of the observed cosmic ray flux, with energy spectra of secondary photons and
neutrinos being taken into account [35].

Both geometrical restriction and radiation losses are considered in the Hillas criterion: the
Larmor radius of the accelerated particle should not exceed the size of the accelerator. In
Fig. 2.2.2 possible source classes are shown with respect to their comoving size and magnetic
field strength. Solid and dashed lines represent the Hillas criterion: the source needs to be above
the line in order to fulfill this condition.

Supernova remnants (SNR) are believed to be responsible for the production of the bulk of
galactic cosmic rays. The idea was proposed in [37], where it was mentioned that even 5-
10 % of SNR kinetic energy being converted to cosmic rays would give enough energy to cover
all the observed galactic CRs. Data from Fermi Space Telescope were interpreted [38] as the
evidence for SNR being the main source of the cosmic rays. As the expansion velocity of the
SNR is much higher than the sound velocity of the interstellar medium, the shock ahead of
the expanding SNR is formed [18]. SNR is an example of an accelerator with diffusive shock
accelerating mechanism (1st order Fermi acceleration).
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Figure 2.2.2: Hillas plot, version from [36], originally from [34]. Characterization of astrophysical objects with
respect to size and magnetic field strength. In order to be able to accelerate named particles to noted
energies, the object should be above the corresponding line. S here refers to the velocity of the shock
front of the source responsible for the acceleration of the UHECR particles.

When it comes to ultra high energy (extragalactic) cosmic rays, there are several possible types
of the sources.

Pulsars and magnetars are rotating neutron stars hosting the strongest magnetic fields known
to us in the universe [39]. Magnetars have magnetic field up to 10'* G, and pulsars have the
magnetic field in a range of 10!'' — 10'> G. Pulsars and magnetars have what is required to be
the source of the UHECR: with their rotating magnetosphere on the first stage of their evolution,
they are capable of transferring enough energy to accelerate heavy cosmic ray particles (iron)
to energies up to 10?2 eV [40], then they lose their power and further on could produce CR
particles with energies of a few EeV. The birth of a magnetar is also believed to be a possible
source of primary UHECR particles with energies up to 10?! — 1022 eV, that would correspond
to the particles of few times 10%° eV on the top of the Earth’s atmosphere [41]. Detailed analysis
of the pulsars as potential sources of the UHECRSs is presented in [39].

Active galactic nucleus (AGN) is a small area at the center of a galaxy with extremely high
electromagnetic (EM) luminosity (with broad band EM spectrum: from radio waves to gamma
radiation). At the center of such a galaxy, there is a supermassive black hole which accretes
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mass from the galaxy. It emits relativistic matter via two jets. Galaxies with an active nu-
cleus are used to be divided into Seyfert galaxies, quasars, BL. Lacertae objects, blazars and
radio galaxies, while current theories of unification are to prove that these objects belong to the
same astronomical class of objects, as they vary by the point of view, not by their structure, see
Fig. 2.2.3 [42]. It is also stated that for a galaxy being active is not a permanent feature but a
temporary state [43].

Supermassive :
black hole ¥ i Quasar
¥ Seyfert type |
Accretion F - = Broad-line radio galaxy
disk &

-
/" Seyfert type ||
< Marrow-line radio galaxy
Dusty torus .
= L o Broad-line region
Jet Narrow-line region

Figure 2.2.3: Unification of active galactic nuclei classes [42]. The object of presented structure is observed as ones
of several different astronomical classes depending on the point of observation.

Star formation regions and starburst galaxies. In star-forming regions the molecular clouds
collapse and form stars. These regions are not considered as possible UHECR sources [44],
except for the starburst galaxies, galaxies with extremely high star formation rate. The galaxy
transit to starburst state when collapsing or closely moving by another galaxy. In this case, the
conditions within the galaxies are changing: the star-formation rate increases, i.e., the whole
amount of gas that the galaxies could possibly transform into stars is used in a short period
of time (comparing to the age of the galaxies themselves) [45]. Here, the particles could be
first accelerated by supernova remnants, but then avoid photo-disintegration, and, instead, be
reaccelerated at the terminal shock. The shock, in this case, is the result of the so-called "galactic
superwind", the collective effect of supernovas and massive star winds coming from the starburst
galaxy [46].

Gamma ray bursts are explosions of extremely high energies. Typically, these events last
for several seconds, yet it could be several ms or hours. Gamma ray bursts happen in distant
galaxies. There are currently two main progenitor models: the "collapsal”" one (fast rotating core
of the supermassive star collapses and transforms into a neutron star or a black hole) and the
"merger" one (two compact objects, e.g. neutron stars, spiral slowly toward one another, release
gravitational energy until the tidal forces rip the progenitors apart and the system collapses into
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a single compact object). In both scenarios, the infalling material forms a dense accretion disk
that ejects two relativistic jets [47].

The sources of different types are non-uniformly distributed within the universe. According
to [34], a possible explanation is the existence of the galaxy clusters (and superclusters), large
groups of galaxies (or of galaxy clusters). Galaxies in the cluster are bound together by gravity.
Galaxies make up 1% of total mass of the cluster, and 9% are of intergalactic gas; the remaining
mass is assumed to be dark matter. The tendency of the galaxies to form groups leads to non-
uniform distribution of the sources of the UHECR in space.

Cosmological evolution of the sources dp/dt, the change of the source emissivity and space
density with redshift, is observed for many astronomical populations [44].

o Star formation rate (SFR), a general indicator of the matter density in the Universe, has
been measured for different objects, and there are currently several SFR traces and, con-
sequently, several models of the SFR-type source evolution. In Fig. 2.2.4 two of them
described in [48] and [49] are shown. As only redshift z<1 area is of interest for the
propagation simulated in current thesis, the source evolution for SFR could be sufficiently
described with (1 + z)™, m=3.4.

o The evolution of gamma ray bursts with redshift is described in [50]. In Fig. 2.2.4 two
models that are close to SFR evolution up to z = 4 are shown, with the emissivity evolving
as (1+82)/[1+(z/3)!*] and as (1 + 11z)/[1 + (z/3)%] for GRB1 and GRB2 respectively
[S1].

e Active galactic nucleus is a wide class of astronomical objects with different evolutions.
In Fig. 2.2.4, the source evolution for a Faranoff-Riley II type galaxy is shown [52]. For
small redshift z<1, this one can be approximated with (1 + z)>~.

2.3 Propagation of cosmic rays

After being emitted from the sources, cosmic ray particles move through space where they get
deflected by magnetic fields, emit synchrotron radiation, and interact with low-energy cosmic
background radiation.

2.3.1 Magnetic Fields

Charged cosmic ray particles are deflected in a magnetic field with relativistic Lorentz force,
proportional to the charge and velocity of the particle and the strengths of the magnetic field in
a direction perpendicular to the velocity. Magnetic field effect does not directly depend on the
mass of the particle and is fully dependent on the rigidity, the ratio of the particle’s momentum to
its charge. The only effect dependent on the mass of the particle is the synchrotron emission loss,
yet it is negligibly small compared to other effects. General review on astrophysical magnetic
fields is given in [53].

The magnetic field of our galaxy is not fully understood yet. It is usually described as a combi-
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Figure 2.2.4: Theoretical predictions of the source emissivity evolution with redshift, normalized to unity at
z =0 [51]. The small redshift (z<1) range is of interest for the current thesis.

nation of a strong regular magnetic field in the plane of the galaxy and small random turbulent
fields. For the regular component of the magnetic field within the galactic plane, several con-
figurations are derived, mostly based on rotational symmetry around the galactic center, and
on mirror symmetry with respect to the galactic plane [54]. The strength of the magnetic field
within the galactic plane is measured and can be described with function e~®/33 for R, radius
from galactic center, being larger than 3 kpc. Closer to the center of the galaxy, the field is hard
to measure, yet there are evidences of field perpendicular to the plane near the galaxy center.
Field outside the galaxy plane is an open question to this day [18].

There are two main models of the galactic magnetic field of the Milky Way. Pshirkov GMF
model [55] was created from full-sky rotating measurements and consists of two parts: symmet-
ric spiral disk and anti-symmetric halo. JF2012 [56], the most sophisticated and modern model,
is a result of thousands of Faraday rotation measurements. It combines a disk field and a huge
out-of-plane component.

Extragalactic magnetic field (EGMF) models are usually constructed as a combination of a grid
with a structured low magnetic field and arbitrarily spread, non-regular components representing
organised magnetic fields of astrophysical systems such as galaxy superclusters. Out of all the
models of EGMF, two are chosen to be used in the thesis: the one with a rather weak magnetic
field from Dolag et al [57] and a stronger one from Miniati et al [58].
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2.3.2 Interactions

While propagating through space, nuclei collide with background photons in different photo-
nuclei interaction scenarios and emit secondary particles, which, depending on their type, have
their own way of interacting with background photons.

Photon background can be separated in parts by origin and energy range. The cosmic microwave
background (CMB) and its evolution with redshift are well-known and precisely described, yet
for other backgrounds, such as the infrared background light (IRB) and the universal radio back-
ground (URB), several models exist. CMB is known to have a temperature of 2.7 K, correspond-
ing to a frequency of 160 GHz following a thermal distribution, and the average photon of this
background has energy of 1073 eV. IRB has higher average energy (1072 eV), which means one
order of magnitude higher frequency and temperature. URB has much lower average energy
(1072 eV), so the temperature and frequency are six orders of magnitude smaller. Energy spectra
of these three components of the photon background radiation is shown in Fig. 2.3.1.
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Figure 2.3.1: Energy spectrum of the photon background light with actual models from the CRPropa 3 [59]. Red
line corresponds to URB [60], green line — to CMB, blue line — to IRB [61].

Photo-pion production via Greisen-Zatsepin-Kuzmin process is the dominant interaction be-
tween UHECR and photon background. High energy protons interact with photons of the back-
ground via the A resonance, which subsequently decays into nuclei and a pion.

p+ybg—>A+—>p+7r0, 2.5)
P+Ype o AT > n+at '

This interaction is named Greisen-Zatsepin-Kuzmin (GZK) process [2], [3]. Itis stated that UHE
protons with energies E > 5 x 10'° eV have a mean free path of only few tens of megaparsecs
and effectively lose energy via such an interaction. The significant decrease of the characteristic
time of this interaction of a proton can be noticed in Fig. 2.3.2, a. This would lead to the cut-off
in the CR spectrum, see Fig. 2.3.2, b. The solid line corresponds to the CMB background light.
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Figure 2.3.2: Left: Characteristic time of photo-pion production for different temperatures of the background ra-
diation originally from [3], reconstructed in [62]. Solid line corresponds to the cosmic microwave
background. Line with 30K close to infrared background light, and the universal radio background
line would be higher than the one with 2K. Right: Integral intensity of the CR flux and the impact of
the GZK process [62]. Solid line corresponds to the cosmic microwave background.

One could possibly think about heavier nuclei as the source to overcome the GZK-cutoff. How-
ever, for heavier nuclei, the dominant energy-loss process is photo-disintegration. The thresh-
old energy for this process is two orders of magnitude lower than the one for photo-pion pro-
duction [2]. Photo-disintegration happens as follows: an atomic nucleus absorbs a background
photon, becomes excited, and immediately decays by emitting one or several particles such as
proton, neutron or alpha particle. Photo-disintegration path of Fe nucleus is shown in Fig. 2.3.3.
Total mean free path for various nuclei is shown in Fig. 2.3.4. The regions where different pho-
ton background fields play a dominant role in the process of photo-disintegration are marked in
the plot.

Nuclear decay is the process which happens to radioactive isotopes. Unstable isotopes decay
into stable ones and emit alpha particles (alpha decay), electrons, positrons and neutrinos (beta-
decay), or photons (gamma-decay).

Elastic scattering is another photo-hadronic interaction. Photons of the background elastically
scatter on UHE nuclei and gain energy. Interaction lengths of elastic scattering is one order of
magnitude bigger than the one for photo-disintegration is. Therefore, this process is dominated
by the latter.

Another process responsible for energy loss of UHECR is electron pair production. When
UHE nucleus comes near the background photon of large enough energies, the energy of a
photon is translated into creation of an electron-positron pair. The threshold for this process
is ~ 5 x 10'7 eV for protons. Near the threshold, pair production dominates over other photo-
nuclear interactions. Comparison of the energy losses due to photo-pion production and electron
pair production for protons is given in Fig. 2.3.5.
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Figure 2.3.3: Nuclei involved in the photo-disintegration process of **Fe nuclei for y = 2.10'° [63]. Unstable nuclei
are in shaded squares, and the photo-disintegration path is indicated by the arrows. The mass number
of each nucleus is written in the corresponding square.
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Figure 2.3.4: Total photo-disintegration mean free path for various nuclei at z = 0 as a function of the Lorentz factor
I' [64]. GDR stands for giant dipole resonance, BR stands for baryonic resonance.

These are the main processes happening to the UHE nuclei and their hadronic secondary parti-
cles. Total energy loss length for %4N and ;gF e nuclei and contributions of main photo-nuclear
processes are shown in Fig. 2.3.6.
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Figure 2.3.6: Energy loss length for N (left) and Fe (right) at z = 0 [66]. Interaction with cosmic microwave back-
ground (CMB) and extragalactic background light (EBL) are shown.

Electrons, positrons and photons produced in these interactions, however, have further ways
to collide with photon background and interact with magnetic fields. For electrons, dominant
processes are inverse Compton scattering (e* + y,, — e* + ) and triplet pair production
(€* + ypg — €* +e" +e7). For photons there are pair production (y + ¥, — e* +¢7) and
double pair production (y + yp, — 2(e* +¢7)).

In general, all charged particles emit synchrotron radiation when deflected in a magnetic field.
UHE nuclei, due to their rigidity, are barely deflected by magnetic fields. However, it is an
important process for secondary electrons. Synchrotron radiation is also a channel of photon
production, but within energy range considered in this thesis those photons are negligible due to
small energies.

2.4 Pierre Auger Observatory

As the flux of the UHE particles is low, it is only possible to indirectly detect them with mea-
suring air showers they cause once reaching the top of the Earth’s atmosphere. To that end,
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experiments with huge exposure are operated, Pierre Auger Observatory being the largest of
them.

At the surface, 1660 water-Cherenkov detectors are spread within more than 3000 square km
area with a spacing of 1500 meters. Water-Cherenkov detectors measure the profile of an air
shower on the surface of the Earth and are called surface detectors (SD). When the air shower
reaches the Earth’s surface, it is possible, from the intensity of the Cherenkov light in the water
tank, to understand, where the "axis" of the air shower is, and to detect the photon density as
a function of the distance from the shower axis, so-called lateral distribution. Then, one could
estimate both energy of the CR particle that produced the shower at the top of the atmosphere
and the mass composition of the CR from this distribution. An example of the measurement
performed by surface detector is shown in Fig. 2.4.1.

Figure 2.4.1: Left: Example of the detection of the air shower using surface detector. The whole Pierre Auger
Observatory is shown in the top-right corner, the area of the detection is shown in more details in the
bottom-left corner. The curve is the lateral distribution function, see text. Right: Sketch of the detection
performed by the fluorescence detector. Pictures from the Pierre Auger Collaboration.

This array of surface detectors is surrounded with 27 fluorescence telescopes, overlooking the
area from four sites and measuring the longitudinal shower development. Fluorescence detec-
tors (FD) work as follows: the electromagnetic component of the air shower emits isotropic
fluorescence light, which is then collected on a large mirror and detected by a camera composed
of photomultipliers. With this technique, the atmosphere is used as a calorimeter, so the en-
ergy of the CR particle at the top of the atmosphere could be derived from the observations.
Furthermore, an atmospheric depths of the shower maximum Xy, is a direct observable in this
measurement, and its distribution is known to be the most direct mass composition indicator.
The sketch of the detection performed by a fluorescence detector is shown in Fig. 2.4.1 [1].

Smaller array of surface detectors called the SD 750 meters array (with SD being distributed
with the spacing of 750 meters) and the High Elevation Auger Telecopes (HEAT), which are
specifically inclined to measure showers above the field of view of other FDs (as the low energy
air showers die faster in the atmosphere) is a setup created to measure air showers from the UHE
particles of energies above 0.1 EeV [67].
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2.5 Photons among the cosmic rays

Photons are secondary messengers of the creation and propagation of the UHECRs. Photons
could be produced during the propagation of CR particles through space within the interactions
of cosmic ray particles with the background radiation (mostly from the decay of previously pro-
duced neutral pions), or they could be created at the source of the CR particles by their interact-
ing with the matter or magnetic fields surrounding the source itself. Also, the non-acceleration
mechanisms of producing cosmic rays could lead to the creation of the UHE photons. Pho-
tons could, in turn, interact with the background radiation within the processes mentioned in
Sec. 2.3.2.

Knowledge of the UHE photon flux may give clues and answers to many open questions of
modern science. Photons are not deflected by magnetic field, and their physics is well-known
from QED, so the UHE photon flux received on Earth could help in deriving the location of the
points of creation of the UHE photons and give some clues about the nature of these processes.

UHE photons could also be the messengers of new physics. for instance, they could shed some
light on non-acceleration models of UHECR production or confirm or refute the GZK effect.
Search for UHE photons is highly motivated, yet, so far, there has been no photon measured
with energies above 450 TeV [68].

With the data collected at Pierre Auger Observatory since 2004, it is possible to derive the upper
limits on the UHE photon flux. Upper limits on the integral UHE photon flux at 95% confidence
level (C.L.) are derived as a ratio:

N0'95(Ey > EO)
&/(Ey > EolE;")

VP (E, > Eo) = (2.6)

where N%% stands for Feldman-Cousins upper limit at 95% C.L. assuming zero background, &
is the integrated Monte-Carlo predicted exposure above the energy threshold with initial power
law spectrum E~T [69]. Slightly different statistical approaches are used in [4], [5] and [6]. Their
results together with the limits from Pierre Auger Observatory are shown in Fig. 2.5.1.

Combined with the upper limits derived from the experimental data, the model predictions of
the UHE photon flux are shown in Fig. 2.5.1. All three predictions extracted from [7] and
[8] are based on the assumption that GZK process is the main production channel of the UHE
photons. Differences between these predictions are due to different astrophysical scenarios used
to describe the creation and propagation of the hadronic cosmic rays (protons or iron nuclei)
from their sources towards Earth.

This thesis’s aim is to give new model predictions for photon fluxes with energies above 0.1
EeV.
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Figure 2.5.1: Photon flux limits at 95% C.L. for different analysis from the Pierre Auger Observatory [67], compared
to model predictions and other experimental limits at 95% C.L. [5], as well as at 90% C.L. [4], [6].
Coloured and dashed areas correspond to model predictions of the UHE photon flux calculated in [7]
and [8].

3 CRPropa 3

Simulation framework CRPropa 3 is a numerical tool developed to calculate different astrophys-
ical predictions of cosmic ray propagation [70]. It includes combined knowledge of multiple
aspects of cosmic ray sources, possible interactions, magnetic fields, photon backgrounds, and
cosmological effects. CRPropa 3.1.5 is used in the current thesis.

Main structure of the framework is shortly described in Sec. 3.1. The general overview of the
tool’s capabilities is presented in Sec. 3.2. List of features used for current simulations is given
in Sec. 3.3.

3.1 Basic principle of operation

CRPropa 3 is a modular tool adapted for multi-core calculations. Propagation of each parti-
cle (so-called candidate) is independent. Therefore, it is possible to process them in parallel.
OpenMP is used to enable shared memory multiprocessing.

All the aspects of the simulations, from source parameters to observer properties, are separated
into independent modules, which, in different combinations, form the scenario of the simulation,
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Figure 3.1.1: Schematic representation of the modular structure of CRPropa 3 [70].

see Fig. 3.1.1. Broad variety of modules is presented by creators of the tool, yet it is possible
for the user to add his own modules if needed. Every combination of modules can be set as a
propagation scenario, so CRPropa 3 is a useful tool to study impact of different features on the
propagation.

The propagation process for each candidate starts with defining individual properties of the CR
particle determined by the source features or directly by the user. At each step of the propagation,
these properties are changed with respect to permanent processes (e.g. synchrotron radiation).
Then, the probability for the particle to participate in any of stochastic interactions (e.g. photo-
pion production) is calculated with respect to interaction length of each interaction for a particle
with current properties. All the secondary particles produced in the interaction are, if required,
added to the end of the queue of the particles to be propagated and, in turn, are treated as
candidates themselves. Afterwards, another propagation step of variable size is taken. The
propagation of the current candidate ends when it reaches the detector or fulfills a terminating
condition (e.g. minimum energy limit or propagated distance), determined by the user. For each
particle that reaches the detector, it is possible to extract various properties of this particle as a
result of the propagation.

3.2 General Capabilities

CRPropa 3 has two propagation modes, 1D and 4D. In 1D simulation, particles are emitted and,
then, propagated on a line towards the observer. The redshift is calculated in advance using
the distance between the source and the observer. In 4D simulation, a full 3D-propagation is
presented, and the redshift is counted as the fourth dimension.

All kinds of magnetic fields are supported in CRPropa 3. The user can define the magnetic field
as a vector uniform field, as a periodic magnetic field grid, or as a random turbulent field. Any
model of the magnetic field created by the user can be added to the simulation. For extragalactic
propagation, models from [57] and [58] can be downloaded and added to the simulation. For
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galactic magnetic fields, one can choose from toroidal halo field, logarithmic spiral field, or
models from [55] and [56]. The user can combine different magnetic fields and set the volume
in which one or another field model should be used. So-called magnetic field decorators, which
are additional features of the magnetic fields and are used to change the field in the process of
propagation, are implemented as well.

Concerning the magnetic field impact, it is possible to decide whether to include the deflection
of the particles in the propagation or to neglect it and only consider the magnetic field as a cause
of energy loss due to synchrotron radiation.

As 4D galactic propagation is a process that requires significant amount of computation time, the
procedure of galactic lensing (using tabulated results from backtracking CR candidates instead
of Monte Carlo propagation) is introduced instead of the direct Monte Carlo simulation of such
a propagation.

Different interaction modules are available by default. For each interaction, the user should
choose the photon background for the CR partice to interact with and decide whether to propa-
gate each type of secondary particles or neglect them. It is possible to choose between internal
libraries of CRPropa or rely on external ones for interaction cross-sections. For calculating
electromagnetic cascade propagation, user have an opportunity to either adopt Monte Carlo sim-
ulations of CRPropa or switch to another Monte Carlo code EleCa [71] or to a transport code
DINT [72]. In the DINT code the numerical evaluation of the transport equations is used for
photon and electron propagation, and the main difference between CRPropa and EleCa is in the
interaction length calculation: in CRPropa it is tabulated independently for each photon back-
ground in CRPropa, and in EleCA an overall interaction length resulting from the contribution
from each background is used [59].

Propagation of each candidate continues until the user-provided limit is reached. The limit
can be put on the properties of propagated particles (e.g. energy, type, position) or on redshift
in order to choose the time window for the detection. It is possible to use several limits on
different properties at the same time. For 4D simulation, there is an opportunity to introduce
space boundary conditions for candidates to save the computation time.

In CRPropa 3 there is a feasibility for the user to define the parameters of the observer. It is
possible to detect a particle at the very moment of its creation or at the point when it reaches
the observer. The decision of whether to detect or neglect a particle can be made depending on
its properties. For 4D simulation, shape and size of the observer can be specified. The user can
specify the type of output data (events or trajectories, 1D or 3D) and choose the parameters of
the candidate to be recorded from a broad list.

Sources of the cosmic ray candidates can be varied as well. The user can specify the position
of the source or the spatial distribution of multiple sources, put limits and spectral index for the
initial energy spectrum, determine the type of the initial particles or their composition, make the
emission isotropic, specify the source evolution with redshift, etc. If needed, a list of sources
can be prepared, or an individual candidate can be described.

CRPropa 3 has special tools to analyze run-time distribution. It has an internal list of constants
and units, and, by default, it is working with comoving distances.
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3.3 Modification used

The general task of propagating the particles through the galactic magnetic field requires huge
amount of computational time, for most of the particles are deflected very significantly. With the
detector being a small sphere at the place where Earth resides in the galaxy, in 3D propagation,
the particles won’t reach the detector at all. For UHECR, however, this task of the galactic prop-
agation is much easier, as particles of ultra high energies are barely deflected and are propagated
through the galaxy in a quasi-rectilinear regime. For this reason, and also due to the assumption
of the uniform distribution of the sources in space, 1D propagation regime is chosen. Granted,
in this thesis, only nuclei of energies above 1 EeV are propagated (see Sec. 4.1), so the impact
of the galactic magnetic field is neglected due to extragalactic origin of all the particles.

Since the sources of the UHECR are more or less uniformly distributed at large distances, a
random deflection of the particles would have no impact on the isotropic flux, which we are
interested in. Due to this symmetry of the problem 1D simulation could be used, with all the
deflection due to the extragalactic magnetic field neglected. In this case, there is no reason to
use complicated models of the extragalactic magnetic field. The magnetic field is implemented
as a vector perpendicular to the propagation axis. The Redshift module is added to calculate the
current redshift of the candidate at each step of the propagation.

B = UniformMagneticField( Vector3d( 0, Bvalue * nG, 0) )

sim.add( SimplePropagation() )
sim.add( FutureRedshift() )

From the variety of photo-hadronic interaction modules, photo-pion production, photo-disintegration

(for all initial particles but protons), and nuclear decay are taken into consideration. All the
secondary particles are included in the propagation expect for neutrinos. The electromagnetic
cascade (pair production, double pair production, triple pair production, inverse Compton scat-
tering), and the synchrotron radiation are considered for electrons and photons. For photon
background, CMB, URB [60], and IRB [61] models are used.

photons=True
electrons=True

3 neutrinos=False

1

nuclei=True

sim.add( PhotoPionProduction( CMB, photons, neutrinos, electrons, nuclei ) )
sim.add( PhotoPionProduction( IRB_Gilmorel2, photons, neutrinos, electrons,
nuclei ) )
sim.add( PhotoDisintegration( CMB, photons ) )
sim.add( PhotoDisintegration( IRB_Gilmorel2, photons ) )
sim.add( NuclearDecay( electrons, photons, neutrinos ) )
for background in ( CMB, IRB_Gilmorel2, URB_Protheroe96 ):
sim.add( EMPairProduction(background, electrons) )
sim.add( EMDoublePairProduction( background, electrons ) )
sim.add( EMTripletPairProduction( background, electrons ) )
sim.add( EMInverseComptonScattering( background, photons ) )
sim.add( SynchrotronRadiation( B, False ) )

In this thesis, the photon flux above 0.1 EeV is analyzed. Hence, a threshold energy of 0.1 EeV
is chosen as the breaking condition for the propagation. No other limits are set up.

sim.add( MinimumEnergy( 0.1 * EeV ) )
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Sources of UHECR are uniformly distributed in the selected comoving distance range. As the
aim is to represent realistic 3D case with 1D simulation, geometrical reweighting for uniform
distribution on a sphere needs to be done, so every candidate at the end is reweighed with the
square of its distance from the observer and normalized. As 1D simulation is unisotropic, and
only the number of particles inversely proportional to squared distance would be emitted towards
the observer in 3D case, another reweighing is required. These two factors are to cancel each
other, so no special geometrical reweighting is required.

source.add( SourceUniformlD(Dmin * Mpc, Dmax * Mpc) )

Energy spectrum of CR at their sources is set up as power law spectrum with a spectral index of
-1. This spectral index has no physics motivation but has rather been chosen to provide better
statistics for simulation results at higher energies. Therefore, additional reweighting on the
spectral index is done after the simulation to achieve spectral indices of interest. Initial particle
type is to be changed from one research task to another, so is the upper limit on the energy
spectrum.

source.add( SourceParticleType( nucleusId( A,Z ) ) )
source.add( SourcePowerLawSpectrum(Emin * EeV, Emax * EeV, -1) )

It is possible to include source evolution with redshift in the propagation, but it could also be
done with translating the trajectory length to redshift and doing additional reweighting in 1D
case.

In Chapter 5 this part of the code is changed for compositional cosmic ray propagation. In order
to add a type of nuclei in the chemical composition, the mass of the nucleus A, its charge Z,
and the fraction of this type of nuclei in the total composition at the minimum threshold energy
should be specified.

composition = SourceComposition( Emin * EeV, Emax * EeV, -1 )
composition.add( A, Z, fraction )

composition.add( A, Z, fraction )
source.add( composition )
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4 Pure proton cosmic rays propagation

"To begin the study of the propagation of hadronic cosmic rays, the sources are assumed to
produce only a single type of primary particle. In the simplest case, primary protons are assumed
which are the lightest hadrons. Protons do not participate in photo-disintegration, they do not
decay, so the number of interactions involved in the propagation is reduced comparing to more
heavy nuclei. In the current chapter, step by step we are to come from simple scenarios (one
UHECR source, one specific initial energy value) to more realistic ones and predict the UHE
photon fluxes from these UHECR sources. This is done to study more precisely the impact of
different CR source parameters (e.g. steepness of the initial source energy spectrum) and space
parameters (e.g. magnetic field value) on the UHE photon flux on Earth.

From this chapter on, the particles emitted from the sources are called "initial cosmic rays" or
"initial particles", the ones produced during the propagation of the initial cosmic rays through
space are called "secondary particles”, and the flux of the cosmic rays on the top of the Earth’s
atmosphere is referred as "cosmic ray flux on Earth."

4.1 Discrete distances and discrete energies

In order to have a basic understanding of the impact that UHECR sources at different distances
have on the photon flux on Earth, we start the study with the most simple case: one source at
specific distance from the observer emits initial CR particles of specific energy. We then have a
look at the secondary UHE photon distribution on energy, change the distance and/or the initial
energy value and perform the simulation again. The limit on the minimum energy for particles
in the propagation is 0.1 EeV, all particles with smaller energy values are excluded from the
propagation as soon as they reach this energy value. This is approximately the energy value at
which Pierre Auger Observatory can start to detect the CR particles.

Five different initial CR energy values are chosen for this study for better understanding of
the impact on the number of photons: 1EeV, 10EeV, 50EeV, 100 EeV, and 400 EeV. 1EeV
is a limit of previous predictions (see Fig. 2.5.1) and also a point where the transition from
extragalactic to galactic UHECR is expected, so it is of great interest: if no UHE photons are
coming from cosmic rays of this energy, we could assume that all the CRs that are contributing
to the UHE photon flux are of extragalactic origin and all the UHE photons are produced before
galactic magnetic field influences the CR propagation. 50 EeV is approximately the area of the
GZK threshold. 400 EeV is an upper energy limit far above the GZK limit.

Five different distances are chosen as well: 4 Mpc, 10 Mpc, 40 Mpc, 100 Mpc, 400 Mpc. 4 Mpc
is the distance to the nearest potential UHECR source, Centaurus A [73]. In general, after
~ 40 Mpc a decrease in the number of photons with increasing the distance is expected. In this
research a maximum distance of 400 Mpc is chosen, and other values are roughly equidistant in
logarithmic scale.

Results of the simulations are presented in Fig. 4.1.1 and in Table 1. The plots give a general
overview on the growth of the photon number with increasing energy value and the non-linear
dependency of the number of photons at the observer on the distance from the source. In Table 1
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Figure 4.1.1: Integral number of photons reached the detector as the function of the threshold energy Ej. Each plot
represents one initial energy value noticed in the plot. Solid lines are the number of UHE photons, and
dashed lines are the number of total CR particles for the corresponding energy threshold. The color of
the line marks the distance between the source and the observer.
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total number of photons is given for each combination of distance and energy value. 10° initial
particles are emitted in simulations for 10, 50, 100 and 400 EeV. As the case of 1 EeV is of
special interest and has an impact on the whole simulation process (the decision on neglecting
or including the galactic magnetic field in further propagation is to be made on the basis of this
result), 107 initial protons are emitted in those propagation. In the Table, however, the number of
the UHE photons at the observer is normalized to 10° initial particles for more easy comparison
with other results. There is no plot for 1 EeV case, as the number of photons is extremely small.

Total amount of UHE photons at the observer point
energy, EeV \ 4 Mpc \ 10 Mpc \ 40 Mpc \ 100 Mpc | 400 Mpc

1 0.08 0.05 0.05 0.02 0
10 12 17 15 8 4
50 716 1563 1477 910 256

100 14271 | 33670 | 25998 7917 727
400 155061 | 496226 | 335461 19506 723

Table 1: The number of photons reached the detector from different discrete sources. The number of photons at the
detector is normalized to the 10° initial protons.

The dependencies observed are easily understandable. The general increase in number of the
UHE photons with energy has two main explanations. Firstly, the higher the initial energy, the
more interactions proton participates during the propagation (and more secondary particles it
produces), see Fig. 2.3.6 for the energy loss length of the nuclei dependence on the threshold
energy. Secondly, the higher the energy of the initial, the higher the energy of the secondary
photon, so more of them end up in the energy range of interest. When it comes to distances, the
maximum is reached at distances in a range from 10 to 40 Mpc. 4 Mpc is too small distance for
majority of the UHE protons to participate in several (for 10 EeV even one) interactions. With
distances of 100 Mpc or even 400 Mpc protons lose too much energy during all the interactions
they take part in, so the photons produced there have too small energies; and the photons pro-
duced in very first interactions are so far away from the detector that they mostly interact with the
photon background before reaching Earth. Both the number of the total CR particles and UHE
photons is smaller for 100 Mpc and 400 Mpc then for 40 Mpc (for the considered energies).

The main conclusion we are to make from this study is that initial cosmic rays with initial
energies lower than 1 EeV contribute negligibly in the number of UHE photons with energies
above 0.1 EeV. Thus, these CRs can be safely expelled from the propagation in order to save
computation time. As the energy range around 1 EeV is the range in which galactic CR flux
is being exceeded by extragalactic one, we can consider all our initial particles of extragalactic
origin. Other important features of the UHE photon flux dependency on the distance of the
source and the initial energy of the CR particles are the increase of the flux with distance up to
10-40 Mpc and decrease of the flux with further increasing distance, and a general increase of
the total number of UHE photons with energy (effect is larger for smaller distances).
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4.2 Parameters study

As there is no direct and precise understanding of neither sources of the UHECR propagation,
nor space parameters (e.g. magnetic field, photon background), a benchmark scenario is needed
for further research. Variation of its parameters is to give an idea of possible systematic uncer-
tainties inherited from a lack of knowledge about these parameters’ values.

In all further simulations of this chapter CR sources are uniformly distributed within a distance
range from 4 Mpc to 2800 Mpc in coherence with [9]. A suitable choice of the upper limit
is re-evaluated later in this section. The assumption is made that sources have similar energy
spectrum of emitted primaries with power law dependency and a rigidity cut-off:

dN
B = E™%/ cosh(E/Rcutoff) 4.1

where « is the spectral index, and Rqyof 1S @ maximum rigidity value.

The energy spectrum of CR at their sources in this subchapter has following parameters: spectral
index @ = 2, maximum rigidity Reyeof = 10%° eV, minimum energy of 1 EeV and maximum
energy of 400 EeV. A suitable choice of the upper limit is re-evaluated in Sec. 4.3.

Propagation is simulated in the absence of magnetic fields and with no source evolution with
redshift in coherence with [9]. For photon background CMB, URB [60] and IRB [61] models
are used. Total CR flux received at the observer is normalized to the results of the Pierre Auger
Observatory from [74] at energy value of 10'° eV, see Fig. 4.2.1.
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Figure 4.2.1: Preliminary energy spectrum of the CR observed at the Pierre Auger Observatory [74]. The red point
is the normalization value used in the thesis.

As the aim of this study is to get a better understanding of the impact of each parameter of the
propagation scenario on the UHE photon flux, we are going to vary them one by one and look
at the fluxes and at the fraction of UHE photons in the total CR flux received at the observer.
Parameter values are mostly taken from [9] for easier comparison of the results.
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One notification should be done for all future results. On the plots fluxes are shown in a threshold
energy range from 0.1 EeV, as this is the limit we are aiming to give predictions for, yet the
initial CR spectrum, as was discussed above, have a minimum of 1 EeV. If we were to present
the results with no corrections, the artificial kink at Ey =1 EeV in CR fluxes would had been
observed, and the photon fractions would had had artificial kinks at that energy. As there is no
physical meaning behind those features, correctional reweighting in in the energy bins between
0.1 and 1 EeV is done for total cosmic ray fluxes.

The first parameter to discuss is the spectral index. Spectral index « from Eq. 4.1 is changed
in a range from @ = 1 to @ = 3. The impact of these changes is demonstrated in Fig. 4.2.2.
In the integral photon flux, the general decrease of the flux with the increase of the spectral
index is noticeable. The difference between UHE photon fluxes is almost an order of magnitude,
independently of the threshold energy Ey. Integral total CR flux increases with the spectral
index at lower energies and decreases with increasing spectral index at higher ones (due to
normalization at 10'® eV). Photon fraction is also decreasing with growth of the spectral index,
yet the difference is significantly larger for lower energies than for higher ones.
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Figure 4.2.2: Impact of the spectral index of the initial energy spectrum of the sources on the UHE photon flux. Top:
Integral photon fluxes (with total CR fluxes in dashed lines) in dependency of the threshold energy Ej.
Bottom: Integral UHE photon fraction in dependency of the threshold energy Ej.

This happens, as with increasing the spectral index we bring more protons with lower energies
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and less protons with higher energies into simulations. The total CR flux on Earth is then chang-
ing accordingly, and as is concluded from discrete sources study in Sec. 4.1, protons with less
initial energies create less UHE photons while being propagated, so the fraction of UHE photons
increases significantly with initial proton energy. The impact of the spectral index on the fraction
of photons in the total CR flux on Earth is not as significant for higher energies of the particles,
as it is for lower ones due to the total CR flux behaviour.

Initial spectrum of the sources also depends on the maximum rigidity. In this study Reutof
is changed from 10" eV to 10%° eV and then to 10?! eV. The results are shown in Fig. 4.2.3.
Maximum rigidity value determines, at which energies the initial particles spectrum starts being
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Figure 4.2.3: Impact of the maximum rigidity of the initial CR energy spectrum at their sources on the UHE photon
flux. Top: Integral photon fluxes (with total CR fluxes in dashed lines) in dependency of the threshold
energy Ey. Bottom: Integral UHE photon fraction in dependency of the threshold energy E.

suppressed, so with increasing of the maximum rigidity more and more UHE photons coming
from initial protons with higher energies are included into the flux, and with normalization the
weight of initial cosmic rays with lower energies and their secondary particles is decreasing
accordingly. As was described above, this leads to general increase of the UHE photon flux.
Flux and photon fraction for Reyoff = 10'9 eV is notably smaller than ones for other values,
as suppression starts already at 10 EeV in this case. This energy value is much lower than the
threshold energy for the GZK interaction. Therefore, the majority of the protons that can par-
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ticipate in this main photo-hadronic process, are strongly suppressed, and less GZK interactions
means less GZK photons.

Another parameter concerning sources is the maximum source distance. Study of the impact
of distant sources on the UHE photon flux is performed as follows: the propagation of UHECR
from sources to Earth with sources being uniformly distributed in the range from 4 Mpc to 3600
Mpc is done, and then the contribution of distant sources is explored by changing the upper limit
of the distance range. Limits of 10 Mpc, 30 Mpc, 100 Mpc, 300 Mpc, 1000 Mpc, 2000 Mpc,
and 3600 Mpc are studied. In Fig. 4.2.4 the results are shown.
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Figure 4.2.4: Impact of the upper limit of included source distances of the initial energy spectrum of the sources on
the UHE photon flux. Top: Integral photon fluxes (with total CR fluxes in dashed lines) in dependency
of the threshold energy E,. Bottom: Integral UHE photon fraction in dependency of the threshold
energy Ej.

From the fluxes, it is apparent that while the range of 4-10 Mpc does only contribute ~ 2%
of the overall flux from the whole 4-3600 Mpc range, the dependency of the UHE photon flux
on the maximum source distance is highly non-linear, and the UHE photon flux coming from
the sources in the range of 4-2000 Mpc is almost as big as the whole flux. To understand the
dependency of the contribution to the total flux on maximum source distance better, the ratio
of the number of photons coming from each of discussed areas to the one of the whole 4-3600
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Mpc range is shown in Fig. 4.2.5. Point of maximum source distance 2800 Mpc, the benchmark
scenario value, is also included here.
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Figure 4.2.5: Ratio of area’s contribution to the total UHE photon flux (the flux from a distance range of 4-3600
Mpc) as a function of the maximum source distance. Red line is a cubic spline.

With this dependency, it is easier to understand the possible uncertainties one may have from
excluding the far-distant sources from the propagation. These uncertainties are significantly
smaller than the uncertainties that are introduced by the choice of the spectral index or the
rigidity cut-off. With an upper limit on source distances of 2800 Mpc, we are losing less than
6% of the UHE photons compared to the flux coming from the 4-3600 Mpc range, so this is a
proper point of balance between saving computation time and lowering down the uncertainties
of the simulation.

Also, fluxes in Fig. 4.2.4 indicate that far-distant sources do not contribute at all to the total flux
at higher threshold energy. Photons with energies higher than 30 EeV are only coming from
sources closer than 100 Mpc from the observer. This is, as was discussed in Sec. 4.1, due to
finite photon interaction length and CR particles losing energy while being propagated.

Cosmological effect of density and luminosity of the sources evolving with redshift has also
been studied. As mentioned in Sec. 2.2, this evolution is different for different sources of
UHECR. Three scenarios are compared here - the uniform distribution with no evolution, the
one with evolution following the star formation rate (SFR) and the steeper one for quasar-like
systems (QS). The results are presented in Fig. 4.2.6. As the evolution follows the formula
(1 + z)™ with m = 0 for uniform distribution of the sources, m = 3.4 for SFR and m = 5.5 for
quasars, and redshift z is growing with distance [75], the evolution in general give more weight
to far-distant sources. From previous parameter study, we know that far-distant sources con-
tribute less to the overall photon flux on Earth, so the decrease in all the UHE photon flux is
expected and noticeable in the plot. UHE photon flux from sources with SFR type of evolution
is nearly two times higher than the one from sources with QS type of evolution and nearly two
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times lower than the one from sources with no evolution.
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Figure 4.2.6: Impact of the source evolution with redshift on the UHE photon flux. Top: Integral photon fluxes (with
total CR fluxes in dashed lines) in dependency of the threshold energy E,. Bottom: Integral UHE
photon fraction in dependency of the threshold energy Ej.

Besides the parameters of the sources, ones of the space should be discussed as well. Magnetic
field in this propagation is only included in synchrotron radiation process, all the deflections
are neglected. As was explained in Sec. 3.3, extragalactic magnetic field is implemented as
a uniform vector perpendicular to the propagation direction, so only the absolute values are
discussed here. Extragalactic magnetic field value of 0.34 nG is representing the model from
[57], the value of 15 nG is for the model from [58]. Propagation in the absence of magnetic
fields and the case of 1 nG field are added for more clear understanding of the dependency.
Magnetic fields are mainly affecting electrons and positrons, so these particles lose their energy
and don’t produce photons of ultra-high energy in inverse Compton scattering or triplet pair
production. The general decrease of the UHE photon flux with increasing the magnetic field is
noticeable in Fig. 4.2.7.

The stronger the magnetic field, the larger are the losses on synchrotron radiation, so the impact
becomes more significant. The effect disappears with increasing of the threshold energy, as pho-
tons with the highest energies are generally the ones which come directly from photo-hadronic
interactions and don’t lose energy on further interactions with the background, so their energies
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Figure 4.2.7: Impact of the magnetic field value on the UHE photon flux. Top: Integral photon fluxes (with total
CR fluxes in dashed lines) in dependency of the threshold energy E,. Bottom: Integral UHE photon
fraction in dependency of the threshold energy E.

are not dependent on electrons losing energy to synchrotron radiation. In other words, the ef-
fect of the magnetic field is larger for those UHE photons that are produced deeper in the EM
cascade.

Remaining parameter of the space is the universal radio background. The result of the prop-
agation in absence of URB is compared to the one with URB of Protheroe’s model [60]. It is
noticeable from Fig. 4.2.8 that URB has no significant impact on total CR flux, yet photon flux
is lower when URB is taken into account. As was mentioned in Sec. 2.3.2, URB has the smallest
average energy per photon, and the threshold energy for the interactions of UHECR with pho-
tons of this background is the highest of all (e.g. for GZK-process it is larger than 100 EeV).
Photo-hadronic interactions in current energy range are then almost only happening with the
cosmic microwave background and infrared background light, and only for the most energetic
protons the absence of URB is noticeable. This means that without URB less amount of UHE
photons with highest energies is produced, but for CR particles with initial energy less than 100
EeV the existence of the URB is not important. This lack of the UHE photons is distinguishable
in Fig. 4.2.8, and the effect is increasing with energy, as expected.
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Figure 4.2.8: Impact of the universal radio background on the UHE photon flux. 7op: Integral photon fluxes (with
total CR fluxes in dashed lines) in dependency of the threshold energy E,. Bottom: Integral UHE
photon fraction in dependency of the threshold energy Ej.

One last propagation parameter to check is the impact of the electron pair production (EPP)
on the simulation. This photo-hadronic interaction, as described in Sec. 2.3.2, may have some
impact on the UHE photon flux. The question here is whether it is necessary to include this
interaction in the simulation, or it can be omitted to save computing resources. Including this
particular interaction significantly increases the computational time, and is not supposed to be
dominant in the energy area of interest [65]. As electrons play significant role here, magnetic
field of 0.34 nG is included into benchmark scenario for this one study.

The impact of the electron pair production is shown in Fig. 4.2.9. According to the plot, electron
pair production has only a minor impact on the total CR flux. In CRPropa 3 electron pair
production is implemented as energy loss process for hadronic nuclei, and the electron-positron
pairs are produced out of that lost energy [76]. And as it is mostly impacting nuclei of 10-
50 EeV, for total CR flux it would mean fewer particles in this range, and more in the range
below 10 EeV and above 50 EeV (again, due to the normalization at 10'° V). The influence
of the EPP process on the UHE photon flux is, however, small. The UHE photon flux with
EPP involved is generally slightly higher, because EPP is a weak source of secondary photons:
electrons produced in EPP can then possibly interact with background photons and produce
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UHE photons. The difference in fraction of the UHE photons in total CR flux above 20 EeV is
caused by the changing behaviour of the total CR flux in this energy range.
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Figure 4.2.9: Impact of the electron pair production process on the UHE photon flux. Top: Integral photon fluxes
(with total CR fluxes in dashed lines) in dependency of the threshold energy Ey. Bottom: Integral UHE
photon fraction in dependency of the threshold energy Ej.

In further propagation, the EPP process is excluded from the list of the interaction, yet it should
be considered that, for pure protons, the flux may be ~ 15% higher for spectral index a = 2,
if EPP is included. The impact becomes more significant with increasing the spectral index.
For spectral index @ = 1.7 the photon flux is ~ 9% higher with the EPP process included. The
highest spectral index used in current thesis is @ = 2.1, and for the scenario in which this index
appears (see Sec. 4.3), adding the EPP process to the propagation would lead in UHE photon
flux higher by ~ 17%.

All the dependencies observed are in agreement with the expectations and are not significantly
different from previous results shown in [9].
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4.3 Realistic scenarios

Previously parameters of the propagation were mostly chosen to show the uncertainty ranges,
but their astrophysical credibility was not questioned so far. To give more reliable predictions
of UHE photon flux, two more realistic scenarios of propagation, ’low’ and "high’, are to be
created. Parameters values for these scenarios are taken from [9].

e scenario 1, higher flux: spectral index o = 1.7, maximum rigidity Reyof = 10'%° eV,
evolution following star formation rate (m=3.4), magnetic field of 0.34 nG (Dolag et al

[57D)

e scenario 2, lower flux: spectral index a = 2.1, maximum rigidity Reyof = 10196 eV,
evolution as indicated for quasars (m=5.5), magnetic field of 15 nG (Miniati et al [58])

Sources from distances of minimum 4 Mpc and maximum 2800 Mpc are taken into account.
The last parameter to configure is the upper limit for source energy spectrum. It is important,
on one side, to choose this limit large enough to have a trustworthy UHE photon flux on Earth,
and on the other side, to not overestimate this value, as it has the most significant impact on the
computation time. This parameter is checked for the "high’ propagation scenario. Propagation
results for four different upper limits are shown in Fig. 4.3.1. Impact is only observed at the
highest threshold energy values, where the UHE photon fluxes are of very low values. The
choice of this upper limit depends on the uncertainties allowed in the resulting flux. For further
propagation the limit of 300 EeV! is chosen.
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Figure 4.3.1: Impact of the upper limit of the source energy spectrum on the UHE photon flux. Integral photon and
total CR fluxes in dependency of the threshold energy Ej.

The resulting prediction of the pure proton cosmic rays study is shown in Fig. 4.3.2. The pre-
diction is far (two to five orders of magnitude depending on the energy) below the upper limits
derived from experimental data. It is also by two orders of magnitude below the previous model
prediction from [8], yet the parameters of the propagation scenarios are different. If comparing

This choice of the energy limit coincides with the energy of the Fly’s Eye particle detected by High Resolution
Fly’s Eye Cosmic Ray Detector, the particle with highest-ever-detected energy [77].
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Figure 4.3.2: Prediction of the UHE photon flux from pure proton cosmic ray propagation. Integral photon and total
CR fluxes in dependency of the threshold energy Ey. Limits from the Pierre Auger Observatory [78],
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to the results from [9], the difference is less significant here, yet the results are still slightly be-
low previous ones. Concerning the propagation parameters, the only difference between current
scenarios and the ones used in [9] is in the IRB model, switching from Kneiske’04 [80] model
to Gilmore’12 [61] one, yet it has negligibly small impact on the results. Normalization of the
results was made to the data published in 2013 in [81], and in the current thesis it is to the data
from 2019 from [74], yet the value of the energy spectrum at 10'° eV is almost the same. The
main reason for the differences may be the new configuration of CRPropa framework (CRPropa
2 used in [9] and CRPropa 3 used in the current thesis). The whole structure of the framework
was changed in this upgrade, and also the implementation of the photo-pion production, main
interaction of the research, was improved (interaction rates recalculated, cross-sections for wider
energy range added), and the transition to internal usage of comoving distances was made [70].
These changes in CRPropa 3 may account for the differences between the results in [9] and
current work.
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5.1 Pure heavy nuclei cosmic ray propagation

When turning to the propagation of heavier cosmic ray particles, the photo-hadronic process
of photo-disintegration is added. This process has been found to have significant impact on
both CR and UHE photon fluxes. To understand this impact better the propagation of UHECR
consisting of only one element is made for several different elements. As a benchmark scenario
the “higher’ scenario of pure proton propagation is chosen. Both upper limit on source energy
and maximum rigidity are now proportional to the charge of the nucleus Z.

dN E~@
—(E) < - (5.1)
dE cosh(E/(Reut-off(' H) Z))
Ema(A) = Emax('H) Z (5.2)
The results of the simulation for %H, gHe, élB, %4N, %iSi, Al'gAr and ggFe initial CR nuclei are

shown in Fig. 5.1.1.
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Figure 5.1.1: Impact of the mass of the initial nuclei on the UHE photon flux. 7op: Integral photon fluxes (with total
CR fluxes in dashed lines) in dependency of the threshold energy E,. Bottom: integral UHE photon
fraction in dependency of the threshold energy Ej.
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Protons do not participate in photo-disintegration, so the fluxes observed from initial cosmic rays
consisting of pure iH are the same as in Chapter 4. For all the heavier nuclei photo-disintegration
is a dominant process, as heavy nuclei decay fast (see Fig. 2.3.4 for the photo-disintegration
mean free path) into lighter ones, and at the observer most of the hadronic particles are protons.
As shown in Fig. 2.3.4, the heavier the nucleus is, the smaller is the mean free path.

In the total CR flux in Fig. 5.1.1 a kink appears for pure He initial CRs at ~ 100 EeV, then with
increasing the charge of the initial nuclei the kink slowly becomes less and less sharp, moves to
higher energies and almost disappears for heavy initial CRs. This kink represents the decay of
the nuclei via photo-disintegration. At this point one high-energetic nucleus decays into several
nuclei with less energy, and the lighter the initial CR nucleus is, the more critical is this step.
This is due to the fact that, while He through photo-disintegration decays symmetrically into
two particles twice less massive, Fe nucleus, as shown in Fig. 2.3.3, has asymmetrical step by
step decay, so the decrease in the main nucleus’ energy is less steep. And as for UHE photon
flux, as the energy per nucleon is higher in protons than in other elements, more UHE photons
are produced in propagation of protons, while the difference between all UHE photon fluxes
produced by heavier nuclei is almost insignificant, and there is no strong dependency on the
charge or mass of the initial nuclei. Results of the more precise study of the dependency of the
UHE photon flux on Earth on the charge of the initial CR nuclei are shown in Fig. 5.1.2. Lines
here are linear splines to lead the eye. General decrease is seen, yet from element to element no
clear trend is visible.

0,0001 —

1e-05 —

Integral photon flux for named threshold energies Ep

Charge of the initial CR nuclei Z

Figure 5.1.2: Integral UHE photon flux value for the threshold energy £, named in the legend as a function of the
charge of the initial CR nuclei. Lines are linear splines to lead the eye.

As aresult of this study, in Fig. 5.1.3 the UHE photon fluxes from initial protons (red) and initial
iron nuclei (blue) are shown for both "higher flux’ and ’lower flux’ scenarios from Sec. 4.3.
These two scenarios represent an estimation of the uncertainties due to the choice of propagation
parameters, so the areas between those lines can be considered as the prediction of the UHE
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Figure 5.1.3: Integral UHE photon flux from proton (red) and iron (blue) initial cosmic rays in dependency of the
threshold energy Ej.

photon flux from those cosmic rays.

5.2 Mixed cosmic ray propagation
5.2.1 Combined fit of the spectrum and composition data

Analysis of the depth X,x of maximum development of the shower in the atmosphere received
at the Pierre Auger Observatory shows that the composition of initial cosmic rays changes for
different energies [82]. For instance, the CR flux on Earth at energy less that 1 EeV is expected
to be produced from initial pure proton CRs, and for the highest energies pure iron initial CRs
could describe the observations. However, the CR flux on Earth in energy range approximately
from 1 EeV to 100 EeV is believed to be a result of the propagation of mixed cosmic rays
from their sources towards Earth, see Fig.6 in [74]. Several general expectations exist on the
parameters of these initial cosmic rays (like hard spectrum with spectral index @ ~ 1 — 1.6 at the
sources and low maximum rigidity Reu.of < Z X S EeV [83]). Yet to provide a parameter set of
the initial cosmic rays (spectral index, maximum rigidity, fractions of different elements in the
initial composition) that would lead to observed CR flux on Earth, a detailed fitting procedure
needs to be performed.

One attempt to create such a parameter set is described in [82]. The results of this analysis
relevant to the current study are compiled in Table 2. The values derived in this fit may be
used as parameters for the propagation scenario. Then the UHE photon flux predictions can be
obtained for the mixed initial cosmic rays.

The fit procedure in which these values were derived happened as follows. First of all, the two
independent sets of data (energy values of the particles on the top of the Earth’s atmosphere
and Xp,x distributions) from the Pierre Auger Observatory were selected. Then the benchmark
propagation scenario was created with several assumptions made to save computational time and
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Best-fit parameters of the mixed UHECRs
Likelihood scanning Posterior sampling
parameter main minimum 2nd minimum
best fit average best fit average best fit shortest 68% int.
@ 096 093+0.12 204 205700 1.22 1.20 + 1.38
10gg(Reurofi/eV) | 18.68  18.66+0.04 19.88 19.86+0.06 | 1872  18.69 + 18.77
fu(%) 0.0 12,5104 0.0 33733 6.4 0.0+ 189
Jfite(%) 673 586738 0.0 3.675¢ 46.7 18.9 +47.8
fx(%) 28.1 24.6%57 798 721775, | 3715 30.7 +51.7
Jsi(%) 4.6 4.2+ 20.2 20.9*39 9.4 54+146
fee(%) 0.0 0.0 0.0
| pvalue | 0.026 0.0005 ~0.06 |

Table 2: Best-fit parameters for the reference scenario [82]. Errors are from the fitting procedures, systematic ones
are only included for Posterior sampling, their calculation is described in the paper.

7 independent parameters unsettled. The scan over these parameters was made: the simulations
of CR propagation were performed according to the benchmark scenario and with these 7 pa-
rameters being changed. After that two different statistical approaches, likelihood scanning (LS)
and posterior sampling (PS), were used to derive the optimal fit parameters of the benchmark
scenario, so the resulting CR flux on Earth would fit the experimental data best.

Now each of the steps of the fitting procedure are to be described in more details. First of all,
the data sets were selected from the observations of the Pierre Auger Observatory with usage of
both surface and fluorescence detectors. For the energy spectrum at the ground level only the
data from surface detectors was used. No regular reconstruction of the energy spectrum at the
ground level was made from the observed counts. Instead, the simulations of the spectrum at
the ground level with different propagation scenarios were made, expected event count in each
energy range was calculated, and then simulated event counts were directly compared to the
observed counts. The X, distributions were received from the fluorescence telescopes. The
Gumbel parameterization was used to derive the mass composition from these distributions. The
method is described in details in [84].

Next step was the benchmark scenario of the CR propagation from their sources towards Earth,
and here several assumptions needed to be made. Only a representative set of injected elements
was taken into account (1 H, “He, '“N, 28Si and 56Fe), which leaded to 4 independent fit parame-
ters of the fractions fy for 4 elements, and fifth one was derived from the sum of all the fractions
equal 1. The fraction values were defined for integral initial spectrum of the CR at their sources
at fixed threshold energy of 1 EeV. Sources of the UHECR were assumed to be identical, uni-
formly spread and isotropically emitting. The spectrum of the cosmic rays at the sources for
each of the elements A was described with the function:

dN, _
d_; & fAE afcut—off(E’ ZaR utoff), (53)
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Source evolution effects were not included in the benchmark scenario, and neither were the
effects of magnetic fields. All the simulations were one-dimensional. With all these simplifica-
tions the total scenario included 7 independent parameters: spectral index, maximum rigidity,
normalisation of the spectrum and 4 mass fraction values.

Next came the statistical methods of fitting the results of the simulations to the experimental
data to derive the fitting parameters. The likelihood scanning happened as follows: a uniform
scan over different combinations of the values of two parameters (spectral index and maximum
rigidity) was done, and then for each pair the deviation from Xp,,x distributions was minimized as
a function of the fractions f4. In the posterior sampling method a fit simultaneously constraining
6 main parameters (spectral index, maximum rigidity and 4 mass fractions) was applied, with
Bayesian formalism (specifically Gelman-Ruben convergence diagnostics) used to deal with
posterior probabilities sampled using a Markov chain Monte Carlo algorithm.

More details on the fitting procedure, the uncertainties and the results are given in the original
paper of the combined fit [82].

The resulting parameters received in the combined fit can be implemented then into the simu-
lations to make a prediction of the UHE photon flux we are interested in. However, it is not
necessary for us to keep all the assumptions on the benchmark scenario that were used in the
combined fit (e.g. the absence of a magnetic field), since these parameters can possibly have a
significant impact on the associated photon flux. The results of these simulations are shown in
Sec. 5.2.3.

5.2.2 Parameters study

Results of the combined fit presented in [82] specify most of the parameters of the propagation
scenarios, yet the initial scenario of the propagation of UHECR used there is over-simplified
(no magnetic field, no source evolution with redshift, etc). In order to make more trustworthy
predictions of the UHE photon flux, one could include the magnetic field and source evolution
with redshift, and discuss sources and photon background. In order to estimate the influence of
these parameters on the UHE photon flux, quick parameter check is done in this section.

The *2nd minimum’ parameters from the likelihood scanning are used as the benchmark scenario
in this study. This parameter set is chosen for its spectral index and maximum rigidity values, as
they are close to the ones of pure proton propagation scenarios presented in Ch. 4, so it would
be easier to compare the results and estimate the difference.

The impact of the source redshift evolution is the same as for the pure proton cosmic rays: the
steeper the evolution, the lower the UHE photon flux, see Fig. 5.2.1. UHE photon flux from
sources with SFR type of evolution (m = 3.4) is nearly two times higher than the one from
sources with QS type of evolution (m = 5.5) and nearly two times lower than the one from
sources distributed uniformly (m = 0). For further propagation the evolution following star
formation rate is chosen, m = 3.4. Magnetic field also influence the UHE photon flux in the
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Figure 5.2.1: Impact of the source evolution with redshift on the UHE photon flux. Left: Integral photon fluxes (with
total CR fluxes in dashed lines) in dependency of the threshold energy Ey. Right: Integral UHE photon
fraction in dependency of the threshold energy E.

same way it does for the pure proton cosmic rays (Fig. 5.2.2). It is noticeable, however, that
general absence or presence of the magnetic field has less impact on the UHE photon flux than
in the case of pure pronot cosmic rays. The difference between the cases of no magnetic field
and 1 nG is less notable in the current study. The magnetic field of 1 nG is used in further
propagation. The universal radio background has no influence on the photon flux at all: photo-
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Figure 5.2.2: Impact of the magnetic field on the UHE photon flux. Left: Integral photon fluxes (with total CR fluxes
in dashed lines) in dependency of the threshold energy E,. Right: Integral UHE photon fraction in
dependency of the threshold energy Ej.

nuclear processes are not determined on this background, and with heavier initial nuclei they
dominate over EM cascade even more than for the pure proton CRs, so the effect of the URB
disappears, see Fig. 5.2.3.
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Figure 5.2.3: Impact of the presence of the universal radio background on the UHE photon flux. Left: Integral photon
fluxes (with total CR fluxes in dashed lines) in dependency of the threshold energy Ey. Right: Integral
UHE photon fraction in dependency of the threshold energy E.
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5.2.3 Results

All three parameter sets from the results of the combined fit from [82] together with small
improvements on the propagation scenario from the previous section are now plugged into the
simulation to predict the UHE photon flux from these mixed initial cosmic rays.

The results of including the uncertainties on the values of parameters mentioned in Table 2
into the integral UHE photon fluxes for the main minimum (likelihood scanning) scenario are
given in Fig. 5.2.4. "Minimum’ and maximum’ scenarios for this study are derived to produce
minimal and maximal UHE photon flux, with impact of the spectral index, maximum rigidity
and composition fractions taken into account. Parameter are given in Table 3. From the Table 2,
errors and intervals are larger for the mass fractions than the uncertainties on the spectral index
and rigidity, and the latter have more notable impact on the propagation results. This is why the
difference between the resulting fluxes is noticeable almost only for threshold energies £y > 40
EeV.
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Figure 5.2.4: Integral photon fluxes (with total CR fluxes in dashed lines) in dependency of the threshold energy Ej.
The parameters for the main minimum (LS) scenario are used for initial mixed CRs.

H ‘ best fit ‘ average ‘ minimum | maximum H

a 0.96 0.93 1.05 0.81
logo(Reut-oft/€V) | 18.68 18.66 18.62 18.70
Sfa(%) 0 12.5 0 31.7
Sue(%) 67.3 58.6 61.0 49.9
In(%) 28.1 24.6 335 15.5
Ssi(%) 4.6 4.2 5.5 2.9

Table 3: Parameters of the propagation scenarios used in the study of the impact the uncertainties on the parame-
ters derived in a fitting procedure have on the UHE photon flux. Parameters derived in [82] for the main
minimum (LS) are used.

Gaps between the UHE photon fluxes shown in Fig. 5.2.4 represent the uncertainties on the flux
that are only coming from the uncertainties on the parameters derived in a fitting procedure.
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All three scenarios from Table 2 are presented in the Fig. 5.2.5. Blue lines represent the scenarios
obtained by the likelihood scanning, and the red one is for the result of the posterior sampling.
These three possible scenarios of the mixed UHECR propagation are obtained from the same
data set, so the difference between the highest and the lowest UHE photon fluxes calculated with
these scenarios can be treated as an estimation of all the uncertainties coming from choosing one
or another result of the fitting procedure.

From comparing the lines, some features of the UHE photon flux produced by mixed cosmic rays
are clear. Mass compositions are almost alike for main minimum (LS) and best fit (PS) scenarios,
and so are the maximum rigidity values, so the difference between these lines originates mainly
in the difference between the spectral indices (0.96 in main minimum (LS) and 1.22 in best fit
(PS)). Main and 2nd minima (LS) scenarios lead to almost the same UHE photon fluxes for
energy up to 1 EeV. UHE photon flux from the 2nd minimum is less steep due to much higher
maximum rigidity. The significant difference between the compositions of main and 2nd minima
(LS) scenarios results in the photo-disintegration kink in the total CR flux happening at lower
energies for the main minimum scenario. These kinks also appear in the total CR flux of the two
other scenarios, 2nd minimum (LS) and best fit (PS), only for higher energies, so they could not
be observed in the plot.
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Figure 5.2.5: Prediction of the UHE photon flux from mixes cosmic ray propagation. Integral photon and total CR
fluxes in dependency of the threshold energy Ey. Parameters of the propagation scenarios obtained
by likelihood scanning (LS) and posterior sampling (PS) in [82] are used. Limits are the same as in
Fig. 4.3.2.

Results of this study for mixed initial cosmic ray composition cannot be compared directly to
the ones of pure proton and iron propagation (Fig. 4.3.2), as the combinations of spectral indices
and maximum rigidity values are way too different. Therefore, the difference in composition is
less important. It is safe to state that, with current propagation scenarios, the prediction of the
UHE photon flux is higher for ’best fit, PS’ in composition study than the one from pure proton
propagation. This is due to the harder CR spectrum at the sources in the mixed composition case.
However, is is noticeable that the predictions of the UHE photon flux from all these scenarios
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are lower than the upper limits derived from experimental data.
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6 Photon cosmic rays

In the previous chapters, UHE photons are considered as secondary messengers created during
the cosmic ray propagation, yet they also could be initially emitted from the sources, as ac-
celerated CR particles are capable of interacting within the source and produce UHE photons.
Thus, these photons may contribute to the UHE photon flux on Earth. The study of the prop-
agation of UHE photons is presented in this chapter. We look at a single UHE photon source
with determined energy spectrum. As photons are not deflected in the magnetic field and could
be propagated linearly, we perform a 1D propagation. We observe the number of photons that
reach the detector placed at different distances from the source.

We are not looking at any specific source in this study, very general assumptions are made con-
cerning the CR spectrum at the source. This procedure is a way to study the photon flux coming
from any source, and with specific features taken into account this method can be developed into
the study of different types of sources, for instance, neutron star mergers.

6.1 Attenuation length of the UHE photons

In order to describe the probability of the amount of photons to interact with matter, the param-
eter of attenuation length can be introduced. Attenuation length is the distance A at which, if
there were N initial photons, only N/e remain non-interacted. In current sub-chapter the study
of the attenuation length of the UHE photons and its dependency on the energy of a photon is
performed.

The scenario for this propagation is rather simple compared to the hadronic CR propagation, as
all the photo-hadronic interactions and magnetic fields are skipped here. 5 x 10° initial photons
are emitted, and only two interactions, pair production and double pair production, are included
into propagation. As we are only interested in the distance that UHE photon travels before
interacting, no secondary particles are taken into account. In case of pure photon propagation, no
other interactions are considered, and the influence of the magnetic field can be neglected. All
three main types of photon background (cosmic microwave background, infrared background
light and universal radio background) are included. The study is performed for energy values in
the range from 0.1 EeV to 100 ZeV (= 10?! eV). The procedure of the measurement happens as
follows: for each energy value the propagation is done approximately 20 times with the source
being moved increasingly farther away from the observer. The dependency of the number of
photons left at a distance d from the source on the distance from the source is then fit with the
exponential decay formula

N(d, E) = Noe™¥/in'E) (6.1)

where N is the number of particles reached the detector, Ny is the initial number of photons,
and Ay is the interaction length of the particle, the mean free path between two interactions (or
between the creation of a particle and its first interaction). The fitting procedure for one energy
value (60 EeV) is shown in Fig. 6.1.1. Then, knowing the interaction length, the distances cor-
responding to percentage of remaining particles of 1%, 5%, 20% and 36.8% are calculated, the
latter being the attenuation length. The results are shown in Fig. 6.1.2. The values of distances,
at which certain percentage of photons remains non-interacted, is given in Table 4. The results
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shown in Fig. 6.1.2 reproduce the ones presented in Fig. 5.1 in [59].
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Figure 6.1.1: Proportion of the remaining photons as a function of the propagated distance. Red line is the fit with
the function from Eq. 6.1. Energy of the photons is 60 EeV in this case.
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Figure 6.1.2: Distances at which a certain fraction of photons that have not interacted yet, as a function of the energy
of photons. Orange dots correspond to 1% photons remained, red dotes — to 5%, green ones — to
20%, and the blue dots are marking the attenuation length (36.8%). Lines are linear interpolations
between the calculated points.
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Distances at which a certain fraction of remaining photons

E,EeV | 1,/(36.8%) +dAas, Mpc | A20%) +dA,Mpc | A(5%) +dA, Mpc | A(1%) +dA, Mpc
0.1 0.06 +0.001 009  £0.001 [ 0.17  £0.003 | 026  =0.004
0.4 0.17 +0.001 027  £0.002 | 050  +0.004 | 077  +0.006
1 0.35 +0.002 056  +0.002 | 1.04 0004 | 1.60  +0.007
1.10 +0.003 177 £0.004 | 329 0007 | 506  +0.012
10 234 +0.02 3.76 +0.03 | 701  +005 | 1077  +0.08
20 3.94 +0.02 6.34 +0.03 | 11.80  +0.05 | 18.14  +0.08
40 5.94 +0.08 9.55 +0.13 | 1778 £024 | 2733 £0.37
60 6.86 +0.19 11.04  £030 | 2055 056 | 3159  +0.86
80 7.22 +0.17 11.61 +027 | 21.61  +0.50 | 3323 076
100 7.32 +0.17 1178 £028 | 2193 052 | 3371  +0.80
200 6.90 +0.21 1110 £033 | 2067 =062 | 31.77  +0.95
300 6.39 +0.21 1028 £034 | 1913 063 | 2941  +0.97
400 6.03 +0.22 9.71 +035 | 1807 065 | 2777 0.9
500 5.78 +0.22 9.30 +035 | 1731 066 | 26,60  +1.01
600 5.60 +0.21 9.02 +035 | 1678 064 | 2580  +0.99
700 547 +0.22 8.81 +036 | 1640  +0.67 | 2520  +1.03
800 5.37 +0.23 8.64 +036 | 1608 067 | 2473  +1.04
900 530 +0.23 8.53 +036 | 1587  +0.68 | 2440  +1.04
1000 5.25 +0.23 8.44 +037 | 1572 068 | 2416  £1.05
1400 5.13 +0.23 8.25 +037 | 1536  +0.69 | 2362  +1.06
2000 5.12 +0.23 8.24 +037 | 1534 069 | 2359  £1.06
3000 5.27 +0.23 8.47 +037 | 1577  £0.68 | 2425  £1.05
4000 547 +0.22 8.81 +036 | 1640  +0.67 | 2521  +1.03
5000 5.71 +0.22 9.19 +035 | 17.10 066 | 2628 1.0l
6000 5.95 +0.22 9.57 +035 | 17.82  +0.65 | 2740  +1.00
7000 6.19 +0.21 9.97 +034 | 1856  +0.64 | 2853  +0.98
8000 6.44 +0.21 1037 +034 | 1930  +0.63 | 29.67 097
9000 6.68 +0.21 1075 £034 | 2002 062 | 3077 096
10000 6.91 +0.21 1113 033 | 2071 =062 | 31.83 =095
20000 9.20 +0.29 1480  £046 | 2755 086 | 4235  +132
30000 11.15 +0.26 1794 £042 |3339 078 | 5133  +1.20
40000 12.97 +0.25 2088  +0.40 | 3886  £0.74 | 59.74 +.13
60000 16.22 +0.31 2610  +0.50 | 48.58 093 | 7469 = =143
80000 19.13 +0.30 3079  +048 | 5732 089 | 88.11  £1.38
100000 | 21.74 +0.29 3499 047 | 6513  £0.87 | 100.13  £1.34

Table 4: Distances at which a certain fraction of photons have not interacted yet for different photon energy values.
Uncertainties come from the fitting procedure and are due to statistical limitations.

6.2 Effective attenuation length

The knowledge of the attenuation length of the UHE photons is applicable to predicting the
number of UHE photons at a detector on Earth that may come from specific objects or events in
space. For instance, GW 170817 event, the binary neutron star merger at a distance of ~ 40 Mpc
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[85], can be studied. One can determine the upper limit on the total amount of energy emitted
from the source in the form of UHE photons and then calculate the expected number of those
reaching the detector. We perform such a study for the Pierre Auger Observatory surface detector
(Auger SD, aperture ~ 2400km?) and some model amounts of energy emitted in the form of
UHE photons (from 1077 Mg, to 10 M@). It is assumed that the source is emitting UHE photons
with a power law energy spectrum proportional to E~2 in the range from 10! eV to 10?%3 eV,
energy range of the photon search with the Auger SD which has been adopted for the search
for photons from GW sources [67] [85]. Photons are propagated with the same scenario as in
Sec. 6.1: no secondary particles, only UHE photons interacting with photon background via pair
production or double pair production. The results are presented in Fig. 6.2.1.
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Figure 6.2.1: Total number of photons at Auger SD as a function of distance from the source for different amount
of energy emitted in a form of UHE photons. Lines are cubic interpolations between the calculated
points. Errors are calculated as binomial confidence intervals (95%).

This result is an update on the previous work presented in Fig. 8.10 in [85], where the same
analysis of the total number of photons at Auger SD as a function of the distance from the
source was made analytically with photons being assumed to be attenuated with an interaction
length of 7 Mpc independent of their energy). With CRPropa 3 simulations there is no need for
such an assumption, as the interaction length of a propagated particle is defined based on the
properties of the particle (in this case, energy) at each propagation step. It can be noticed that
the number of photons at Auger SD obtained in current research shown in Fig. 6.2.1 is about 5%
higher than the previous ones, yet the general slope is almost the same.

As photons are not losing energy during the propagation, the assumption for a photon to have a
constant interaction length at each step is reasonable, yet within the photon energies in a range
from 10" eV to 10?93 eV the attenuation length of UHE photons is changing significantly (see
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Fig. 6.1.2). If the effective attenuation length could be determined, then the number of UHE
photons observed at the detector could be calculated analytically:

2400 km?

( Ny(D» o Eyor eXP(_D//leﬂ“)W

(6.2)
where D is the distance from the source, Ey is the initial amount of energy emitted in the form
of UHE photons, A.g is the effective attenuation length and all the parameters of the translation
from an amount of energy to the number of UHE photons are included into the constant of
proportion.

In order to determine the effective attenuation length the attempt to fit the results from Fig. 6.2.1
with the function shown in Eq. 6.2 is performed. It appeared, however, that it is not possible
to find one effective attenuation length for all the distance ranges: in Fig. 6.2.2 five attempts
with different distance ranges of fitting are shown. None of the functions describe the total
dependency. Values of the derived effective attenuation length are presented in Table 5.
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Figure 6.2.2: Attempts to fit the dependency of total number of photons at Auger SD on distance from the source.
Blue line is the fitting curve for data in distance range from 3 Mpc to 140 Mpc, orange line - from 20
Mpc to 140 Mpc, red line - from 40 Mpc to 140 Mpc, purple line - from 70 Mpc to 140 Mpc, green
line - from 90 Mpc to 140 Mpc.

It can be noticed that the effective attenuation length is increasing with the minimum of the
distance range included in the fitting. As we know from Fig. 6.1.2, the attenuation length of a
photon in the energy range from 10" eV to 10?%3 eV increases (from 2.34 Mpc to 7.32 Mpc)
with the energy of the UHE photon up to 10?2 eV and then slightly decreases (from 7.32 Mpc
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H D,in, Mpc ﬂeff, Mpc H

3 4.31
20 4.98
40 5.57
70 5.98
90 6.16

Table S: Effective attenuation length determined from fitting the data in the distance range from D,,;, to 140 Mpc

to approximately 6.3 Mpc) up to 10?%> eV. This means that for larger distances only photons

of energies around 10%° eV may avoid interaction. Also, the effective attenuation length at
larger distances is expected to converge to the value of 7.32 Mpc, the maximum attenuation
length in current energy region. This we do not see with fitting, but it can probably be achieved
with increasing the distance range. For this study, the increase of initial number of photons is
required.

As aresult of the study, including the energy dependence of the photon attenuation length could
help to improve photon predictions from nearby sources.



52 7 Summary and outlook

7 Summary and outlook

Within the scope of this thesis propagation of the hadronic UHECR is performed for different
astrophysical scenarios. New predictions for the UHE photon flux from GZK-interactions of
hadronic cosmic rays are derived.

Predictions of the UHE photon flux from the pure proton cosmic rays have been compared to
previous predictions derived in [8]. Parameters of the propagation scenario used in that research
are different from the ones of the current thesis, and with the maximum rigidity being an order
of magnitude higher in [8] it is no surprise to have the predictions of several orders of magnitude
higher for UHE photon flux. If comparing to predictions made in [9], where astrophysical
scenarios for pure proton initial cosmic rays are the same as in current thesis, the results are very
much alike, except for minor distinctions probably coming from different versions of CRPropa
framework.

Predictions of the UHE photon flux from mixed cosmic rays appeared to be mostly dependent
on the parameters of the energy spectrum of CR at the source and the fraction of protons in the
initial composition. Photo-disintegration, the main photo-hadronic interaction for nuclei heavier
than the proton, reduces the impact of the mass of the initial nuclei on the UHE photon flux on
Earth.

For both pure proton and mixed compositions the predictions stay below the upper limits on
the UHE photon flux on Earth derived from the experimental data. Main uncertainties on the
predictions are coming from not yet full understanding of the UHECR sources and their features.

Ultra high energy photons could not only be produced in the interactions of UHECR with pho-
ton background, but also be created at the sources themselves. Correlation between the power
and distance of the source and the photon flux on Earth coming from that source is described.
Comparing to [85], the less simplifications are made, as the energy dependence of the photon
attenuation length is taken into account.

With more and more data being observed at the Pierre Auger Observatory and other experiments
more precise results will be obtained in the future on the spectrum and the composition of the
UHECR, and the methods developed in this thesis could be then used again to give new predic-
tions of the UHE photon flux on Earth. With more information on the sources of the UHECR
(e.g. their distribution and anisotropy), more specific predictions could be calculated in the fu-
ture. For the photon propagation study, less simplification could be used in the research. For
specific sources like GW170817, more precise photon predictions could be made by including
models of galactic and extragalactic magnetic fields and using 3D propagation. This way, also
the relevance of secondary photons from GW170817 could be investigated.
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