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Formation and propagation of cosmic-ray ensembles

Oleksandr Sushchov

Abstract

High-energy particles interact with matter, electromagnetic fields and radiation while
propagating through the Universe. As a result, they initiate particle cascades of various
types and sizes; in the thesis, these cascades are referred to as cosmic-ray ensembles
(CRE). Particles constituting CRE are messengers of the primary physical processes,
thus it is important to establish in which circumstances they can reach the Earth and be
detected using available or possible infrastructure. The outcome of this knowledge could
help opening a new channel of studying astrophysics phenomena — correlated observations
of cosmic rays on the global scale — to complement the present approach focused on
detection and analysis of individual particles. Since recently, Cosmic-Ray Extremely
Distributed Observatory (CREDQO) Collaboration aims at pursuing a mission dedicated
to CRE, and the research presented in the thesis is a part of the CREDO program.

The aim of the study is to simulate the formation and propagation of CRE in specific
astrophysical conditions and to identify potential scenarios favorable for the detection of
CRE. The focus was on high-energy electrons that are believed to play an important role
in the physical processes that lead to CRE development and also during their formation.

The main method of this study is computer simulation of the interaction chain that the
primary particle undergoes as it propagates through the interstellar space. The main tool
used in the research is the publicly available and widely used Monte Carlo CRPropa 3
code. For the purposes of this work, a new algorithm called CRE-Pro was developed,
providing external simulation of the shape and size of CRE. It can be used to analyze the
results of CRPropa or similar codes simulating electromagnetic cascades, expanding their
applicability and saving computing resources.

The thesis presents the results of simulations and CRE analyzes created within se-
lected astrophysical scenarios with the use of the software described above. It has been
shown that there may be a chance of observing CRE composed of synchrotron radiation
photons emitted even at relatively large distances from the Earth, e.g. exceeding the size
of the Galaxy. This result opens up new research perspectives in the field of particle
astrophysics, pointing in particular to the possible extension of the observation horizon
of high-energy cosmic rays, new possibilities for verifying certain astrophysical scenarios,
as well as new research strategies relating to basic physical processes occurring under
conditions impossible to reproduce in Earth laboratories.



Streszczenie

Czasteczki o wysokich energiach oddziatlujg z materig, polami elektromagnetycznymi
i promieniowaniem podczas propagacji we Wszechswiecie. W efekcie inicjuja kaskady
czastek réznego typu i wielkosci; w niniejszej pracy kaskady te nazywane sa zespotami
promieniowania kosmicznego (ang. cosmic-ray ensembles - CRE). Czastki tworzace CRE
sg przekaznikami informacji o podstawowych procesach fizycznych, dlatego wazne jest,
aby ustali¢, w jakich okolicznosciach mogg dotrze¢ do Ziemi i zosta¢ wykryte za pomocg
dostepnej lub mozliwej infrastruktury. Wynik tej wiedzy moze poméc w otwarciu nowego
obszaru badan zjawisk astrofizycznych - globalnych obserwacji skorelowanych promieni
kosmicznych jako uzupemmienia obecnego podejscia skoncentrowanego na wykrywaniu i
analizie pojedynczyc czastek. Od niedawna wspétpraca Cosmic-Ray Extremely Distri-
buted Observatory (CREDO) ma na celu realizacje misji poswieconej CRE, a badania
przedstawione w niniejszej pracy sa czescig programu CREDO.

Celem pracy jest wykonanie symulacji powstawania i propagacji CRE w okreslonych
warunkach astrofizycznych oraz wskazanie potencjalnych scenariuszy sprzyjajacych mozli-
wosci wykrywania CRE. Skupiono si¢ na wysokoenergetycznych elektronach, ktére, jak
sie uwaza, odgrywajg wazng role w procesach fizycznych prowadzacych do rozwoju CRE,
a takze zachodzacych w trakcie ich powstawania.

Gléwna metoda tego badania sa symulacje komputerowe taricucha interakeji, ktérym
podlega czastka pierwotna podczas propagacji w przestrzeni miedzygwiazdowej. Giéwnym
narzedziem zastosowanym w badaniach jest publicznie dostepny i szeroko stosowany kod
Monte Carlo CRPropa 3. Na potrzeby niniejszej pracy opracowano nowy algorytm o
nazwie CRE-Pro, zapewniajacy zewnetrzng symulacje ksztaltu i wielkosci CRE. Moze
by¢ on uzywany do analizowania wynikéw CRPropa lub podobnych kodéw symulujgcych
kaskady elektromagnetyczne, rozszerzajac zakres ich stosowalnosci i oszczedzajac zasoby
obliczeniowe.

W rozprawie przedstawiono wyniki symulacji i analiz CRE powstajacych w ramach
wybranych scenariuszy astrofizycznych z wykorzystaniem opisanego powyzej oprogramo-
wania. Wykazano, ze moze istnie¢ szansa zaobserwowania CRE zlozonych z fotonéw pro-
mieniowania synchrotronowego emitowanych nawet w stosunkowo duzych odleglosciach
od Ziemi, np. przekraczajacych rozmiar Galaktyki. Wynik ten otwiera nowe perspek-
tywy badawcze w obszarze astrofizyki czastek, wskazujac w szczegélnosci na mozliwe
poszerzenie horyzontu obserwacji wysokoenergetycznych promieni kosmicznych, na nowe
mozliwosci weryfikacji okreslonych scenariuszy astrofizycznych, a takze na nowe strategie
badawcze odnoszace sie do podstawowych proceséw fizycznych zachodzgcych w warunkach
niemozliwych do odtworzenia w ziemskich laboratoriach.
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Abbreviations and acronyms

AGN - active galactic nuclei

CMB - cosmic microwave background

CR - cosmic ray

CRE - cosmic-ray ensembles

CREDO - Cosmic-Ray Extremely Distributed Observatory
CTA - Cherenkov Telescope Array

DSA - diffusive shock acceleration

EHECR - extremely high energy cosmic ray
EGMF - extragalactic magnetic field

EM - electromagnetic

GCR - Galactic cosmic ray

GMF - Galactic magnetic field

GRB - gamma-ray burst

GZK-cutoff - Greisen-Zatsepin-Kuzmin cutoff
[ACT - Imaging Atmospheric Cherenkov Telescope
ICS - inverse Compton scattering

ISM - interstellar medium

LIV - Lorentz invariance violation

MHD - magnetohydrodynamics

ODE - ordinary differential equation

QED - quantum electrodynamics

RKM - Runge-Kutta method

SHDM - super-heavy dark matter

SNR - supernova remnant

SPS - super-preshower

TD - topological defect

UHE - ultra high energy

UHECR - ultra high energy cosmic ray
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Chapter 1
Introduction

The discovery of cosmic rays belongs to Victor Hess [1], who performed a series of
balloon flights in 1911-1912 measuring the electric properties of the Earth atmosphere at
5.3 km above the sea level. As a result of his experiments, he concluded that the increase
of the atmosphere ionization with the altitude could be explained by extraterrestrial
sources of radiation. His results were confirmed by Robert Millikan in 1925 who named
the radiation Hess had studied "cosmic rays".

During more than a century since the discovery of cosmic rays, their study made a
spectacular progress and contains, contributes to and benefits from the research in many
fields of astrophysics and particle physics. Starting from radioactivity driven environmen-
tal studies, cosmic ray physics helped progress of quantum electrodynamics and electro-
magnetic cascades theory, became the main way of discovery of new particles until sharing
the field with the human-built laboratory accelerators, lead to the birth of space physics
and played an important role in the evolution of Standard Model of particle physics.
The interest in cosmic ray research boosted the development of instrumental tools, such
as particle detectors of different types, and already mentioned accelerators designed to
complement existing cosmic ray data. The extensive use of advanced technique allowed
to obtain experimental data of significant amount and accuracy, and ongoing efforts on
theoretically explaining this data enhanced our knowledge on the astrophysical processes.
However, despite the great overall progress of cosmic ray physics, some problems still
remain not fully understood and unexplained, thus stimulating a growing interest in the
field.

Cosmic rays span a very wide energy range from around 1 MeV to the highest ever
registered 3 - 10%° eV (Fig. . The plot demonstrates the differential spectrum of cos-
mic rays with energies exceeding 100 GeV per nucleus (cosmic rays at lower energies are
affected by the solar modulation, thus including them to this plot will not be so represen-
tative). It can be roughly described by a power-law distribution, N(E) oc E~7, with the
spectral index ~y ~ 3.

However, over 14 orders of magnitude in energy and 34 orders in the flux there are
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Figure 1.1: Cosmic rays energy spectrum (taken from [2]).

small, but important, regions where the slope of the spectrum changes. This fact may
be the evidence that either the possible sources number is limited or the acceleration of
cosmic rays is driven by the same mechanism, typical for different classes of astrophysical
objects.

One of the features of the cosmic ray spectrum is the so-called “cosmic ray knee” -
the steepening of the spectrum above 3 PeV. It is associated with the transition between
the galactic and extragalactic sources of cosmic rays. It occupies the energy range F ~
(1 —5) GeV, and contains more subtle changes of the slope. Another feature of the
spectrum is the so-called “cosmic ray ankle” - the flattening of the spectrum at around
5 x 10° GeV. The results of measurements performed in this energy range by different

experiments |3, 4, [5] do not fully agree with each other, but cosmic rays with energies
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beyond the “ankle” are believed to have an extragalactic origin [6]. At around 5 x 109 GeV
the spectrum is cut off. It is usually explained by the GZK effect (see Section of this
thesis), independently predicted by K. Greisen |7], G. Zatsepin and V. Kuzmin [§| - the
fast fragmentation of cosmic rays with the energies exceeding this range due to their

interaction with the cosmic microwave background.

The origin of ultra-high energy cosmic rays (UHECR; £ > 10'® eV) still remains a
puzzle for modern astrophysics. Different models have been proposed for its explana-
tion, following two main approaches. One group of scenarios, called bottom-up models,
considers acceleration of particles up to ultra-high energies [9]. The most likely accelera-
tion objects are shock wave structures in active galactic nuclei (AGN), gamma-ray bursts
(GRB), jets of radio galaxies etc. Another group of scenarios, called top-down models,
analyzes the possibility of UHECR origination as a result of decay or annihilation of su-
permassive particles, which can be either metastable or emitted by topological defects in
the present epoch [10} |11]. Neither of these approaches neglects UHECR photons as a
component of the UHECR flux, though the fractions predicted by various models differ:
from percents in the bottom-up scenarios [12] to up to a half in the top-down scenarios
[13]. New physics scenarios describing propagation or interaction effects, such as Lorentz
invariance violation (LIV) [14], can be also tested with ultra-high energy (UHE) photons.
One of the main consequences of the LIV is the increase of the photons mean free path,
which leads to extension of the photon flux. The main cosmic ray experiments, however,
have not unambiguously identified any of UHE photons so far, thus setting stringent up-
per limits which under some assumption might disfavour the top-down models of UHECR
production |15, |16]. Nevertheless, the search of UHE photons is still a tempting task. It
could be argued, that the physics in the UHE range is not fully understood, because it re-
lies on the interaction models derived from the extrapolations made for the experimental
data at lower energies. This leads to the increase of uncertainties and thus complicates
the exact treatment of the UHECR data. Thereby, an observation of a UHE photon is of

extreme importance for many astrophysical problems.

Aforementioned uncertainties in the UHECR data interpretation still allow making
alternative assumptions, considering the existence of UHE photons. For example, one
possible explanation of their non-observation is negligible chances to reach the Earth due
to interactions on their way. In this work we will highlight and study this assumption in
detail.

High energy particles, including photons, should interact with matter, fields and dif-
ferent types of radiation while propagating through the Universe. These interactions
obviously initiate particle cascades of various types and sizes, hereafter referred to as
cosmic-ray ensembles (CRE). While the modern cosmic ray research is based on the de-
tection and analysis of cosmic rays using individual detectors or arrays, the study of

cosmic particles correlated (temporarily and/or spatially) on the global scale remains less

10



Primary cosmic ray : Anything + Interaction

(B /Beks:) .
}chi - 1 — PJC}{:> 1 f

| I\ Cosmic-Ray
i | \\Ensemble (CRE)
e 7/ T " —

NaTm = 1 | v \‘ Natm > 1
| » // f
| i '
i ¥

' |
~10 km scale ~1000 km scale
@

GROUND

7 : CHANCE FOR A UNIQUE SIGNATURE!
STATISTICS ~ SIGNATURES |

! © : a cosmic-ray detector

Figure 1.2: Cosmic-Ray Ensembles: a new approach to cosmic-ray research (taken from

[20])-

popular. However, the effort undertaken in this direction could provide a better under-
standing of the physical processes that might take place at energies rarely considered,
including the highest known. Since recently, Cosmic-Ray Extremely Distributed Obser-
vatory (CREDO) Collaboration [17, [18| aims at pursuing a mission dedicated to
CRE, and this thesis is planned to become a part of the CREDO program.

The aim of the thesis is to investigate the processes occurring as a result of propagation
of high energy particles through the Universe. The focus will be made on UHE electrons,
either accelerated in some astrophysical environments or originating in pair production
process by UHE photons, which are believed to produce the largest CRE. In this work the
conditions under which it will be possible to identify at least two cosmic rays belonging
to one CRE at the Earth (Fig. [1.2)), are studied. We also discuss the scientific gain of
such observations and the potential of CRE-oriented research for shedding light on yet

unobserved or new physics manifestations.

The main method of our investigation is computer simulations in order to study the
whole chain of interactions undergone by the primary particle under various physical
conditions. We use a publicly available software, CRPropa 3, a general and universal tool
enabling efficient and versatile modeling of the astrophysical media producing as output
primary and secondary cosmic messengers (see in Section for more details). We also
developed an algorithm which allows to analyze the output of CRPropa or other codes

able to simulate the particle cascades origination and propagation, externally modeling
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the sizes of resulting CRE and the distribution of their constituents. The description of
this code is provided in the thesis, and its implementations for the analysis of astrophysics
scenarios are discussed.

The thesis is organized as follows. Chapter [2| contains the scientific motivation of
studying the cosmic ray ensembles. Namely, we discuss certain key problems of cosmic
ray physics, including the models of UHECR origin and propagation effects. Chapter [3]
is dedicated to physics processes which are necessary to be taken into account in the
simulations of a CRE rise and propagation. The technical part concerning the software,
including CRPropa description and examples of use, is presented in Chapter [ We
also provide a more detailed discussion of some modules of this code, which are of the
most importance for our study. Chapter [5| introduces the algorithm, developed by the
author for the analysis of the simulations output in terms of a CRE-oriented study. The
results are presented in the next chapters. Chapter [f] demonstrates an exemplary CRE-
aimed analysis to highlight its basic principles, while Chapter [7] shows the results of this
analysis application to the specific astrophysical scenarios, namely Galactic Center as a
CRE source and uniform distribution of CRE sources over the Galaxy. The summary of
the thesis together with the general discussion of the results and outlook of the further

investigations, can be found in Chapter

12



Chapter 2
Cosmic rays

It is known that the most common components of cosmic rays (CRs) are protons,
nuclei and electrons, primary in a sense of their capability to be directly accelerated to
relativistic energies by powerful sources. Some nuclei (Li, Be, B) as well as the anti-
particles (positrons and antiprotons) are produced by the primaries as results of their
interactions with matter and background fields inside the accelerators [21]. The flux and
spectrum of CRs is also known quite well (Fig. , but their exact origin is still among the
problems lacking a coherent explanation despite a considerable amount of experimental
data and extensive theoretical efforts in domain of cosmic ray astrophysics.

The main ideas on the CRs origin are based on the analysis of the CR spectrum
features, mentioned in Chapter [I While the transition from the Solar to the Galactic
cosmic rays occurs at around 1 GeV, the upper boundary of the latter is more debated;
some models |22, 23| propose the “knee” as the limit of the Galactic CR spectrum from
above, the others consider the region between the “,of galactic as well as extragalactic
origin |24}, 25, 26]. Nowadays there is more confidence about the extragalactic nature of
extremely high energy CRs (EHECR; E > 10'8 eV) |27, [28], but the exact mechanisms

leading to their origin are still a puzzle.

2.1 Galactic cosmic rays

It is widely believed that the main contribution to the flux of the Galactic cosmic
rays (GCR) belongs to Supernova Remnants (SNRs). This idea was introduced in [29],
and since then several arguments in support of this paradigm have been formulated. The
main of them results from the energy considerations and was pointed out in [30]. Since the
average energy released per a Supernovae explosion is around 10°! erg, and the number
of such events is estimated as 2-3 per century, the mean energy production rate caused
by them is roughly 10%? erg/s. On the other hand, CR production rate, calculated with
respect to the average time spent by CRs before leaving the Galaxy, is about 10* erg/s,

which means that 10% of Supernova explosions energy is enough to be converted into
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the kinetic energy of CRs to provide the observed flux of the latter. It should be noted,
however, that from the formal point of view other plausible classes of GCR sources, such
as pulsars, microquasars, GRBs, young stars with the powerful mechanical winds etc. can
also meet these energy requirements.

Theoretically the SNR paradigm is well described by the diffusive shock acceleration
(DSA) model, applied to the strong shocks in SNRs [31}, 32, 33, 34]. According to this
theory the CRs are mainly produced in the shock waves, originating as a result of in-
teraction of supernova ejecta with the interstellar medium. The shock waves are usually
non-relativistic (v ~ 10* km/s), and can energize the particles via the first-order Fermi
process |35} 136]. Particles are accelerated when undergoing multiple scattering off mag-
netic inhomogeneities associated with the moving shock front. The name of the process
denotes linear dependence of particles acceleration on the front velocity, which results in
the power-law spectrum with energy spectral index o &~ 2. The spectrum is modified
during the diffusive propagation of the particles through the ISM after they leave the
acceleration region. The particles with higher energies escape the Galaxy faster, that
leads to the increase of the overall spectral index up to a = 2.7 at the Earth, which is
consistent with observations.

Multiwavelength studies of SNRs confirm the high-energy particles production at these

sources. For example, the measured synchrotron spectral index for SNRs has a typical
—«

value agynen, > —0.5. Using the formula agynen = [9], one can obtain the power-law
energy distribution of electrons producing the synchrotron emission, and its value, av >~ 2,
is in agreement with the DSA theory. According to X-ray observations of SNRs [37,
38|, the fraction of SNRs energy converted into the acceleration of GCR is about 10%,
which also fits the theoretical estimations. High-energy gamma-ray data |39, 40, 41] also

confirms acceleration of particles in the shock regions up to at least 104 eV.

2.2 Extragalactic cosmic rays

The suggestion that EHECRSs, i.e. the cosmic rays with energies exceeding 10'® eV,
are of extragalactic origin [42], is a logical consequence of the fact that their gyroradii
are too large to let them stay within the Galaxy during significant time. The same
argument is often used to mark the same energy as the highest possible for the GCR so
that a transition zone at the energy of around 10'® eV (the “ankle”) is formed in the CR
spectrum [43]. Yet the mechanisms responsible for such enormous energies of a single
particle remain unknown. As it was briefly mentioned in Chapter[I} the origin of EHECR
is attempted to be explained within two groups of scenarios [44], “bottom-up” models,
suggesting acceleration of the particles up to extremely high energies, and “top-down”
models, which consider EHECRs as secondary particles originated as a result of decay or

annihilation of a hypothetical particle with a higher energy.
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2.2.1 Bottom-up scenarios

Bottom-up scenarios can be separated with respect to two distinct processes of the
particles acceleration they consider: diffusive shock acceleration (interactions of particles
with magnetized plasmas via Fermi mechanisms) and one-shot acceleration, which can
occur in very high electric field [45], induced by the rapidly rotating magnetized objects
(supermassive black holes |46} 47|, young neutron stars [48|, white dwarfs). The energy
gained by a particle via diffusive process depends on time the particle is confined within
the source, which in turn is the function of the size and magnetic field strength of the
accelerator. The relation for the maximal energy a particle of charge Ze can reach in the

accelerating site of size R and magnetic field B was formulated [49):

B R
Emaa: = BZG (M_G) (1]{]}0) EeV, (21)

with § standing for the velocity of the shock wave. Fig. illustrates the acceleration
capabilities of astrophysical objects. To accelerate a given particle up to 100 EeV the

source should be located above the correspondent line on the diagram.

One can list the following classes of objects as potential UHECR sources: GRB-related
processes, neutron stars and other similar compact objects, AGN cores and jets, large-scale
structures resulting from the collision of galaxies, hot spots and radio lobes of radio active
galaxies. However, more accurate account for the radiative energy losses in magnetic fields
sets additional limitations on the plausible UHECR acceleration sites [51]. It is inferred
that regardless of the initial energy of the particle it cannot exceed the “critical” energy

value, defined by

3 [ Amyc\* . (A)2)*
E.=— p B? ~ 10162222 6V, 2.2
- 2( I ) (B°R) 3 x 10 BngpceV (2.2)

One-shot acceleration is characterized by a very high total energy density in the can-
didate sources which causes intense energy losses. The maximal energy of the accelerated
particle can be well approximated by only in case the losses are negligible, but when
they become comparable with the critical energy , the energy above which further

acceleration is impossible (losses start to dominate), is defined by

Eepf =\ EmazEer ~ 100 A?B7YV2 7732 6V, (2.3)

This results challenges the assumption of compact sources as UHECR accelerators
candidates in favor of extended structures (radio lobes, galactic halos, galaxy clusters

etc.), since it sets the limit on the source sizes as well.

15



15
y _Em!" ['} ZBL
_ "8
|',\\\ ., - Protons [f=1/300
- BN i i
s S S—— Protons [i=1
E O
: — Neutron e
LN .
o] star \ .
& -. N
flor | White RS
o 3 dwarf
-
L2
4]
-
o -
g
1 - by M. T I Colliding
3 I =X \\_ [ ~galaxies
SNR S 1 R
LN - .
dlsl:"__"x-\ x ;
Galactic : B G
halo ) S
-8 = Clusters \\
%
.\\
| | | l | l |
3 6 9 12 15 18 21
1l au lpe 1 kpe 1 Mpo

log(size, km)

Figure 2.1: Candidate CR acceleration sites (taken from [50]).

2.2.2 Top-down models

An alternative approach to the explanation of existence of UHECR, especially those
registered beyond the GZK-cutoff, is the assumption that they are not accelerated as
such, but are produced via the decay of some supermassive X particle or by collapse of
a topological defect. Such a process should initiate production of quarks and leptons,
resulting in a large cascade of photons, neutrinos and light leptons with a small fraction
of nucleons, with cosmic rays emerging from these cascades already having the energies
of ultra-high scale. There are some general conditions which should be satisfied by the
hypothetical X particle in order to explain the observable UHECR flux:

e The decay should occur at distances within 100 Mpc, so that the resultant particles

energy losses on their way to the Earth are not significant.

16



e The X particle mass should exceed the value of the highest observed UHECR energy
(~ 100 EeV).

e The ratio of the X particles volume density to their decay time should be consistent
with the observed UHECR flux.

Topological defects (TD) are believed to be formed during the consequence of spon-
taneous symmetry breaking phase transitions in the early Universe. They include, for
example, such objects as magnetic monopoles [52, 53|, cosmic strings [54], domain walls
[55], textures and their hybrid combinations [56]. Among the listed defects only the
monopoles (point-like) and cosmic strings (1-dimensional) are considered as potential
UHECR sources. In the processes of radiation, interaction or collapse of TD, the GUT
energy scale particles, which decay instantly, are produced. The flux of UHECR is related
to the TD number density and their radiation, collapse or interaction rate.

Metastable superheavy relic particles of mass mx ~ 10?2 GeV and lifetime exceeding
or comparable to the age of the Universe were proposed as UHECR sources candidates
[57, 58, 59, 60] (Superheavy Dark Matter, or SHDM, model). Unlike TD, relic particles
should be aggregated due to gravitational effects in galaxies and galaxy clusters and act
as a cold dark matter component, which implies that the contribution of X particles to the
UHECR flux will be dominated by the Galactic halo component over the extragalactic
one. Besides, the photon dominated UHECR spectrum in this case should contain no
signatures of the GZK-cutoff. For the SHDM scenario the flux of UHECR is defined by
the ratio of their density over the lifetime.

Another phenomenon considered to be capable of generating UHECR is the so-called
“Z-bursts”, decays of Z-bozons originated via resonant interactions between high energy
and background neutrinos [61, 62, 63, 64]. The main problem of this scenario is the
incident UHE neutrino flux: it cannot be measured directly and thus only flux bounds
derived indirectly should be taken into consideration. In addition, the very mechanisms of
UHE neutrino production require explanation with the acceleration models or the decay
of TD.

Summarizing two previous subsections, one should conclude, that there are still prob-
lems with the unambiguous interpretation of the high-energy end (in case its existence
does get proven) of the CR spectrum. The bottom-up models are self-limiting, i.e. the
condition for the maximal energy obtainable within a source sets limitations on its
size R and magnetic field strength B, hence the highest energies observed (> 102°¢V) can
barely be achieved even in the most powerful objects of reasonable R and B. Another
challenge to the theory is that no obviously identifiable sources of UHECR have been
found so far. On the other hand, top-down models, despite all their convenient features,
like the absence of the direct connection to the real astrophysical objects, fail short with

getting the experimental evidences. The fraction of UHE photons in the CR spectrum
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predicted within top-down models, should be significant, while the latest experiments,
carried out by Auger and TA, show the contrary (Fig. [2.2]). These results seriously reduce

the chances of exotic models to explain the origination of UHECR.
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Figure 2.2: Comparison of experimental (TA [65], Auger surface and hybrid detectors [66],
KASCADE-Grande and EAS-MSU [68]) upper limits on the diffuse UHE photon flux
with predictions of theoretical models, listed in the plot legend (taken from [66]).

2.3 Gamma Rays

In the thesis we consider gamma-rays as a significant contributor to the CR flux.
They are also an important component of CRE, in particular, of electromagnetic cascades,
which are the main focus of this research. At energies exceeding 100 MeV the gamma-ray
flux is dominated by diffuse emission resulting from interactions of cosmic rays with the
interstellar gas and radiation fields in the Galaxy, but due to the fact that photons, unlike
charged CRs, are propagated without being deflected by magnetic fields, gamma-rays can
also be directly associated with their sources. The latter include AGN, blazars, pulsars
and pulsar wind nebulae, SNRs, and are considered among the most energetic compact
objects in the Universe.

Direct observation of gamma-rays (the atmosphere is opaque to them) is possible with
the space satellites (Fig. . The discovery of cosmic gamma-rays belongs to the OSO-3
satellite [70] in 1960s. A decade later, SAS-2 and COS-B satellites found and
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Figure 2.3: Progress in y-ray sky mapping (Mollweide projections of galactic coordi-
nates) comparing four different satellites: SAS-2 (1972, top left), COS-B (1975, top right),
EGRET (1991, bottom left) and Fermi-LAT (2008, bottom right) [69]).

investigated the first gamma-ray sources and built the first sky maps. EGRET experiment
73] operating from 1991 till 2000 helped improve the sky maps and also discovered new
sources. Since 2008 so far the most precise instrument, the Fermi-LAT , operates in
energy range from 20 MeV to over 300 GeV. Due to its improved resolution the discovery
of new structures such as Fermi bubbles became possible. The last satellite detector
to be mentioned is the AMS-02, installed at the International Space Station. Though
designed for the detection of charged particles, it is also capable to track high energy

gamma-rays with great precision.

The ground-based instruments perform measurements of Cherenkov emission from air
showers induced by very high gamma-rays The main operating experiments are HAWC
[76] and the telescopes using the so-called Tmaging Atmospheric Cherenkov Telescope
(IACT) technique: MAGIC and VERITAS and H.E.S.S. [79), working in a sen-
sitivity range from 50 GeV to 50 TeV. They have an excellent angular resolution, but are
limited in a field of view, which make them applicable to the observation of point sources
rather than of diffuse emission. The next generation IACT telescope, called CTA [80],
which is under construction, will widen the energy range and improve overall character-

istics, which will open new opportunities to gamma-ray astrophysics.
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Figure 2.4: Sum of the fluxes of CR electrons and positrons, multiplied by E2, as a

function of the electron/positron energy (taken from [31]).
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Figure 2.5: Comparison of the measured ~v-ray flux in the inner galaxy with a recent
GALPROP model [57]. AMS uncertainties are statistical only. GALPROP components:
Fluxes for n%-decays (red), bremsstrahlung (blue) and inverse Compton emission (ma-

genta).

Green line: Sum of GALPROP predictions for diffuse emission.

Cyan line:

Summed model prediction for v-ray sources. Black line: Sum of green and cyan lines,

corresponding to the total model prediction (taken from [82]).

20



Cosmic-ray electrons and positrons, the other important constituents of CRE, are di-
rectly linked to some processes, like bremsstrahlung or synchrotron radiation, resulting
in diffuse gamma rays emission. Physics of gamma ray sources often refers to the mecha-
nisms involving e.g. inverse Compton scattering (ICS) to explain the production of high
energy photons. Some experiments measure the total flux of electrons and positrons, be-
ing unable to distinguish these species (e.g. ground-based telescopes, Fermi-LAT), while
the others, equipped with magnets, are able to calculate the flux for each component
separately (e.g. AMS-02). The summed flux of electrons and positron is compared for
different detectors in Fig. [2.4]

The results of modeling of various processes leading to creation of gamma rays are
compared to the observations taken by AMS and FERMI-LAT for the inner galaxy re-
gion (—20° < I < 80°,]b] < 8°, where | and b are the galactic longitude and latitude,

respectively) in Fig. [2.5]

2.4 Propagation of UHECR in the magnetic fields

When travelling through space, UHECR experience various interactions with the ISM
components resulting in the changes of their energy, composition (more details in Sec-
tion and deflections of their trajectories. The latter occur mostly due to the magnetic
fields acting on moving charged particles via the Lorentz force. Magnetic deflections of
UHECR trajectories hampers direct identification of their sources. On the other hand,
the process depends on the particle rigidity F//Ze, where E is the energy, Ze is the electric
charge (in this regard a 1 EeV proton is equivalent to a 26 EeV iron nucleus, etc.), which
is helpful for the proper understanding of the particle propagation details under certain
conditions. In the present section of the thesis we will briefly overview the influence of
magnetic fields on the propagation of UHECR, paying particular attention to the model

of the Galactic magnetic field used in the simulations performed as a part of our research.

2.4.1 Galactic magnetic field

Most of the visible matter found in the Universe exists in the form of plasma, thus it
is ionized which provides suitable conditions for the generation of magnetic fields. The
latter play an extremely important role in many astrophysical processes taking place in
planets, stars, galaxies, galactic clusters, interstellar and intergalactic media [83) |84} I85!
86).

The origin of the first cosmic magnetic field still remains unsolved, while the most
promising theory for the evolution of fields leading to their current observable state is
the dynamo, which transforms mechanical into magnetic energy. The interplay of motion

of charged particles in plasma and electromagnetic fields generated by this motion is
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described by the equations of magneto-hydrodynamics (MHD) [87].

The magnetic field of our Galaxy (the galactic magnetic field, from now on referred
to as the GMF) is of more importance for astrophysics than the fields of other galaxies.
It has not only a great impact on the processes within the Galaxy, but also affects some
extragalactic observations. The information on its structure and strength is obtained from
the observational data. There are several channels of observation of the GMF, including
polarization of starlight, polarized thermal dust emission from clouds, Zeeman splitting of
lines, diffuse synchrotron emission (radio and microwave), Faraday rotation of polarized
sources (galactic and extragalactic), Faraday tomography (galactic and extragalactic),
rotation measure synthesis [88, 89|. Nomne of these measurement methods is capable of
giving an unambiguous picture of the large-scale GMF, but their combined data allows
estimating the GMF structure as well as its strength.

Observers separate the GMF into the following components:

e The regular (coherent) field, i. e. the component which direction remains coherent

at a large distance

e The isotropic random (or isotropic turbulent) field, i. e. the component with equal

dispersions in all dimensions

e The ordered random [89] (anisotropic turbulent 88|, striated [90]), i. e. the compo-

nent with anisotropic fluctuations of the local field

Such a separation of the magnetic field is important for understanding its relation to
the other components of the ISM and is useful for computational feasibility, since the
components of the field may be generated independently.

There are numerous models of the GMF, which evolved both qualitatively and quan-
titatively with the improvement of observational tools and increase of the analyzed data
sets |91}, (92} 93, 94, 95|, (96, 97|, 98, 99, 90]. We will focus on the GMF model introduced
in [90], known as the JF12 model, because it is widely used by the cosmic-ray community
for different astrophysics applications. For instance, it is one of the available options of
modeling the GMF in the CRPropa code (Chapter [4)), which we used in our simulations of
the propagation of charged particles in the Galaxy. According to this model, the regular
GMEF consists of the spiral (following the distribution of matter) disc field and the field
of the halo, separated into poloidal and toroidal components. Unlike the earlier models,
in which the poloidal field was approximated by a dipole, the JF12 model treats this
component as having an X-like profile in the vertical plane. Other components included
to the model are a large-scale striated field and a small-scale isotropic random field.

The large-scale disc field (its best fit is shown in the upper left panel of Fig. is

modeled following [100]. It has 11 free parameters: the strength of the toroidal molecular
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ring region, eight spiral arms field strengths, and two parameters corresponding to the
transition from the disc to the halo. The disc field is z-symmetric.

The toroidal halo is modeled by the six parameters: two field strength amplitudes, two
vertical and two radial transition parameters. This component of the field is z-asymmetric.
The poloidal halo model contains four parameters: the strength of the central field, the
angle of elevation and two radial parameters.

From the top panels of Fig. one can see that despite the similar look the magnetic
field just above the mid-plane is not identical to the one below the same plane. This can
be explained with superposition of the field components with different symmetry with
respect to the XY plane. At |z| = 1 kpc the field is dominated by the halo component,
but still exhibits signs of the superposition with the X-field (Fig. , and even the disc
field.

The striated field is modeled by 13 parameters, 10 of which describe the disc field
(spiral arms, the central part and the disc thickness) and 3 remaining are used for the halo:
the central part and the vertical extent in two opposite directions. All the components
were modeled to ensure zero magnetic divergence. The entire list of estimated parameters
is presented in the Table 1 of [90]. The CRPropa code implements the JF12 model only
with the best-fit parameter values.

As far as the influence on the propagation of UHECR is concerned, the following
remarks should be made. Since the field is non-uniform, the deflection of particles propa-
gating in different directions is highly asymmetric across the sky even within a single field
model. The average deflection of a 100 EeV proton estimated for different toy models gave
values from 2° to 4° [101]. However, according to [90], the particles with the same rigidity
should be a subject of generally higher deflections, around 8.7° in average. Moreover, not
only the deflection value, but also its direction, calculated for different GMF models, may

vary significantly [102} 103)].

2.4.2 Extragalactic magnetic field

The origin of extragalactic magnetic fields (EGMF), their spatial distribution and evo-
lution are still not fully understood [105} (106} 107, |108]. Till now only ~ 1 G magnetic
fields in the central parts of galaxy clusters have been measured experimentally [109]. The
upper limits on (density-weighted) magnetic field in the filaments By; < 0.03(0.13) uG
and primordial (void) field B, < 1.0 nG are inferred from the cross-correlation of the
2.3 GHz S-PASS survey with the constrained MHD local cosmic web simulations [110].
The similar ~nG upper limit on the smoothed over 1 Mpc void field is obtained [111],
based on the Faraday rotation measurements of extragalactic sources and Planck data
combined with the South Pole Telescope cosmic microwave background (CMB) polariza-

tion measurements (B ppe < 1.2 nG at 95% C.L) [112]. Meantime, the suppression of
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Figure 2.6: Top view of slices in the XY plane of the JF12 GMF model. Top row,
from left: slices at z = 10 pc and z = —10 pc. Bottom row, slices at z = 1 kpc and
z = —1 kpc, respectively. The color scheme shows the magnitude of the total regular
field, with negative values if the azimuthal component is oriented clockwise. The location
of the Sun at x = —8.5 kpc is marked with a circle. The arrows show the direction of the

field (taken from [90]).

low-energy secondary gamma ray emission from TeV-blazars allows estimating the lower
limit in voids at level B, > 3 x 1076 G for the correlation length Az > 0.1 Mpc [113].

Since the stronger field regions enclose a small fraction of the Universe (< 1079), the
EGMF is usually modeled as a turbulent field with a Kolmogorov power spectrum with
a ~nG RMS strength. Its influence on the UHECR propagation in this case can be
described in terms of diffusion process in the particle momentum space. It results in a
small-angle random scattering around the main trajectory in the regular field, that allows

calculating the average angular deflection ©,.,,s and the corresponding time delay 7,5 in
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Figure 2.7: x-z slice of the galaxy showing only the out-of-plane “X” component. The
black lines crossing the mid-plane at +£4.8 kpc trace the boundary between the outer
region with constant elevation angle, and the inner region with varying elevation angle.
The black arrows show the direction of the field (taken from [90]).
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Figure 2.8: Schematic structure of the EGMF. The typical sizes of the objects and dis-
tances separating them are indicated in grey (taken from [104]).
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where L is the UHECR total trajectory length.

To summarize, both galactic and extragalactic magnetic field considerably affect the
propagation of charged UHECR, misrepresenting their arrival directions and thus com-
plicating the direct search for their sources. In this regard, gamma-ray and neutrino
observations can provide a complementary information shedding light upon the plausible
sites of UHECR origin, though direct correlations of UHECR and gamma-ray/neutrino
sources might be nontrivial due to UHECR arrival time delay . In this thesis the
focus of research is shifted towards the Galaxy and the GMF, correspondingly, thus not
much attention is explicitly paid to the extragalactic space. However, it is not only im-
portant for the completeness of the whole picture, but can be one of the directions of the
further CRE-related research.

2.5 GZK Effect and Photo-Nuclear Disintegration
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Figure 2.9: Proton energy loss lengths for the processes listed in the plot legend (IR-UV
background described by the [116] model) (taken from [104]).
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Apart from the adiabatic energy loss due to the expansion of the Universe, there are
two important energy loss processes undergone by UHE protons: pion photo-production
(p+7g = AT = p+7° or p+yy, = AT = n+7") and electron-positron pair production
(p+7by — p+e~+e' Bethe-Heitler process) identical to the pair production interactions of
v-rays in the nuclear field (discussed in Section . In the context of this thesis it should
be emphasized, that both phenomena could generate UHE electrons, which propagation is
simulated in Chapters[6{7] These processes occur as a result of interaction of protons with
background photon fields, namely, CMB, which is a remnant from an early stage of the
Universe, and infrared, optical, and ultra-violet background (IR-UV) [117, |116} 118} /119,
120}, |121], which is the consequence of the processes taking place in various astrophysical
objects. Fig. illustrates energy dependence of the energy loss length L;,.s = —%Cfl—f for

protons.
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Figure 2.10: Fraction of cosmic rays that survives propagation over a distance exceeding
D for protons above 40, 60 and 100 EeV and He, CNO and Fe above 60 EeV. Black solid
line shows the conditions under which a half of a given species can originate (taken from
[104]).

One can see, that starting from ~50 EeV, the distance that particles can travel without
losing their energy, significantly reduces. It imposes the suppression of the flux of cos-
mic rays with higher energies, arriving from the cosmological distances, the phenomenon
known as the GZK-effect (or GZK-cutoff) and named after the authors predicting it |7,

8]. It constraints the distances to the sources of the highest-energy protons, predicting
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they should be located within the Local Universe, within a distance < Lj,ss (E).

Nuclei with the charge number Z > 1, in addition to the already discussed proton
interactions, may suffer energy loss via photodisintegration mechanism, introduced in
[122]. As follows from the name of the scenario, the nucleus interacts with background
photons producing nucleons and lighter nuclei. The intermediate mass nuclei lose their
energy via photodisintegration faster, than the iron nuclei (Fig. , which can lead to
observation of the mixed (p-Fe) composition of UHECR at the highest energies.
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Chapter 3
Electromagnetic cascades

While propagating through space, high energy photons and electrons interact with
matter, low energy radiation fields, such as cosmic microwave background, and get affected
by the magnetic fields, thus initiating electromagnetic (EM) cascades. In the absence of
magnetic field the development of EM cascades is defined by the interplay of two main
processes, the electron-positron pair production (PP; yvy,, — e”e™), and ICS (e, — €'7).
For UHE photons, when scattering occurs in the quantum regime, almost all initial energy
is carried out either by an electron or by a positron of the newborn pair. Then the
electron (positron) typically loses around 90% of its energy in an ICS event which causes
the background photon to get the energy comparable to that of the primary UHE photon
[123]. In the EGMF such a chain of energy transitions repeats itself until the energy loss
caused by synchrotron radiation prevails the ICS rate, and the cascade development gets
suppressed.

Under certain conditions the higher order QED processes, such as double pair produc-
tion (75, — e-eTe~e™) [124} |125] |126], triplet pair production (ev,, — ee”e™) [127] and
photon splitting in the presence of an intense magnetic field (|128], [129]) should be also
taken into account since they can affect the formation and development of EM cascades

when the correspondent rates become comparable to those of the PP and ICS.

3.1 Interactions of high energy photons

The main interactions of photons with atomic nuclei, electrons and atoms are pho-
toelectric absorption, Compton effect and electron-positron pair production. The effect
caused by each of these processes depends on the photon energy and thus the observations

performed in different spectral ranges allow studying different astrophysics environments.

e Photoelectric absorption

This process is dominant for low photon energies, iw < m.c?. In case the energy of

the incident photon exceeds the binding energy of the atom, the electron from the
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corresponding level is likely to absorb the photon energy and be ejected from the
atom. The minimal energy needed for such an event defines the low (“absorption”)
edge of the spectrum. The absorption cross-section for the ejection of electrons from

the K-shells of atoms is calculated analytically:

12 3/2Z5 1 7/2
€ e ( ) : (3.1)

o= —— | —
K 192+/275e8hte \ hw

with Z standing for the atomic number of the nucleus. Such a strong dependence
on Z means a non-negligible contribution of heavier elements to the total absorption
cross-section despite their lower abundances. Thus, they should be accounted for

when estimating the total cross-section in an accurate way.

Compton scattering

This effect is known as the increase of the photon wavelength because of the scatter-
ing from a free electron, in other words, the energy transfer from the photon to the

“recoil” electron. The corresponding total cross-section is given by the Klein-Nishina

formula:
1 2(z +1) 1 4 1
2
v = T e e —— U 39
OK-N m’ex{{ . ]n(:v+)+2+w 2(2x+1)2} (3:2)
where * = hw/m.c?, r? = e*/4meom.c® is the classical electron radius. In the

ultra-relativistic limit the Klein-Nishina cross-section is
1 1
2
N = —(In2 - 3.3
OK_N Wrem(n x+2>, (3.3)

so that the cross-section roughly falls off as 7! at the largest energies. For an atom
with Z electrons the total cross-section per atom is Zox_n, whereas the nuclei

contribution is negligibly small compared to that of the electrons.

e~ e’ pair production

This process is possible in case the photon energy is higher than the sum of the

rest mass energies of an electron and a positron, E, > 2m.c?.

For high photon
energies (MeV and more) it dominates over two other processes, mentioned above.
Pair production can occur in the field of a nucleus; for intermediate photon energies

1 < hw/mec? < qem 2/ the cross-section is estimated as

28 2hw 218
Opp = Qo7 2> [5 In (mecz) — 2—7] m?/ atom, (3.4)

30



while the cross-section for the ultrarelativistic photon is

28 183 2
_ 272 2
Opp = Q52 {—9 In (_Z1/3) - —27} m*/ atom, (3.5)

where ., ~ 1/137 is the fine structure constant. One can notice that the cross-

section for the pair production via the interactions of photons with electrons is

negligibly smaller and can thus be not taken into account.

Another phenomenon leading to the conversion of a photon into an e~ /e pair
is the so-called magnetic pair production [130, |131} [132]. It was shown that for
the photon energies even well in excess of threshold (w = 2m.c?) extremely high
values of magnetic field strength (B > 10° G) were required to provide a non-zero
conversion rate. For the limit of high photon energies the probability of an e~ /e*

pair creation over a finite distance of propagation R is

P =1 = eap | [ ol . (36)

where a(x) = (aemmec/2h)(Biy/Be)T(X), X = (hv/2mqc®)(By./Be), By is the
transverse to the photon momentum magnetic field component, B., = m2c?/efi =
4.414-10" G is the quantum critical value of magnetic field strength |133] and T'(x)
is the magnetic pair production function. The latter can be approximated in terms
of the modified Bessel functions as T'(x) = 0.16x K7 (%) The calculations
allowed to conclude that despite every photon with the energy above the threshold
is not kinematically restricted to produce a pair, the conversion probability rate is

negligible unless x > 0.1, and increases with the strength of the magnetic field.

3.2 Energy loss processes for high energy electrons

Once an electron-positron pair is produced, the electrons can undergo a number of

energy loss processes on their way through the interstellar medium, as they interact with

matter, radiation and magnetic fields. Some of these interactions are favourable for the

emission of photons with the energies high enough to produce a consecutive e~ et pair,

etc., which leads to an EM cascade formation. The electron energy is lost in the following

e Jonization losses - occur as a result of interactions of the electrons with the neutral

atoms. For example, the loss rate for atomic hydrogen case is

dE
- (E) =7.64 x 107"n (3Iny + 19.8) eV s71, (3.7)
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where v is the Lorentz factor of the electron and n is the concentration of hydrogen.

As one can see, the energy dependence of the energy loss rate is logarithmic.

e Bremsstrahlung - the losses resulting from the deceleration of the electron interacting

with the nuclei. The correspondent loss rate can be written as

1 (dE
with g standing for a Gaunt factor. In fully ionized plasma g = Iny + 0.36, making

the energy loss rate

1 (dE
—E <E>BTem =7.0x 10_23n (lnv + 036) S_l, (39)
while for the neutral hydrogen (the energy is lost in the interactions of the electrons

with the nuclei of the atoms) g = In (183Z*1/3) — 1—18, and the loss rate becomes

1 (dE
—— = = 3.66 x 10" *n 57", 1
z < o )Bmm 3.66 x 107**n s (3.10)

It is noticeable that the energy loss rate is proportional to the electron energy in

both cases.

e Adiabatic losses - occur in case the electrons are confined within en expanding

volume. The energy loss rate for a uniformly expanding sphere of the R radius is,

_% (%)ad _ % (%) . (3.11)

Adiabatic losses are important in case the electrons are always confined within the

for example,

source during its expansion.

e Inverse Compton scattering - results from the propagation of an ultrarelativistic
electron in a low energy radiation field. The term “inverse Compton scattering”
reflects the situation when the electron loses its energy interacting with a low energy
photon, whereas the “traditional” Compton scattering reflects the situation when a
high energy photons scatters off the electron, transmitting energy to the latter. The
energy loss rate for the IRC is

dE > 4 9
( dt J1cs 3
where U,,q4 is the energy density of the radiation field.

e Synchrotron radiation, highlighted in [3.3] is characterized by the energy loss rate
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proportional to E?:

dE
— = =6.6 x 10*y?B? eV 571, (3.13)
dt synch

3.3 Synchrotron radiation

An accelerated charged particle emits electromagnetic radiation. In case the particle
acceleration is a result of its propagation in the magnetic field, radiation is called “syn-
chrotron radiation”, deriving its name from synchrotrons, in which this type of radiation
was discovered in 1946 and then described in 1947 [134]. Such a phenomenon is typical
in astrophysics environments due to the presence of magnetic fields, and thus is of partic-
ular interest for this work, since it is one of the main processes leading to formation and
propagation of the electromagnetic particle cascades in space initiated by UHE photons
and electrons.

The electromagnetic field of a moving particle of mass m and electric charge ¢ can be

written in a non-covariant form as follows [135]:

Bt =— a(7- ) o (7= 7) < 7) (3.14)
4reg 2 <1—ﬁ'§>3R(t’)2 c<1_ﬁ.g>3R(t’)

s Mo qc<§xﬁ)
B(7,t) = . i (1—ﬁ-3)3R(t’)2

(o))

" (1_ﬁ-5)33(tf)

t/

where [ = Y®) s the relative to the speed of light particle velocity, v =

p m (the
Lorentz factor), R(t') = 7 — 7o (t') is the distance from the charge, R (') = |R(t)],
n(t) = % is the unit vector between the observation point and the position of the
charge at the retarded time ¢'. The latter is understood as the time when the field
actually started to propagate, taking into account the delay needed for the field to reach
from the point of its emission (defined by 7 to the observer (located at 7), written as
¢ =t =hly,

The first terms in each field expression are proportional to R~2 and do not depend
on the particle acceleration (velocity fields). They are also called generalized Coulomb
fields, since they could be obtained from the Lorentz transformation of the static Coulomb
field as well. The second terms (acceleration fields) depend linearly on 3, and fall off as

R~!. The latter are typical radiation fields with both E and B being transverse to the
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radius vector, and represent electromagnetic radiation. For derivation of the important
characteristics of radiation the first terms in (3.14)) and (3.15)) can be omitted.

The radial component of Poynting’s vector is:

_— 2 |7 X ﬁ—g XE ’2
[S'”]:w:?eoc % Eg_ﬁ>’§> 3} ’ (3.16)

t/
from where one can derive that the power radiated per unit solid angle is

—

N GE (7w) =) x 5| P
dQ)  16m2ec (1 — i (t) - 5(1&’))5

and after the integration over the solid angle the total power radiated can be written

, (3.17)

2 5 -5
P =" |38 x AP (3.18)

~ 6megc
The latter expression is known as the relativistic generalization of Larmor’s formula.
Application of to the analysis of a charged particle motion along the bended
trajectory, which is the general case for, e.g., cosmic magnetic fields, allows to write down
the power radiated in an entire solid angle as
p T B2yt = ﬁﬂ“v“’
6megC 6mey p?

(3.19)

where p is the particle gyroradius.

Thus the emitted power scales as (%)4, and decreases with the square of the radius of
the orbit. The former fact means that the emission of synchrotron radiation by electrons
leads to a lot faster energy loss than in case of the other (heavier) charged particles.

The study of angular distribution of synchrotron radiation with respect to the direction
of the particle momentum allows for making another important conclusion. Analysis of
indicates that there are two types of relativistic effects affecting the emission of
radiation by a moving charge. One of them is that the mutual orientation of 5 and 5
determines the detailed angular power distribution. The other arises from the relativistic

effect of transforming from the rest frame of the particle to the observer’s frame. It is

expressed by the factor (1 -1 - 5) in the denominator of (3.16f), and dominates the whole

angular distribution in case of ultra-relativistic particles.
In case of a moving charge with velocity B perpendicular to its acceleration 5 , the
general expression (3.17)) for the angular distribution of radiation reduces to

ap ¢ Elk [1 __sin®fAcos®y (3.20)

dQ ~ 16m2egc (1 — Bcosh)’ 72 (1 —Bcosh)?]’
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To the observer

Figure 3.1: A charged particle in the spherical coordinate system; B’ and B are the charge
velocity and acceleration, correspondingly.

where 6 and v are polar angles defining the direction to the observer, as shown in Fig.

3.1

In a relativistic case, i.e. when § — 1, due to the factor (1 — S cos#) in the denomina-
tor of (3.20)) the angular distribution is tipped forward into a narrow cone like the beam
of a headlight pointing ahead of the particle. The angle 6,,., for which the intensity is

maximal is
1

emax a0 321
5 (3.21)

and the RMS angle of the emission of radiation is

1 mc
o — 2 M 3.22
RMS 5 T (3.22)

where mc? is the rest energy of the particle, E is its total energy.

Such a confinement of the synchrotron radiation makes an observer able to detect it
only as a consequence of short pulses (the radiation is visible when directed towards the
observer) of time duration 7' = %, occurring at regular intervals Ty = %, where L = ﬁ,

with p being the gyroradius of the charge trajectory (Fig. . Fourier decomposition of
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Figure 3.2: Radiation pattern emitted by a relativistic particle during its periodic motion
(taken from [135]).

the finite wave package shows that radiation spectrum will contain the frequency compo-

nents up to some critical value,

c c\ ;5
JPVIUN S0 DY) 3.23
Wer 7 ()7 (3.23)

This can be proven by analyzing the frequency distribution in the spectrum of syn-
chrotron radiation. Angular and frequency distribution of the energy received by an

observer can be written as

2

&1 2
S— , (3.24)

dQdt 1673z,

+oo 11 X [(ﬁ—ﬁ) xﬁ] o
/ ‘s ezw(t—wr(t)/c)dt
S
the formula known as the radiation integral. After non-trivial calculations of (3.24]) for a

charge moving along the instantaneous arc, the energy radiated per unit frequency interval

per unit solid angle is

1 ¢ wp\2 (1 o\ 0? 2
aQdt 127m3¢ggc (7) (? +6 ) {KQ/?’ (&) + (1/72) + 62 K3 ()] (3.25)
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where the function K is a modified Bessel function of the second kind,

wp (1 9 3/2
=24 2
¢ 3c (72 0 ) (8:26)

with 6 standing for the angle between the direction to the observer and the arc. The terms

in the square brackets correspond to different polarizations of the radiation (in-plane of

the orbit and normal to that plane, correspondingly).

From the properties of Bessel functions it is known that the intensity of radiation is
negligible for £ > 1 (at large angles; the greater the frequency, the smaller the critical
angle beyond which the radiation is negligible). This means that the radiation is mostly
confined to the plane where the motion of the charged particle takes place, being confined
more the higher the frequency is. For high values of w the parameter £ also becomes
large for all angles, and thus the total energy emitted at that frequency is negligible. The
critical frequency beyond which the radiation at any angle is negligible is defined from

the condition & = 0.5 for § = 0:

we = 273 (f) (3.27)

p

The angular spread at a certain frequency is estimated by the critical angle 6. at which

)
dwdQ

Figure 3.3: Differential frequency spectrum as a function of angle [135]. For w < w, the
radiation is confined to angles of the order of y~!, for much smaller (higher) frequencies
the confinement is larger (smaller).
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€(0.) ~&0)+ 1. If w < we, £(0:) ~ 1, and

1 9 1/3
g, = — < ”C) (3.28)

v\ w
Fig. demonstrates the angular distribution of radiation for different frequency
ranges. The frequency distribution of the total radiated energy can be obtained by inte-
gration of (3.24) over all angles. The result can be written as:
I V3e? w [*

= — K, d 3.29
dw 47r€007wc e 53 (7) dx ( )

In terms of photons the synchrotron radiation can be treated keeping in mind the
expression for the energy of a photon ¢ = Aw. The critical photon energy in this language
is defined as

3hc
e = hw, = —~3 3.30
€ 2! (3.30)

The higher this value is, the more photons with high energies are generated.

3.4 Examples of EM cascades

The notion of CRE, proposed by the CREDO Collaboration |17], refers to all possible
cosmic-ray cascades, which may contain nucleons, electrons, neutrinos, photons etc. In
this thesis the focus is made on EM cascades, which constitute a specific sub-class of CRE.
The processes of energy conversion between the particles forming EM cascades (photons
and electrons), as it can be seen from the energy loss rates provided in the previous
subsections of this chapter, depend on the particles energy as well as on the strength of
the magnetic field in the regions the propagation takes place. Though the geomagnetic
and Solar magnetic field values are relatively low, the UHE photons can still undergo
cascading under these conditions and thus one can expect EM cascades to be initiated at

the vicinity of the Sun as well as in the magnetic field of the Earth.

3.4.1 Preshowers in the geomagnetic field

One of the illustrative examples of EM cascades is the so-called preshower effect [130),
136]. Tt is associated with the UHE photon undergoing e~e® pair production in the
geomagnetic field above the Earth atmosphere with the subsequent synchrotron emission
by the pair components. The name of the phenomenon is related to the processes it
comprises, namely “pre” denoting the localization of the initiating process, i.e. above the
atmosphere, and “shower” meaning the cascading of the primary UHE photon (Fig. .

Due to the fact that it is the transverse component of the magnetic field that affects
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Figure 3.4: A schematic illustration of the preshower effect (taken from [130]).

the conversion probability, the development of a preshower, starting with the first pair
production event, strongly depends on the way of a primary UHE photon through the
magnetosphere. It also imposes the dependence of the cascade characteristics on the
incident angle making the preshower effect more significant for large zenith angles of the

incoming photons in the magnetic equator plane [137].

A typical preshower [138| initiated by a 10?° eV photon starts at around 1000 km a.s.1.
Since the distance to the top of the atmosphere is typically of the order of several radiation
lengths, the cascade gets developed and as a result enters the atmosphere (around 100 km
a.s.l.) with hundreds of photons and a few e~e™ pairs of typical energies at the E€V scale.
The values of photon energies span several orders of magnitude, with the largest around
10* eV. Large fluctuations around these average numbers may take place, especially in
case the UHE photon is converted into a pair closer to the Earth. As far as spatial extent
of a typical preshower is concerned, it is expected to be very small. In a EeV energy
range the angular spread of particles is A§ ~ m,/E ~ 107'2, which even for the longest
distances ~ 10* km from the initiation point to the Earth results in Az ~ 1073 cm
linear deflections on top of the atmosphere . The resultant atmospheric showers
have properties very similar to those induced by single CRs, which complicates their

identification with traditional methods .

Extensive studies of the preshower effect in order to discriminate its consequences
from those of individual extensive air showers were performed in [139]. As a result of

studying the energy and directional dependencies of the simulated cascades at the CTA-
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North site, an efficient method of preshower/hadron separation was developed. With its
use the predictions of the expected preshower rate according to different models of the
production of UHE photons were made, and despite the low numbers obtained, it was
concluded that the IACT technique can be used to probe physical phenomena not only
in the TeV domain, but also in the EeV regime.

3.4.2 Sun super-preshowers

The effect of the cascading of a UHE photon can also take place in the Solar magnetic
field. Its component, transverse to the photon propagation direction, can be strong enough
to cause the creation of an e"e™ pair relatively close to the Sun. Synchrotron emission
of the electrons also takes place mostly in these regions, thus the close vicinity of the
Sun defines the development of the EM cascade. In [140] it is demonstrated that the
typical strength of the transverse Solar magnetic field exceeds that of the geomagnetic
field roughly by an order of magnitude. This allows to expect the correspondent energies
of the photons favorable to cascading to be of the order of 10! eV. Also the relation
between the impact parameters of the Sun, i.e. the distances from its center at which the
formation of a cascade takes place, and the photon energies initiating it, was investigated.
The size and shape of the footprint, formed by the secondary photons of the Sun EM
cascade on top of the Earth atmosphere, were estimated. The footprint was expected to
be a very prolate ellipse elongated tens of kilometers in the direction perpendicular to the
Sun magnetic field in the region of the cascade formation.

More recently, a complementary study of the Sun cosmic-ray ensembles with the use of
PRESHOWER code, was performed [141]. To generalize the notion “preshower”, the term
“super-preshower” (SPS) was introduced, to denote an EM cascade originating above the
Earth’s atmosphere, regardless of the initiating process and distance to the Earth. The
investigation of the Sun SPS properties included comparison of two models of the Solar
magnetic field, the dipole model with the dipole magnetic moment 6.87 x 1032 G-cm?
used in the pioneer paper, and the dipole-quadruple-current-sheet model, proposed in
[142]. The latter one is more realistic and provides a better description of the Solar
magnetic field farther from the Sun, which was useful for the cited research when tracking
the electrons of the cascades on their ways towards the Earth. Another improvement
was made for calculating the synchrotron photons angular distribution, introducing the
half-opening angle defined by Eq. [3.22]

The dependence of the photon conversion probability on the Sun impact parameter
is shown in Fig. for different initial energies. One can see that very close to the Sun
(around 1Rg) even the photons with energies 1 EeV can undergo successful conversion,
while for 10 EeV photons conversion probability is close to unity for the distances around

2R. At the same time nearly all the photons with energies 100 EeV can still produce a
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Figure 3.5: Probability of magnetic pair production as a function of the impact parameter
for UHE photons heading towards the Earth from the Sun’s vicinity (taken from [141]).

pair even at distances up to 4R, from the center of the Sun that increases the effective

solid angle within which the Sun SPS should be expected to arrive to the Earth.

Since the region of the most effective synchrotron emission is also located in the vicinity
of the Sun, and is small compared to the electrons gyroradii, it could be assumed that the
electron and the positron from the same pair experience nearly the same magnetic field
and thus emit approximately in the same plane, being deflected in the opposite directions
by the Lorentz force. This results in the shape of a cascade footprint on top of the Earth
atmosphere (a prolate ellipse, as it was already mentioned), which size is calculated for

different heliocentric latitudes of the primary photon and shown in Fig. |3.6]

The plot is consistent with the expectations; the closer the photon approaches the
Sun, the stronger field it experiences and the more deflected become the electrons of the

produced pair.

Distributions of product photons in a footprint of an example SPS on top of the
atmosphere are compared for different Solar magnetic field models in Fig. [3.7 The origin
point corresponds to the location of the undeflected photon, whereas the Y and Z axes

are directed to the East and North, respectively.

As one can see, despite the difference in the sizes and orientations of the footprints
obtained for two models, they have a very elongated shape in both cases. The energy
distribution of the photons on top of the atmosphere is demonstrated in Fig. |3.8] which
is a zoomed in central (core) part of the cascade footprint, weighted by the energy of the

secondary photons. The results are in consistency with those pointed out in [140], namely
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Figure 3.6: Size of a Sun SPS footprint at a distance of 1 AU from the Sun as a function
of impact parameter for a 100 EeV primary photon (taken from [141]).
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Figure 3.7: Spatial distribution of product photons with energies above 1 TeV arriving at
the top of the atmosphere. The primary 100 EeV photon is directed towards the Earth
such that the position of the closest approach has heliocentric latitude 45° (taken from
[141]).

the photons with higher energies are located closer to the core of the footprint, i.e. the

point the primary photon would have reached if unconverted into the pair.
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Figure 3.8: Distribution of energy of product photons arriving at the top of the atmo-
sphere. The primary 100 EeV photon is directed towards the Earth such that the position
of the closest approach has heliocentric latitude 0°, and its impact parameter is 3R.
Note the difference in the scales along the axes (taken from [141]).

3.4.3 Cosmic-ray ensembles and the CREDO project

As one can see from the previous examples, the production of an e~ e pair can occur
under different conditions, and together with subsequent electron energy loss processes
it leads to the formation of an EM cascade. The term “cosmic-ray ensemble” denotes
any group of a minimum of two correlated, be it spatially or temporally, cosmic rays
with a common primary interaction vertex or the same parent particle. Schematically,
the novelty of the CRE approach is demonstrated in Fig. emphasizing the transition

from a single particle in the research focus to the expression

Ner > 1, (3.31)

which means the correlation of the particles having a common primary, and could be
regarded as the mathematical definition of a CRE. One of the main questions regarding
the possible observation of the CRE is illustrated in Fig. [3.9]

It is believed that propagation of a UHE particle results in its extinction due to the
interactions it undergoes on its way, thus it would be correct to ask not whether the CRE
exist, but rather under which conditions they could be observed. If the photons in an
EM cascade arriving at the Earth travel closely to each other, as in the preshower effect
described above , the resultant extensive air shower will resemble the one initiated

by a single primary particle. This case does not require any special infrastructure for the
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Figure 3.9: Obviously in experimental reach, although not yet probed, detection of Cosmic
Ray Ensembles, using ultra-high energy photons as example primary particles (taken from

[20])-

observation and is referred to as the "obvious detection" (the left panel in Fig.[3.9). The
opposite extreme case is correspondent to the cascades with too sparse distribution of the
components (more that the size of the Earth on average). In such a situation there is no
chance to identify a particle as a part of the cascade, and one should consider this case as
a limitation for the observation of CRE (“obvious extinction”; the right panel in Fig. .
The central panel of the same plot, named “obvious between”, illustrates what can be
studied with the CRE approach - any scenarios capable to produce particle distributions
less sparse than the “obvious extinction” limit. This domain is yet unexplored and requires

a globally coordinated effort.
Indeed, CRE footprints can be extended up to the global scale, thus the chances of

their observation increase only with the use of detector arrays of the correspondent size.
For obvious reasons, building such an infrastructure from the scratch does not seem to
be as an achievable goal in the nearest future. An alternative solution, proposed by the
CREDO collaboration, namely, connecting as many already existing detectors as possible
into a global network, looks far more promising. Data from all types of detectors, from
the simplest, like smartphones and pocket scintillators, to large cosmic-ray experiments,
is useful for the CREDO research, because the energies of the secondary particles consti-

tuting CRE are distributed over many orders of magnitude and thus different detectors
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provide complementary information.

One of the first steps already made by the CREDO collaboration is a smartphone
application, which allows to detect radiation with the camera photo sensors [143]. The
particles detected might either be parts of air showers, induced by cosmic rays in the
atmosphere, or result from a natural radiation background. Smartphones are already
globally spread, and the number of their users is already huge and still growing, so the
application induces the increase of the coverage of the smartphone detectors network. On
the other hand, it fits within the strategy of a wide involvement of non-professionals into
the scientific research (the so-called “citizen science”), ensuring a two-way benefit to all the
participants: the scientists are helped with a manpower - the enthusiasts contribute in data
acquisition and classification, while the application users get an opportunity to educate
themselves, participate in scientific research and even become co-authors of scientific
papers. The smartphone application data is accessible via CREDO API (open access
is another feature of the CREDO project; the algorithms used for the data acquisition
and analysis can be found on GitHub). This should stimulate a growing interest among
the users, because everyone can easily access the results of his participation, even if it is
a simple data registration, or contribute to the data analysis participating in the code
development.

Examples of CREDO smartphone application data analysis are described in [144, 145
146].
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Chapter 4

Software and algorithms

4.1 Introduction to CRPropa

The main tool chosen to simulate CRE formation and propagation within this work
is CRPropa 3 [147]. It is the most popular state of the art Monte Carlo code which
enables simulations of behavior of different particles (nuclei, leptons, photons etc.) in
an astrophysics environment, taking into account interactions with fields and matter. Its
modular structure along with the possibility of including the user written or modified
modules together or instead of default ones makes it a flexible and universal instrument.
Thus, CRPropa is very helpful, if not inevitable, in solving a wide range of tasks related
to high-energy astrophysics. Its official website [148| provides the user with the updates,

usage examples and tutorials.

The main idea of the CRPropa structure is that all the phases of a particle propagation
in space as well as the processes it is involved in are realized as independent simulation
modules. A cosmic ray is looped through the list of active modules ModuleList while they
edit its state until the particle propagation is stopped on the signal sent by a module. The
initial and current state of the particle is stored in the Candidate object, also containing
information on the step size, redshift, possible interaction and status flags. The isActive
flag serves as a break condition and is checked after each repetition of the ModuleList

operations.

The CRPropa algorithm is steered by a simple input specification where all the mod-
ules expected to influence a particle propagation are added to the ModuleList and specified
according to the simulation task. The input configuration contains, for example, an infor-
mation on the Candidate (the type of primary particle, its initial energy, initial direction
etc.), type of propagation (corresponding to 1D, 3D motion, propagation in magnetic
field etc.), interactions with different types of cosmic backgrounds (pair production, syn-
chrotron radiation, inverse Compton scattering etc.), stop (breaking) conditions, observer,

output type and other relevant modules.
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Figure 4.1: Illustration of the CRPropa 3 modular structure. Each module contained in
the module list acts on the candidate class (taken from [147]).

The simulation results are saved in the output files which contain the information
on propagation of the particles involved in the physical processes included in the sim-
ulation chain. The plain text output, which has been used for this work, is realized
within the TextOutput module (another supported output type is HDF5, provided by the
HDF50utput module). Depending on the place of the code where the output module is
linked, it could be called on different steps or after meeting certain predefined conditions
(breaking, due to reaching the threshold, or border ones, when the particle crosses the ob-
server surface). Such variability ensures the efficient use of computer resources and allows
obtaining one or several different output files, which makes the analysis of the simulation

more complete.

Depending on the task run by the user the output can be stored in one of five presets:
FEvent1D, Fvent3D, TrajectorylD, Trajectory3D and FEwverything, with different display
schemes, as described below. The most complete preset of the output is Fverything.
It contains information stored in the correspondent columns of the text file. They are
the following: serial number of the particle (within a particular simulation); its trajectory
length; energy, ID (particle type defined in correspondence with PDG Monte Carlo particle
numbering scheme [149], coordinates and momentum components calculated in current,
starting (primary particle) and origin (parent particle) positions. Other presets do not
display all the values listed above, but only the relevant ones. For example, FventiD

contains trajectory length, ID’s and energies in the origin and current points, Event3D

47



presumes saving current position and momentum components, as well as coordinates
of the starting point, in addition to Event1D information. TrajectorylD allows to write
down only ID, energy and position (a coordinate along the trajectory), while Trajectory3D
preset includes also trajectory length, redshift, serial number, coordinates and momentum
components in the current position. The described scheme of the output is convenient
while studying cascades of particles, since all the information needed to track a particular
particle can be retrieved easily. Additionally, fine-tuning of the output is possible, which
is done by enabling or disabling one or several columns.

CRPropa uses the SI unit system by default, but most of the important units (GeV,
kpc) are assigned to the correspondent symbols, which enforces expressive code, e.g.
MinimumEnergy(1*GeV). The unit scale is chosen for every value displayed in the output

independently, for instance:
e t = TextOutput(filename, Output.Everything)
e t.setLengthScale(meter)
o t.setEnergyScale(GeV)

An example output file (a fragment) is shown in Fig. [A.I] The Everything preset is
used, while some columns (the serial number, redshift, initial momentum components)
are disabled. The meter scale is chosen for distances, and energy is scaled in GeV (this
information is displayed in the first lines of the output file). The output module during
this simulation was called to save every propagation step of every particle originated

during the propagation of the primary particle.

4.2 Cash-Karp algorithm

One of the main processes to be considered while studying the formation and propa-
gation of cosmic-ray ensembles is the synchrotron emission of a charged particle, e.g., an
electron, due to its accelerated motion in the cosmic magnetic fields (Section . Prop-
agation of the particles in space requires the solution of the ordinary differential equation
(ODE) of the second order

%zq(ﬁ%—ﬁxj?), (4.1)

where p is the particle momentum, ¢ is its electric charge, E and B are electric and
magnetic constituents of the electromagnetic field, respectively, and the right-hand side
of the equation is the general expression for the Lorentz force acting on a charged particle
which propagates in the electromagnetic field. Since the cosmic electromagnetic fields
have a complicated structure (see e.g. [2.4.1| and [2.4.2]), the analytical solution of
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represents a non-trivial, if not an impossible, task, and thus the use of numerical methods

is required in order to obtain an approximate solution.

The Runge-Kutta methods (RKM) are widely used for integrating the ODE with the
known initial conditions (one of the types of the Cauchy problem). They belong to the
so-called one-step methods, which require only the last time point of the approximate
solution, to perform the calculations of every next step. Let the initial value problem be

described by the equation:

dy

D ft), (+2)

where y is an unknown scalar or vector function of time t with the given initial conditions:

y (to) = o (4.3)

Originally, the scheme of the family of explicit RKM was defined as

Ynt1 = Yn + Z biki, (4.4)
i=1

where

ki = f(tn, yn)

ke = f (t, + coh, y, + h (a1 k) (4.5)
ks = f(tn + c3h, y, + h(aziks + assks))

ks = f(tn + csh, y, + h(aaki + asoko + ... 4+ a5 5-1ks—1))

Any particular method of the family is characterized by the number of stages s,
and the Runge-Kutta matrix a;; (1 < j <i <s), weights b; (i =1,2,...,;s) and nodes

¢ (i =2,3,...,5). These coefficients are arranged in the so-called Butcher tableau:

Co | 21

C3 | az1 a3z

Cs | g1 Qg2 ... as,sfl

by by ... by b
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Some additional conditions should be met by the coefficients, namely

> bi=1,

i=1

i-1 (4.6)

fori = 2,3, ..., s.

The classical RKM is the method

1
Yn+1l = Yn + —h (/fl + 2ko + 2k3 + k4)

6
tn+1:tn+h
klzf(thn)
h s (4.7)
ko= f(t+ 2y 4+
2 f( —|—2yn+ 2)
h ko
ks = t — h—

k4:f(tn+hayn+hk3>)

belonging to the family of methods with the fourth order of accuracy of the form (4.4)
with s=4, in a sense that a local truncation error is of the order of O (h®), while the total

accumulated error is of the order of O (h?).

Here v, is the RK4 approximation of y (t,+1), and every next value is determined
by the present value plus the weighted average of four increments, each one being the
product of the interval size h and an estimated slope (Fig. |4.2)) specified by the function
f on the right-hand side of .

k1 is the slope at the beginning of the interval, depending on

ko is the slope at the midpoint of the interval, depending on yy and ky

ks is again the slope at the midpoint of the interval, but now depending on y, and
ka

k4 is the slope at the end of the interval, depending on ¥, and k3.

Midpoint slopes are assigned to the higher weights when averaging.

Obviously, for the RK4 method the Butcher tableau takes the form:
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Figure 4.2: Geometrical interpretation of the classical Runge-Kutta method.
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In order to control the errors of the method and ensure the stability of the algorithm,
adaptive step size is sometimes used for the numerical solution of the ODE. The idea

behind is that a local truncation error is estimated after every step of the RKM. This is
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performed with the use of two methods of the order p and p — 1. Due to the fact that the
methods have common intermediate steps, the computational cost of the error estimation

is small compared with a step of the higher-order method.

The step is adapted in a sense that the error is compared with the user defined value,
and in case the error exceeds this threshold, the step should be repeated with a reduced
size, while if the error is much lower than the threshold, the step is increased which enables
to save the computational time. In this way the user gets an almost optimal step size

automatically.

The step of the lower order is:

=1

where k; are the same as for the method of the higher order. The error is estimated as

Ent+l = Yn+1 — ?JZH =h Z ki (bz’ - b:) (4-9)

=1

Therefore the Butcher tableau is extended one line more, containing b

Co | Q21

C3 | az1 G32

Cs | Qg1 Ag2 ... Qggs—1
by by ... by b,
* * * *
bioby ... br, b

There are several adaptive RKM [150]. The authors proposed their own method there,
known as Cash-Karp method. Its advantages are discussed in detail in the reference. It
should be noted, though, that this method uses six function evaluations to calculate the
accurate solutions of the fourth and the fifth order. The Butcher tableau of this method

is given in a form:
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1/5 1/5
3/10|  3/40 9,/40
3/5 3/10 ~9/10 6/5
1 | —11/54 5/2 —70/27 35/27 ’

7/8 | 1631/55296 175/512 575/13824  44275/110592 253/4096

37/78 0 250/621 125/594 0 512/1771

2825/27648 0 18575/48384 13525/55296 277/14336 1/4

where the first row of b coefficients corresponds to the fifth-order accurate solution, and
the second row gives the fourth order solution.
This method is one of the available options to propagate the particles with the CR-

Propa code, and we used it in our research as well.

4.3 Processing the CRPropa output

4.3.1 Step-by-step processing of the output file

In this paragraph we discuss the processing of the output file, created as a result of
an example, single run of the CRPropa code, simulating the propagation of an electron
in the Galactic magnetic field. Such a processing is needed to adapt the CRPropa output
to the needs determined by the definition of the CRE-related study.

The main goal of a step-by-step output processing is to have full control over its results
in a sense of the correct interpretation of the processes occurring during the primary
particle and its products propagation. In this regard it is crucial to have as complete
information as possible about every particle tracked during a simulation. For this purpose
the output module should be included to the ModuleList directly, so that the cosmic ray
information is written out at every simulation step. The electron is expected to emit
synchrotron radiation due to its motion in the magnetic field, and the photons produced
can have (or, at least, are not excluded to have) energies large enough to produce electron-
positron pairs due to their interaction with the cosmic backgrounds.

To illustrate the CRPropa output handling needed for the purposes of this section we

will use an example CRPropa run with the following parameter set:

e The primary electron starting energy Fy = 1.0 EeV;
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Figure 4.3: Illustration of the simulation setup. C denotes the Galactic Center, S - the
position of the Solar System, A is the starting point of the primary electron, py is its
initial direction; ¢ = 30°.

e The starting point of its propagation is (20.0 kpc, 30.0, 0.0) in the spherical galac-

tocentric system (the Solar system location is (-8.5 kpc, 0.0, 0.0))

e The initial direction of the primary electron is towards the Solar System (its mo-

mentum components are calculated in the code and not listed here explicitly)

e The galactic magnetic field according to the JF12 model (see the description in

Section [2.4.1))

e The minimum energy threshold Ej. = 1.0 TeV (the particles are stopped after their

energy falls below this value)

e The synchrotron radiation threshold is 1.0 TeV (the photons with lower energies are

not produced)

The observer surface in the current example was defined as the sphere centered around

the primary electron starting point (Fig. 4.3)), with the radius equal to the distance from
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Step-by-step primary electron energy loss
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Figure 4.4: Energy loss of the primary electron along its trajectory (first 30 000 steps).

the center to the Solar System (the particles propagation is stopped after they cross the
observer surface).

The analysis of the results of CRE simulations with CRPropa in many cases might be
not trivial due to the large size of the output files (see the description of the problem and
the discussion of the possible ways of handling it in .

One of the key factors in the CRE study is the step by step control of the energy losses
of the simulated particles during their propagation. This is well possible with CRPropa,
although not without additional processing of the output. An example plot visualising the
primary electron energy loss over the travelled distance for the first 30 000 propagation
steps is shown in Fig. 4.4] (the overall number of steps is too large to get a representative
plot). From the plot one can see that the regions with relatively fast energy loss are
followed by those for which the energy loss is a lot slower. Irregular energy losses seen
in the plot can be understood keeping in mind the irregularities in the galactic magnetic
field model used here (the JF12 model, see and the physics of synchrotron radiation
process, namely, with the fact that the radiated power is proportional to B?, see m

In other words, one expects that electrons propagating through the regions where
magnetic fields are weaker should lose energy slower than in the case of the stronger
fields. Another example (Fig. demonstrates the juxtaposition of the electron energy
loss along the trajectory with the strength of the magnetic field transverse component. As

one can see from the plot, indeed, the fast energy loss regions correspond to the stronger
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Figure 4.5: Energy loss of the primary electron in the magnetic field along the first 10 000
propagation steps.

deflection of the electron via the Lorentz force in the magnetic field.

The SynchrotronRadiation module of CRPropa simulates the continuous energy loss
of a charged particle with an option of creating the synchrotron photons above a user-
defined threshold as secondary particles. The points of the photon emission are shown in

another example extracted from the same run (Fig. |4.6|) with the red dots.

Both points in the plotted part of the primary electron trajectory are emitted in the
regions with the stronger magnetic field. Such a small number of emitted photons is due
to the relatively high threshold for synchrotron radiation energy (1 TeV). The choice of
lower value of synchrotron threshold would increase the number of secondary particles,
as will be seen in the other examples shown throughout this work. Too many particles in
a simulation run cause memory problems, so in practice running a CRPropa simulation
dedicated to CRE studies, in particular simulating secondary electromagnetic cascades,
imposes restrictions on the input parameter set, even if superior computer resources such
as those available in typical supercomputing centers, are available. Understanding and
quantifying these limitations is then an important part of this work, and it requires in a

sense an “experimental” approach, using a time consuming trial and error method.
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Figure 4.6: Emission points of the above-TeV synchrotron photons during the propagation
of the primary electron in the magnetic field.

4.3.2 Propagation of the electron within a plane

On a larger scale the step algorithm used within CRPropa gives reasonably smooth
trajectories which is demonstrated in this subsection. In order to zoom at the essential
features of the primary electron propagation in the magnetic field we studied the simplest
case when the electron propagates in a purely transverse uniform magnetic field. For fur-
ther simplicity among the available interaction modules only the “SynchrotronRadiation”
was activated which means that for the sake of demonstration clarity, but also motivated
by an important role of synchrotron radiation in electron propagation in the magnetic
fields (at least for a certain energy range; see Sec. [3.2)), we ignore other processes causing
energy losses of the primary electron. We set the initial direction of the primary electron
parallel to the X-axis, and let the magnetic field vector be oriented along the Z-axis, to
entirely confine the electron trajectory within the XY plane. The complete configuration

of the simulation in this example is the following:
e The primary electron starting energy Fy = 1.0 EeV
e The starting point of the primary electron (0.0, 0.0, 0.0)
e The initial direction of the primary electron (1.0, 0.0, 0.0)
e Uniform magnetic field (0.0, 0.0, 200.0) nG

57



Electron trajectory in constant magnetic field
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Figure 4.7: The first 50 000 steps of a 1 EeV electron trajectory in the transverse uniform
magnetic field of 200 nG obtained with the CRPropa simulation. Point A denotes the
first quarter of the first full rotation, while point B marks its end (see the main text for
details).

e The minimum energy threshold Ej,,. = 500.0 GeV
e The synchrotron radiation threshold 1.0 GeV

e Runge-Kutta parameters: sim.add(PropagationCK(B, 10~ 10™* parsec, 0.1 par-

sec))

A part of the electron trajectory is shown in Fig. [1.7 It contains only the first 50 000
steps, however, it is clear that the electron will keep on propagating until it reaches the
minimum energy Ej,., rotating counterclockwise with an ever decreasing gyroradius due
to the energy loss, also decreasing per step (compare to Fig.[3.2]). The parameter choice
requires additional comments, because the main goal of this example is full understanding
of the influence of every parameter of the input set on the simulation process as well as on
its results. This information, as it is shown below, helps defining the optimal threshold
conditions to use the computing resources more efficiently.

We note that the minimum energy threshold Ej,., here 500 GeV, defines the number
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of full rotations of the electron before the latter is stopped (we use the “full rotation”
term to describe a situation where the trajectory of the electron becomes parallel to its
initial direction: e.g. point B in Fig. [£.7] marks the first full rotation of the simulated
electron, while point A corresponds to the end of the first “quarter” of a full rotation,
after the electron has turned 90 degrees with respect to its initial direction). However, in
the context of computations increasing the trajectory length means adding propagation
steps and thus overusing resources. Correspondingly, the parameters should be chosen in
a way allowing reduce the number of unnecessary iterations. For instance, the electron
energy after the first full rotation (point B) is 30.8 PeV (96.92% of the starting energy is
already radiated by the electron). If there is no need to study the next full rotations of
the electron, 30 PeV could be a reasonable value for minimum energy threshold in the list

of the input parameters, which has to be deduced after the test run.

Since the threshold for synchrotron radiation secondaries is lower than the minimum
energy of the particles propagation, secondary synchrotron photons are generated by the
code, but not propagated for more than one step, as they (mostly) already have energies

beyond the breaking condition and are immediately stopped for this reason.

Due to the limited computing resources the simulation of the synchrotron radiation
has to be activated (by setting the corresponding flag while configuring the Synchrotron-
Radiation module) with a user-defined threshold for the minimum energy of a synchrotron

photon E™" . synchrotron photons of energies Eoynen < E™m  are not simulated. This

synch* synch
restriction on Ey,, is implemented in the CRPropa code by applying the condition:

Esynch < min 14 - Ecrita (410)

synch —

with Egynen denoting the synchrotron photon energy and F.,; standing for the critical
photon energy expressed by Eq. Namely, it is a parameter of the synchrotron
radiation spectrum pointing to the frequency region where the emission is negligible;
synchrotron photons of significantly higher energies are emitted very rarely and hence can
be ignored in the simulations. To define the limit for this negligibility in the CRPropa the
factor “14” is used in the condition above which seems a reasonable choice well grounded

in classical textbooks and plots showing synchrotron radiation.

It is important to mention that setting E7,

Ef,,. below which the production rate of synchrotron photons of energies above E7", is

automatically limits the electron energy

negligible, and thus not simulated by CRPropa. In our example we require that E;Zﬁfgh =

1.00 GeV (see the parameter list above) which corresponds to E..; ~ 0.07 GeV and

<. & T74.75 PeV (the values of the correspondent parameters are: R = 1.25 - 10" m,
v = 1,46 - 10") - below this energy we do not simulate any synchrotron emission that
fulfills the E7:", condition , as illustrated in Fig. . Here the electron energy

at the point where it reaches E, = 74.75 PeV is marked by a blue point; its normalized
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Electron trajectory in constant magnetic field
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Figure 4.8: A part of the primary electron trajectory with the “photons production thresh-
old” affecting the simulation, here denoted with the blue dot (see the details in the main
text).

momentum here is (0.49429, 0.86930, 0.0). This limits the arc of an angular size of around
60°, along which secondary photons are generated by CRPropa. For comparison, the
primary electron energy F, after the first full rotation (point B in Fig. [4.7)) is 30.68 PeV,
while the other relevant parameters are R = 165.9 pc, v = 6 - 10*°, E,..;; = 0.0125 GeV
and no photons of energies above 1 GeV are simulated any more. We can finally infer
that in the current example there is no need to chose the minimum energy threshold FEj,
below 70 PeV, since the “lower-energy” part of the electron trajectory is not important

for the study of synchrotron radiation.
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4.3.3 Distribution of photons along the propagation step

A single step (#4) of the 1 EeV primary electron trajectory
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Figure 4.9: Emission of synchrotron photons along a single step of the primary electron
trajectory. The electron propagates from the left bottom to the top right.

Since we are interested in obtaining a detailed information on a cascade of particles
within an observational reach of the standard astroparticle physics infrastructure, we are
motivated to reduce the synchrotron threshold value down to even 1 GeV, which is still
acceptable in terms of available computing resources and which seems to be the lower
limit of terrestrial gamma rays observatories (for example, [151], [152]). In future, and
with more efficient computing resources or simulation programs, one would be interested in
tracking the photons of even lower energies, so that even the available satellite data on low
energy photons can be used in the search for CRE. Here, to study the photons emission
from a single propagation step, we used the same energy parameters, field value, the
starting point and initial direction of the electron as in the simulation setup in a previous
subsection (4.3.2)), reducing only the propagation step size. In the current example the

parameters of the Runge-Kutta method are specified as:

sim.add(PropagationCK (B, 107*, 1077 parsec, 10~ parsec)).
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Two steps (#7 and #8) of the 1 EeV primary electron trajectory
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Figure 4.10: Emission of synchrotron photons along two consecutive steps of the primary
electron trajectory. The electron propagates from the left bottom to the top right.

We plotted the fragments of the electron trajectory in the magnetic field: a single step,
the 4" one, (Fig. , and two consecutive steps, 7" and 8, (Fig. , denoting the
photons emission points along the steps with the red stars. The plots demonstrate the
difference of the step lengths due to the use of the adaptive step size mechanism. Step 4
(Fig. is 8 times shorter than each of the two steps shown in Fig. 4.10| (steps 7 and
8). Since the energy loss of the charged particle is proportional to the distance it covered,
the number of photons emitted during different parts of the primary electron trajectory
varies correspondingly (in the plotted cases 10 photons for a single step in Fig. and 182
photons in total for two steps in Fig. |[4.10)). The steps in the CK method are consecutively
increased by a factor 5 starting from the minimal value until the maximal value is reached,
and from that moment on the step size remains unchanged (equal to the maximal value)
until the particle is stopped. In our example the maximal step size is 1000 times larger
than the minimal one, thus, in units of minimal step sizes the ratios of the consecutive
step lengths are 1:5:25:125:625:1000:1000:1000:..., so the fraction of 7th or 8th step lengths
to the 4th step length in the same units is 1000:125=8.
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Energies of photons emitted during simulation step #4 Energies of photons emitted during simulation steps #7 and #8
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Figure 4.11: Distributions of the emitted photons energies. Top left: step 4; top right:
two consecutive steps 7 and 8; bottom: all steps.

The energy spectra of the emitted photons for the trajectory parts plotted above as
well as for the whole run are shown in Fig. It could be inferred that the distribution
of photons is centered at around tens of GeV, which is compatible with the sensitivity
regions of the current instruments. On the other hand, the spectrum can help selecting
input parameters, in particular, the synchrotron radiation threshold, for the simulations
in given conditions. For instance, from the bottom panel of Fig/d.T1] one can safely infer

that in the demonstrated example the reasonable E7, can be set to 100 GeV.
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Chapter 5

Processing the CRPropa output with
CRE-pro

5.1 Motivation for external processing of the CRPropa

product particles

The estimation of CRE shapes and sizes as well as of their probability to be registered
with terrestrial or human technosphere-based arrays of detectors requires precise knowl-
edge of the synchrotron photons distribution along the electron trajectory as well as over
the observer surface. As it is shown below, we developed an algorithm, later referred as
the “CRE-Pro” script, which allows to skip tracking of photons with CRPropa (see App.
for technical details). This part of simulation is quite trivial from the physics point of view
(linear propagation in overwhelming majority of cases), but uses a significant amount of
computing resources due to the huge number of particles needed to be kept in memory.
Also, the external script can be used for processing the similar output obtained with the
use of different simulation codes.

We are particularly interested in studying the propagation of charged particles in the
electromagnetic fields leading to synchrotron emission of photons, which are the main
component of an electromagnetic particle cascade, such as a CRE. The most obvious way
of calculating the particle trajectory is applying iterative methods to solve the differential
equations of motion in an environment, usually containing some field, which affects the
particle propagation. The resulting trajectory of a particle is a polygonal chain consisting

of a series of line segments (propagation steps).

5.2 Geometrical interpretation

As it was already shown (Fig. , 4.10]), numerous synchrotron photons can be emitted

along a single propagation step of the electron in the magnetic field. The main geometrical
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Figure 5.1: Geometrical interpretation of the CRE-Pro script.

idea behind the “CRE-pro” script is that all these photons due to their linear propagation
will be confined within some area A;C; of an observer surface (Fig. , and the size of
this area D, is, in fact, the size of the CRE formed by these photons. The area is in a

sense the projection of the step onto the observer surface.

Consider an electron with the energy value E propagating in a transverse magnetic
field of the strength B. The real trajectory of the electron is bended by the Lorentz force,
forming a complicated spiral with an increasing curvature, like the one demonstrated in
Fig. described by its gyroradius

Ymu E
= = = —=, (5.1)
clg|B  ceB
thus a linear propagation step with the length Dy, is an approximation of an arc AC of

the angular size o, where

Dstep
= === 5.2
“~ R, (5:2)
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The photons generated along a given step (arc) should propagate along the lines tan-
gent to the arc at the points of emission, thus, such lines at the beginning and at the
end of the step define the edges of the step projection onto the observer surface. The
universality of the approach suggests that the observer surface can be defined according
to the geometry of a certain physics situation. However, we have chosen the simplest
case of the observer surface - a plane, keeping in mind it is situated far enough from the
moving particle in the majority of cases of CRE simulations. We are mostly interested
in the cases when the size of the observer surface is small with respect to its distance
from the emitting region (the electron propagation step), thus a plane is an acceptable
approximation and no important details are neglected with the use of this simplification.
We placed the observer plane at a distance Rp from the start of the step perpendicularly
to the tangent line at this point.

Decgrp as a function of a, B, Rp and E can be easily derived using the following
geometrical considerations. Suppose the electron trajectory is completely contained within
the XY plane (Fig. . The Cartesian coordinates of the starting point A of the step are
(Rg, 0.0), and the electron momentum has initial components (0.0, 1.0). The coordinates
of the step ending point C are (R, cos a, Ry sin ). The intersection points of the observer
plane with the tangent lines to the step edges are, correspondingly, A, (R,, Rp) and C4
(o — Rptana, Rp). Finally,

Ccos &

R

O0S v

DCRE = AlC’l = Rg - c + RD tan a. (53)

5.3 The CRE-pro algorithm and usage examples

Using expression we generated “parameter phase space”, looping over the input
characteristics of the environment («, B, Rp and FE), in which simulation of the electron
propagation is supposed to take place, to obtain the (Dg.p, Dorg) “coordinates” of the
points in a 2D phase space cross-section (e.g. Fig. . The phase space should universally
point to parameter regions where observable CRE can be expected. Still, Monte Carlo
simulations are needed to tell which parameter regions are expected to occur in reality.

Each of the input parameters ran through the several orders of magnitude of its value
in order to cover a wide range of combinations which should correspond to various physics
environments (Tab. [5.1)). The overall number of combinations is 64000, among which 1805
were excluded because of geometrical restrictions (we had to take care the step does not
cross the observer plane).

In order to visualize the obtained phase space we plotted its 2D cross-sections. Two of
four input parameters are kept constant (their values are displayed at the plots headers),
the third parameter runs through the example set and is displayed on a plot as a family

of the colored lines, and the fourth runs through the whole range of its change, resulting
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Table 5.1: Parameters used for the “phase space” simulation. Every parameter changes
with a unit logarithmic step

Parameter | Min. value | Max. value | Units | Number of bins
o 10712 1073 10
B 107? 10% G 25
E 106 10%! eV 16
Rp 106 10° pc 16

Table 5.2: Parameter values selected for the “example set”

Minimal | Maximal . Steps, Number

Parameter Units . .
value value orders of magnitude | of bins

Q 10-12 103 3 4

B 107° 1073 G 2 4

E 10° 1018 eV 3 4

Rp 10-¢ 108 pc 3 5

in the dots on a plot. The example set (Tab. contains only some values, which
change with the step of several orders of magnitude, of each parameter from Tab. in
illustrative purposes, to avoid making the resulting plots (Fig. 11 a-1) too messy. The
plot types are denoted by f1... f12 specified in the each plot caption.

Together with the dependencies of (Dyp, Deogp) pairs on the input parameters each
plot contains the lines, corresponding to the Earth size (average diameter 13 742 km),
Moon average apogee (405 400 km), and Mars aphelion (249 200 000 km), in order to
compare the sizes of CRE, expected to be formed in different physics conditions, with the
listed distances.

Dependencies of the step-projection lengths on the angular step size a are presented
in Fig. Each of them contains 10 points on the line of each color, explained in the
plots legends, corresponding to 10 different values of o used for the phase space simulation.
The absence of several points on one or more lines means the intersection of the step with
the observer plane (Fig. , which corresponds to a different geometrical situation and
is thus not taken into account. The values of « increase with the step of one order of
magnitude from the bottom left to the top right on each of the plots, starting with 1072,
As it can be seen from Fig. the steps of the electron trajectory with the energy 1 EeV
at the beginning and small enough angular sizes can project onto the observer plane,
located 1 pc away from the beginning of the step, occupying the areas smaller that the
Earth size, which is potentially favorable for registration with the terrestrial detectors.

For a given electron energy value as well as the strength of the magnetic field there is
a limitation of distances to the observer plane, which contains projections not exceeding
the Earth size. For example (Fig. , for a 1 EeV electron propagating in a 10 puG
transverse magnetic field one can deduce that the steps with a@ = 107'2 can project to

the Earth sized area in case they are distanced on parsecs from the observer. The further
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(Dstep, Dcre) vs. angular step size; E=1 EeV, Rp=1 pc
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Figure 5.2: (Dstep, Dorg)=f1(«) for different B (the legend), while the values of Rp and

E are fixed (the plot header).

(Dstep. Dere) vs. angular step size; E=1 EeV, B=10 uG

20 A
15 A
=) /
-
5
A 10
=11]
=]
s Rp=107%pc Rp =10° pc
—— Rp=10"3pc Earth_diam
Ro=1 pc Earth_Moon
—— Earth_Mars
" —— Rp=10°pc
T T T T T T
6 8 10 12 14 16

log(Dstep/m)

Figure 5.3: (Dstep, Dorp)=[f2(c) for different Rp (the legend), while the values of B and

E are fixed (the plot header).

reduction of the step can only increase the distance of our interest.

The energy of the primary electron affects the gyroradius of its trajectory and thus

the linear step size is proportional to the energy of the electron for the same angular step
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(Dstep, Dcre) vs. angular step size; B=100 nG, Rp=1 pc
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Figure 5.4: (Dgep, Dorg)=f3(«) for different E (the legend), while the values of B and
Rp are fixed (the plot header).

(Dstep, Dcre) vs. magnetic field; E = 1 TeV, Rp=1 pc
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Figure 5.5: (Dyiep, Dorp)=f4(B) for different o (the legend), while the values of E and
Rp are fixed (the plot header).

size a (Fig. [5.4).
Dependencies of the step-projection lengths on the magnetic field strength B are plot-
ted in Fig. [5.545.7. Each of them contains 25 points on the colored lines, explained in
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(Dstep: Dcre) vs. magnetic field; @ =102, E=1 EeV
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Figure 5.6: (Dstep, Dorg)=[5(B) for different Rp (the legend), while the values of a and

E are fixed (the plot header).

(Dstep, Dcre) vs. magnetic field; = 10712, Rp=1 pc
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Figure 5.7 (Dyiep, Dore)=f6(B) for different E' (the legend), while the values of o and

Rp are fixed (the plot header).

the plots legends, corresponding to different values of magnetic field strength used for
the phase space simulation. The field increases from right to left along each line of the

plot, starting from 107 G (the gyroradius of the trajectory is inversely proportional to
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(Dstep: Dcre) vs. starting energy; @ =10""2, B=100 nG
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Figure 5.8: (Dstep, Dorp)=[f7(E) for different Rp (the legend), while the values of a and
B are fixed (the plot header).

(Dstep, Dcre) vs. starting energy; B=1 nG, Rp=1 pc
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Figure 5.9: (Dgtep, Dore)=f8(E) for different a (the legend), while the values of Rp and
B are fixed (the plot header).

the field strength). The step projections not exceeding the Earth size are formed when
the angular step size « (Fig. [5.5)) and the observer distance (Fig. [5.6)) are selected appro-
priately regarding the energy of the electron at the beginning of the step. Since the step
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(Dstep Dcre) vs. starting energy; a=10""2, Rp=1 pc
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Figure 5.10: (Dstep, Dorg)=f9(E) for different B (the legend), while the values of o and
Rp are fixed (the plot header).

sizes are proportional to the gyroradius, which is proportional to the % ratio, the plots for
different energies partly overlap, as shown in Fig.[5.7] while the size of the step projection
depends on the distance to the observer.

Dependencies of the step-projection lengths on the electron energy E at the beginning
of the step are plotted in Fig. [5.8{5.10] Each of the plots is supposed to contain 16 points
on the colored lines, explained in the plots legends, corresponding to different energies of
the electron at the beginning of the step, used for the phase space simulation. The electron
energy increases from left to right, starting from 1 GeV (the gyroradius of the electron
trajectory is proportional to its energy). As it has already been described, the distances
from the beginning of the step to the observer plane where the projection smaller than
the Earth size is formed, can reach up to parsecs in case the propagation step is short
enough (Fig. , and the reduction of the step leads to an increase of this distance. The
strength of the magnetic field affects the step length via the gyroradius, so the plots for
different fields partly overlap for the reasons also mentioned above.

Dependencies of the step-projection lengths on the distance to the observer plane Rp
are plotted in Fig. [5.1145.13] Each of the plots contains 16 points on the colored lines,
explained in the plots legends, corresponding to different distances of the observer plane
from the beginning of the electron propagation step, used for the phase space simulation.
With the increase of the observer distance, starting from 107¢ pc (upwards on each of
the plots) the CRE size also grows, but still, in case of a small enough angular step size
a (Fig. the optimistic conditions for the formation of a CRE below the Earth size
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(Dstep, Dcre) vs. observer distance; E= 1 PeV, B = 10 uG

25 4
a=10"12 Earth_diam
—e a=10""? Earth_Moon
_— a=10-5 —— FEarth_Mars
—— a=10"3
:é‘* 15
=
g
% e
3 10 A
5 -
D -
T T T T T
4 6 8 10 12

log(Distep/m)

Figure 5.11: (Dstep, Dorg)=f10(Rp) for different o (the legend), while the values of B
and E are fixed (the plot header).

(Dstep, Dcre) vs. observer distance; a = 107°, E= 1EeV

=
o
I

=
(=]
1

=
-
|

=
o]
|

log(Dcre/m)
&

8 o
X
6 - 1 B=1nG Earth_diam
—— B =100 nG Earth_Moon
—— B=10 LG —— Earth_Mars

—— B=1mG

T
7 8 9 10 11 12 13 14
log(Dssgp/m)

Figure 5.12: (Dstep, Dore)=f11(Rp) for different B (the legend), while the values of «
and E are fixed (the plot header).

are met for the longer observer distances. Stronger magnetic fields are another favorable
factor to observe the Earth sized CRE on the larger distances (Fig.[5.12)). Larger gyroradii

corresponding to the higher value of the electron energy at the beginning of the step
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(Dstep: Dcre) vs. observer distance; @ =107°, B = 100 nG
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Figure 5.13: (Dstep, Dore)=f12(Rp) for different E (the legend), while the values of «
and B are fixed (the plot header).

result in the increase of the step length, while the projection length remains unchanged
(Fig. |5.13]).

The cross-sections of the phase space, presented in Fig. .13 show that there are
combinations of the input parameters that allow the step of the electron to be “projected”
onto the observer plane having sizes favorable for their potential observation on the Earth.

It is important to stress that in all the examples demonstrated in this chapter a single
propagation step of the electron and its projection were considered, because the step is the
simplest part of the trajectory obtained during a simulation. However, numerous photons
are emitted along the step, and all of them should be located within the calculated step
projection. As we have already mentioned , the definition of the CRE is equivalent
to “N > 17, with N standing for the number of photons forming the CRE. Thus, to obtain
a more detailed picture of possible sizes and configurations of CRE as they are defined
above, the distribution of synchrotron photons emitted along the electron propagation
step should be taken into account. The results of such study are illustrated and discussed

in the next chapter of the thesis.
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Chapter 6

CRE horizon

6.1 The “ideal” CRE horizon phase-space

In order to analyze the propagation of the electron simulated with CRPropa, a few
remarks should be made regarding the extraction of parameters necessary to calculate the
size of the step projection at the observer surface. Each part of the electron trajectory,
i.e. a single propagation step, has a certain spatial extent, thus both magnetic field and
electron energy vary along it.

As far as the particle energy is concerned, CRPropa algorithm writes down the energy
values only on the step edges, i.e. the energy loss is accounted for only along the whole
step, without exact recalculation made for every emitted photon “inside” the step. This
allows to skip computations of the trajectory gyroradius after every emission act and saves
much time and resources, but the photons simulated in this simplified way are assigned
to with the momenta equal to that of their parent electron. Their exact distribution over
the observer surface is the subject of the discussion in this chapter.

In case the magnetic field experiences dramatic changes along a single propagation
step, it is logical to divide the step into the smaller parts with smoother field changes, to
be able to describe the field strength with a certain value. However, this approach requires
unnecessary complications; besides, such abrupt field strength oscillations are unlikely to
occur too frequently, because the step size chosen for our simulations is usually much
smaller than the regions of a substantial magnetic field change (fractions of a parsec for
the step size vs. tens of parsecs for the GMF coherence length). One of the possible
solutions is to extract the strength of the transverse magnetic field in every point of the
synchrotron photons emission along the step, and then compute its mean value B,, the as
well as the standard deviation Bg;,. After that the steps for which By > n - B,,, where
n is an arbitrary chosen fraction of a unit, can be filtered out, and the strength of the

magnetic field can be considered equal to B,, for the rest of the steps.

However, we performed calculations using the largest value of B together with the
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energy at the end of the step, because within such an approach the gyroradius of the
electron trajectory is minimal, and thus the maximal length of the step projection on the
observer plane (Fig. is computed.

Below we present the results of an example simulation run analysis. We used the

following setup parameters to obtain the trajectory of the electron:

e The primary electron starting energy 3.981 EeV

e The starting point of the primary electron is the Galactic center, the origin point of

the galactocentric coordinate system, (0.0, 0.0, 0.0)

e The initial direction of the primary electron (-1.0, 0.0, 0.0) (towards the Solar Sys-

tem)
e The galactic magnetic field described by the JF12 model
e The minimum energy threshold Ej,,. = 10 TeV
e The synchrotron radiation threshold 1 GeV

e Runge-Kutta method parameters: sim.add(PropagationCK (B, 10~*, 1075 parsec,
1072 parsec))

6.2 “N=2” horizon

As it was already mentioned, the propagation of synchrotron photons within the CR-
Propa simulation chain is replaced by the CRE-Pro script. This means that the emission
points of the synchrotron photons along the step are known from the CRPropa output,
but the exact distribution of photons over the step projection on the observer plane should
be deduced using some extra assumptions. The simplest one is that the photons are dis-
tributed over the projection equidistantly (from this point on this case is referred to as
the “uniform distribution”). It is an entirely artificial approach as there are no reasons to
expect such a distribution to occur in reality. Nevertheless, assuming N photons being
emitted along the propagation step (and we are interested in the N > 2 case which is log-
ically connected with the definition of a CRE; there are 589 steps meeting this condition
in the presented example), we calculated the observer distances for which 2 neighbouring
photons on the step projection are located at a distance not exceeding the Earth size,
denoted here and later in the text as Rp(). For the uniform photon distribution case we

use the condition

(N =1) - Dgarin = Dcre, (6.1)
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Distribution of uniform Rp) for every step
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Figure 6.1: The largest distances Rp) distribution for all the steps (589) with N > 2
emitted photons; the minimal and maximal values plotted are 0.135 pc and 0.309 pc,
respectively.

After inserting this condition into Eq. we get

N —1) Dgg, R, (1—
sy = ( ) DEartn co'soz + R, (1 — cos oc)' 6.2)
sin v
The resulting distribution of Rp(y) is shown in Fig. [6.1}

More accurate approach to accounting for the distribution of photons along the step

projection on the observer plane is keeping proportionality of the corresponding distances
between the emission points of the photons and their projections on the observer plane.
This situation might also not reflect the real photons distribution properly because the
emitted photons have different energies and thus the energy of the electron does not
reduce with a constant rate. However, this assumption is more realistic than the uniform
distribution.

Hence we assume the one-to-one correspondence of the emitted photons and the pho-
tons distributed over the step projection, there is no need to calculate exact positions of
the photons on the observer plane. Unchanged proportions of the corresponding distances

suggest that the distance between any two neighbouring photons on the observer form
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Distribution of Rp(;) for every step closest photon pair
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Figure 6.2: The distribution of the largest observer distances for the closest pairs of
photons emitted during every electron propagation step; the minimal and maximal values
plotted are 0.288 pc and 94.618 kpc, respectively.

the same fraction of the whole projection length as the ratio between the distance sepa-
rating their emission points and the step length. For this reason we calculate the distance
between every pair of the neighbouring photons and then demand the distance between

their projection points not to exceed the Earth size, i.e.

D step
D; i
where D; ;11 is the distance between the i-th and the (i+1)-th photons. The distance to

the observer in this case is

Dgorin, = Derg, (6.3)

(Dstep/Di,i—H) Dgaren cos o + Rg (1 — COS O!)
sin «

RD(Q) = (6.4)

Potential abrupt changes of the magnetic field become even less probable and could be
neglected. Among the two field values at the points of photon emission we pick the largest
one and use it for calculation of the gyroradius R, in together with the energy at

the end of the whole step. In this way ensure the computation of the minimal value of
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Figure 6.3: The distribution of the largest observer distances for the closest pairs of
photons emitted during every electron propagation step, compared for the “uniform” and
“proportional” photon distributions.

Rp(a).

Thus, for every step of the electron propagation that N photons are emitted from, we
obtain N — 1 observer distances calculated using . The largest of them represents the
most optimistic number regarding the remoteness of the observer from the emitting part
of the particular step of the electron trajectory. It obviously corresponds to the closest
photon pair (two photons which emission points are located at the minimal distance D; ;11
from each other).

The resulting distributions of Rp(9) for the whole example run are presented in Fig.
(the “proportional distribution” case only) and Fig. (the comparison of both ap-
proaches). Every entry on the plots corresponds to a single step of the electron prop-
agation.

As one can see from the comparison plot (Fig. , the use of the proportional ap-
proach allows for a lot more (orders of magnitude) optimistic expectations regarding the

observer distances at which the separation of two photons does not exceed the Earth size.

We also calculated observer distances for each neighboring pair of photons emitted
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Distribution of Rpy) for a single propagation step
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Figure 6.4: Distribution of observer distances calculated for every pair of neighbouring
photons along the step 3.
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Figure 6.5: Distribution of observer distances calculated for every pair of neighbouring
photons along the step 4.
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Distribution of Rpy) for a single propagation step
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Figure 6.6: Distribution of observer distances calculated for every pair of neighbouring
photons along the step 16.
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Figure 6.7: Distribution of observer distances calculated for every pair of neighbouring
photons along the step 34.
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Distribution of Rpy) for a single propagation step
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Figure 6.8: Distribution of observer distances calculated for every pair of neighbouring
photons along the step 272.
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Figure 6.9: Distribution of observer distances calculated for every pair of neighbouring
photons along the step 323.
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Table 6.1: Information about the electron steps, plotted in Fig. [6.46.9 “Maximal” and
“Uniform” denote proportional (“closest pair”) and uniform distributions of photons over
the observer surface, respectively

Maximal | Uniform | Dgp, | Photons | Bz, | Bavs | Estart, | Efinais

Fig. | Step Rp2), pc | Rp), pc pc-1073 | emitted | uG uG PeV PeV

6.4 3 9.46 - 104 0.145 0.25 6270 5.55 | 5.55 | 3969.6 | 3922.3
6.5 4 5.94 - 103 0.163 1.25 30786 5.55 | 5.55 | 3922.3 | 3691.2
6.6 16 | 1.20-103 0.209 5.9 144509 | 5.54 | 5.53 | 1290.2 | 1173.0
6.7 34 | 2.04-10? 0.298 10 241821 | 548 | 548 | 347.4 | 333.2
6.8 | 272 11.60 0.287 10 42178 529 | 5.29 | 35.93 | 35.79
6.9 | 323 1.014 0.287 10 20980 5.64 | 5.63 | 29.59 | 29.48

along a single step. The steps with different observer distances corresponding to the closest
photon pair are presented in Fig. [6.46.9} For comparison, each of the plots contains the
value of the observer distance obtained for the uniform approach (a vertical red line).
Extended information on the physics parameters of a particular step being plotted are
listed in Tab. [6.11

As one can see from the numbers comparison, the “earlier” propagation steps have
a higher probability to form a more compact CRE, which leads to expansion of the
horizon for its observation in the terrestrial conditions. This conclusion is consistent with
expectations from the physics of a charged particle propagation in the magnetic field:
higher electron energies correspond to larger trajectory gyroradii and thus to smaller
deflections. On the other hand, the energy losses are also higher, which leads to more
photons emitted. Along the equal sized steps larger number of photons leads to decrease
of the closest point distance, which, as discussed above, expands the horizon of CRE

observation at the Earth.

6.3 Multiplicity of a CRE

We also investigated the maximal number of photons within a CRE not exceeding the
Earth size, provided the observer distance is set at a constant value. The proportional
distribution approach allows to skip the calculation of the exact positions of the photons on
the observer surface, analyzing just the coordinates of the emission points of the photons
along the step. For the given observer distance Rp we first calculated the length of the
propagation step part R, the projection of which equals to the Earth size. Since the

correspondent distances are proportional, i.e.

Rwin o DEarth

- ) 65
Dstep DCRE ( )
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and with the use of (5.3, one can infer:

DEarthDstep Cos

Ruin = (6.6)

Rpsina — R, (1 — cosa)

After the value of R,;, is calculated for a particular step, we “slide” the section of
this length along the step, matching its beginning with all the photons consecutively,
one-by-one, and calculating the number of photons within this “sliding window” at every
iteration. The results for observer planes at different distances from the propagation step
are summarized in Tab. [6.2] The number in a column with the largest multiplicity for a

given distance is bolded.

Table 6.2: Multiplicity (maximal number of photons within the Earth size area) of a CRE
for different observer distances

Multiplicity
1 2 3 4 15| >6
8500 | 40897780 1
5000 | 40897778 3
1000 | 40897729 52
100 | 40896495 | 1286
10 40878481 | 19276 | 24
1 40644981 | 249505 | 3228 | 64 | 1

RD7 pc

The numbers presented in Tab. show that for a 3.981 EeV electron propagating
from the Galactic center there can be only a single case when two synchrotron photons
emitted during a single propagation step can be separated with not more than the Earth
size distance at ~ 8.5 kpc distances from the electron starting point. For the closer located

observers the CRE consisting of more than two photons can also be formed.
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Chapter 7

Astrophysical CRE scenarios

7.1 Galactic center as a UHECR source

There are numerous experimental evidences (see e.g. |153] and the references therein)
that the compact radio source Sgr A* at the Galactic center can be considered as a
supermassive black hole. Violent processes are expected to take place in this object and
its vicinity, so we assume that the physics conditions are favourable for the production of
the UHE electrons and their emission outside this region. We model the UHE electron
propagation in the GMF in order to apply the CRE-Pro analysis described in the previous
chapter to the estimation of CRE size at the observer plane located at a distance of 8.5 kpc
from the electron starting point.

We chose 11 random directions (Tab. of the initial momentum of the electron, and
varied its starting energy from 107 eV to 10'% eV with a logarithmic step size 0.1, thus
considering 21 values of energy overall. Each run of the electron with a specific starting
energy in a certain direction was repeated 10 times which resulted in 2310 simulation runs
in total.

We used the following input parameters for the simulation setup:

e The primary electron starting energy FEj choice is described above
e The initial directions are listed in Tab. [Z.]]

e The minimum energy threshold Ej. = 10 PeV

The Galactic magnetic field described by the JF12 model

The synchrotron radiation threshold Egypc, = 1 GeV

The propagation module (PropagationCK, 10™*, 107 pc, 1072 pc)

We analyzed the results of every simulation run by the CRE-Pro script, assuming the

uniform distribution of photons over the observer surface, and summarized them for every
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Table 7.1: The initial directions of the primary electron momentum in spherical Galacto-
centric coordinates (the Galactic Center is the origin point, (-1.0, 0.0, 0.0) is the direction

towards the Solar System)

Spherical Cartesian
¢, deg 0, deg P, P, P,
180.0000 | 0.0000 | -1.0000 | 0.0000 | 0.0000
217.1008 | 21.3026 | -0.7431 | -0.5620 | 0.3633
25.3458 | -40.1655 | 0.6906 | 0.3271 | -0.6450
259.1134 | 41.2059 | -0.1421 | -0.7388 | 0.6588
28.9159 | 58.4257 | 0.4583 | 0.2532 | 0.8520
298.8458 | -70.2007 | 0.1634 | -0.2967 | -0.9409
304.4253 | 46.1752 | 0.3915 | -0.5712 | 0.7215
349.5571 | -55.1722 | 0.5617 | -0.1035 | -0.8209
64.9173 | 23.9724 | 0.3874 | 0.8276 | 0.4063
69.1075 | 52.1377 | 0.2189 | 0.5734 | 0.7895
91.6777 | 43.2736 | -0.0213 | 0.7278 | 0.6855
Distribution of uniform Rpz); 10 runs
18_8-259_41
107 4
102 i
101 e
-1.0 -0.9 -0.8 0.7 0.6
log(Rop(2)/pc)

Figure 7.1: An example distribution of uniform Rp) for every step of 10 runs. The
electron starting energy is log(Fy/eV)=18.8, its initial direction is (259.1134, 41.2059)
(see Tab. and the plot legend). The maximal value plotted is 0.295 pc, the minimal
is 0.100 pc, number of entries 3241.

combination of the electron starting energy and its initial direction. An example of the
calculation of “N=2” horizon is presented in Fig.
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Distribution of uniform Rp(z)

10" mem 349 -55
] 64 23

1071 5

1072 5

1073 4
1074 3

1075 3

-2.5 -2.0 =15 -1.0 -0.5
log(Rp(2)/pc)

Figure 7.2: An example distribution of uniform Rp) for every electron step of 210 runs
(21 different values of the starting energy repeated 10 times each). Purple: 51846 entries,
orange: 143567 entries. The initial directions of the electron are displayed at the plot

legend (details in Tab. [7.1)).

Uniform Rp(z) dependence on starting energy
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Figure 7.3: Dependence of uniform Rp o) on the electron starting energy. Each dot of the
plot represents the “best” step - the one with the largest Rp) among 10 repeated runs
with the same starting energy (X-axis) in a given direction (see Tab. and the plot
legend). The largest Rp) is 0.387 pc.
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Since a single run of the electron contains the steps with different energies at the
beginning, all the runs in a particular direction from the Galactic Center regardless of
the starting energy of the electron can be analyzed jointly. We plotted the normalized
distribution of log Rp2) for two example directions in Fig. . A sharp peak at log(Rp(2))/
pc ~ —0.55 followed by the populated region —1.0 < log(Rp)) < —0.5 can be explained
by the propagation of electrons in the “typical” conditions, i.e. in the regions with close
or similar values of magnetic field strength and in the same energy range. Consecutively,
energy losses of the electron along the propagation steps will be comparable (the step
lengths are also matching, which is discussed in Subsection, that results in relatively
similar numbers of photons generated along step by CRPropa. Thus, all the parameters
entering Eq. , which defines Rp(2), do not vary much, which is reflected in the plotted

distribution.

The dependence of uniform Rp(y) distribution on the electron starting energy is pre-
sented in Fig. . Each point of the plot corresponds to the mean value of Rp(y) calculated
for all the steps from 10 runs of the electron with a given starting energy (X-axis) in a
specified direction (denoted by color at the plot legend). In general the behavior of the
plots is consistent with the “typical conditions” explanation, which is more pronounced
in the energy range 17.0 < log(E/eV) < 17.6. Higher starting energies introduce larger
uncertainties because of smaller propagation steps which might result in significantly dif-
ferent numbers of emitted photons along the step. Still, due to faster energy losses at
higher energies the number of steps before the electron gets into the “typical conditions”
is relatively small, e.g in the (91.68; 43.27) direction (the olive plot) a 10 eV electron

075 eV in less than 40 steps, while the photons were generated

loses its energy down to 1
along 421 steps of the same run. The distance covered during these “higher energy steps”
though should be taken into account in attempts to explain the directional dependence
of the plots behavior. However, the difference between the average values of Rp(s) even
for the most distinct directions does not exceed several percent in the plotted energy
range, which might be negligible in comparison with the uncertainty in the estimation of

magnetic field value in the Galactic center region.

The results of calculation Rp(s) using Eq. @, in assumption that the ratios of the
distances between the emission points of the photons and their positions at the observer
surface are kept unchanged (the “proportional”, or the “closest pair” approach), are pre-
sented in Fig. [7.4]-[7.6]

An example distribution of the closest photon pair Rp) for 10 similar runs of the
electron in a given direction is presented in Fig.[7.4 As one can see, the current approach
to the photons distribution over the observer surface indicates that the emission of photons
can take place at much higher distances from the observer, even compatible with the
Galaxy size. However, the region of the “typical conditions”, discussed above, can be

seen on this plot as well (the local maximum at around tens of parsec). This feature is
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Rpiz) for every step closest photon pair; 10 runs
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Figure 7.4: An example distribution of the closest photon pair Rp) for every step of 10
runs. The electron starting energy is log(Ep/eV)=18.3, its initial direction is (64.9173,
23.9724) (see Tab. and the plot legend). The maximal value plotted is 7.527 kpc, the
minimal is 0.287 pc, number of entries 7059.

Distribution of Rp;) for every step closest photon pair
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Figure 7.5: An example distribution of the closest photon pair Rp ) for every electron step
of 210 runs (21 different values of starting energy repeated 10 times each); the electron
initial direction is (180.0000, 0.0000) (see Tab. and the plot legend). The maximal
value plotted is 94.618 kpc, the minimal is 0.216 pc, number of entries 120894.
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Dependence of the closest pair Rpiz on the starting electron energy
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Figure 7.6: Dependence of the closest photon pair Rp) on the electron starting energy.
Each dot of the plots represents the “best” step - the one with the largest Rp(2) among 10
repeated runs with the same starting energy (X-axis) in a given direction (see Tab.
and the plot legend). The largest Rp ) is 392.452 kpc.

typical for all the distributions of this type, which can be also shown at the cumulative
plot containing all propagation steps of the electron in a given direction regardless of its
starting energy (Fig. . The steps corresponding to higher electron energies are more
likely to produce the closest photon pairs and, respectively, more distant CRE, as can
be seen from Fig. One can notice, that the most “optimistic” observer distance the
Earth-sized CRE can originate at is around 400 kpc, which by far exceeds the Galaxy

size.

The assumptions of uniform and proportional distributions of photons for the given
electron starting energy and its initial direction are compared in Fig. [7.7]- The former
illustrates the results of processing 10 similar runs of the electron in a given direction,
while the latter plot is cumulative and contains all 21 electron starting energies used in
this study.

It could be summarized that the uniform photon distribution allows for making quali-
tative conclusions: the average photon pairs are not expected to form CRE observable on
Earth, unless the sources (interaction origins) are very close, like the closest stars - which

should happen very rarely. This result is in a sense compatible with the "state-of-the-art"
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Rp(2) comparison; (log(E/eV); direction)=(18.1; 304.46)
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Figure 7.7: Comparison of two approaches to the Rp() calculation; the electron starting
energy and its initial direction are presented in the plot title (see also Tab. . The
maximal value of the closest pair Rp) is 4.863 kpc, the maximal value of the uniform
Rp(2) is 0.296 pc, number of entries 3301.

Rpi2) comparison; direction=(91; 43)
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Figure 7.8: Comparison of two approaches to the Rp ) calculation; all the electron steps
in a given direction, presented in the plot title (see also Tab. , are taken into account.
The maximal value of the closest pair Rp() is 167.280 kpc, the maximal value of the
uniform Rp) is 0.383 pc, number of entries 81751.
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assumption on the "extinction" of a particle after its interaction with the background
radiation. What makes the difference is the closest pair approach, which gives a lot more
optimistic expectations of the distances between the emission region and the observer.
One might have a chance to observe the CRE of the Earth size at distances exceeding
the Galaxy size. This conclusion holds true for all the directions chosen for this set of

simulations, as well as for every value of the electron starting energy from the considered

range (Fig. [7.6)).

7.2 Uniform distribution of galactic sources

Another hypothesis worth considering in attempts to explain origination and existence
of UHECR, including UHE electrons, is already mentioned SHDM scenario. According
to this theory super massive X particles (in addition to already cited references see e.g.,
[154]) may undergo decay or be destroyed via annihilation, which results in production
of quarks and leptons. The quarks then produce jets of hadrons containing mainly pions
with a small fraction of nucleons (the process known as hadronization). Decay of pions, it
turn, leads to the production of photons, neutrinos and electrons. Such a scenario does not
require any acceleration mechanisms and thus distinct astrophysical objects as UHECR
sources. On the contrary, the interactions described above may take place elsewhere in
the Galaxy, since it is believed that most of the mass in galactic halos is composed of
dark matter. Correspondingly, the uniform distribution of particles within the halo or
even within a cluster of galaxies is assumed within SHDM model [44].

In this context we simulated the uniform distribution of points over the Galaxy, con-
sidering the latter as the sphere of 20 kpc radius. We chose 292 random points as the
origin points of 1 EeV electrons, each being initially directed towards the Solar System
traversing the regions with different values of the GMF. The simulation setups for these

292 runs contained the following parameters:

e The primary electron starting energy Fy = 1 EeV

e The minimum energy threshold Ej,, = 10 PeV

The Galactic magnetic field described by the JF12 model

The synchrotron radiation threshold Egy,., = 1 GeV

The propagation module (PropagationCK, 107, 1075 pc, 1072 pc)

Every run has been processed with the CRE-Pro script, and the correspondent dis-
tributions of Rp) were plotted. The example comparison of two approaches to the
distribution of synchrotron photons over the observer surface are shown in Fig. [7.9]-
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Rpio) distribution comparison; simulation run: (48)
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Figure 7.9: An example comparison of two approaches to the calculation of Rp() for the
simulation run 48 (see Tab. [7.2| for details).

Rp(z) distribution comparison; simulation run: (186)
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Figure 7.10: An example comparison of two approaches to the calculation of Rp ) for the
simulation run 186 (see Tab. (7.2 for details).
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Rpiz) distribution comparison; simulation run: (248)
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Figure 7.11: An example comparison of two approaches to the calculation of Rp) for the
simulation run 248 (see Tab. [7.2] for details).

Rp(z) distribution comparison; simulation run: (200)
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Figure 7.12: An example comparison of two approaches to the calculation of Rp) for the
simulation run 200 (see Tab. [7.2] for details).
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Rpiz) distribution comparison; simulation run: (227)
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Figure 7.13: An example comparison of two approaches to the calculation of Rp ) for the
simulation run 227 (see Tab. [7.2] for details).
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Figure 7.14: Comparison of two approaches to the calculation of Rp;). The number
of entries 15318555, maximal value of the closest photon pair Rp() is 1.129 Mpec, the
maximal value of uniform Rp(y) is 0.321 pc.
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for 5 different simulation runs, corresponding to different positions of the source (the elec-
tron starting point). Unlike the Galactic Center scenario (Sec. [7.1]), the random allocation
of sources over the Galaxy barely allows for unambiguous explanation of the closest pair
Rp9) distribution in all cases. The number of steps in different runs varies in a wide
range, from ~ 10% to ~ 10° (the latter situation is expected to occur as the electron
propagates through the regions with a small transverse component of the magnetic field).
Correspondingly, there is little sense in speaking about the “typical conditions”, as they
might be far from matching not only during different runs, but within a single run as well,
for instance if the trajectory of the electron is long enough.

The cumulative plot with all the directions put into one data set (Fig. does not
indicate significant difference from the previous scenario regarding the uniform distribu-
tion of photons over the observer surface qualitatively, as well as the average Rp(s) value
of 0.292 pc (log(Rp(2) = —0.535) is similar to the corresponding values plotted in Fig.
The smooth distribution of the closest pairs Rp) does not contain a pronounced local
maximum at tens of parsec, but rather a wide local maximum at around 100 pc. One
should also note that numerous values plotted in Fig. match and even exceed the
size of the Galaxy.

Table 7.2: Parameters of the simulation runs illustrated in Fig. -[7.13] 1 EeV primary
electron is initially directed towards the Solar System in all cases.

Run Cartesian coordinates of the source Entries Maximal Rp ),

X, pc y, pc z, pcC pc
48 1.197-10* | —1.407-10% | 1.232-10* | 130464 1.129 - 10°
186 | —1.435-10* | 2.186-10% | —1.037-10% | 31332 1.150 - 103
248 | —5.584-10% | —1.765-10* | 9.103-10% | 151155 2.945 - 104
200 | —2.518-10% | 1.006 - 10* 5.501-10% | 38940 1.143 - 104
227 | —1573-10% | 1.048-10* 4.500 - 102 1566 3.683 - 103

The information on the simulation runs demonstrated in Fig. - is presented
in Tab. [7.2l

7.3 Discussion of the results

We have simulated synchrotron emission of UHE electrons during their propagation in
the GMF, considering two toy models of distribution of their sources. They are, namely,
Galactic Center as a UHECR source (Sec. [7.1]), and the uniform distribution of galactic
sources (Sec. , which might take place within non-acceleration astrophysical scenarios
of UHECR origin. The simulation results were processed by the CRE-Pro script (Ch.
in order to estimate the sizes of resultant CRE and, consecutively, the distances (CRE
horizon) potentially observable CRE could arrive from. The results obtained for afore-

mentioned scenarios are compared in Fig. (7.15)), which is a normalized histogram of the

96



Rp(ay values (Eq. calculated for the closest photon pairs of every step of the primary
electron propagation. The starting energy of primary electrons in each of the scenarios is
1 EeV.

Rpyz) distribution comparison

] [ SHDM scenario
10-1 4 [ GC scenario

1072 —
103 —
10> —
1075 —

1075 5

1077 5

log{Rpiz)/pc)

Figure 7.15: Comparison of two scenarios of UHECR sources distribution. The number of
entries for uniform distribution scenario is 15318555, maximal value of the closest photon
pair Rp(g) is 1.129 Mpc. For the Galactic center scenario the plot contains 48339 entries,
with the maximal value of Rp) around 26.146 kpc.

As one can see from the plot, CRE with two photons with the distance less than the
Earth diameter between them have chances to be formed even at distance comparable
with the Galactic size (~tens of kpc in Galactic center source model) or exceeding it
(~1 Mpc in case the sources are uniformly distributed over the Galaxy). The latter case
might allow for some extragalactic sources to initiate the observable CRE, but the study

of extragalactic physics conditions in the CRE context requires additional research.
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Chapter 8
Summary and outlook

In the thesis we studied the formation of cosmic-ray ensembles and investigated their
propagation in space, keeping in mind the synchrotron emission of charged particles in
the magnetic field as the main source of the product photons, which are constituents
of the CRE. Our study was aimed towards simulation of CRE footprint shape and size
at the observer surface in order to estimate the possibility of CRE observation at the
Earth (or another feasible in the observable future surface in the human technosphere).
The main method of study was computer simulations with the publicly available Monte-
Carlo framework CRPropa. We show that regarding the tasks of our research this code
performance could be improved in terms of the effective use of hardware resources, in case
the propagation of secondary photons is substituted with the external simulation of their
distribution at the observer surface.

We have produced a universal script named CRE-Pro which allows calculating the
shape and size of the CRE footprint at the custom observer surface. Due to the fact that
the photons propagate along the straight trajectories, CRE-Pro skips their propagation
and instead provides their distribution at the observer surface. This approach allows at
least to save the computing time; moreover, in cases when the number of the product
particles is large enough to cause memory problems, it can be one of the practical ways to
preserve the job from being terminated. Another important feature of the CRE-Pro is its
flexibility, because having the information on the photons emission stored in the output
file is enough for not repeating CRPropa simulations for different observers in case of such
a need - the same parameters could be reused for any surface, which has to be predefined
no longer. Together with the possibility of using the CRE-Pro algorithm universally - not
only for processing CRPropa outputs, but also for any similar code output as well - its
advantages mentioned above make it a potentially useful tool for a study of CRE.

With the use of this script astrophysical scenarios of the CRE formation could be
analyzed which is demonstrated in the thesis. The results presented here for the first time
show that there might be a chance of observing a CRE originating from synchrotron radi-

ation occurring even as far as 10 Mpc away from the Earth. This means that even "con-
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ventional" and abundant electromagnetic processes like synchrotron radiation in galactic
magnetic fields are expected to generate CRE reaching the Earth. The main conclusion
of the research presented here could be formulated as follows: some fraction of gamma
rays of energies larger than 1 GeV reach the Earth as groups, here named cosmic-ray
ensembles, and this result opens up a new research channel focused of observation and
studying large scale cosmic ray correlations. This conclusion is one of the cornerstones
of the physics program defined by the Cosmic-Ray Extremely Distributed Observatory,
as highlighted in Ref. [20]. Determining feasibility and cost of CRE observations requires
another investigation which is now being carried out within the CREDO Collaboration, to
complement the work described in this thesis. If CRE can be observed, it will open a new
information channel about the Universe, with a wide plausible impact on astroparticle
physics and beyond. This impact would include e.g. an ability to independently confirm
or constrain physics scenarios concerning fundamental processes occurring at energies be-
yond the reach of man-made accelerators, astrophysical multi-messenger applications, and
unprecedented interdisciplinary opportunities, as also explained in Ref. [20)].

The current work has been focused only on a few aspects of more general CRE-oriented
research, while many important questions have been left untouched since they require
more thorough and complex study. The list includes propagation in the extragalactic
field (the photons trajectories are linear, and two particles emitted within a narrow open
angle could potentially form a localized CRE). The accurate account for the synchrotron
emission opening angle will enlarge the simulated CRE size, since instead of a dot, like
it is assumed in the CRE-Pro, every photon will land on the observer surface within
the area confined in an ellipse, which will turn the section into a prolate ellipse. If
induced by a UHE photon, the electromagnetic cascade will consist at some stage of many
electrons and positrons, which in turn will undergo interactions with the backgrounds and
emit synchrotron photons, so that the product photons originated from different parent
particles will mix and the picture of their propagation as well as the shape and size of
the footprint of such a cascade will be a lot more complex than the simplest model we
use in the present work. More complex astrophysical scenarios, e.g. strong magnetic
fields, should be also tested with respect to the plausible processes responsible for the
origination of CRE. To study the probability of CRE observation the detector response
should be simulated, which will likely result in the estimation of shape, size and cost of
the detector array suitable for the CRE-oriented research. This list might be incomplete,
because entering the untouched domain (like the CRE channel) always leaves space for
unpredictable discoveries as well as drawbacks, leading to dynamic changes of the research

plan.
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Appendix A

Selected technical aspects of

simulations with CRPropa

A.1 Post-processing of the CRPropa output

In order to get a detailed information on the cosmic-ray ensemble from the CRPropa
simulation, one has to configure the output enabling all the steps of every particle form-
ing the cascade to be written down. The size of the resultant output file constitutes the
main difficulty for processing it in a straightforward way. Even when considering the syn-
chrotron emission as the only interaction producing secondary particles, like it is typically
done in the thesis, the size of the output file is already large enough to make its reading

line-by-line a time consuming task.

For example, in case the primary electron energy is chosen in the ~ EeV range, one
can expect as many as ~ 10° secondary ~ TeV particles to be produced. This problem
gets more and more pronounced with an increasing difference between the starting energy
of the primary and threshold energy for the product particles. For instance, in case
of the synchrotron radiation threshold E;’;ﬁfch = 1 GeV for a ~ EeV primary electrons
(Chapters [f] - [7]), the typical output file is ~10 Gb, ~ 50 million lines large and it could
barely be handled according to the purposes of the thesis without certain preliminary
steps. These steps are aimed at preparation of the output file to its further processing

with the CRE-Pro script with a significant reduction of the computational time.

Even the simplest shell commands like “awk”, “grep”, “head” etc. cause system response
long enough when applied to a huge file on a standard PC. Yet, the order of records (lines)
in the output file allows to propose a trick to solve the problem. The information on a
particle propagation is written down step by step, thus occupying several consecutive lines
of the output file. After the particle is stopped, the steps of the next one are started to be
written down, and this process is repeated until the last particle is stopped. The output

file, accordingly, consists of the “blocks” containing full information on a certain particle
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propagation from its first step till the last one. The first block saved this way describes the
propagation of the primary particle, while the next blocks track all the product particles,
originated due to the interactions of the primary with the environment specified in the
code, one by one. The blocks can be distinguished by the particles serial number or by
the energy and type of the parent particle (as it was done in this work).

The order the blocks are written in, the number of lines in each of them as well as
the number of the first and the last line of the block in the initial file, can be defined by
applying the “uniq -¢” shell command to the latter to count the number of occurrences
of a duplicate entry, e.g. the energy of a parent particle, in it. This information is in
principle enough to split the initial file into the parts corresponding to the blocks, using
the combinations of “head” and “tail” shell commands with relevant flags. Still, one more
time-saving operation could be performed before extracting the blocks.

Any file can be divided into smaller parts using “split” shell command, which allows,
among the other options, to create the parts with a given number of lines in each one.
This allows to replace navigation over the large file with navigation over its smaller parts
of the size chosen by the user. The time gain could be illustrated with the following
simple example. Suppose the file containing 1520 lines is split into parts containing 100
lines each, which results in 16 parts (15 x 100 + 20). Suppose also that there are only 3
blocks in it with 380, 250 and 890 lines, correspondingly. The first block occupies 3 first
“100-lined” parts and a fragment (starting from the beginning to line 80) of the 4-th such
part, the second block starts in the 4-th part (line 81) and ends in the 7-th (line 30), and
the third block occupies a fragment (from line 31 to the end) of the 7-th part and all the
remaining parts, from the 8-th to the 16-th. The first entry of the second block is thus the
381-th line of the large file or the 81-th line of the 4-th part. Manipulating the number
of a block and its size as well as the number of “parts” of the pre-defined size allows for
around 100 times faster navigation over the split file than over the initial one.

It should be noted, that splitting of the large file is comparable in duration with the
system response to a single shell command be the latter applied to the initial file. For
instance, the file “output.txt” containing around 1.6 billion lines (such file sizes are typical
for large CRE obtained when many interactions are included into the simulation setup) is

split into 10 million lines parts in around 35 minutes. On the other hand, the operation
awk ‘NR=1000000000" output.txt

(the extraction of a single line with a known number from the file) is performed in around
39 minutes. Splitting of the same file into 100 million lines parts takes around 50 minutes,

while the simplest calculation of the number of lines in the file
we -1 output.txt

takes around 26 minutes. However, once the large file is split, the navigation over its parts

causes time delays no longer.
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A.2 Example CRPropa output

00000°0- 00000°0

- 00000°T- 00000°0 000000 00000°0 00000°000000000T 1T 000000 000000 000000 T0000°0-
T0000°0 00000°T- {STZF 6/50£98ET- SPZO8'8CTLVSPET T8/G/C0FBSTOLSOETBY- LFOVE'6EEIOETEE TT 00000°0C68SC0LS9ETBY
00000°0

E 0000070~ 00000°T- 00000°0 00000°0 00000°0 00000°000000000T TT 00000°0 00000°0 00000°0
0000070~ 00000°0 00000°T- 6668%'90L¥9¥S-L9EBS IF6TOES +6096°G9T00S0095956- BFCBE 808966 T1 00000°0£T00S0095956
0000070~ 00000°0- 00000°T- 00000°0 00000°0 00000°0 00000°000000000T TT 00000°0 00000°0 000000
0000070~ 00000°0 00000°T- S8E0E6CI¥0E- TSLBICESEBLT S60L6°6TFBYSO0FTISET- 09£/9°8888/¢666 11 00000°0ZF8¥S90¥1S8T

0000070~ 00000°0- 00000°T- 00000°0 00000°0 00000°0 00000°000000000T TT 00000°0 00000°0
00000°0 00000°0- 000000 00000°T- OTH89°E89S- CS9EEFTISS BB666'69085L/9580¢- 08EB0'06/6/8666 TT 00000°0£08S//9580E

#
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Example CRPropa output.

Figure A.1
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A.3 CRPropa steering card example

The following piece of pseudocode is an example of a steering card which simulates
the propagation of an electron in a uniform magnetic field of 200 nG strength (4.3.3).

import os

from crpropa import *
dir_path = os.path.dirname(os.path.realpath(__file__))

#parameters
E_0 = 1.0 #EelV; the energy of the primary particle
E_br = 1.0 #GeV, the breaking condition

r = 0.2 #parsec,; the radius of the observer sphere

#magnetic field
ConstMagVec = Vector3d(0.0%nG,0.0*nG,200.0%nG)
B = UniformMagneticField (ConstMagVec)

# simulation: a sequence of modules

sim = ModuleList ()

#propagation
sim.add (PropagationCK(B,1le-4, 1le-7 * parsec, le-4 * parsec))

#Synchrotron radiation; optional secondaries: photons
synch = SynchrotronRadiation (B, True)
synch.setSecondaryThreshold (1*GeV)

sim.add (synch)

#breaking condition

sim.add( MinimumEnergy( E_br x GeV) )

#observer

obs = 0Observer ()
obs.add(ObserverLargeSphere (Vector3d (0.,0.,0.),r * parsec))
sim.add (obs)

#output
t = TextOutput( dir_path+’/fullOutput.txt’,Output.Everything)
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.disable (Output.RedshiftColumn)
.disable (Output.SerialNumberColumn)
.disable (Output.SourceldColumn)
.disable (Output.SourceEnergyColumn)

ct &

.disable (Output.SourcePositionColumn)
t.disable (Output.SourceDirectionColumn)
sim.add(t)

#units

t.setlengthScale(meter)
t.setEnergyScale (GeV)

#source

source = Source ()

source.add (SourceParticleType (11)) #electron

source.add(SourceEnergy(E_O * EeV)) #<nitial energy

source.add (SourcePosition(Vector3d(0.,0.,0.))) #starting
postition

source.add (SourceDirection(Vector3d(1.,0.,0.))) #initial
direction of the primary particle

sim.run(source, 1, True) #1 particle ts propagated

t.close()
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A.4 Coordinate problem

Figure A.2: TIllustration of distribution of the synchrotron photons over the observer
surface. Top: in CRPropa, Bottom: in the CRE-Pro. The electron propagates from the
bottom left towards the top right in both cases.

We compared the distribution of synchrotron photons emission points along the elec-
tron propagation step with the distribution of the same photons on the observer
surface. It turned out that the photon emitted closer to the beginning of the step is
deflected more than the photons emitted after it, vice versa - the deflection of the pho-
ton emitted closer to the step end is the smallest of all the photons. This situation is
schematically illustrated in Fig. where two consecutive steps of the electron trajec-
tory, namely, FFEy and EyFE3 are shown. Suppose there are N photons emitted along the
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step F1Fy and M photons - along EyFE3. We show only the first and the last photons
of every step not to overload the illustration. Such a distribution obtained by CRPropa
(top panel) does not seem to be logical, and was reported by the author of the thesis as
a possible CRPropa bug, requiring more detailed explanation by CRPropa developers.
Meanwhile, CRE-Pro approach (Chapter [5)), reflected in the bottom panel, seems to be

more realistic, at least qualitatively.
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Appendix B

Selected parts of the CRE-pro code

with description

B.1 Program Summary

Table B.1: Summary of the CRE-Pro script

Title of the program CRE-Pro

Program obtainable from | oleksandr.sushchov@ifj.edu.pl
Computer on which
the program was tested Intel Core i7-6700HQ CPUQ 2.60 GHz
Operating system Linux Ubuntu

Programming languages Python 2.7, Bash

Nature of physics problem | Distribution of synchrotron photons
emitted during a single propagation step
of a UHE electron in the magnetic field

Method of solution Geometrical projecting of the propagation step
into a plane (Fig. |5.1)
Restrictions The propagation step should not cross the plane,

otherwise it’s projection length is set to zero
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B.2 Files included in the distribution

The CRE-Pro code consists of the following files:

e MC script.py
contains the main procedure obtaining the CRE size as well as printing the step

summary into the output file

e func.py

contains the functions needed for the calculations

e multiplicity.py
calculates the maximal number of neighbouring photons contained within a CRE

on a certain observer distance (optional)

e split.sh
ensures post-processing of the CRPropa output file to prepare it for the CRE-Pro

operation (see Section [B.3]).

e sum _ check.py

a supporting script which helps splitting

B.3 Input and output data

The input data is read from the result of the CRPropad output file fullOQutput.txt
post-processing, performed with the split.sh file. This file splits fullOutput.txt into the
“electron” part, which contains only the steps of the primary electron until it is stopped,
and the parts containing the photons emitted during every single propagation step of the
electron. This data is stored in the files in the same directory with the CRE-Pro files
listed in (B.2):

o [1.txt

the “electron” part

o steps/sfile energy.tut,
photons emitted along every step, where energy denotes the electron energy at
the end of the step, and the photons are sorted with respect to the order of their

emission.
The output data is also stored in the same directory in the following files:
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o results.txt
general information on every propagation step, such as the energy of the electron
at the end of the step F, maximal magnetic field B,,.,, average magnetic field B,,,
number of photons emitted N, step length Dgy,, logarithm of the “N=2" horizon
log Rp(2) and the angular step size a (see Chapter @ for details).

e pair_dist/sfile_energy.tat,
logarithm of distances between every pair of neighbouring photons emitted along

the step.

In case of calculation of the number of the photons within a CRE of the Earth size at a
certain observer distance, multiplicity.py should be run from the same working directory.
The input files are the same, while the output is stored in the files dir/sfile_ energy.tat,
where dir is the folder which has to be created in the working directory in advance, and
every file contains the multiplicity, sliding over all the photons emitted along a given step,

one-by-one.
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