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This master’s thesis is dedicated to the simulated propagation of extragalactic
cosmic-rays in the Universe using the simulation program CRPropa 3. In the
first part of the research, we focused on the very end of cosmic-ray energy spec-
trum measured by the Pierre Auger Observatory. Single-source scenarios with
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Abstrakt:

Tato diplomova prace popisuje vysledky simulaci Siteni extragalaktického
kosmického zareni vesmirem provedenych v programu CRPropa 3. Prvnim
zkoumanym tématem bylo mozné vysvétleni konce energetického spektra
naméteného Observatoii Pierra Augera jedinym zdrojem kosmického zafeni.
Zkoumaly se ruzné vlastnosti téchto zdroju a rovnéz chemické slozeni ¢éstic
dopadajicich na Zemi. Druha ¢ast vyzkumu se zabyvala rozdélenim ptichozich
sméru extragalaktického kosmického zafeni prichazejictho na Zemi z puvodné
isotropniho toku téchto castic do Galaxie. K simulaci propagace kosmického
zareni Galaxii byly pouzity dva modely galaktického magnetického pole. V
nekterych ptipadech vznikaly dipdlové a kvadrupdlové struktury ve smérech
priletit puvodné isotropnich ¢astic jako dusledek vlivu galaktického magnet-
ického pole.
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Chapter 1

Introduction

It has been more than a hundred years since the discovery of cosmic rays [I] and
more than fifty years since the discovery of cosmic rays of ultra-high energies
("UHECR”, above 10'® e¢V). Despite such a long time, the origin and means of
acceleration of the most energetic cosmic-ray particles still remain unanswered
questions.

Cosmic rays at the highest energies are usually considered to be of an ex-
tragalactic origin. This hypothesis was recently supported by measurements of
arrival directions of cosmic rays above 8 EeV by the Pierre Auger Observatory
[2]. The original energy spectra and composition of cosmic-ray particles from
their sources can be modified during their propagation in the Universe. Further-
more, since cosmic rays are charged particles, their trajectories are influenced
by extragalactic and galactic magnetic fields. For that reason, it is important to
study simultaneously the effects of propagation of cosmic rays from their sources
to the Earth together with measurements of ultra-high energy cosmic rays on
Earth by large-area observatories.

In this diploma thesis, two phenomena are investigated. The first part of the
research is dedicated to the shape of the cosmic-ray energy spectrum measured at
the highest energies by the Pierre Auger Observatory. Propagation of particles
originating from single sources of extragalactic cosmic rays were simulated and
the properties of these sources were investigated with the aim to find source
characteristics that could lead to an energy spectrum on Earth consistent with
the measured data. Results summarizing the optimal combinations of mass
composition on injected particles, maximal rigidity of the source, its distance
and spectral index of the energy spectrum are presented in this thesis, together
with mass composition of cosmic rays that would be observed on Earth.

The second investigated phenomenon was the effect of Galactic magnetic
field on the distribution of arrival directions of extragalactic cosmic rays. Two
models of Galactic magnetic field were considered in simulations of particle
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CHAPTER 1. INTRODUCTION

propagation. The results concerning the formation of large-scale anisotropies
on Earth from originally isotropic flux of extragalactic cosmic rays due to the
influence of Galactic magnetic field are presented in this thesis.

The master’s thesis is divided into eight chapters. In the first chapter, a brief
historical review together with basic properties of cosmic rays is described, fol-
lowed by possible sources of UHECR and acceleration mechanisms. The second
chapter focuses on propagation of UHECR in the Universe. Energy losses due to
interactions with ambient photon fields are described, followed by a description
of models of galactic magnetic fields used in our research. The detector layout of
the Pierre Auger Observatory, methods of reconstruction of cosmic-ray showers
and selected recent results of the Pierre Auger Observatory are introduced in
Chapter 4. In Chapter 5, a characterization of simulation frameworks dedicated
to the propagation of cosmic rays in the Universe is given. Chapters 6 and 7
focus on the obtained results concerning energy spectrum and effects of Galactic
magnetic field on arrival directions of cosmic rays, respectively. Finally, the last
chapter summarizes the presented results.
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Chapter 2

Cosmic Rays of Ultra-High
Energies

Cosmic rays were discovered by an Austrian physicist Victor Franz Hess [I] who
undertook a series of balloon ascents between years 1911 and 1913 measuring the
level of air ionization at different altitudes in the atmosphere. During numerous
flights he reached the maximum height of 5,350 m and he concluded from his
measurements that the ionization of air increases with altitude above 1 km
a.s.l., which implies that the radiation does not come from the Earth as it was
previously considered but rather from the space [3]. One of his balloon ascent
took place during an almost total solar eclipse. Hess observed that there was not
a significant decrease in the measured radiation, hence he concluded that the Sun
should not be the main source of this radiation coming to Earth. He received
the Nobel Prize in Physics in 1936 for his discovery of cosmic radiation [3].
Another important role in the field of cosmic-ray physics played French physicist
Pierre Victor Auger who together with Rossi, Boethe, Schmeiser and Kolhorster
discovered the extensive air showers of secondary particles from cosmic rays in
the late 1930s and in 1938 Auger announced an existence of a primary cosmic-
ray particle with energy 10! eV or higher, a million times higher energy than
was attributed to cosmic rays at that time [4]. Even more energetic cosmic-ray
particle with at that time unbelievable energy exceeding 10%° eV was detected
by John Linsley and collaborators in 1962 at the Volcano Ranch Array in New
Mexico [5].

Cosmic rays are charged particles coming from outer space, mainly origi-
nating outside the Solar System. These particles, called primary particles of
cosmic rays, are predominantly protons (86%), alpha particles (11%) and nuclei
of heavier elements up to iron [6]. A shower of secondary particles is created
when a primary cosmic ray enters the atmosphere and interacts with an atmo-
spheric nucleus. A wide range of particles can be created during the formation
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CHAPTER 2. COSMIC RAYS OF ULTRA-HIGH ENERGIES

of cosmic-ray shower of secondary particles including pions, kaons, muons, elec-
trons, photons or neutrinos and nuclear fragments.

Even though it is more than 50 years since cosmic-ray particles of ultra-
high energies were first discovered, still many important questions remain unan-
swered. In this chapter, properties of cosmic rays and especially UHECR will
be described, concerning their energy spectrum, mass composition and possible
sources and mechanisms of their acceleration.

2.1 Energy Spectrum

The energy spectrum of cosmic rays is very wide and extends over more than ten
orders of magnitude with the number of incoming particles rapidly decreasing
with increasing energy E. A particle with energy ~ 10! eV can be observed
on 1 m? every second while a particle with energy ~ 10! eV strikes an area
of 1 km? only once per year. The energy spectrum of primary cosmic rays
follows approximately £~ as can be seen in Figure where the cosmic-ray
flux is scaled by E?® to better visualise the spectral features. There are few
energies where the spectrum noticeably changes its behaviour. A steepening of
the spectrum, the so called "knee”, occurs around the energy £ ~ 10'%6 eV.
Another significant change in the energy spectrum is its hardening around the
energy E ~ 10 eV referred to as the "ankle”. The last important feature
is the cut-off at the highest energies above F ~ 10 eV [7]. Additional, less
visible, feature is another knee around the energy E ~ 10" eV [8] 9] where
another weak steepening occurs.

These changes of the spectral index of energy spectrum are reflecting mech-
anisms standing behind the acceleration and production mechanisms of cosmic-
ray particles for given energy, such as the maximal rigidityﬂ of the sources or
the magnetic confinement inside our Galaxy.

If we suppose that there is a maximal energy E,.x(Z = 1), where Z is
the proton number, to which protons can be accelerated by a source, different
particles should be accelerated to maximal energies depending on their charge
q = Ze. This mechanism, first described by Peters in [10] and thus called the
Peters cycle, causes that protons are cutoff first and are followed by heavier
nuclei. The maximal energy can be described as

Fnax(Z) = ZeRsource = Z€Fmax(Z = 1), (2.1)

where Rgource is the rigidity of the source. The first knee is usually explained

'Rigidity is a quantity defined as R = %, where F is the particle energy and g is the charge
of the particle.

18



2.1. ENERGY SPECTRUM

as the energy at which the galactic protons drop out because of the absence
of sources in Milky Way capable to accelerate protons to higher energies or
they start to escape from the Galaxy and are no longer confined within it. The
second knee is observed at energies where heavier nuclei (i.e. up to iron) drop out
due to the same reasons [7]. The cut-off at the end of the energy spectrum was
predicted by Greisen [11], Zatsepin and Kuzmin [12] who calculated a theoretical
upper limit of the energy of cosmic-ray protons originating from distant sources.
This maximal energy of cosmic rays of extragalactic origin emerges as a result
of photo-pion production on the cosmic microwave background (?CMB”) which
is described in Section 3.1.1. The energy where the spectrum rapidly falls is
usually referred to as the GZK cut-off corresponding to the energy approximately
E = 107 eV for protons, which is in a nice agreement with the measurements of
the Pierre Auger Observatory and HiRes experiment (see Figure . However,
this cut-off might also be caused by the limits of acceleration possibilities of the
sources.
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Figure 2.1: The energy spectrum of cosmic rays obtained from various experi-
ments [13]. Note that the flux is scaled by energy E?®.

19



CHAPTER 2. COSMIC RAYS OF ULTRA-HIGH ENERGIES

2.2 Mass Composition of Observed Cosmic
Rays

The mass composition of primary cosmic rays evolves with their energy. As it
was already mentioned in the previous section, some of the important features
of the energy spectrum are related to the rigidity of sources or to the Galactic
magnetic confinement resulting in the effect that different nuclei are dominant
at different energies. A detailed knowledge of the energy spectrum together
with the chemical composition of UHECR is crucial to understand the physics
of their origin and their propagation in the universe.

Since we are able to detect only the secondary particles of cosmic-ray show-
ers and not the primary ones at the ultra-high energies, we need to find shower
properties that are sensitive to the chemical composition of the primary particle.
The depth?| of shower maximum (X,,.x), corresponding to the depth in the at-
mosphere where the shower contains the most electromagnetic particles, is one of
the most sensitive quantities to the mass composition of primary particles which
we can measure with present-day experiments, namely it can be reconstructed
from the signal in fluorescence detectors. Unfortunately, these detectors can
not be operated all the time, but only when there is a minimal background light
implying their low duty cycle (~ 10%) and consequently low number of detected
showers with the information on X,... Predictions of X,,.x values and other
shower parameters are derived using simulations of cosmic-ray showers. There
are multiple models of hadronic interactions used for the purpose of cosmic-ray
shower simulation such as those tuned to the LHC data (run 1): EPOS-LHC
[14], QGSJetll-04 [I5] or Sibyll 2.3c [I6]. The predicted values of X, are
subsequently used to determine the mass composition of primary particles that
induced real detected air showers.

Measurements of mean X,,,, from multiple experiments are shown in Fig-
ure 2.2 Measured data are compared with predictions of models of hadronic
interactions for proton and iron nuclei. Clearly, the composition of cosmic rays
develops with energy and different primaries are dominant for different energy
ranges. Note that the information on X, for energies above ~ 4 - 10! eV is
currently missing.

The estimations of mean In A of primary particles based on X ., predictions
of different hadronic interaction models are depicted in Figure 2.3 Same trends

2The atmospheric depth X at the altitude h is defined as

h
X:/ p(l) dl,
oo COsO

where p(1) is the density of air at altitude ! and 6 is the zenith angle of primary particle.
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2.2. MASS COMPOSITION OF OBSERVED COSMIC RAYS

as in Figure 2.2 can be seen in these plots. Measurements indicate an increase of
the mean In A of primary cosmic rays between 10* eV and 10'7 eV. At energy
around 107 eV the measurements suggest dominance of heavy components in
cosmic-ray composition. The mass composition gets lighter with further decrease
of energy and it reaches the lightest composition of primaries around the energy
10*® eV. This minimum of In A is followed by another hardening of the mass
composition.
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Figure 2.2: Measurements of the mean X, depending on energy from multiple
experiments compared to predictions of air-shower simulations [17].

A small statistics at the highest energies is a severe problem for the interpre-
tation of the measured data. The use of surface detectors operating almost 100%
of the time for the mass composition measurement is an ideal way to increase
the event statistics. For instance, it has been shown that the maximum produc-
tion depth of muons (denoted as X* ) measured by surface detectors can be
also used for mass composition analysis at higher zenith angles up to energies
beyond 610 eV [I8]. Another technique of shower analysis using only surface
detectors came up with a quantity sec 0,,,x Which is also sensitive to the mass
composition of cosmic rays [19]. sec By, defines an angle where the so called
asymmetry parameter, defined from the rise times ¢, /o of water Cherenkov detec-
tors, reaches its maximum. Ongoing upgrade of the Pierre Auger Observatory
[20] is, among other things, intended to improve the mass composition analysis
based on surface detectors for all zenith angles.
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Figure 2.3: Evolution of the mean logarithmic mass of cosmic rays with energy
interpreted with different hadronic interaction models. X, measurements by
multiple experiments were used to transform < Xy,., > to < InA > [I7].

2.3 Possible Sources of Ultra-High Energy Cos-
mic Rays

There are two distinct sections in which we can divide the hypotheses about
the origin of UHECR. The first one is the "top-down” production process which
claims that the cosmic-ray particles of the highest energies might come from
the decays of extremely heavy particles including, for example, scenarios of
exotic super-heavy particles of dark matter [21]. Second branch of the hypothe-
ses about UHECR origin are referred to as the ”bottom-up” scenarios, where
cosmic-ray particles are accelerated in the vicinity of astrophysical objects by
electromagnetic processes. The "top-down” processes are disfavoured by the
measurements of neutrino and photon fluxes at the highest energies [21]. Let us
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2.3. POSSIBLE SOURCES OF UHECR

remind again that recent measurements and studies of observed UHECR by the
Pierre Auger Observatory imply that the most energetic cosmic-ray particles
(above 8 EeV) have an extragalactic origin [2].

Multiple mechanisms that could be able to accelerate particles to these ex-
treme energies were proposed. The basic concept proposed by Fermi already in
1949 [22] and the later modification of his original theory given by Axford, Leer
and Skadron [23] will be described in the following paragraphs.

Fermi’s second order acceleration

In 1949, Enrico Fermi proposed a mechanism of acceleration of cosmic rays to
ultra-high energies. The concept how particles gain their energy is a stochastic
acceleration of the particle in collisions with a magnetised cloud moving with a
velocity v and magnetic field B. The average energy gained in one collision is

A _dp (2.2)

E 3
where [ is the velocity relative to the speed of light of the scatter centre. Since
this velocity of the magnetised cloud is § << 1, the particle can be accelerated to
ultra-high energies after a large number of collisions. Consequently this process
of acceleration to the highest energies is of too low efficiency.

Fermi’s first order acceleration

Axford, Leer and Skadron modified Fermi’s original theory in order that the ac-
celeration of particles would be more efficient and they proposed a model known
as Fermi’s first order acceleration mechanism. In this case, the acceleration of a
particle takes place at the shock front of a supernova (but is valid also for other
objects). In a simplified one-dimensional picture, we can imagine a particle with
velocity v; in the positive x direction and a shock front moving with a velocity
—u in the opposite direction. The particle is back-scattered behind the front
through the shock wave with increased velocity v,. The particle can be reflected
back along the upstream of the shock front and the acceleration process repeats
itself. The mechanism is depicted in Figure 2.4, The energy gain per shock
crossing is proportional to (3, therefore, this process of acceleration of particles
is much more efficient than the Fermi’s second order acceleration. The resulting
energy spectrum of particles accelerated in this way turns out to be a power law
with the spectral index v > 2.
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CHAPTER 2. COSMIC RAYS OF ULTRA-HIGH ENERGIES
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Figure 2.4: Scheme of the Fermi’s first order acceleration mechanism [6].

Other mechanisms of acceleration

The theories of sources of UHECR often include the most violent objects in
the Universe which are thought to have the appropriate environment for the
acceleration of particles up to the highest energies. One of the possibilities are
the active galactic nuclei (AGNs), which are galactic centres with very high
luminosities, with jets pointing towards our Galaxy. Another objects that could
produce these high energetic particles are gamma-ray bursts, radio galaxies or
neutron stars. The true origin of UHECR yet still remains unclear.

A theory proposed in [24] 25] presents a possibility of particle acceleration
up to the highest energies in young fast-rotating neutron stars with a strong
magnetic field. Neutron stars have a metal-rich surface. Irons on the surface
can be stripped off the surface as it is bombarded by particles or can be boiled
off by stellar heat. These particles gain energy via the relativistic wind where
the rotation energy of the neutron star is transformed to the kinetic energy of
particles. As they travel through the supernovae remnants the iron nuclei can
also undergo a photodisintegration (see Section 3.1.2.) and the resulting mass
composition from the source is then mixed.

Most of the theoretical mechanisms of UHECR acceleration predict a power
law like energy spectrum of emitted particles which is a result of statistical
acceleration cycles. The latter theory of acceleration predicts a power law energy
spectrum with spectral index v ~ 1. Acceleration in relativistic shocks by Fermi
mechanism should give rise to a power-law spectrum with v = 2.2 — 2.4 [26] and
plasma wakefield acceleration described in [27] suggests the maximal energy of
accelerated particles exceeding 10! eV and expects a power law energy spectrum
with spectral index 1 < vy < 2.

24



Chapter 3

Propagation of Ultra-High
Energy Cosmic Rays

Large-area observatories are built to understand the basic properties of ultra-
high energy cosmic rays in order to finally answer the persisting questions about
their origin. However, during the propagation of UHECR from the source to
Earth the original energy spectrum and chemical composition produced by the
source can be modified. This is a consequence of the interactions with low-energy
photons of CMB and extragalactic background light ("EBL”). That means that
we need to understand the propagation effects very well to truly understand the
physics behind the origin of UHECR. Moreover, directions of charged particles
are also influenced by the magnetic field of our Galaxy and also by extragalactic
magnetic fields, therefore, the arrival directions of detected particles do not need
to point directly to their original sources, which makes the search for their origin
even more complicated. In the following sections, the energy losses caused by
interactions with ambient photon fields will be explained and a brief description
of galactic and extragalactic magnetic fields will be presented.

3.1 Energy Losses During Propagation

The difference between the chemical composition of UHECR on Earth and at
their sources depends on many factors. The most important variables are the
distance of the source, the energy of primary particles, strength, direction and
location of magnetic fields and the mean photon and energy density in the part
of the Universe the particle is passing through.

The most important intergalactic medium that is responsible for energy
losses of cosmic rays is the cosmic microwave background radiation. This radia-
tion is a remnant from an early stage of the Universe, called the recombination,
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CHAPTER 3. PROPAGATION OF UHECR

when the Universe became transparent to photons, meaning that their mean
free path became longer than the horizon distance. CMB follows the black-
body radiation spectrum and has the temperature of ~ 2.7 K corresponding to
the mean energy of approximately 1073 eV with very low fluctuations of the
temperature (of the order ~ 107°). Cosmic rays can also interact with optical
light, infra-red background radiation ("IBR”) or radio waves. In the following,
the most important energy losses of UHECR due to interactions with CMB and
EBL will be described.

3.1.1 Photo-pion Production

The photo-pion production is one of the most significant energy losses at the
highest energies. In this process, a nucleon interacts with a background photon
and, consequently, a pion is created that gains part of the energy of the nucleon.
The production of a pion in a collision of nucleon N and background photon
can be described as

N+~v—= N+m. (3.1)

The threshold energy for this process is given by the equation

1
N,m mﬂ(mN + §m7f)
Ethres = ¢

~ o (€ N\
~ 6.8 - 10 <1073 eV> oV, (3.2)
where m, and my are the masses of the pion and the nucleon, respectively, and
e represents the energy of the background photon [28]. This process leads to the
aforementioned GZK cut-off of protons. Proton is excited to the A' resonance
by the photon and decays by the strong interaction into a nucleon and a pion
in two channels

n+ 7t  with branching ratio 1/3

p+ 7 with branching ratio 2/3 (3.3)

pt+y— AT = {
Photo-pion production of a nucleus can be approximated by the superposition
model, where the nucleus is treated as the superposition of A free nucleons. The
threshold energy for photo-pion production for heavier nuclei is then propor-

. . Am N,
tional to the atomic number as £, . = E,,"" - A.

3.1.2 Photodisintegration of Nuclei

The process of photodisintegration of nucleus happens when a photon is ab-
sorbed into a nucleus which leads to an excited state of the nucleus and to the
consequent splitting of the nucleus into two or more parts. Different processes
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3.1. ENERGY LOSSES DURING PROPAGATION

are dominant at different photon energies. At low photon energies, the most rel-
evant process is the giant dipole resonance ("GDR”). The GDR is a collective
excitation of the nucleus after an absorption of a photon of energy about 10 MeV
to 50 MeV[] The GDR usually emits one nucleon, but with lower probability
also multiple nucleons or alpha particle can be released as well [29]. At energy
about 30 MeV, the probability of quasi-deuteron process becomes comparable
to the GDR, and at even higher energies, the total cross section is dominated
by this process.

The effective energy loss rate of the photodisintegration of nucleus can be
described as

1dFE 1dA '
Far| = aa = 2 4RE) (5.4)
eff t
where R 4, is the rate for emission of ¢ nucleons from a nucleus with mass number
A [28]. This process changes not only the particle energy, but also its atomic
number and creates new lighter particles.

3.1.3 Pair Production

Another important process of energy loss of UHECR is the production of
electron-positron pair. The pair is created in the presence of a nucleus X and
the process can be described as

Xty =g X +e e, (3.5)

where A is the nucleon number and Z is the proton number. The threshold
energy for pair production is

+m,) € -1
gt Mmelmxtme) o iy (—) % 3.6
thres € 10-3 eV eV, ( )

where m, and m, are the masses of electron/positron and of the nucleus X,
respectively, and e represents the energy of the background photon [2§]. In
simulations of propagation of cosmic rays, this process is usually described as a
continuous energy loss because of its low threshold energy.

3.1.4 Cosmological Redshift

Red-shift of photons from distant sources, where photons undergo an increase
of wavelength due to the expansion of the Universe, is a well known phenomena.

!These energies are meant in the laboratory frame of the nucleus.
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Cosmic-ray particles are also affected by the expansion of the Universe resulting
in the energy loss. Red-shift energy losses are dominant at low energies, i.e.
below the energy threshold of pair production, where other processes such as
photo-pion production do not yet occur. Energy losses by cosmological red-shift
can be described as

1
E

dFE
(-) = H,, (3.7)
de adiabatic

where Hj is the Hubble constant [28].

We can define the energy loss length yj,ss Which refers to the travelled tra-
jectory over which the cosmic-ray particle losses on average 1/e of its original
energy. Energy loss lengths y.ss for all the aforementioned processes on CMB
and EBL are shown in Figure for "N and in Figure for 56 Fe. Although
Xloss for photodisintegration is shown, we need to keep in mind that this pro-
cess changes the chemical composition of the cosmic-ray particle, so the final
X1oss includes also the energy losses due to the photodisintegration of subsequent
lighter nuclei, while other processes include only one type of nucleus.
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Figure 3.1: Evolution of energy loss length with energy of N [30].
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Figure 3.2: Evolution of energy loss length with energy of *°Fe [30].

3.2 Magnetic Fields in the Universe

Since cosmic rays are charged particles they are deflected by the Lorentz force
in the presence of magnetic fields. This effect makes the search for their origin
even more complicated since the observed arrival direction does not point to the
original source. The Larmor radius TLE| for a particle of charge Z and energy E
in a magnetic field B can be expressed as

@@E: e

Cosmic rays are deflected by both Galactic magnetic field (GMF) and extra-
galactic magnetic fields (EGMF). For particles with lower energies (< 107 eV)
the Galactic magnetic field is so strong that they become confined within the
Galaxy. For higher energies, the Larmor radius becomes larger and particles are
no longer confined within the Galaxy [31]. While the strength of GMF can be
estimated from multiple measurements, the origin and strength of EGMF is not
well understood.

2Magnetic field in (3.8)) is expressed in units of gaussians, defined as 1 G=10"* T. Distance
is expressed in terms of parsecs: 1 pc~3.26 ly.
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3.2.1 Galactic Magnetic Field

Magnetic fields are present in the interstellar and intracluster medium and they
extend beyond the Galactic disk. They do not only deflect cosmic rays during
their propagation, but they also contribute significantly to the total pressure
in the Galaxy, which balances the disk against the gravitation force. Magnetic
fields are also affecting the interstellar medium, heating it and influencing its
motion, as well as they are essential for the early star formation [32].

The strength of GMF depends strongly on the type of the galaxy. In spiral
galaxies, like the Milky Way, the average strength of the total magnetic field is
about 10 uG. Our nearest neighbour, the Andromeda galaxy, has a bit weaker
total magnetic field of approximately 5 uG, while the total magnetic field of spi-
ral galaxies with high star-formation rates is about (20 — 30) uG. The strongest
magnetic fields, having the size (50— 100) G, are observed in starburst galaxies
[33].

There are multiple ways how to measure GMF, but the most commonly
used are Faraday Rotation Measures, polarized synchrotron radiation, Zeeman
splitting and optical polarization of starlight. In the following, Faraday Rotation
Measures and polarized synchrotron radiation will be described in more detail
since they are the ones used in the two models of GMF used in our research.

When a linearly polarised wave travels through a magnetic field, the plane
of the polarization is rotated. This effect, called the Faraday rotation, is a
measurable quantity even for astronomical distances. Faraday rotation is caused
by the difference in phase velocities of the right-circularly and left-circularly
polarized waves whose superposition is the observed total light. The change in
the polarization angle ¢ is linearly proportional to the square of the wavelength
A as

¢ = ¢o + (RM)N?, (3.9)

where ¢ is the initial polarization angle from the source and RM is the rotation
measure that is proportional to the magnetic field strength B); and to the number
density of electrons n. defined as

63

ls
RM = 5t /0 no() By (1)l (3.10)
where [ goes from the observer (I = 0) to the source (I = [5) and m, is the mass
of an electron [32]. The measurement is usually performed on either galactic
pulsars or extragalactic radio sources and it needs to be evaluated for more
than one wavelength to get an accurate value of RM.

Another tool to study the magnetic field strength in the Universe is the

polarized synchrotron radiation. Synchrotron radiation is emitted by relativistic
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electrons in a magnetic field. The emitted photons are concentrated in a cone
pointing in the direction of the motion of the particle and they are also polarised
in the direction of the plane perpendicular to the magnetic field. The spectrum
of synchrotron radiation therefore holds the information about the magnetic
field strength of astronomical sources. The total flux of synchrotron radiation
from a source is connected to the strength of magnetic field and polarization of
the light can then be used to estimate the field’s structure.

Even with information from many measurements, the description of the true
nature of our GMF is a very complex problem. It seems that the GMF in Milky
Way supposedly composes of a large-scale regular field component and a small-
scale irregular component, both having a strength in orders of G [33]. There
exist multiple models of our GMF and they differ not only in the strengths of
individual components of the field, but also in the very components included.
Some of the models suppose that the Galactic halo has a negligible magnetic
effects compared to the rest of the Galaxy and some models include halo as
one of the important parts generating the total magnetic field observed. In this
thesis, two models of GMF are used, first one is the Jansson Farrar 2012 model
(JF12) [34], which is currently the most commonly used one, and for comparison
of certain effects a Pshirkov 2011 model of GMF [35] was also used.

Jansson Farrar GMF model

This model of GMF is based on the Faraday rotation measures and the ob-
servations of polarised synchrotron light. It composes of a large-scale regular
component, a striated random component defined over large features of the
regular field and turbulent small-scale random fields arising from objects like
supernovae.

The large-scale regular field includes three separate components. It is mod-
eled in a sphere so that for radius » > 20 kpc and r» < 1 kpcﬁ] the magnetic field
vanishes. The disc component of the field was adopted from [36]. It is defined
on a x — y plane from 3 kpc to 20 kpc. In the range from 3 kpc to 5 kpc only
an azimuthal field is defined, while from 5 kpc to 20 kpc there are 8 logarithmic
spiral regions of the magnetic field corresponding to the galaxy type of Milky
Way. The disc component is defined symmetrically to the height +hg;. on the
z axis where the field changes to a toroidal halo component. A scheme of the
JF12 GMF model at different z positions is visualised in Figure 3.3] The halo
component contains only an azimuthal magnetic field and has a separate field
amplitudes in the north and south hemispheres. Last part of the large-scale reg-
ular field is the out-of-plane halo component that contains other than azimuthal

3The magnetic properties of a close vicinity of the Galactic centre are not well understood
and therefore are not included in the model.
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components of the halo field. The striated field composes of random fields whose
strength and orientation varies on a small scale, but they are arranged to an axis
over large-scale features of the regular large-scale component. It is defined with
random orientation and strength on small scales, but its relative magnitude is
the same across the entire Galaxy. The turbulent component of the total GMF
composes of randomly oriented fields with the coherence length of the order
100 pc or less [34].
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Figure 3.3: Structure of the JF'12 model of the GMF. Top left and right pictures
show the slices of the field at z = 10 pc and z = —10 pc, respectively. Bottom
left and right pictures demonstrate the field at z = 1 kpc and z = —1 kpc,
respectively. Coloured scale represents the strength of the total regular field.
Negative value corresponds to the clockwise orientation of the azimuthal com-
ponent of the magnetic field [34].

32



3.2. MAGNETIC FIELDS IN THE UNIVERSE

Pshirkov GMF model

Proposed model of GMF by Pshirkov is based on the Faraday rotation mea-
sures. GMF is modeled consisting of two components - a disk field and a halo
field, where both parts are parametrized independently. While the disk field is
symmetric with respect to the Galactic plane, the halo field is thought to be
antisymmetric. The basic thought of the two components are very similar to
the aforementioned JF12 model, but the fit was performed only based on the
Faraday rotation measures. The disk field again corresponds to the spiral type
of the Galaxy defined symmetrically to the height +hgi. on the 2z axis where
the field changes to the halo component based on the model [37]. The structure
of the GMF is shown in Figure |3.4]
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Figure 3.4: Structure of the Pshirkov model of the Galactic magnetic field [35].
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Figure 3.5: Visualisation of trajectories of 100 antiprotons with energy 10'° eV
originating on Earth for two GMF models performed in the CRPropa simulation
framework. JF12 model of GMF (left) and Pshirkov GMF model (right).

Trajectories of 100 antiprotons coming from the Earth in coordinates
(—8.5,0,0) kpc with energy E = 10" eV simulated in CRPropa code [38] in
JF12 (left) and Pshirkov model of GMF (right) are visualised in Figure [3.5] We
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can notice a different behaviour of those fields, especially the distinct shadowing
of the Galactic centre in the JF12 GMF.

3.2.2 Extragalactic Magnetic Fields

Magnetic fields are also present outside our Galaxy in other galaxies or in the
intracluster mediums. Measurement of EGMF is based on the same principles
as exploring the fields in our own Galaxy, however, this task is much more dif-
ficult to accomplish since the space we are exploring is much larger and much
more distant and only in few galaxy clusters the measurement of polarized syn-
chrotron light or Faraday rotation measures had been performed. The strength
of magnetic field within galaxy clusters is thought to be between 0.1 uG and
1 uG [39].

Theories of the origin of EGMF were made supporting the idea that the
EGMF was created from smaller seeds in the early Universe during phase tran-
sitions, or from the first starburst galaxies and AGNs. On the other hand, there
exist theories which assume that the material from AGNs magnetized only the
intracluster medium at low red-shifts, accordingly, the EGMF is present in the
proximity of galaxy clusters [40]. Mentioned theories explaining the origin of
EGMF are mutually exclusive, therefore, more accurate measurements of EGMF
in between the galaxy clusters needs to be made in order to verify of falsify the
validity of these theories.

So far, there is no evidence that there exist magnetic fields that are not
connected with known structures in the Universe. Such phenomenon is called
cosmological magnetic field and there are only upper limits of its strength based
on observations of CMB. If a homogeneous cosmological magnetic field was
present in the Universe, the expansion of spacetime would not be the same in
the direction of the magnetic field and in the direction perpendicular to it. In the
perpendicular direction to the cosmological magnetic field, the expansion would
act together with the magnetic pressure resulting in a faster expansion and a
reduced cosmological red-shift of objects in this direction would be observed.
The upper limit of cosmological magnetic field based on angular anisotropy of
the CMB was enumerated to be < 3- 1078 G [32].
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Chapter 4

The Pierre Auger Observatory

The Pierre Auger Observatory ("PAQO”) [41] is an experiment dedicated to the
study of cosmic rays of ultra-high energies, that is above 10'® eV. The experi-
ment is situated in the Province of Mendoza, Argentina, covering the southern
hemisphere of the sky with the mean altitude of detectors of ~1400 m.a.s.l. The
construction of the Observatory began in 2002 and was completed in 20087 and
so far it is the largest cosmic-ray detector ever built. The aim of the Observatory
is to reconstruct cosmic-ray showers of secondary particles and determine the
energy, mass composition and directions of the primary particles inducing the
showers with unprecedented statistics and precision of measurements.

4.1 Observatory Design

The Pierre Auger Observatory is a hybrid detector with the capability of ob-
serving cosmic-ray showers simultaneously by two different techniques - an ar-
ray of surface detectors (”SD”) surrounded by fluorescence detectors ("FD”).
While the SD has almost 100% duty cycle and records the particle densities
as the shower hits the ground, the FD measures the longitudinal development
of the shower using fluorescence light emitted by excited and ionised nitrogen
moleculesﬂ FD operates only during dark moonless nights and therefore has a
duty cycle ~ 10%. This hybrid concept is useful for energy calibration of the SD
signal by the precise measurement of energy by FD. Besides, it also allows very
high accuracy of the determination of the primary particle direction including
the time information of at least one SD station in the FD reconstruction.

IThe construction of the Observatory was completed in 2008 but the Observatory has been
collecting data since 2004 [I].

2Detection of the fluorescence light was previously used to detect the cosmic-ray showers
for example by the by the Fly’s Eye experiment [42].
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There are more than 1660 surface detectors placed in a regular triangular
grid with spacing of 1500 m and the total area of 3000 km?. There is also a
smaller array of SD stations separated by the distance of only 750 m, which
allows detection of particles with lower energies, down to ~ 10" e¢V. The main
grid is shown in the Figure [4.T| where each dot represents one SD station. Four
air fluorescence detector sites are placed on the border of the array (labelled in
yellow in the Figure each consisting of six telescopes.
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Figure 4.1: Detector layout of the Pierre Auger Observatory. Each red dot
represents one SD station. Also the four FD sites, labelled in yellow, are shown
with indicated field of view of the individual telescopes [41].

4.1.1 Surface Detectors

The SD stations are self-powered water-Cherenkov cylindrical tanks each con-
taining 12,000 liters of pure de-ionised water [41] (1.2 m height and diameter
of 3.6 m) inside of a sealed liner of reflective inner surface. Water-Cherenkov
detectors were chosen because of their relatively low cost and also because of
their properties suitable for this type of experiment, such as uniform exposure
up to ~ 60° of zenith angle or sensitivity to not only charged particles but also to
high-energetic photons. Each station has a GPS receiver that is crucial for event
timing and synchronization of communications among the individual stations.
The power for the detector electronics is provided by the solar photovoltaic
system.
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When a charged particle with velocity higher than the speed of light in water
crosses the detector, the Cherenkov light is created along the particle trajectory
and subsequently collected by three 9-inch photomultiplier tubes that are sym-
metrically placed on top of the liner and look downwards through windows of
clear polyethylene into the water. The Cherenkov light detected in the SD is
measured in units of VEM (vertical equivalent muon) that corresponds to a
signal induced by a single muon of energy 250 MeV trespassing the detector
in vertical direction. Energy reconstruction from the SD signals is based on
the signal size of a given distance from the shower axis. Another important
observable derived from SD is the direction of the primary particle which is
reconstructed from arrival times of the signals at individual triggered stations.
The reconstruction of the direction of the shower axis is better than 1° at en-
ergy 101 eV. Techniques that would allow reconstruction of mass composition
of primary cosmic rays based only on SD information are also being developed
[19], 143].

4.1.2 Fluorescence Detectors

Charged particles created during the development of cosmic-ray shower in the
atmosphere excite and ionise the nitrogen atoms that afterwards emit the fluo-
rescence light in the wavelength range of ~ (300—430) nm [44]. The fluorescence
light is emitted isotropically in the ultraviolet part of the spectrum and is in-
duced mainly by the electromagnetic component of the shower.

There are four sites of air-fluorescence detectors (Los Leones, Los Morados,
Loma Amarilla, and Coihueco) at the border of the SD array each consisting
of six telescopes. These telescopes are oriented towards the array all with the
field view of 30° x 30° covering in total 180° in azimuth. Each telescope has
an entrance window, a circular aperture, a corrector ring, a segmented mirror
of total area 13 m? and a camera with photomultipliers. The fluorescence light
travels through the UV-passing window and is focused by the mirror into a
camera composed of a matrix of 440 pixels located on the focal surface of the
telescope [44].

The FD measures the so called longitudinal profile %, where X is the slant
depth and F is the deposited energy. Therefore, the X,,.. quantity, that is a
key observable for the mass composition studies, can be directly measured [41].
Since the produced fluorescence light is proportional to the collisional energy
deposit in the atmosphere, this technique is a near-calorimetric method for the
determination of primary energy. Integral of the longitudinal development pro-
file corresponds to approximately 90% of the primary particle’s energy [44]. On
the contrary, surface detectors sample only a small fraction of the air-shower
energy resulting in less precise reconstruction of total energy in the case of the
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SD reconstruction.

4.2 Shower Reconstructions

Recorded signals from surface detectors and fluorescence detectors are inputs
to the reconstruction of the air-shower geometry (SD, FD), shower size (SD,
FD) and longitudinal profile (FD). Different reconstruction methods are used
depending on whether both FD and SD recorded the signal (hybrid reconstruc-
tion) or the shower signal was collected only by SD stations. The mono-FD
reconstruction and stereoreconstruction are not discussed in this thesis, see e.g.
45, [6].

4.2.1 Hybrid Reconstruction

In the hybrid reconstruction, both FD and SD data are used to obtain a final
image of the recorded shower. First step for the reconstruction is the processing
of triggered FD signals. The background noise is estimated from the variance
of the ADC signals at early time bins, where there are no shower signals. Then
all triggered FD pixels are searched for shower signals. Only pulses with signal
to noise ratios > 5 are taken into account in the reconstruction.

The shower detector plane ("SDP”) that is defined as the plane containing
shower axis and triggered fluorescence telescopes is obtained from the FD data
by minimalization of the function

1 T _ 5, - iSPP 2
g Z(h‘(z arccos(p; - 1 )) (4.1)

N Zl 4q; 0SDP

over all pulses i, where ¢; is the integrated signal in pixels, 77 is a vector
normal to the SDP in spherical coordinates, p; is the pointing direction of the
pixel and ogpp is the pointing uncertainty for the SDP fit, which was evaluated
as 0.35° [41].

Time information (¢) of each triggered FD pixel is used to fit three impor-
tant parameters Ty, R, and o, depicted in Figure describing the angular
movement of the shower within the SDP seen by the triggered telescope

7

SDP
1

t(xi) =To+ iy tan <%) . (4.2)
¢

The speed of light is denoted as ¢ and y; is the angle of 7th pixel along the SDP
with respect to the horizontal axis at the telescope. T stands for the time of
the closest approach of the shower to the fluorescence detector, R,, corresponds
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to the perpendicular distance between the telescope and the shower axis and x
is the angular orientation of the shower axis.
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Figure 4.2: Hybrid reconstruction of an air shower [41].

Light collected by the FD as a function of time is then converted to the energy
deposited by the shower as a function of the slant depth X. This longitudinal
profile of energy deposit is obtained from the fit by the so called Gaisser-Hillas
function [47]

dE X — X, | KmexmX0)/A
X)=(-—= — 0 . eKmax=X)/A 4.3
fan(X) <dX)max (Xmax —Xo) e , (4.3)

where (%)max is the maximum of the energy deposit at depth X = X, ., and
Xo and A are parameters without a clear physical meaning. The X, quantity
is then derived as one of the fitted parameters.

4.2.2 SD Reconstruction

A typical air shower initiated by a cosmic-ray particle of energy above 10 eV
extends over more than 25 km® on the ground inducing signals in multiple
surface detector stations. Timing and sizes of signals in individual stations are
vital parameters for the reconstruction of the shower energy and arrival direction
of the primary particle.
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The shower geometry is obtained by fitting the start time of the signal in each
individual station ¢; to the shower plane front. The shower-front development
is approximated with a speed-of-light inflating sphere with its centre denoted as
virtual shower origin.

The lateral distribution function ("LDEF”) of the SD signals is described by
a modified Nishimura-Kamata-Greisen function [48], 49]

S(r) = S(rope) (——)P (1L ype,

Topt Topt + (&

(4.4)

where S is the predicted signal at distance r from the shower axis, rqp is the
optimum distance selected as 1000 m, r; was chosen to be 700 m and S and
are the fitted parameters. An example of dependence of the signal size on the
distance from the shower core is shown in Figure Axis of the shower a is
obtained from the shower impact point on the ground 2y, and from the virtual
shower origin g, of the geometrical reconstruction as

Tsh — Tgr

a=r—=>1.
|Zen _mgr|

(4.5)
The angular resolution for events with more than three active stations is better
than 1.6° and for events with more than six active stations it is better than 0.9°
for events with an energy above 3 - 10'® eV [41].

The value of S(1000) decreases with zenith angle 6 for a given energy. The
shape of the attenuation curve fo;c(0) was extracted from the data by the
Constant Intensity Cut method [50]. The median angle § = 38° is used to define
S3g = S(1000)/ fore(6) that corresponds to the signal produced by a shower of
the same energy arriving from 6 = 38°. Ssg is than directly related to the shower
energy for all zenith angles.

4.3 Selected Results of the Pierre Auger Ob-
servatory

The Pierre Auger Observatory has been collecting data for more than 14 years
so far. Since then, many events of UHECR were detected and their analysis
led to some interesting results. In this section, results by the PAO concerning
the very end of cosmic-ray energy spectrum will be shown and compared with
measurements by the Telescope Array ("TA”) [51], an experiment located on
the northern hemisphere. Also results concerning mass composition of cosmic
rays measured by the PAO will be described. Finally, a recent discovery of a
dipole in arrival directions of cosmic rays with energies above 8 EeV will be
presented.
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Figure 4.3: Dependence of the signal size on the distance from the shower core
for a typical event of energy 10?° eV and zenith angle ~ 25° detected in SD of
2the Pierre Auger Observatory [41].

4.3.1 Energy Spectrum

A combination of both FD and SD measurements is used to reconstruct the
energy of primary cosmic rays as it was described in previous section. The
combined energy spectrum measured by the PAO scaled by E? is shown in
Figure|4.4. The spectrum can be well described by a broken power law corrected
by a smooth suppression at the highest energies. The spectral index of the power
law changes rapidly at the ankle energy around 5 EeV from v, ~ 3.3 to 75 =~ 2.5
[52]. At the very end of the energy spectrum a steep fall (y3 ~ 4.8) is visible
that corresponds to the predictions of GZK cutoff, but it can also be a result of
maximal energy to which the sources of UHECR are capable to accelerate the
particles.

The Telescope Array is an observatory of cosmic rays located in Utah, USA.
Measurements of cosmic ray energy-spectrum observed by the PAO and the TA
vary at the highest energies. An energy I/, is defined as the energy where the
integral spectrum drops by a factor of two below what would be expected, if there

was no cutoff. The value of this quantity for the PAO energy spectrum is E} /A20 =

23 +1+4 EeV [52] and for the TA E[# = 60+ 7 EeV [53]. The two measured
energy spectra are depicted in Figure . The difference between the two spectra
is very distinctive at the very end where the cutoff is expected. Since the PAO is
located on the southern hemisphere and the TA on the northern hemisphere, the
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Figure 4.4: Energy spectrum of cosmic rays measured by the PAO. The spectrum
is scaled by E® [52].
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Figure 4.5: Combined energy spectrum of cosmic rays measured by the PAO
and the TA. The spectra are scaled by E® [53)].

diversity between the two measured energy spectra could indicate an anisotropy
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of arrival directions of cosmic rays at the highest energies. However, the two
experiments differ in measured shower components, shower reconstruction and
energy scale, which are also influencing the reconstructed energy spectrum.

4.3.2 Mass Composition

Mean values of X, measured by the fluorescence detectors of the Pierre Auger
Observatory are illustrated in Figure The plot shows also predictions for
the energy dependence of X,,., for protons and iron nuclei for different models
of hadronic interactions. The data indicates that in the range of energy from
10'7 eV to 10%° eV the composition is the lightest around the energy 2 - 10'8
eV. For higher energies, as well as for lower energies, the composition becomes
heavier and we can probably exclude that the particles arriving to Earth at
these energies would be predominantly protons. As the mass composition tends
towards heavier primary particles with increasing energy above 2 - 1018 eV, it
seems that for the highest energies the mean atomic number of particles observed
on Earth should lay somewhere between helium and nitrogen. Nevertheless, even
if these measurements were completely correct, we still can not say much about
the composition at the sources of particle’s origin except that it is definitely
equal or heavier that the one observed on Earth. The original composition at
the source and its similarity to the observed one depends on multiple features,
mainly on the injection energy at the source and the source distance.

The energy dependence of the mean In A, where A is the nucleon number

of a cosmic-ray particle, derived from X, and X* _measurements are shown

in Figure for QGSJetll-04 (left) and for EPOS-LHC (right). Obviously,
EPOS-LHC suggests non-physical conclusions based on X*  predictions, since
components of cosmic-ray particles heavier than iron nuclei are astrophysically
improbable. In this figure, it can be seen that the average mass number is
increasing with energy above 2 - 10'8 eV, where the mass composition seems to
be the lightest in the studied region, as it already appeared in Figure [4.6}

4.3.3 Large Scale Anisotropy in Arrival Directions of
UHECR

The origin of the most energetic cosmic rays still remains a mystery. The
anisotropy studies, which are looking for nonuniformities in the distribution
of arrival directions of UHECR, are a strong tool which could lead us to the
origins of these particles one day.

An evident large-scale anisotropy of arrival directions of cosmic rays with
energies above 8 EeV was recently discovered in the PAO data [2]. A harmonic
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dictions by EPOS-LHC (right) and QGSJetII-04 (left) [18§].

(red) measurements at the Pierre Auger Observatory based on pre-

analysis in right ascension was performed on events recorded between 2004-2016
with energies 4EeV < F < 8EeV and E > 8 EeV. For the lower energies,
the data are consistent with isotropic distribution of arrival directions, while an
anisotropy was found in the set of particles with £ > 8 EeV. The normalized
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rates of total 32 187 events with £ > 8 EeV depending on right ascension
are depicted in Figure together with the first harmonic with an amplitude
4.7708% obtained from the Rayleigh analysis [2]. The distribution of recorded
events smoothed by a 45° top-hat function is shown in Figure in galactic
coordinates.
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Figure 4.8: Distribution of normalized rates of events with £ > 8 EeV in right
ascension as measured by the PAO together with the first harmonic obtained
from the Rayleigh analysis [2].

Since the direction of the dipole is far from the Galactic centre (by ~ 125°),
this analysis suggests that these particles are of an extragalactic origin. The
authors in the article also argue that this anisotropy should come from an
anisotropic distribution of extragalactic sources and that ”Because of Liou-
ville’s theorem, the distribution of cosmic rays must be anisotropic outside of
the Galaxy for an anisotropy to be observed at Earth. An anisotropy cannot
arise through deflections of an originally isotropic flux by a magnetic field.” [2].
However, we show in Chapter 7 that quadrupole and dipole patterns can arise
from the originally isotropic flux due to the influence of Galactic magnetic field.

It is worth mentioning that the PAO observed a middle-scale anisotropy for
events above 58 EeV around Centaurus A (~ 18°) at the level of ~ 3¢ signifi-
cance [55]. The TA published an indication of an intermediate-scale anisotropy
of cosmic rays above 57 EeV found at right ascension o ~ 147° and declination
d ~ 43° (diameter ~ 30° — 40°) [56] with local significance ~ 5o. Moreover, re-
cently the PAO performed a correlation analysis with star burst galaxies where
an interesting signal at the level of ~ 40 was observed, however, this significance
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was calculated without a penalisation for a catalogue scan [57].

0.46

0.38

Figure 4.9: Distribution of events with energies £ > 8 EeV in galactic coordi-
nates smoothed with a 45° top-hat function. The cross represents the direction
of the measured dipole and the contours denote the 68% and 95% confidence
level regions. The dipole in the 2MRS galaxy distribution is indicated. Arrows
show the deflections expected for particles with E/Z = 5 EeV or 2 EeV in the
JF12 model of GMF [2].
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Chapter 5

Simulation of Propagation of
Cosmic-ray

The UHECR are thought to be of an extragalactic origin. This hypothesis is
supported by the fact that the galactic plane does not correlate with arrival di-
rections of the particles with energies above ~ 1018 eV as the arrival directions
are rather isotropic. Since the high-energetic particles most likely travel long
distances from their sources to the Earth (in orders even tens of Mpc) the origi-
nal particles from the source might noticeably differ from the ones we observe on
Earth because of the processes described in Section [3.1] For that reason, sim-
ulation frameworks are being developed for the propagation of UHECR. One
of them is CRPropa that was used for purposes of this thesis and it will be
briefly described in the following section. Another code used by the cosmic-ray
community, SimProp, is presented in this chapter as well.

5.1 CRPropa

CRPropa is a publicly available code to simulate the propagation of UHECR
in the Universe. We used the newest version of the code CRPropa 3 [38]. CR-
Propa 3 is written in C++4 and interfaced into Python. SWIG allows to work
with both Python scripts and custom or existing C4++ modules [38]. The sim-
ulation is divided into modules where the separate properties of the simulation
are set, such as properties of the source, properties of the observer, included
particle interactions etc. The individual modules are mutually independent in
most of the cases and are combined in the simulation to create the required
environment. The modular structure is visualised in Figure [5.1]

User can set what kind of interactions will be included in the simulation
as well as the type of photon background that will be used. CRPropa can in-
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clude interactions on CMB and EBL, which is divided into infra-red background
("IRB”) and radio background. The spectral shape of the CMB is well known,
but IRB is not that well measured and user can choose from multiple models
in the simulation. In this work, the default model of IRB Dominguez 2011 [5§]
was used.

The following interactions are included in CRPropa 3: photo-pion produc-
tion, electron-pair production, photodisintegration of the nucleus, nuclear decay
and cosmological redshift. While energy losses by photodisintegration of nu-
cleus and photo-pion production are calculated from the cross sections of given
processes, the electron-pair production is approximated as a continuous energy
loss given by its low energy threshold. The code can also be used for tracking
neutral secondary particles (photons and neutrinos) originating from charged
cosmic rays.

SourceModel
Spectrum
Evolution
Direction Galacti
n = alactic
Composition « Module List ‘ lensing

Boundary
l Candidate

position, type, ...
‘ isActive? '
Interaction Deflection

Observer

Tabulated data External libraries Magnetic field
Infrared background SOPHIA Uniform
Radio background DINT Grid

Figure 5.1: Illustration of the CRPropa 3 modular structure [38].

Simulations can be run in one-dimensional, three-dimensional or four-
dimensional mode. In the one-dimensional simulation, the deflections by mag-
netic fields are not taken into account, only the aforementioned interactions
with ambient photons cause energy losses and/or a change of the type of par-
ticle. The source or multiple sources are placed on a line in a negative z and
particles propagate in a positive direction along x to the observer point placed
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at x = 0. The output is a set of positions, energies, types of nuclei and travelled
distances either at each step of the propagation or only at the observer.

Three-dimensional simulations include the effects of magnetic fields. The
path and properties of the injected particle and its secondaries are calculated
from Lorentz equations and interactions with ambient photons. In this case,
user sets features of his observer. Depending on an investigated phenomenon,
one can detect particles, for example, when they hit a sphere with a given
radius (object ObserverSmallSphere()), when they leave a sphere with a given
radius (object ObserverLargeSphere()) or one can detect all particles (object
ObserverDetectAll()). Since the distances between the sources and observer are
in orders of Mpc, the observer is usually simulated as an observer sphere of
a quite large radius so that sufficient amount of particles can reach it. The
output information is much more extensive than in the case of one-dimensional
mode. Output file can include type of the nucleus, its energy, position and unit
momentum vector together with the serial number of particle in the simulation
at the source, at the origin of the particle (differs from the source in case of
secondary particles) and at current position. Travelled distance and redshift are
also included in the output file.

Another approach used in the three-dimensional simulation of galactic prop-
agation is the backtracking of cosmic rays with opposite charge from the observer
to the edge of the Galaxy, which reduces the computational time since all the
particles are included in the final output. In this case, the energy losses includ-
ing photodisintegration of nucleus are neglected. This, however, if used only
for galactic propagation, is an acceptable approximation since the energy loss
lengths are rather of orders of Mpc.

A four-dimensional mode of the simulations can be used when multiple
sources with large differences of their distances are used. In this mode user sets
a so called redshift window, corresponding to a time interval in which particles
hitting the observer will be detected. This mode serves for extensive simulations
where the time of detection must be taken into account.

CRPropa 3 can simulate any custom magnetic field including galactic and
extragalactic magnetic fields. Some models of galactic magnetic fields are im-
plemented into the simulation code and can be easily used by the user including
Jansson & Farrar model and Pshirkov 2011 model, both described in Chapter
Bl

An example of a simple python script of a one-dimensional simulation in
CRpropa is depicted below. It is a simulation propagating 10,000 helium nuclei
from a uniform distribution of sources in distances between 10 Mpc and 100 Mpc
with a power law energy spectrum of injected particles with spectral index v = 3
from minimal energy 1 EeV up to the maximal rigidity 100 EeV. The initial
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redshift of the injected particle is determined by the source distance. Only
interactions on CMB are allowed in this script and all particles that fall under
E = 0.5 EeV are excluded from the simulation.

from crpropa import *

simulation = ModuleList ()

simulation.add( SimplePropagation(100*pc,1000%pc))
simulation.add( PhotoPionProduction(CMB) )
simulation.add( ElectronPairProduction(CMB) )
simulation.add( PhotoDisintegration(CMB) )
simulation.add( NuclearDecay() )

simulation.add( RedShift() )

simulation.add( MinimumEnergy(0.5 * EeV) )

obs = Observer()

obs.add( ObserverPoint() )

output = TextOutput( ’output.txt’, Output.EventiD() )
obs.onDetection( output )

simulation.add( obs )

src = Source()

src.add( SourceUniformiD(10 * Mpc, 100 * Mpc) )

src.add( SourceRedshiftiD() )

src.add( SourceParticleType(nucleusId(4,2)) )

src.add( SourcePowerLawSpectrum(l * EeV, 100 * EeV, -3) )

simulation.run(src, 10000, True)

5.2 SimProp

Another simulation code for the UHECR propagation is SimProp [59]. Sim-
Prop is a one-dimensional algorithm where magnetic fields are not included into
computations and only interactions with CMB and EBL are influencing the
propagated particle state.

Protons simulated with SimProp interact only with CMB in the form of
electron pair production and photo-pion production. Interaction of protons with
EBL are neglected due to their low probability. Heavier nuclei interact on CMB
by electron-pair production and on both CMB and EBL by photodisintegration
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of nucleus. Photo-pion production is neglected for heavier nuclei since its cross-
section decreases linearly with atomic number. Differences between SimProp
and CRPropa given by different interactions arise only for high energies (Lorentz
factor T' > 10! corresponding to energy =~ 10** eV for proton) and result in
differences in the energy spectra.

Beside protons, the code can simulate propagation of nuclei of atomic number
A =2 up to A = 56 with one stable isotope for each atomic mass. Unstable
nuclei 5 < A < 8 are excluded. The computations of particle properties during
propagation are based on the continuous energy loss approximation or an exact
conservation of the particle’s Lorentz factor in the photo-disintegration process.
The code also includes the adiabatic energy loss over time due to the expansion
of the Universe given by equation or in the case of change of the Lorentz
factor I'

1 /dI’
— = — =H 5.1
I ( de )adiabatic (Z>’ ( )

where H(z) = Hoy/(1 + 2)3Qu + Q, is the Hubble parameter at red-shift z,
Hy = 71 km/s/Mpc is the Hubble constant, €2, = 0.24 is the density of matter,
both visible and dark, and €2, = 0.72 corresponds to the density of dark energy.
These values are taken from WMAP data [60].

The code is developed in C++. Initial parameters of the Monte Carlo sim-
ulations are red-shift of the source, type of the primary nucleus and injection
energy at the source. The code computes the propagation in steps of red-shift
in one dimension up to the observer at red-shift equal to zero. The scheme of
simulation procedure in SimProp is shown in Figure 5.2l SimProp follows prop-
agation of the original nuclei and its secondary nuclei and protons created by
photodisintegration. Particles are following a branch of the code where all of the
interactions happen and the energy and/or the type of nucleus changes. This
process continues in steps down to z = 0 corresponding to the observer. The
intervals in red-shift have an exponentially decreasing size towards the source,
or to the original point of the nucleus creation.

The output is in the form of ROOT file containing information about the
propagation in individual branches with information about the branch, the en-
ergy of particle, the mass and the charge of nucleus, the initial and final energy
and red-shift, the number of interactions passed by the current particle and the
distance covered in the current step [59)].
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Figure 5.2: Simulation procedure in SimProp [59).
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Chapter 6

The Very End of the Cosmic-ray
Energy Spectrum

The data of the very end of cosmic-ray energy spectrum measured by the Pierre
Auger Observatory and the Telescope Array do not coincide as it was described
in Section [4.3] Both of the experiments are located on different hemispheres and
therefore it is possible that this disagreement might not be caused by technical
differences between the experiments, such as differences in air shower reconstruc-
tions, different measured components of air showers or different energy scales,
but rather by observation of different sources capable to accelerate particles up
to the highest energies. In our simplified model, we proposed a question, if the
very end of energy spectrum (log(E/eV) > 19.5), as measured by the Pierre
Auger Observatory, could be explained by a single source? And if so, what
properties should such a source possess?

6.1 Simulations and Data

Simulations of cosmic-ray propagation were produced using the one-dimensional
mode of CRPropa 3. Single sources were placed in distances from 3 Mpc to
100 Mpc, in a step of 1 Mpc up to the distance 10 Mpc and in a step of 10 Mpc
farther off. We assumed 4 types of injected nuclei at the source: proton, helium
(*He), nitrogen (MN) and iron (*°Fe). Simulation for a given distance of the
source and type of nuclei contained 10,000 primary particles. These particles
were injected with power law energy spectrum of spectral index v = 2 up to a
maximal rigidity of log;y(Rmax/V) = 20.5.

Simulations were processed in such a way that the energy spectra at the
source were in the form of a power law of energy E with a broken-rigidity
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exponential cutoff:

dE
— = 7.
dN E fcut (61)

where « is the spectral index and f., is the rigidity exponential cutoff function
defined for a given rigidity cutoff R.. as

, 6.2
e(l_zegcut) (E > ZeRcut> ( )

{1 (E < ZeRew)
f cut —

where 7 is the proton number of the primary particle, see e.g. [2I]. The ex-
ponential rigidity cutoff was used as an approximation of a steep vanishing of
particles at the highest energies, which assumes the electromagnetic means of
their acceleration.

Injected four types of particles were mixed with a step of 10% for all possi-
ble combinations of four primaries, which makes the total number of 286 com-
binations for all 17 simulated distances for each v and each R.,. Individual
combinations of injected particles for a given distance of the source were subse-
quently weighted to obtain different spectral indices v of the source and different
rigidity cutoffs R... The rigidity cutoff was chosen from log(R..;/V) = 20.5
down to log(Rey/V) = 18.0 in steps of 0.1. However, at the lower limit
of Ry the energy spectrum at the source in the investigated energy range
log(E/eV) = (19.5 — 20.2) becomes dominated by the exponential cutoff and
no longer follows the predicted power-law dependence. Investigated spectral in-
dices obtained by reweighting the simulated energy spectrum were in the range
v €< —1.0,5.0 > in steps of 0.5.

Simulated data were compared with the combined energy spectrum measured
by the Pierre Auger Observatory (taken from [52]) from energy log(FE/eV) =
19.5 to log(E£/eV) = 20.2 in 7 bins in steps of the logarithm of energy 0.1. Data
of the combined energy spectrum measured by the PAO in the investigated
energy range are listed in Table [6.1]

6.2 Comparison of Simulations and Data

Since we are interested only in the shape of the energy spectrum, the measured
energy spectrum was scaled in a way that the first bin corresponds to the value
of 1.0. Simulated energy spectra for all the combinations of v, Ry, distances
of the source and composition of injected particles were scaled to the measured
spectrum in the first bin. In order to quantify which of our simulations are in a
good agreement with the measured data a quantity L was defined as
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Centre of energy bin

(logio(E/eV))
19.55 1.42-107* +5.30- 10717
19.65 7.60-107' £3.96- 10717
19.75 3.30-107% £ 2.50- 10717
19.85 1.49-107% +1.71-107'7
19.95 4451077 +£1.06 - 10717
20.05 2.33-1071"£7.01-10"'8
20.15 9.66-10"® +£6.77-10718

Table 6.1: Measured data by the PAO of cosmic-ray flux multiplied by energy
E in energy bins log,,(F/eV) with a step of 0.1 at the highest energies [52].

Ny

|z
L — )
21-: V((0M€)2 + (oifata)2)

where Nj, is the number of bins, zM° and zdt®

simulated energy spectrum and measured data, respectively, and cM¢ and o
are respective uncertainties. For better insight, L-reduced was defined as

MC data
b =t

(6.3)

are values in the ith bin of the

data
i

L
Ny—1

Lyoqg = (6.4)

Energy spectrum was calculated for each set of R, and v for all distances
and possible compositions and subsequently compared with the data measured
by the PAO from Table in the means of L,.q evaluation. Upper value of L,eq
that still corresponds to an energy spectrum describing the measured data well
was chosen to be L,.q = 1.0. Another cut requesting that the simulated spectra
have to contain particles in all energy bins (19.5 < log(E/eV) < 20.2) was also
applied to exclude some solutions that did not contain any particles in the last
energy bin.

6.3 Results

Some of the source parameters have a substantial impact on the resulting en-
ergy spectrum and some are not that crucial. In the following paragraphs, the
most important trends are highlighted and the relations between individual pa-
rameters of simulations are presented. The more detailed scan over the source
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parameters and observed cosmic-ray properties is provided in the Appendix A
of this thesis.

Firstly, there is a close connection of the rigidity cutoff and the spectral
index of the source. Values of both variables are usually predicted by models
of UHECR acceleration at their sources. A dependency of the value of L eq
on spectral index v and rigidity cutoff R.. is depicted in Figure for v =
(—1.0,5.0) and in Figure [6.2] for v = (—1.0,3.0). Coloured scale represents the
minimal value of L,.q found for given v and R set. The regions of dark contours
represent combinations of rigidity cutoff and spectral index of the source that
have appropriate conditions to describe well the data measured by the PAO.
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(@)

o
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8=t 1 W
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Figure 6.1: Minimal value of L,eq (represented in colour) for given combination
of spectral index v and rigidity cutoff Rey.

High values of spectral indices (3.5-5.0) describe the measured energy spec-
trum well in almost the whole range of R., for at least one combination of
primaries and source distance (see Figure , except for the lowest R... This
is probably caused by the closeness of spectral indices of the measured data by
the PAO (v ~ 4.8) and simulated energy spectra. Such high values of v are not
usually predicted by the astrophysical models of particle acceleration (see Sec-
tion and they will not be considered any further in this work. Another solu-
tions that will not be further considered are the solutions for log(R../V) < 18.5
since at the lowest rigidity cutoffs the energy spectra at the source are no longer
in the form of power law but their shape in the investigated energy range is
dominated by the exponential cutoff function. In these cases, predominantly
the exponential cut-off shape was compared with the measured data as the
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Figure 6.2: Minimal value of L.eq (represented in colour) for given combination
of spectral index v and rigidity cutoff R ;.
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Figure 6.3: Number of possible solutions (L,.q < 1) for combinations of spectral
index v and rigidity cutoff R.

power-law behaviour produced particles up to energies ~ Z - R.;. This corre-
sponds to maximal energy log(E/eV) ~ 19.9 for irons and log(E/eV) ~ 19.3
for nitrogen nuclei in the case of log(Rey/V) = 18.5.

The values of L,eq for combinations of 7 in the range (-1.0,3.0) and R, are
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shown in Figure [6.2] and the number of passed solutions for combinations of ~y
and R, are illustrated in Figure [6.3] We can see that each individual spec-
tral index could describe the measured energy spectrum well for some range of
Ryt Spectral index v = 3 is the only one that can fulfil the applied cuts at all
considered rigidity cutoffs. However, as it was mentioned in Section [2.3] theo-
ries of UHECR acceleration mechanisms usually incline rather to lower spectral
indices, either around v = 1 or to spectral indices around ~ 2.0 — 2.5 pre-
dicted in theories based on the Fermi’s first order acceleration. These values
of spectral indices actually narrow the possible maximal rigidity of the source

log(Rew:/V) ~ 18.9 — 19.8.

Similar analysis was previously done in [21] where data were investigated in
the energy range 18.7 < log(E/eV) < 20.2. Deviances from the data of the
best fit depending on the spectral index and maximal rigidity of sources are
shown in Figure Our results illustrated in Figure differ. In our results,
regions of best agreement with the data for given ~ are generally shifted to higher
maximal rigidities of the source and for higher spectral indices there are wider
ranges of possible R, of the source. These differences are caused by different
investigated energy ranges and also due to the fact that results obtained in [21]
come from a combined fit of both energy spectrum and mass composition on
Earth. Moreover, multiple sources distributed homogeneously were taken into
account in contrast to single source scenario adopted in this thesis.

Another parameter of the simulations is the distance of the source. An
illustration of the finest match between measured and simulated energy spectra
throughout all spectral indices (-1.0-3.0) in terms of L,oq is demonstrated in
Figure for combinations of rigidity cutoff and source distance. Information
about the number of possible solutions for individual combinations of rigidity
cutoff and source distance is shown in Figure[6.6, Overall, close sources are more
likely to describe the measured energy spectrum by the PAO well rather than the
distant sources since the probability that particles with energies above 102 eV
would reach the Earth decreases with their energy. Nevertheless, there are some
solutions for distant sources as well in the region of maximal logarithm of rigidity
of the source from log(Rey/V) ~ 19.0 to log(Rewt/V) ~ 19.8, including even
the most distant sources placed at distance 100 Mpc. Considering extragalactic
magnetic fields in the simulations would increase the travelled distance of cosmic
rays and restrict the source distance even more.

The number of solutions for individual spectral indices and source distances
is plotted in Figure for accepted solutions. Similarly to the previous relation
of the rigidity of the source and the source distance, also Figure[6.7]indicates that
close sources are preferred compared to farther ones. Generally, with increasing
distance of the source and decreasing spectral index, there are fewer possible
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Figure 6.4: Deviance from the data of the best fit as a function of v and logarithm
of Rcut [21]

solutions describing the measured data well.

Figure shows the number of solutions for the mean logarithmic mass
at the source and different rigidity cutoffs. Four distinct regions of possible
solutions are formed. Three of these regions have their maximum of passed
solutions in the vicinity of < InA >, uee Of single primaries, either helium,
nitrogen or iron nuclei. Only few solutions of single protons are found for a
narrow range of R.,. Neither extremely heavy or extremely light composition at
the source is predicted for the highest R... Another island of solution is located
between the atomic mass of nitrogen and iron for lower maximal rigidities of the
source.

The number of solutions for combination of the mean logarithmic mass and
different spectral indices is visualised in Figure[6.9) Spectral indices v < 1 pre-
dict also solutions of pure iron nuclei at the source; such solutions are not found
for higher spectral indices. No obvious development of the mass composition at
the source with the spectral index is found.

The number of solutions for combination of the mean logarithmic mass source
distance is depicted in Figure[6.10] This figure again indicates that close sources
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Figure 6.5: Minimal L., for combinations of rigidity cutoff and distance of the
source found through all spectral indices (7 = —1.0—3.0) and mass compositions
at the source.
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3.0) and mass compositions at the source.
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Figure 6.7: Number of possible solutions (L.q < 1) for combinations of spectral
index and distance of the source found through all rigidity cutoffs and mass
compositions at the source.

are more likely to describe the measured energy spectrum well. Similarly to
Figure [6.8] large number of solutions is concentrated around the mean In A of
considered single primaries for close distances. The most distant sources need
to be heavier (In A > 1.7) to describe the measured data well.

The spectral indices are divided into two groups that will be discussed sepa-
rately. The first set of investigated spectral indices is v €< 1.0 — 3.0 > and the
second set contain spectral indices v €< —1.0 — 0.5 >.

Spectral Indices 1.0 - 3.0

As it was already mentioned at the beginning of this section, solutions with
spectral index v = 3 survive the cuts in the whole range of R.,. Solutions with
other spectral indices appear for a limited range of rigidities (see Figure .
For each rigidity cutoff, a sextuplet of plots was produced carrying a com-
plete set of important information about all the possible solutions at given R.y;.
Information about possible solutions for log(Re.:/V) = 20.5 are shown in Fig-
ure [6.11] for log(Rewt/V) = 19.8 in Figure and for log(Rew/V) = 19.6
in Figure for illustration. For a complete scan of solutions over the whole
range of maximal rigidity see Apendix A. The top left plot in these figures shows
all the possible energy spectra that passed the cuts for L..q < 1 together with
the data measured by the PAQO, different colours correspond to different spectral
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Figure 6.9: Number of possible solutions (L,q < 1) for combinations of the
mean logarithmic mass at the source and different spectral indices.

indices. The top right plot visualises the evolution of the mean In A on Earth
with energy for each solution. This plot represents what energy evolution of
< In A > would be observed on Earth. The middle left figure demonstrates the
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energy spectra for different primary particles at the source for given R.,. The
different energies of transition between the pure power law and the power law
with exponential rigidity cutoff for individual primaries is exhibited here. The
middle right plot shows the mean In A at the source for different solutions that
describe the measured energy spectrum well, which tells us if the composition
at the source is rather heavy or light and how much the source is distant. The
bottom left plot gives the distribution of fractions of primaries at the source
of passed combinations and the bottom right plot shows values of L,.q for all
different combinations for different distances of the source. Plots for all the
rigidity cutoffs are depicted in the Appendix A.

At the highest value of Ry (see Figure , the energy spectrum is well
described by close sources (up to 20 Mpc) with spectral index v = 3. Mass
compositions at the source that passed the cuts are mainly a mixture of nitrogen
and helium with a small fraction of protons and iron nuclei.

As we go down with the rigidity cutoff, solutions with spectral index v = 2.5
start to appear at log(Rey/V) = 20.1 (see Figure and energy spectra with
v = 2.0 pass the cuts starting at log(R..;/V) = 19.8 as depicted in Figure m
Composition at the source scanned over all solutions is similar to the case of the
ones at the highest R, mainly its high fraction of nitrogen or helium nuclei
with smaller fractions of protons and iron nuclei, but solutions with a large
proton contribution start to appear as well. Gradually, solutions originating
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also from more distant sources are passing the cuts. Solutions with v = 1.5 and
v = 1 become part of the results at log(Reu/V) = 19.7 and log(Rew/V) = 19.6,
respectively, as can be seen in Figure and Figure [6.13]

With further decrease of Ry, see Figures [A.10HA.6] the individual spectral
indices, except 7 = 3 and v = 2.5, are excluded from the set of possible solutions
and at log(Reut/V) = 19.1 only solutions with 7 = 3 and two solutions with
~v = 2.5 for close sources emitting a mixture of nitrogen with small fractions of
iron and helium nuclei remain.

For the lowest considered rigidity cutoff region (around log(R../V = 18.6)),
see Figure and Figure energy spectra with spectral indices 2.5 and 2.0
both satisfy our cuts together with v = 3 and all the passed solutions predict
very heavy composition on both the source and the Earth, composed mainly of
iron nuclei (see Figure . Such effect is caused by the low R, which results
in a strong suppression of lighter primaries when compared with the iron nuclei.

The top right panel of Figure illustrates that the evolution of mean In A
on Earth might be decreasing or increasing with energy and even flat for light
mass composition of cosmic rays arriving to the Earth. The trend of evolution
of mean In A on Earth with energy does not depend on the spectral index,
but rather on the original composition of injected particles by the source. In
Figure the mean In A on Earth depending on the source distance for all the
possible solutions is shown for log( R, /V) = 19.8 together with illustrative lines
dividing the solutions into three groups: bottom, middle and top. Evolutions of
the mean In A with energy and the fractions of primary particles emitted from

the source are depicted in Figures 6.16], Figure for solutions in the
bottom, middle and top region from Figure [6.14] respectively.

The solutions for the bottom region provide low values of the mean In A
on Earth (see left panel of Figure , also the evolutions of the mean In A
on Earth with energy is rather flat. These solutions come from close sources
emitting mainly helium nuclei with a small fraction of protons or nitrogen nuclei.
No solution in this region predicts a presence of iron nuclei at the source.

The middle region demonstrates a clear decreasing tendency of the mean
In A on Earth with the source distance. These solutions originate from sources
emitting mainly nitrogen nuclei or protons with a small fraction of helium nuclei
as is depicted in the right panel of Figure [6.16l As it can be seen in the left
panel Figure [6.16] the evolution of mean In A observed on Earth with energy
is gradually decreasing. In contrast with the previous case, the composition is
heavier at the source, dominated by mixed composition of nitrogen nuclei and
protons.

Solutions for the top region, illustrated in Figure[6.17] result in the heaviest
composition on Earth out of these three regions and they indicate an increase
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Figure 6.11: Properties of simulated energy spectra for rigidity cutoff
log(Reut/V) = 20.5. Top left: Scaled energy spectra for all possible solutions
with Lyeq < 1 together with energy spectrum measured by the PAO (in black).
Top right: Evolution of the mean In A on Earth with energy of individual solu-
tions. Middle left: Scaled energy spectrum of individual primary particles at the
source following equation for given R., and different spectral indices 7.
Middle right: The mean In A at the source depending on the source distance for
individual solutions. Bottom left: Distribution of fractions of primary particles
at the source for passed solutions. Bottom right: Values of L,.q depending on
the source distance for all combinations at given Ry;.

of the mean In A on Earth with energy. Such a heavy composition is caused
by a small fraction of primary iron nuclei from the source that have a larger
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Figure 6.12: Properties of simulated energy spectra for rigidity cutoff
log(Reut/V) = 19.8. For description see caption of Figure [6.11]

energy loss length than nitrogen (see Figures and therefore they are
capable to arrive on Earth unchanged even from more distant sources. As the
most energetic particles disintegrate, they form the light composition at lower
energies, but some of them survive and create the heavy mass composition at
the highest energies. Except of few solutions that predict pure protons in the
last energy bin, the mass composition in the whole energy range differs from
pure proton composition.

The maximal rigidity of the source, here defined as R, is in a close relation
with the observed mean In A at the source for the case of v = 3, see middle right
panels in Figures in Appendix A. With lower R, the composition
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Figure 6.13: Properties of simulated energy spectra for rigidity cutoff
log(Reut/V) = 19.6. For description see caption of Figure

at the source is rather heavier and with increasing R . the mean In A at the
source decreases. The heavy composition at the source for low R is a result of
a gradual drop out of lighter particles. This trend is valid up to log(Reu/V) &~
19.7. For lower spectral indices (y = 1 and v = 1.5) this dependency seems
to have an opposite behaviour. However, since the range of R, containing
solutions for these small spectral indices is very narrow such a behaviour might

be just coincidental.
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for all the possible solutions in the bottom region.

Spectral Indices -1.0 - 0.5

Even though the theories of particle acceleration at their sources usually predict
a power law energy spectrum with spectral indices equal to 1 or larger, very small
and even negative values of spectral indices are being discussed in some research
works as being optimal to describe the measured energy spectrum by the PAO

[21]. A set of spectral indices in the

range (-1.0-0.5) was therefore examined
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as well. The region of rigidity cutoffs where individual spectral indices v < 0.5
pass the applied cuts and therefore describe the measured data well goes from
log(Reut/V) = 19.7 down to log(Rey/V) = 18.9 as depicted in Figure 6.2

Information about the solutions for log(Reu/V) = 19.6 and log(Reu/V) =
19.1 are shown in Figures[6.18] respectively. Plots for other rigidity cutoffs
can be found in the Appendix A. At the upper region of the possible rigidity
cutoff, log(Rey/V) = 19.7, only solutions with spectral index 0.5 and 0.0 passed
the cuts predicting a high abundance of iron nuclei at the source. Gradually,
with decrease of R.., energy spectra with spectral index -0.5 and -1.0 become
part of the set of solutions at log(Reut/V) = 19.6 and log(Reut/V) = 19.5. With
further decrease of R, the higher spectral indices are excluded. At the lowest
Reyt, the spectral index -1.0 is the only one from the set describing the measured
data well.

69



CHAPTER 6. THE END OF THE ENERGY SPECTRUM

Most of the solutions at log(Rey/V) > 19.2 predict rather a light mass
composition on Earth at lower energies as a result of photodisintegration of
heavy mass composition at the source dominated by iron nuclei dominated by
iron nuclei which have much longer energy loss length for photodisintegration
process than lighter nuclei (see e.g. Figures . This has a consequence
of a steep increase of < InA >p.n at energies above 102 eV. Most of the
solutions are from very close sources (< 10 Mpc) or from medium distant sources

(~ 50 Mpc).
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Figure 6.18: Properties of simulated energy spectra with low spectral indices for
rigidity cutoff log(Reu/eV) = 19.6. For description see caption of Figure [6.11]
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Chapter 7

Effects of GMF on Arrival
Directions of Cosmic Rays

This chapter is dedicated to the analysis of arrival directions of isotropic extra-
galactic UHECR propagating in the galactic magnetic field using the simulation
program CRPropa 3 (see Chapter [f]). Backtracking is often used to study be-
haviour of UHECR in magnetic fields due to its high efficiency. However, results
obtained from backtracking could be difficult to interpret in some studied effects,
such as the particular case of arrival directions. As it was previously shown in
[34, [61], the observer on Earth is blind to a large part of extragalactic sources of
UHECR due to the galactic magnetic field. Moreover, as a result of deflections
of cosmic rays by GMF, fluxes from individual sources could be magnified or de-
magnified and multiple images can be created similarly to gravitational lensing
effects.

Following study was motivated by the observation of a large-scale anisotropy
in the arrival directions of cosmic rays above 8 EeV by the PAO (described
in Section [4.3). Particularly, the effects of GMF on extragalactic UHECR of
different primaries were studied. The primary purpose of this work is to verify
if the GMF truly conserves the isotropy of arrival directions of cosmic rays on
the observer in case of an isotropic flux entering the Galaxy. For that purpose,
direct simulations of extragalactic cosmic rays coming from the Galaxy border
were performed.

7.1 Simulations of UHECR propagation in the
Galaxy

Three-dimensional mode of CRPropa 3 was used to propagate particles from
the border of the Galaxy to the observer. The Milky Way was set as a sphere
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with radius of 20 kpc and the observer, a sphere with radius 100 pcﬂ, was placed
to the position (—8.5,0,0) kpc corresponding to the approximate coordinates of
the Solar system in the Galaxy.

Particles were propagated from an isotropically emitting shell (galactic bor-
der) following a power law energy spectrum with spectral index v = 3. The
energy range of simulated particles goes from 8 EeV to 100 EeV. Three types
of primary particles were simulated - protons, helium and nitrogen nuclei. A
simulation including protons was also made with power law energy spectrum
from 4 EeV up to 100 EeV. Inside the galactic sphere, particles are propagated
in JF12 model of GMF and particles hitting the observer are detected. All
three components of JF12 were used, including regular, turbulent and striated
component of the magnetic field. For comparison, also the Pshirkov model of
GMF was used to propagate protons and helium nuclei in the same way. For
description of models of GMF see Section 3.2. Energy losses are neglected since
the energy loss lengths on CMB are of orders of Mpc and more in the studied
energy range.

7.2 Coordinate Transformations

CRPropa 3 saves positions and unit momentum vectors of particles hitting the
observer in cartesian coordinates. The arrival direction of a cosmic ray is usually
expressed in either galactic or equatorial coordinates. Galactic latitude b and
longitude [ can be calculated from cartesian coordinates x,y, z using transfor-
mation equations [62]

[ = atan2(y, x), (7.1)
T zZ
b= § — aI‘CCOS(m). (72)

The definition of the atan2 function can be found in [63]. The position where
the particle entered the Galaxy was calculated using the original position of the
particle in equations and . The arrival direction of the particle to the
observer was calculated from equations and using components of the
reversed momentum vector of particle. Equatorial coordinates can be obtained
from galactic longitude and latitude as

a = atan2[cos(b) cos(l — 122.9°), (sin(b) cos(27.1°)—

cos(b) sin(27.1°) sin(l — 122.9°))] + 192.9°, (73)

!This particular size of the observer was chosen as it corresponds to the spacing of a grid
on which the magnetic field is defined. This way no more deflections should influence the
particle trajectory. Smaller observer was not used also due to the high computational time.
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d = arcsin(cos(b) cos(27.1°) sin(l — 122.9) + sin(b) sin(27.1°)), (7.4)

where « is the right ascension and ¢ denotes the declination [62].

A Mollweide projection is used in this diploma thesis to plot the galactic
coordinates. The Mollweide projection is a pseudocylindrical equal-area map
projection that is frequently used to visualise objects in the sky. The projection
is visualised on an ellipse with axes ratio 2:1. The (Z,y) positions in the pro-
jection plane are numerically calculated from latitude b and longitude [ using
equations [64]

2v2

r=R——Icosb, (7.5)
T
7= RV2siné (7.6)
and
20 4 sin 20 = 7sin b, (7.7)

where R is the radius of the projected ellipse and 6 is an auxiliary angle.

7.3 Results

Simulated data from direct simulations of protons, helium and nitrogen nuclei
using JF12 and simulations of protons and helium nuclei in Pshirkov model of
GMF contain ~ 100, 000 particles hitting the observer for each element and each
model. Harmonic analysis in right ascension a was applied to study large-scale
anisotropies in the arrival directions of cosmic rays. Simulated data were fitted
by the first harmonic

fla) = raip cos(a + @aip) + 1, (7.8)

where r4;p is the amplitude of the dipole and ¢g;, is the phase of the dipole. In
[2], the Rayleigh analysis was used to analyse the first harmonic, while x? min-
imalization of the simulated data by function was applied in this diploma
thesis. Both of these procedures lead to very similar results and are almost
equivalent. Obtained data were also fitted by the second harmonic

(@) = Tquad €0S(20 + Qquaa) + 1, (7.9)

where 7quaq is the amplitude of the quadrupole and ¢guaq is the phase of the
quadrupole and, finally, the simulated data were also compared with an isotropic
distribution.
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The arrival directions of simulated data for each element and their com-
binations are not compatible with an isotropic distribution. Values of x?/ndf
describing consistency of simulated data with isotropic distribution are intro-
duced in Table [ 1] for individual simulated elements and their combinations
for both JF12 model and Pshirkov model of GMF. Amplitudes and phases of
dipole and quadrupole anisotropies of the simulated data obtained from fitted
distributions of arrival directions by equations and are also listed in
Table [7.1] together with their x?/ndf values.

Simulated data propagated in the JF'12 and Pshirkov model of GMF both in-
dicate anisotropies in arrival directions, but the resulting form of the anisotropy
differs. Except of pure nitrogen composition, all other combinations are best
described by a quadrupole distribution of arrival directions in the right ascen-
sion using the JF12 model of GMF. Normalized rates of particles in the right
ascension for individual simulated primaries and their combinations are depicted
in Figures and Figures in the Appendix B for the JF12 model
of GMF'. Together with the simulated data, the best fit and the visualisation of
the dipole measured by the PAO are shown.

The best fit by the second harmonic ([7.9) is found for combination of all three
simulated elements with energies > 8 EeV resulting with x?/n = 8.888/10,
where n is the number of degrees of freedom equal to number of bins minus
number of free parameters of the fit (see Figure . The amplitude of the
quadrupole is (1.5 + 0.3)%. Generally, the amplitude of the quadrupole goes
from (3.2 + 0.4)% for the case of pure protons illustrated in Figure down
to the mentioned (1.5 £ 0.3)% for combination of all three simulated primaries,
except pure nitrogen composition. Two observed minima in the right ascension
are around Quin1 ~ (50 £ 20)° and aming ~ (230 £ 20)°.

For simulations propagating nitrogen nuclei, the JF12 rather forms a dipole
than quadrupole distribution of arrival directions as it can be seen in Figure[7.2]
This might be caused by much lower rigidities of simulated particles than in the
case of protons or helium nuclei at same energies. This results in the different
behaviour since the trajectories are much more influenced by the magnetic field.

While an anisotropy was found in simulated data in the energy range 4 EeV <
E < 8EeV using the JF12 model of GMF (see Figure , measured data by
the Pierre Auger Observatory in this energy range are consistent with isotropic
arrival directions [2]. However, our simulations contain only extragalactic cosmic
rays while the measured data by the PAO probably contain also a contribution
of cosmic rays from Galactic sources and also can contain heavier elements such
as iron nuclei that would smear the mentioned effect. Our simulations show
that large-scale anisotropies can arise due to the propagation in magnetic fields
even for less energetic particles. This is not surprising, since anisotropies were
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found also in simulations of nitrogen nuclei and the major quantity influencing
deflections in magnetic field is the rigidity of the particle rather than its kinetic
energy alone.
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Q - .
E l.OZj e
3 A
N 1=
© -
g L
5 0.98—
Z C
0.96— + .
0.94|— Pproton E>8EeV
[ JF12 model of GMF
I B | | | I R SRR |
092 250 300 350

50 00 150 200
Right Ascension [°]

o

Figure 7.1: Normalized rate of protons with £ > 8 EeV hitting the observer as a
function of the right ascension. Red line corresponds to the best fit by function
from Table . JF12 model of GMF was used. Dashed line corresponds
to the anisotropy measured by the PAO [2].

The Pshirkov model of GMF predicts a different behaviour of arrival direc-
tions originating from isotropic flux of extragalactic UHECR to the Galaxy than
the JF12 model. Results of the individual fits of the data by equations
and are listed in Table together with the consistency of simulated
data with isotropic distribution of arrival directions. In case of the Pshirkov
model, large-scale anisotropies in the form of a dipole are created rather than
the quadrupole behaviour of arrival directions. This is nicely demonstrated in
the case of arrival directions in the right ascension of simulated helium nuclei in
Figure[7.4] Distribution of arrival directions in this case resembles the measured
anisotropy by the PAO shifted in phase of the dipole by ~ 70°. On the other
hand, in the case of simulated protons the best consistency is also found for the
dipole anisotropy but compatibility of the simulated data with the quadrupole
anisotropy or even with the isotropic distribution can not be excluded as well
(x*/n = 21.5/12 for the isotropic distribution, x*/n = 13.6/10 for the dipole
modulation and x?/n = 14.8/10 for the quadrupole behaviour).

The original positions where particles enter the Galaxy are visualised in
Figure in galactic coordinates for simulations in JF12 model of GMF for
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. : Energy number of  x?/ndf o x?/ndf o x?/ndf

PIHHALes [EeV]  particles Qmoﬁ\wog\v rapl ] panl’] A%H\voymv Tauad[A]  Pquaal’] A@cm&wc@oﬂmv

p >4 118,852 5.967 1.7+£04 60£10 5.542 2.6£04 80£10 3.328

p > 8 120, 589 7.035 1.7+£04 2010 6.758 32x04 6247 2.183

He > 8 102,045 4.668 1.1£04 60+£20 5.020 28+04 8 =*9 2.014

N > 8 97,886 2.884 23£04 1010 1.019 03£05 58%£8 3.462

p+He > 8 222,634 8.431 0603 1030 9.725 28=£03 75£6 1.161

p+N > 8 218,475 3.945 05+03 70=x£30 4406 19+03 64L9 0.943

He+N > 8 199,931 4.415 14+03 1010 3314 15+£03 80%10 3.119

p+He+N > 8 320,520 6.284 0303 1050 7370 20£03 77£7 0.889

p (Psh) > 8 114,490 1.792 1.2£+£04 40+£20 1360 1.1+£04 20+£20 1.481

He (Psh) > 8 119,541 8.109 3.6+04 307 2132 1.3+£04 80=£20 8.849

p+He (Psh) > 8 234,031 5.975 21+03 168 1.918  09=+£03 60=%20 6.169

Table 7.1: Results of the harmonic analysis in the right ascension of simulated data of protons, helium and nitrogen
nuclei and their combinations in given energy ranges. Most of the values are for simulations in JF12 model of GMF,
when (Psh) stated the Pshirkov 2011 model of GMF was used in the simulation. Values of x?/ndf of the simulated
data when compared with isotropic distribution and dipole and quadrupole anisotropies in right ascension are listed
in this table. 74, is the amplitude and g, is the phase of fitted sinusoidal function g Amplitude and phase of

the quadrupole, rgqq and @guqq, come from fits by a second harmonic ([7.9).
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Figure 7.2: Normalized rate of nitrogen nuclei with £ > 8 EeV hitting the
observer as a function of the right ascension. Red line corresponds to the best
fit by function from Table[7.1] JF12 model of GMF was used. Dashed line
corresponds to the anisotropy measured by the PAO [2].

particles reaching the observer. A clear shadowing by the centre of the Galaxy
is demonstrated that has a consequence that a large amount of extragalactic
sources are invisible to the observer on Earth. This result is consistent with
previous simulations using JF12 model of GMF [6I]. The shadowing effect
seems to be more significant for heavier primary particles of the same energy. In
other words, it depends on the rigidity of the particle. Positions of particles on
the galactic border separately for simulated protons and nitrogen nuclei reaching
the observer are visualised in Figure The same tendency of shadowing by
the galactic centre can be found in simulations using the Pshirkov model of GMF
depicted in Figure[7.7} In the case of Pshirkov model of GMF particles arriving
to the defined observer originally come from extragalactic sources with positions
at the entrance to the Galaxy located predominantly in the galactic plane. On
the contrary, JF12 allows arrival to Earth to particles even from larger latitudes,
but with a preferred origin in the northern ”hemisphere” of extragalactic space.

Simulated data contain arrival directions of particles to the observer of a
radius of 100 pc. For more precise predictions of distribution of arrival directions
on the Earth, more extensive simulations would have to be performed. However,
if anisotropies arose from originally isotropic flux on the observer with radius
100 pc, anisotropies should be observed also for a smaller observer in the first
approximation.
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Combination of simulated protons and

helium and nitrogen nuclei propagated in JF12 model of GMF is used. Red
line corresponds to the best fit by function (7.9) from Table Dashed line
corresponds to the anisotropy measured by the PAO [2].
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Figure 7.4: Normalized rate of helium nuclei with £ > 8 EeV hitting the ob-
server as a function of right ascension. Red line corresponds to the best fit by
function ([7.8)) and the parameters of the fit are listed in Table [7.1} Dashed line
corresponds to the anisotropy measured by the POA [2]. JF12 model of GMF
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Arrival directions to the Galaxy

Figure 7.5: Original positions of particles hitting the observer when they enter
the Galaxy in galactic coordinates. Colour scheme represents number of particles
at given positions. Simulations of propagation of protons, helium and nitrogen
nuclei in the JF12 model of GMF are used.

Arrival directions to the Galaxy Arrival directions to the Galaxy

Figure 7.6: Comparison of original positions on the galactic border of protons
(left) and nitrogen nuclei (right) hitting the observer simulated with the JF12
model of GMF. Colour scheme represents number of particles at given positions.
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Arrival directions to the Galaxy

Figure 7.7: Original positions of particles hitting the observer when they enter
the Galaxy in galactic coordinates. Colour scheme represents number of particles
at given positions. Simulations propagating protons and helium nuclei in the
Pshirkov model of GMF are used.
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Chapter 8

Conclusions

This thesis was dedicated to predictions of observable aspects of extragalactic
cosmic rays coming to Earth. Simulations of cosmic-ray propagation were per-
formed in CRPropa 3 using one-dimensional mode of particle propagation and
three-dimensional mode of propagation including the effects of Galactic mag-
netic fields. Two main phenomena were investigated including the shape of the
energy spectrum of cosmic rays observed at the highest energies and large-scale
anisotropies of arrival directions of ultra-high energy cosmic rays induced due
to their propagation in Galactic magnetic field.

We performed simulations of cosmic rays from single sources in one-
dimensional mode of CRPropa 3, and investigated the properties of the source
required to form an energy spectrum compatible with the measured data of the
Pierre Auger Observatory. Energy range from 10 eV up to 10?%? eV was
investigated. Included properties of the source were the spectral index of in-
jected particles, mass composition of injected particles, maximal rigidity and
distance of the source. Simulated energy spectra on Earth were compared with
the energy spectrum measured by the Pierre Auger Observatory.

No obvious restrictions were found concerning the distance of the source.
However, most of the solutions come from sources not farther than 50 Mpc, and
the number of possible solutions considerably decreases with a further increasing
distance. Still, some solutions originating even from a source distant 100 Mpc
appeared. The decrease of the number of solutions with distance of the source
is caused by energy losses that particles undergo in the Universe. High spectral
indices v > 3 can describe the measured data well in the whole range of investi-
gated rigidity cutoffs. This is probably caused by the closeness of the simulated
spectral index and the spectral index of measured data v ~ 4.8. Other spectral
indices v = (—1.0,2.5) can describe the measured data well for a limited range
of the maximal source rigidity, mostly around log(Reut/V) ~ 18.9 — 19.8.

The energy evolution of the mean In A on Earth strongly depends on the
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composition of particles emitted by the source. Generally, a small fraction of
iron nuclei emitted by the source results in an increase of the mean In A on
Earth with energy. This statement is also independent on the source distance.
Sources emitting particles without the iron nuclei habitually generate smaller
mean In A on Earth with rather decreasing or flat energy evolution of the mean
In A. This result is very promising since it could lead to estimations of the
particle composition at their sources in the future when higher event statistics
and more data about the mass composition of cosmic rays at the highest energies
are available.

Following the recent finding of large-scale anisotropies of arrival directions
of cosmic rays above 8 EeV by the Pierre Auger Observatory, simulations of
particle propagation in Galactic magnetic fields were performed in the three-
dimensional mode of CRPropa 3. Two models of galactic magnetic fields were
used - Jansson-Farrar 2012 model and Pshirkov 2011 model of Galactic magnetic
field. We simulated an isotropic flux of extragalactic cosmic rays entering the
Galaxy with energies above 8 EeV. Protons and helium and nitrogen nuclei
were propagated in the Galactic magnetic field and detected if they reached the
observer of radius 100 pc placed at the coordinates (-8.5,0,0) kpc. Consistently
with previous simulations of particle propagation in Jansson-Farrar 2012 model
of Galactic magnetic field a "shadowing” of a large amount of extragalactic
sources by the galactic centre was found. Therefore, most of the extragalactic
cosmic rays reaching Earth come from sources located in the closer part of
extragalactic space rather than from behind the galactic centre.

The simulated data in both models of Galactic magnetic fields are not con-
sistent with isotropic distribution of arrival directions in most of the studied
cases. An anisotropy of arrival directions in the form of a quadrupole occurred
in most of the simulated data with the Jansson-Farrar 2012 model of Galactic
magnetic field. The two observed minima in the right ascension are located at
a ~ (50 +20)° and o ~ (230 £ 20)° with the amplitude of the quadrupole from
(3.2 0.3)% down to (1.5 +0.3)%, depending on the type of simulated primary
particles. On the contrary, particles simulated with the Pshirkov model of Galac-
tic magnetic field form rather a dipole than a quadrupole in the distribution of
arrival directions on the observer. The dipole measured by the PAO cannot be
a consequence of Galactic magnetic field according to our current simulations.
However, helium nuclei propagated with the Pshirkov model of GMF indicate
a large-scale anisotropy in arrival directions of extragalactic cosmic rays in the
form of a dipole with a similar amplitude, but with a phase shifted by ~ 70°
when compared to the measured data.
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Appendix A

The Very End of the Energy
Spectrum

Section was dedicated to the results concerning possible features of sources
of extragalactic cosmic rays that could produce the very end of energy spectrum
consistent with the measured data. Resulting plots for some maximal rigidi-
ties were presented in Section Figures containing informations about all
the passed solutions for multiple values of R, that were not demonstrated in
Section are presented here. Figures [A.1HA.20] and [A.21HA.29| show all the
possible solutions for given R, of spectral indices in the range (1.0 - 3.0) and
(-1.0 - 0.5), respectively.
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Figure A.1: Properties of simulated energy spectra for rigidity cutoff
log(Reut/V) = 18.6. For description see caption of Figure [6.11]
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log(Reut/V) = 20.5. For description see caption of Figure
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Figure A.21: Properties of simulated energy spectra with low spectral indices
for rigidity cutoff log(Reu/V) = 18.9. For description see caption of Figure m
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for rigidity cutoff log(Rew/V) = 19.1. For description see caption of Figure m
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Figure A.25: Properties of simulated energy spectra with low spectral indices
for rigidity cutoff log(Rew/V) = 19.3. For description see caption of Figure m
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Figure A.27: Properties of simulated energy spectra with low spectral indices
for rigidity cutoff log(Rew/V) = 19.5. For description see caption of Figurem
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for rigidity cutoff log( Ry /V) = 19.6. For description see caption of Figurem
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Figure A.29: Properties of simulated energy spectra with low spectral indices
for rigidity cutoff log(Rew/V) = 19.7. For description see caption of Figure m
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Appendix B

Effects of GMF on Arrival
Directions of Cosmic Rays

Chapter 7 was dedicated to the large-scale anisotropies of arrival directions
of extragalactic cosmic rays simulated in CRPropa 3. Distributions of arrival
directions in the right ascension for different simulated primary particles and
their combinations are illustrated below. The best fit is plotted within the
figures corresponding to the best fitted values from Table
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Figure B.1: Normalized rate of helium nuclei with £ > 8 EeV hitting the
observer as a function of the right ascension. Red line corresponds to the best
fit by function from Table[7.1] JF12 model of GMF was used. Dashed line
corresponds to the anisotropy measured by the PAO [2].
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Figure B.2: Normalized rate of protons with 4EeV < E < 8 EeV hitting the
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fit by function from Table . JF12 model of GMF was used. Dashed line
corresponds to the anisotropy measured by the PAO [2].
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Figure B.3: Normalized rate of particles with £ > 8 EeV hitting the observer

as a function

of the right ascension.

Combination of simulated protons and

helium nuclei propagated in JF12 model of GMF is used. Red line corresponds
to the best fit by function ([7.9)) from Table Dashed line corresponds to the
anisotropy measured by the PAO [2].
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a function of the right ascension. Combination of simulated helium and nitrogen
nuclei propagated in JF12 model of GMF is used. Red line corresponds to
the best fit by function from Table Dashed line corresponds to the
anisotropy measured by the PAO [2].
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Figure B.6: Normalized rate of protons simulated with the Pshirkov model of
GMF with E > 8 EeV hitting the observer as a function of the right ascension.
Red line corresponds to the best fit by function from Table Dashed
line corresponds to the anisotropy measured by the PAO [2].
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