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Abstract

Ultrahigh-energy cosmic rays (UHECR; E > 55 EeV) are usually assumed to originate
outside our Galaxy, since at these energies (1) a Milky Way of arrival directions and (2)
a dipole-anisotropy in the arrival directions are expected from Galactic sources, whereas
the Pierre Auger Observatory has observed UHECR from all directions and has set strict
upper bounds on the dipole-anisotropy. A quantitative response to these two arguments
is given, which takes into account recent suggestions of a heavier composition at these
energies. Proton and iron UHECR trajectories are simulated through (several versions
of) two Galactic magnetic field (GMF) models by Sun et al [1, 2] and one model by
Jansson & Farrar [3]. Two complementary methods are used: forwardtracking of cosmic
rays from specific source distributions until the Earth is reached, and backtracking of
the observed arrival directions until the backtracked trajectory intersects the Galactic
plane. Both methods confirm that proton UHECR, indeed form a Milky Way of arrival
directions. However, iron UHECR can reach most regions of the sky if either a dipole
field component is added to the models by Sun et al., or if their Halo field component
is modified. The dipole-anisotropies obtained from forwardtracking iron UHECR from
a spiral arm source distribution of 540 sources is several times the experimental upper
bound, for all GMF models. Similar dipole amplitudes are obtained when the amount of
sources or the energy is lowered, or when a fine-tuned source distribution is used. This
rules out a Galactic origin of UHECR, even for an iron composition. It is furthermore
argued that the lack of knowledge of the GMF forms the main bottleneck in the search
for the extragalactic sources of UHECR, since the GMF can deflect extragalactic iron
cosmic rays up to ~ 160° before they reach the Earth.
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Chapter 1

Introduction

The study of cosmic rays started almost a century ago [4], when physicists tried to
prove that radioactivity caused the seemingly spontaneous creation of ~ 10—20 ions
per cubic centimetre of air per second. It turned out that the actual perpetrators are
energetic particles and nuclei originating outside our solar system: cosmic rays. Cosmic
Ray Physics has been crucial to the development of Quantum Electrodynamics and the
Electromagnetic Cascade Theory and it enables Carbon-14 dating. In the 1930s and
1940s, antimatter, pions, muons and strange particles have all been discovered through
cosmic rays [5]. The large distances travelled by cosmic rays give rise to significant
neutrino flavour mixing, which formed the first sign of physics beyond the standard
model in the 1980s and 1990s. Moreover, Particle/Cosmic Ray Astronomy forms a
valuable channel to probe the universe in addition to the limited channel of Photon
Astronomy. Ever since Linsley [6] detected a cosmic ray particle with an energy of
10%° eV (i.e. a single nucleus with the kinetic energy of a tennis ball with a speed
of 25 km/h!), cosmic ray particles have formed an invaluable probe to high energy
physics, reaching an energy level of seven orders of magnitude higher than the LHC
beam. Photon Astronomy, on the other hand, becomes increasingly difficult above this
scale due to attenuation (yy — e*e™) on the Cosmic Microwave/Infrared Background
[7]. Furthermore, if the sources of cosmic rays are known, charged cosmic rays can be
used to examine the structure of galactic and extragalactic magnetic field, due to the
deflection of charged cosmic rays in these fields.

Although substantial progress has been made on determining the sources of cosmic
rays of energies up to ~ 106 —10'% eV, almost fifty years after Linsley’s discovery we
are still clueless as to the sources of cosmic rays with the highest energies. The mystery
of how and where these particles are accelerated to such extreme energies poses one of
the prime questions in astrophysics. Although the sources are usually assumed to be
extragalactic, the reasons for this assumption are partially outdated. Recent experi-
mental results suggest a heavier composition than usually assumed, new source types
(such as magnetars) are being considered, and the galactic magnetic field models have
been improved. No proper quantitative statement has been made about the possibil-
ity of galactic sources of ultrahigh-energy cosmic rays (UHECR) in the light of these



new findings. Key observables that provide hints toward the origins of UHECR are
the spectrum, distribution of arrival directions and the composition. Reproducing the
high energy end of the spectrum with a galactic source distribution is briefly discussed
by Fang, Kotera & Olinto [8, Chapter 4.6]. In this thesis we focus on reproducing the
observed distribution of arrival directions with a galactic source distribution, updating
and expanding upon the work of for instance Takami & Sato [9, 10, 11], Van Vliet [12]
and Nagar & Matulich [13, Chapter 4.7].

We address the question whether galactic sources could be responsible for the ob-
served distribution of arrival directions of UHECR by considering specific source dis-
tributions placed in three different models of the magnetic field of our galaxy, and by
simulating the propagation of cosmic rays with varying compositions (protons and iron
nuclei) emitted by these sources. In Chapter 2 we define more precisely what ultrahigh-
energy cosmic rays are. Recent experimental setups and available mathematical tools
are discussed, followed by an overview of current results. We furthermore examine the
reasons for favouring either a galactic or extragalactic origin. Chapter 3 introduces our
specific galactic candidate, the magnetar, although all further results are valid for any
galactic source able to accelerate particles up to the required energy. Chapter 4 briefly
recalls the behaviour or charged particles in magnetic fields, followed by a description of
two recent models of our galactic magnetic field by Sun et al. [1, 2] and one very recent
model by Jansson & Farrar [3]. One would naively expect galactic sources to produce a
‘milky way of cosmic ray arrival directions’, whereas the observed arrival directions are,
to first approximation, spread across the whole observable sky. Therefore, our first step
is to obtain arrival directions out of the galactic plane. Using the cosmic ray propgation
code CRT (explained in Appendix A) to perform an initial scan over all regions in our
galaxy, we find that sufficient spread can be obtained for the case of iron nuclei, although
not for protons (Chapter 5). Hence, in Chapter 6 we present a second set of simulations,
with specific source distributions emitting iron nuclei.



Chapter 2

Ultrahigh-energy Cosmic Rays

2.1 What are (ultrahigh-energy) cosmic rays and where do
they come from?

Cosmic rays are high-energy particles incident on the Earth’s atmosphere from outer
space [5] (see [4] for a review and [14] for a summary of cosmic ray data). Research has
mainly focussed on charged cosmic rays. The primary particles of charged cosmic rays
consist of protons (~86%), helium nuclei (~11%), heavier nuclei (~1%) and electrons
(~2%), although the composition depends on energy (see Chapter 2.4). Moreover,
a small proportion is believed to consist of positrons and antiprotons from secondary
origin (i.e. they are generated by interactions of the primary particles with interstellar
gas). Recently, the focus of research is shifting to neutral cosmic rays such as y-rays,
neutrinos and antineutrinos.

When the (charged) primary particles approach the Earth, they interact with atoms
and molecules in the atmosphere, thereby converting their large kinetic energy into the
creation of millions of secondary particles through electromagnetic and hadronic cas-
cades, the so-called air showers. These showers prevent direct detection of primary
particles with surface detectors, but this would be nearly impossible anyway at the ul-
trahigh energies we are interested in due to the extremely low flux (~ 1km 2century ).
On the other hand, the spread of the shower and the large number of particles involved
makes detection at the Earth’s surface relatively easy, which enables reconstruction of
the energy and arrival direction of the primary particle if sufficient detailed models of
the shower are available. Thus, all in all, we should thank nature for providing us with
the atmosphere as a detector.

Unfortunately the reconstructed arrival directions do not point back directly towards
the much sought origins of cosmic rays, due to the deflection of charged primaries in
the galactic and intergalactic magnetic field. At low and intermediate energies the
trajectories of charged cosmic rays through the galaxy can be approximated by a random
walk through the turbulent magnetic field: the diffusive regime. Information about the
origins of individual particles is completely lost. We are however interested in ultrahigh
energies. Although the Pierre Auger Observatory (see Chapter 2.2) makes use of a



threshold varying between 55 and 57 EeV (1 EeV = 10'® eV,) [15, 16] we will define
UHECR as cosmic rays with an energy E > 55 EeV. At these energies the radius of
curvature is much larger than the coherence length of the turbulent magnetic field and
we enter the ballistic regime, where the trajectories are governed by the large scale regular
field. Hence, if the charge and regular (inter)galactic fields are known in sufficient detail
one could correct for the deflection and pinpoint the origin.

The literature contains a wealth of candidates for the production of (UHE) cosmic
rays, which are usually categorised into top-down and bottom-up sources. In the top-
down scenario no acceleration is necessary; the particles are directly produced with the
required energies, via e.g. the decay of some supermassive Big Bang relic or by the
collapse of topological defects. Top-down scenarios have however been disfavoured by
recent experimental results [17, 18]. In the bottom-up scenario, particles are taken at
rest and accelerated all the way up to the required energies. Candidate sources require
(1) sufficient energy, (2) a combination of magnetic field strength and spatial extension
sufficient to contain the particles until they are accelerated to ultrahigh energies, and (3)
an acceleration mechanism that is efficient enough and capable of acceleration up to the
required energies (within the lifetime of the source). Of course the sources should also
(4) be distributed appropriately in order to reproduce the observed arrival directions.
The necessary (but not sufficient) condition 2 is usually cited as the Hillas criterium [19];
popular candidates have been plotted in the corresponding Hillas plot (see Figure 2.1).
A source needs to lie above the diagonal line in order to satisfy the Hillas criterium.

2.2 Experimental apparatus

Although the size of UHECR, detectors has been growing enormously ever since Linsley
detected the first cosmic ray in the 10?° eV range with a detector covering 8 km? [6],
the total global UHECR count is still quite low due to the extremely low flux at these
energies. The three largest and most recent experimental setups are the Akeno Giant
Air Shower Array (AGASA!, 100 km?), the High Resolution Fly’s Eye (HiRes?) and the
South Station of the Pierre Auger Observatory (PAO?, 3000 km?). In this thesis we will
focus mostly on the results of the largest and newest detector, the PAO in Argentina. The
PAO is a hybrid detector composed of both a surface array and a fluorescence detector
[4]. The surface array consists of 1600 water Cherenkov tanks, placed on a triangular grid
with spacings of 1.5 km. When muons, electrons, positrons or photons from the shower
pass through the tank, a glow of Cherenkov light is emitted, which is being detected by
photomultiplier tubes. The fluorescence detector consists of 24 telescopes distributed
over four sites at the periphery of the surface array. These detectors detect the UV-light
that is being produced by charged particles in the shower through nitrogen fluorescence.
When these particles interact with nitrogen molecules in the atmosphere, the molecules
emit light isotropically into several optical spectral bands. The spatial and temporal

"http://www-akeno.icrr.u-tokyo.ac. jp/AGASA
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Figure 2.1: Hillas plot of popular sources in the literature (based upon [4, 19]). In
order for a source to satisfy the Hillas criterium, it has to lie above the diagonal line.
The solid red line corresponds to iron nuclei, the blue dashed line to protons with =
1 and the solid blue line to protons with 8= 1/300, where [ represents the velocity of
the accelerating shock wave or the efficiency of the accelerator. GRB = Gamma Ray
Burst; AGN = Active Galactic Nucleus; SNR = Supernova Remnant; RG Lobes = Radio

Galaxy Lobes.



information obtained from both the surface array and the fluorescence detectors are
combined to obtain information about the arrival direction (with an angular resolution
better than 1°), energy and composition of the primary cosmic rays for showers with
a maximum zenith angle of 60 degrees. Due to this limit on the zenith angle and the
location of the South Station on the southern hemisphere, there is no full-sky coverage,
although the galactic centre can be observed. A future north station would be able to
observe the remaining part of the sky.

2.3 Mathematical toolbox

In this section we discuss the mathematical toolbox available to help us find the sources
of UHECR. If the sources of UHECR are not uniformly distributed, we expect that the
arrival directions of cosmic rays with the highest energies are anisotropic (i.e. either a
clustering of arrival directions from individual sources would be observed, or a correlation
of the arrival directions with a catalogue of astronomical objects), provided that the
deflections caused by intervening magnetic fields upon the cosmic ray trajectories are
small enough for the arrival directions to still point back to their origin (i.e. the sources
must be sufficiently nearby, have a sufficiently high energy and a sufficiently low charge)
[15, 20]. Indeed, the PAO has rejected the hypothesis of isotropy [15]. This anisotropy
gives valuable hints pointing towards the origins of UHECR. In order to understand
these hints, the following tools are available to quantise the observed anisotropy.

2.3.1 Correlation with source catalogue

When one has a specific source candidate in mind, the correlation between a chosen
course catalogue and the observed arrival directions can be calculated. Firstly, an initial
data set (which is discarded afterwards) is used to optimise the relevant correlation pa-
rameters, such as the maximum angular separation allowed between a source and arrival
direction %, the maximum distance z,,,, and the energy threshold E},. 1 represents
the deflection due to the magnetic field, and hence depends on the rigidity (the ratio of
momentum and charge) and the length of the trajectory. Subsequently, applying these
optimised parameters to a new data set, one counts the number of arrival directions
which are within a maximum angular distance 1 from any one source. This value is
compared to the percentage of arrival directions from an isotropic distribution which are
within a maximum angular distance 1 from any one source (i.e. basically the percentage
of sky covered by circles of radius 1 centred on the sources in the catalogue). Alterna-
tively, one can create a source model of one’s choice, and calculate the likelihood that
this model would have produced the observed arrival directions (see [16]).

2.3.2 Autocorrelation

If one has no specific source candidate in mind, calculating the auto-correlation of the ar-
rival direction distribution can still give useful information about clustering, suggesting



important source regions. To obtain the auto-correlation of an arrival direction distri-
bution, the number of pairs of events with an angular separation smaller than a given
value is compared with the number of pairs expected from an isotropic distribution.
Absence of an excess of pairs at small angles suggests that there are many contribut-
ing sources and/or that there is a large angular separation between arrival directions
from the same source (suggesting a heavy composition, far away sources and/or strong
intervening magnetic fields) [16].

2.3.3 Dipole-anisotropies & higher multipoles

Prior to discussing dipole-anisotropies, we should briefly clarify some terminology. ‘Galac-
tic’ does not mean ‘in a galaxy’, but ‘in our galaxy’. In a similar vein, ‘extragalactic’
does not refer to ‘objects outside any galaxy’, but to ‘objects outside our galaxy’ which
are almost always located ‘in another galaxy’. When attempting to distinguish between
galactic and extragalactic origins, the dipole-anisotropy of the arrival direction distri-
bution forms the main signature of a Galactic origin. A dipole-anisotropy entails an
excess of cosmic rays from one direction (the direction of the dipole) and a relative de-
ficiency of cosmic rays from the opposite direction. There are several reasons why a
(galactic) source distribution could result in a distribution of arrival directions exhibit-
ing a dipole-anisotropy, see Figure 2.2. In this figure our galaxy is represented by a
disc with a radius of 15 kpc (1 kpe = 3.1 - 10'%m), which is negligibly thin (only a few
hundred pc). The location of our Sun, ® , is approximately 8.5 kpc from the centre of
our galaxy (the blue cross). It could simply be the case that (a) the dipole-anisotropy
results from a dipole in the source distribution, which is especially the case when only a
few discrete sources are considered. However, even when (b) the source distribution is
distributed symmetrically around our Sun, a dipole-pattern might show up due to the
(de)magnifying effect of the (galactic) magnetic field upon the cosmic ray trajectories.
The main cause of the ‘Galactic dipole’ that is usually referred to in the literature when
one wants to distinguish between a galactic and extragalactic origin is (c¢) the dipole
resulting from the offset of our Sun with respect to the centre of our Galaxy. At the
high end of the diffusive regime, the galaxy is usually pictured as a ‘leaky box’; although
the cosmic rays propagate via a random walk, they can escape from the galaxy easier in
the direction opposite to the galactic centre (from the perspective of our Sun) than in
the direction of the galactic centre. This results in a dipole pointing towards the galactic
centre. In the ballistic regime we will also obtain this dipole, simply because there are
more galactic sources in the direction of the galactic centre than in the opposite direc-
tion. Thus, a dipole of type c (of course combined with the effects of the magnetic field
(b) and possible fluctuations in the case of a low number of sources (a)) is a signature
of a galactic source distribution. Nevertheless, we would also expect (d) a small dipole
from an (isotropic) extragalactic source distribution, due to the movement of our Galaxy
with respect to the frame of extragalactic isotropy, the so-called Compton-Getting effect.
This dipole has been calculated to be only 0.6% [21], which is below the expectations
for a galactic dipole.

The best way to calculate the dipole-anisotropy is through an expansion of the data in



(c) (d)

Figure 2.2: Four possible causes of a dipole-anisotropy in the cosmic ray arrival directions
at Farth. See text for an explanation of the representation of our galaxy. Blue dots
represent sources, whereas red dots represent (trajectories of) cosmic rays. A dipole-
anisotropy can result from (a) a dipole-anisotropy in the source distribution, or (b)
the (de)magnifying effects of the magnetic field (even if the source distribution itself is
isotropic), or (c) the off-set of the Sun from the Galactic center or (d) the Compton-
getting effect (see text). Combinations of these four causes are also possible.
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Figure 2.3: Orthographic view of the HEALPix partition of the sphere. The overplot
of equator and meridians illustrates the octahedral symmetry of HEALPix. Light gray
shading shows one of the 8 (4 north and 4 south) identical polar base-resolution pixels.
Dark gray shading shows one of the 4 identical equatorial base-resolution pixels. Moving
clockwise from the top left panel, the grid is hierarchically subdivided with the grid
resolution parameter equal to Ny = 1,2,4,8, and the corresponding total number of
pixels equal to Ny, = 12 - Nfide = 12,48,192,768. All pixel centres are located on
Nying = 4Ngige — 1 rings of constant latitude. Within each panel the areas of all pixels
are identical. Reproduced by permission of the AAS, and courtesy of the authors of [23].

spherical harmonics. This method not only allows one to calculate the monopole and the
dipole, but also higher order multipoles. As a matter of fact, we will see in Chapter 7
that at UHE higher multipoles become relatively more important (see also [22]). In
order to calculate the spherical harmonics (efficiently), one needs a pixelisation of the
surface of the sphere (i.e. the full sky) satisfying (1) equal areas per pixel, (2) iso-latitude
distribution of the pixels on the spherical surface and (3) a hierarchical structure of the
data base storing the pixels. These requirements are satisfied by the Hierarchical Equal
Area isolLatitude Pixelization software (HEALPix* [23]). HEALPix divides the surface
of the sphere into 12 equal-area base-resolution pixels (see Figure 2.3). Depending on the
order chosen, the sides of these base-pixels are subdivided into Nyjge = 2°7%" partitions,

‘http://healpix.jpl.nasa.gov
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giving a total number of pixels Np;; = 12 - N, fide and allowing for a calculation of the
spherical harmonics up to degree | = 2 - Ngg.. The South Station and the future
North Station of the PAO combined can observe the full-sky, enabling calculation of
(upper bounds on) the higher multipoles, which can be compared with the theoretical
calculations in this thesis. These theoretical multipoles are obtained using HEALPix
version 2.20a.

An expansion in spherical harmonics, which is the two-dimensional analogue of a
Fourier expansion, takes into account both coordinates that are used to describe arrival
directions on the sky, such as longitude and latitude (i.e. galactic coordinates, used
mainly in theoretical physics), or right-ascension and declination (used in experimental
physics). However, if, for any part of the sky, the detector has zero exposure (such as the
South Station of the PAO), it is not possible to expand the data in spherical harmonics
[24], unless one would define new pseudo-spherical harmonics which are orthogonal when
integrated over the regions of the sky that can be observed by the detector, or by using
the Monte-Carlo techniques described in [25]. Under certain circumstances it is still
possible to calculate the dipole by taking into account only one coordinate, although
higher multipoles cannot be calculated anymore. If it is known, for instance from theory,
that the dipole lies in the galactic (equatorial) plane (i.e. the plane defined by zero
latitude (declination)), meaning that there is no out-of-the-plane component, then the
dipole is equal to the amplitude of the first harmonic amplitude in Galactic longitude
(right-ascension). This is the case in galactic coordinates for e.g. a dipole of type c
(see Figure 2.2), which points towards the galactic center. The usual formulas of Fourier
analysis apply: for a set of N arrival directions described by 11, 19, ..., ¥ (e.g. longitude
or right-ascension) such that 0 < 1; < 27, the fractional first harmonic amplitude r and
the phase ¢ are defined through

r = (a2 + b2)% (21)
where
2 & 2 &
a= N;coswi, b= N;Sln¢i’ (2.2)
and
Y’ ifb>0,a>0
=2 Y+ ifa<0 (2.3)
Y +2r ifb<0,a>0,
where

b 7r m
"= arctan | — —— <y < - 2.4
P arcan<a>, 2_¢_2 (2.4)

In order to estimate the uncertainty in the fractional amplitude, one oficen assumes
a normal distribution centred at r with standard deviation equal to (%)5 However,
this approach is only valid if N > 7% [26]; this condition is often not satisfied due

to the low (global) statistics in the UHE regime (cq. the PAO has only detected 69

12



UHECR events). The correct method is described by Linsley [26] and gives the following
differential probability distribution of the true amplitude s (written in terms of £ = s/r):

2(ko)3 )
pe = %6"“0“2+5>Io(2k05>, (2.5)
Io(F)
where ko = T24N and I is the zeroth order modified Bessel function of the first kind,

ie. Ip(x) = Ij(iz), where I)(z) is the zeroth order Bessel function of the first kind. As
can be seen in Figure 2.4, the distribution only approximates a normal distribution for

Pe

Figure 2.4: Differential probability distributions of £ = s/r labeled with the values of
parameter ko = ’”24N [26].

ko > 1, while it is highly asymmetric for lower values of kg. This requires the definition
of asymmetric standard deviations o and o . If one wants to define these for instance
to correspond to a 90% confidence limit, it is tempting to define them in the following
way:

(©+of
/ P(€)d¢ = 0.45, (2.6)
(3
(3
/ P(£)d¢ = 0.45, (2.7)
&)—o¢

where (£) is the expected value, which is equal to [(7‘(/60)% e -Ip(%2)]~1. This has been
done by for instance [27]. However, these equations are ill-defined, since the distributions
are asymmetric and hence fO@ P(&)d¢ # 0.5. Therefore, egs. 2.6 and 2.7 do not always
have a solution. Thus, in this thesis we define 5% and 95% confidence limits of £ as
follows:

/ © p(e)de = 0.5, (2.8)
0
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and o
P(&)d¢ = 0.95; (2.9)
0
such that we are 90% confident that the true value of £ lies between £~ and £T.

If it is known or assumed that the real dipole has an out-of-the-plane component
that is small (e.g. the declination of the galactic centre in equatorial coordinates is
—29° instead of 0°), it remains possible to use eqs. 2.1-2.4 to calculate the component
of the dipole in the plane if one applies a corrective factor based upon (cosd), where
d is the declination [21, Appendix]. Nevertheless, whenever possible, it is better to
calculate the full dipole through an expansion in spherical harmonics over the complete
sky, which takes into account both angles (e.g. longitude and latitude, or right-ascension
and declination) and eliminates the need for premature assumptions about the direction
of the dipole. The described method of calculating the uncertainty in the fractional
dipole obtained through a Fourier expansion is equally valid for the dipole obtained
from an expansion in spherical harmonics.

2.3.4 Patterns from individual sources

Cosmic rays emanating from the same source produce a recognisable pattern of arrival
directions at Earth; the arrival directions of the highest energy cosmic rays point (al-
most) directly back towards the source, and are surrounded by a ‘halo’ of lower energy
cosmic rays. The specific shape of this halo depends on the magnetic field configura-
tion. An example of such a pattern from a source emitting cosmic rays isotropically has
been plotted in a galactic skymap in Figure 2.5, using a Hammer-Aitoff projection and
galactic coordinates, i.e. galactic longitude and latitude. A Galactic skymap should be
understood in the following way. It represents the entire sky as seen from our Earth.
The origin points towards the Galactic centre, and the rest of the horizontal axis (i.e. the
line defined by zero latitude and —180° < longitude < 180° where longitude increases in
the counterclockwise direction as seen from the galactic North Pole) defines the galactic
plane, the well-known ‘Milky Way’. The locations of the Galactic North and South pole
are at 90° and —90° latitude, respectively. With sufficient knowledge of these patterns
(and the magnetic fields), one could in principle use them to track the origins of cosmic
rays. Unfortunately it turns out that the statistical significance of this method is ex-
tremely difficult to determine; it is very hard to calculate the probability that a pattern
is fake (i.e. cosmic rays from several sources mimicking the pattern from one individual
source). Furthermore, real sources do not emit cosmic rays isotropically, but for instance
in narrow jets. This distorts the patterns significantly. For these reasons this method
has never been published, but it is most likely to be attributed to James Cronin, a Nobel
laureate who co-initiated the Pierre Auger Project.
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Figure 2.5: Galactic skymap of a pattern of arrival directions of cosmic rays with varying
energies emanating from an individual source, plotted in galactic longitude (horizontal
axis) and latitude (vertical axis). See text for an interpretation of galactic skymaps.
This specific pattern was obtained with a point source at a distance of 8kpc in a bss_s
hmr Galactic magnetic field (see http://crt.osu.edu/).

2.4 Current results

As mentioned before, the PAO has rejected the hypothesis of isotropy [15]. Further
relevant recent results, mostly by the PAO, are listed below (see [14] for an overview of
cosmic ray data).

2.4.1 Spectrum

See Figure 2.6 for the cosmic ray energy spectrum. Apart from the arc at low energies
(which stems from the effects of the heliomagnetic and geomagnetic fields which prevent
the cosmic rays from reaching the earth) the spectrum follows a power law (x E~¢)
with three kinks where the spectral index « changes [4, 5]. These kinks suggest e.g.
source cut-offs, transitions from one dominant source type to another (e.g. a galactic-
extragalactic transition) or a cut-off due to energy losses during propagation between
the source and the Earth. Any theory for the origin of cosmic rays has to be able to
explain these features in the spectrum. The spectral index a below the first kink, dubbed
the Knee, is 2.7. At the Knee (B oo ~ 1017 —101%V, flux ~ 1 particle m~2 year™!)
the spectrum steepens and « increases to 3. At the second kink, dubbed the Ankle
(EApkle ~ 3+ 10%¥eV, flux ~ 1 particle km~2 year—!), the spectrum flattens again to
a = 2.69. The cut-off at £ ~ 4-10"YeV (flux ~ 1 particle km™2 century™!) is usually
called the GZK-cutoff, see Chapter 2.5. Besides the contribution of solar cosmic rays at
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Figure 2.6: Cosmic ray energy spectrum from various experiments.
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Figure 2.7: Measurements of (Xmax), the depth of the air shower when the maximum
number of particles is reached, compared to air shower simulations with protons and
iron nuclei as primary particles. The right panel shows a zoom to the ultrahigh energy
region. Reproduced from [28] courtesy of K.-H. Kampert.

low energies, the main source type candidate for the production of low and intermediate
energy cosmic rays is the supernova remnant (SNR), which accelerates particles through
shock-front acceleration. SNR may be capable of accelerating protons up to either the
Knee (and only heavier nuclei up to a higher energy, explaining the steepening of the
spectrum) or perhaps even up to the Ankle. Above these energies it is unknown which
sources produce the cosmic rays although it is often assumed that the Knee is a signature
of the transition from galactic to extra-galactic sources, but see Chapter 2.5.

2.4.2 Composition

As mentioned in Chapter 2.1 the composition of cosmic rays at low and intermediate
energies is dominated by protons. However, above the Knee the composition becomes
heavier ([28], see Figure 2.7), consistent with a source cut-off (e.g. SNR which are able
to accelerate protons up to the Knee, but only heavier nuclei beyond the Knee due to
their higher charge), returning to a light composition at the Ankle. Surprisingly, recent
measurements suggest that the composition becomes heavier again beyond the Ankle
(although the error bars are admittedly quite large), contrary to the focus of UHECR
research in the past decade on protons [29, 28!

2.4.3 Arrival directions

Until now the PAO has detected 69 UHECR events [16]. The arrival directions are
plotted in galactic coordinates in Figure 2.8.
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Figure 2.8: Galactic skymap of the 69 UHECR events detected by the South Station of
the Pierre Auger Observatory [16], plotted in galactic coordinates (i.e. galactic longitude
and latitude). The five most energetic events (ranging from 93 to 142 EeV) are coloured
in dark green. The blue line represents the boundary of the exposure of the detector;
only the region of the sky below the boundary can be observed by PAO. It should be
realised that the exposure varies, i.e. it increases with the distance from the boundary,
see [16].

2.4.4 Correlation

In 2007 the PAO collaboration claimed a correlation of (69713)% between UHECR ar-
rival directions and nearby Active Galactic Nuclei (AGN), compared to an isotropic
expectation of 21% [15, 20, 16]. Using their 2004-2006 initial dataset to optimise the
correlation parameters they found a maximum angular separation i = 3.1°, consistent
with proton cosmic rays. However, this is biased since the scan was only performed
for 1p < 8° because at that time a light composition was still assumed at UHE. As
described in Chapter 2.4.2, the composition at these energies becomes heavier again;
therefore we would only expect a true correlation at larger maximum angular distances.
Indeed, the correlation of (69713)% obtained from the 2006-2007 dataset went down to
only (3877)% when the 2007-2009 dataset was added [16]. Furthermore, none of the five
events with the highest energies (the dark green diamonds in Figure 2.8) correlated with
an AGN. Several authors have subsequently calculated correlations with different cata-
logues, but it is impossible to calculate the significance of these correlations because they
are performed a posteriori and are therefore biased due to the lack of a blind protocol
to optimise the correlation parameters from a separate new data set.
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Figure 2.9: Upper limits (99% C.L.) on the fractional equatorial dipole amplitude, from
the PAO (green, [21]) and AGASA (blue, [30]). Theoretical predictions of the fractional
dipole by Calvez et al. [31] and Giacinti et al. [22] are also plotted. It should be noted
that these represent the full dipole amplitude, and not only the equatorial component.
Also shown is the dipole expected from the Compton-Getting effect.

2.4.5 Dipole upper bounds

The PAO has set upper bounds on the equatorial dipole amplitude of the distribution
of arrival directions for £ > 2.5-10'7 eV, using the first harmonic modulation in right-
ascension [21] (Figure 2.9). Celestial coordinates (i.e. right-ascension and declination)
are analogous to galactic coordinates; right-ascension and declination assume the role
of longitude and latitude respectively, the difference being that the plane defined by
zero declination now defines the equatorial plane (i.e. the plane intersecting our Earth
at the equator) rather than the galactic plane (zero latitude). Hence, the equatorial
dipole amplitude is the component of the dipole in the equatorial plane. Two caveats
should be made. Firstly, as mentioned in Chapter 2.3.3, a dipole pointing towards the
Galactic centre does not lie in the equatorial plane, but is located at a declination of
—29°. Although the PAO corrects for this fact when equating the equatorial amplitude
to the first-harmonic modulation in right-ascenscion [21, Appendix], this means that the
upper bound on the total dipole is less stringent than the upper bound on solely the
equatorial component. A forteriori, although the phase of the dipole at energies below 1
EeV is compatible with the location of the galactic center, above 5 EeV the phase points
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in a radically different direction. Hence, there is no reason to assume that the dipole
is anywhere near the equatorial plane. Due to this unrestricted possibility of a huge
out-of-the-plane component, the equatorial upper bounds place no real restriction on
the total dipole above 5 EeV [25]. Secondly, the highest energy bin used by the PAO is
very wide; of the ~ 5000 events in this bin, only 69 events are UHECR. It is possible that
these 69 events are characterised by a very large dipole-anisotropy, which is averaged
out by binning them together with ~ 5000 events with a lower energy. Summarising,
predictions of total dipole amplitudes (such as those by Calvez, Kusenko & Nagataki
[31], by Giacinti et al. [22] and the predictions that will be made in this thesis) are
consistent with the PAO results if they lie below the equatorial upper bounds; if they lie
above the equatorial upper bounds it remains inconclusive whether the corresponding
model is allowed (unless they are shown to lie in the equatorial plane in which case the
model is ruled out). The mentioned predictions by Calvez, Kusenko & Nagataki and by
Calvez et al. have already been plotted in Figure 2.9 to be compared to the PAO upper
bounds, but will be discussed in Chapter 7 once the necessary terminology has been
introduced. Finally, it should be noted that the 2011 upper bounds presented here are
not yet sensitive to a dipole resulting from the Compton-Getting effect (Figure 2.2, type
d), which is expected to be ~ 0.6%. The current statistics are large enough to reach this
scale and will be published soon.

2.5 Galactic or extragalactic origin?

As mentioned in Chapter 2.4.1, the Ankle is often assumed to signal the transition from
galactic sources to extragalactic sources. Usually four reasons (which still assume the
outdated light composition of UHECR) are mentioned why UHECR cannot be produced
by sources in our Galaxy:

1. A lack of plausible galactic source candidates, i.e. a lack of candidates which
fulfil the first three criteria mentioned in Chapter 2.1: (1) sufficient energy, (2) the
Hillas criterium and (3) an adequate acceleration mechanism.

2. The GZK cut-off: Above an energy Eqzrx ~ 5 - 10 eV, cosmic ray particles
interact with the Cosmic Microwave Background. They lose energy through pion
photoproduction (for proton cosmic rays) or through nuclear photodisintegration
(for heavier nuclei). Hence, cosmic rays reaching the Earth with energies above
this threshold cannot have travelled for more than ~100 — 200 Mpc (depending on
energy), the so-called GZK horizon (after Greisen, Zatsepin and Kuz'min [32, 33]).
If the sources of cosmic rays are (partially) located beyond the GZK-horizon, one
would expect a cut-off above the energy threshold in the spectrum observed at
Earth, the so-called GZK cut-off. Since the cosmic ray energy spectrum indeed
shows a cut-off around this energy (Figure 2.6), the origins of cosmic rays above
the Ankle must be (partially) extragalactic.

3. ‘A Milky Way of arrival directions’ would be expected from galactic UHECR
(protons), since their trajectories are hardly influenced by the Galactic Magnetic

20



Field. However, the arrival directions reported by the PAO (Figure 2.8) are spread
over the complete (observable) sky.

4. A dipole-anisotropy in the distribution of arrival directions would be expected
from Galactic sources (Chapter 2.3.3), whereas the PAO has placed stringent upper
bounds upon the dipoles (Chapter 2.4.5).

However, we have the following objections to these four arguments:

1. Mainstream Galactic source candidates indeed fail to satisfy the Hillas criterium
for a proton composition. However, more possibilities show up for a heavier com-
position and by considering candidates that have received less attention in the
literature until now (see Figure 2.1), such as specific types of y-ray bursts [31] and
magnetars. In this thesis we will focus on magnetars, although our results are valid
for any galactic source satisfying the three criteria (energetics, Hillas & accelera-
tion mechanism). In Chapter 3.2 we will show that magnetars may have sufficient
energy available, and we will refer to work of others on magnetar acceleration mech-
anisms. Magnetars have actually been discussed as sources of UHECR before, but
usually extragalactic populations are considered [34, 13, 35, 8]. However, we will
show below that the cosmic ray emission from extragalactic magnetars (only two
of which have been actually been observed yet) can be neglected compared to the
dominating galactic population.

2. The GZK theory by itself simply implies that cosmic rays beyond the GZK energy
threshold (i.e. UHECR) originate within the GZK horizon, which is consistent with
a galactic origin. Now let us turn to the experimental facts. It might be the case
that the observed cut-off is actually a source cut-off; protons can be accelerated
maximally up to the cut-off energy, but heavier nuclei can be accelerated a bit
beyond the cut-off due to their higher charge. This is consistent with measurements
of a heavier composition at higher energies. On the one hand it might seem unlikely
that such a source cut-off would occur at exactly the GZK energy. On the other
hand, our main reason for investigating UHECR in the first place is that we are
amazed by their extreme energies. Hence, we do not expect the spectrum to
continue forever; we would expect a cut-off around the GZK energy scale anyway.
Cut-offs similar to the observed cut-off can also be reproduced by adjusting the
parameters of the acceleration mechanism [35, 8]°. It has also been suggested that
the cut-off could stem from protons leaking out of the galaxy, while heavier nuclei
remain in the galaxy for much longer times [12]. In case the observed cut-off is
indeed a GZK cut-off, this merely proves that cosmic rays between Ep . and
Eqy have an extragalactic component. Again, the cosmic rays above Eqyzyi
( BygrCRr) must originate within the GZK horizon and therefore possibly in
our own Galaxy.

®To be fair, [35] and [8] consider extragalactic (proto-)magnetars, but similar results might be obtained
from galactic populations.
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3. It is not a priori impossible for protons from galactic sources to obtain sufficient
latitudinal spread as long as the total galactic magnetic field strength is sufficiently
high (~5uG), see Chapter 4.1. Moreover, in the light of the recent results sug-
gesting a heavier composition, latitudinal spread becomes more likely. One of the
main aims of this thesis is to make a quantitative statement about the possible
latitudinal spread for protons and iron nuclei (Chapter 5). It will turn out that
iron nuclei can actually be spread over the full sky.

4. As mentioned before, the equatorial upper bounds do not place a very strict limit
upon the total dipole. Moreover, it will turn out that higher multipoles become
relatively more important at UHE. Hence, it may be possible for galactic source
models to stay below the limits set by the PAO.

As mentioned above, cosmic ray fluxes from extragalactic populations of sources
which also appear in the galaxy, such as magnetars, can be neglected compared to the
dominating galactic fluxes. This can be seen from the following coarse argument, in
the style of Olber’s paradox ([5]; P. Mertsch, personal communication, 2012). Let us
assume for a moment that our observable universe is infinitely large, that there is a
continuous distribution of cosmic ray sources and that energy losses are negligible. We
can divide the universe into shells centred at the Earth, with radius r and thickness
dr. The flux at Earth from a source in a shell is proportional to r—2, but the number
of sources per shell is proportional to r2, so each shell contributes equally to the flux.
An infinitely large universe contains an infinite numbers of shells, so we would expect
an infinite flux. The continuity approximation is of course invalid; cosmic ray sources
occur only in galaxies, and galaxies make up only a tiny percentage of the volume of
the universe. If we would be located in a typical location in intergalactic space (i.e. the
distance to the nearest galaxy being of the same order as the average distance between
galaxies L ~ Mpc, estimated by the distance between our Galaxy and the nearest spiral
galaxy Andromeda), only the first few shells would give a small discrepancy compared
to the continuous situation. We are however located in a most atypical position in our
universe, we are sitting inside a Galaxy. The distance to the magnetars in our Galaxy
d ~ few kpc is many orders smaller than L. Therefore the flux from the magnetars in
our own Galaxy is (%)2 ~ 10 times larger than the typical contribution from a shell of
width L. Our galactic magnetars can outshine ~ 10° other shells of width L. Our actual
observable galaxy is not infinitely large but ~ 10 Gpc, corresponding to only 10* shells.
In fact, if we take into account energy losses (i.e. the GZK effect), our effective observable
‘cosmic ray universe’ shrinks to a size of ~ 102 Mpc corresponding to only 102 shells.
Thus, the cosmic ray fluxes from extragalactic (proto-)magnetars that are considered by
[34, 13, 35, 8] are actually negligible compared to their galactic counterparts. It should
be noted that we have not taken into account the effect of the Galactic magnetic field.
Further research should determine if the Galactic magnetic field for instance prevents
Galactic cosmic rays from reaching the Earth and/or guides extragalactic cosmic rays
toward the Earth.
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Summarising, we have seen in this subsection that galactic sources cannot be ruled
out a priori by the current measurements of arrival directions, dipole-anisotropies and
the cut-off of the energy spectrum at the highest energies. We will need to perform
detailed simulations to check if galactic source models for the production of UHECR can
produce observables consistent with these measurements. This will be done in Chapter 5
and Chapter 6.
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Chapter 3

Galactic candidate: magnetars

The specific galactic source candidate discussed in this thesis is the magnetar. We will
first describe the features of a magnetar and subsequently give a rough estimation of the
energetics involved.

3.1 What is a magnetar?

On March 5, 1979, several spacecraft detected an extremely intense pulse of gamma
rays, 100 times as intense as any previous pulse of gamma rays detected from outside
our solar system [36]. This was the first object discovered in a class that was soon to
be dubbed Soft-Gamma Repeaters (SGR), the R stemming from the observation that
the gamma pulse seemed to repeat itself (though with varying strengths and highly
irregular periods), in contrast to the well-known gamma-ray bursts (GRB) which burst
only once. Further characteristic properties of SGR are a five- to eight-second oscillation
of the gamma ray signal (most probably due to a rotation of the source) and a steady
X-ray emission. Its extragalactic source turned out to match the position of a supernova
remnant in the Large Magellanic Cloud, a nearby galaxy. This implies an intrinsic
luminosity of a million times the Eddington limit (i.e. the maximum luminosity of a
stable star). These features imply an exotic source, such as a black hole or neutron star,
which are indeed both believed to be associated with supernova remnants. Although the
five- to eight-second modulation rules out a black hole, the identification of SGR with
neutron stars faces its own problems; known neutron stars (radio pulsars) rotate with
much shorter periods than the SGR. & the power needed for the observed X-ray emission
is too large to be provided by the rotation of a neutron star.

The first theory that correctly predicts all the observed features was put forward by
Duncan & Thompson in 1992 [37] (see also [38]); the Magnetar Theory!. A ‘magnetar’
is a strongly magnetized neutron star. The ‘residu’ magnetic field (~ 10'? Gauss) of a
‘normal’ neutron star (a radio pulsar) stems from a failed attempt to produce a much

!Later it turned out that this theory explains Anomalous X-ray Pulsars (AXP) as well; AXP’s are
objects which characteristics very similar to SGR’s (see for instance [36]).
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stronger magnetic field through a phenomenon known as dynamo action. Dynamo ac-
tion basically comes down to a transfer of convective and rotational kinetic energy into
magnetic field energy. Only if the neutron star initially rotates fast enough (i.e. faster
than the convective period of 10 milliseconds) the dynamo action is efficient enough to
create a neutron star with magnetic field strengths up to ~ 107 Gauss, a magnetar.
Such an object can account for the observed steady X-ray emission, SGR bursts and
even the occasional giant flares, the necessary energy being provided by the magnetic
field in contrast to normal neutron stars which power their radiation by converting ro-
tational energy. The x-rays are explained by the friction of the moving material in the
magnetar’s interior (due to the magnetic field) which heats up the magnetar surface,
and by the evolving exterior magnetic field. The magnetar remains active in this way
for approximately 10,000 years. SGR bursts occur when the crust of the magnetar is
unable to hold the unbearable magnetic forces, leading to strong dissipative currents
above the magnetar, a ‘starquake’. Occasionally the magnetic field becomes unstable
on much larger scales, resulting in a giant flare that powers a ‘fireball’. This ‘fireball’
is trapped by the exterior magnetic field, and evaporates in about three minutes while
emitting hard X-ray/soft gamma photons. The extremely intense signal detected on the
5th of March 1979 is probably due to such a trapped ‘fireball’. Furthermore, it should
be noted that the 5th of March signal shows a four-peaked pattern, suggesting that the
magnetic field near the magnetar is extremely complex.

The McGill SGR/AXP Online Catalog? [39] contains all observed magnetars (20) and
magnetar candidates (3). Besides the 5th of March event, only one other extragalactic
magnetar has been observed. The rest of the magnetars is located in the galactic disc.
See Figure 3.1 for a galactic skymap of the observed magnetar distribution and for a
map (containing only the 17 magnetars with an approximately known distance) viewed
from the galactic North Pole. Our Galaxy might contain many more magnetars [40],
especially in the region beyond the galactic centre which is difficult to observe.

3.2 Energetics

Arons is usually credited to be the first to have suggested magnetars as possible sources
of UHECR in 2003 [41], but see Blanford’s 2000 article [42]. As mentioned in Chap-
ter 2.1, a source candidate for UHECR, production needs to satisfy four requirements:
(1) energetics, (2) the Hillas criterium, (3) an adequate acceleration mechanism and (4) a
source distribution that can reproduce the observed arrival directions. In this subsection
we give a very rough estimate of the energetics. This in no way proves that magnetars
have sufficient energy available, but at least shows that they cannot be ruled out im-
mediately. Magnetars have been shown to satisfy the Hillas criterium in Figure 2.1.
The third condition lies outside of the scope of this thesis, but see [42, 40]. Quantising
whether galactic magnetars satisfy the fourth criterium is one of the main aims of this
thesis; this will be discussed in Chapter 6.1.

2http://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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Figure 3.1: Distribution of observed magnetars and magnetar candidates. This data
has been taken from the McGill SGR/AXP Online Catalog at http://www.physics.
mcgill.ca/~pulsar/magnetar/main.html [39]. Above: Map of the 17 magnetars and
magnetar candidates with approximately known distances. The red lines represent the
uncertainty in the distance. One of the extragalactic magnetars is located in the Large
Magellanic Cloud (LMC). Below: Galactic skymap of all 23 magnetars and magnetar
candidates. Red diamonds represent unconfirmed (galactic) magnetars, green diamonds
confirmed galactic magnetars and blue diamonds confirmed extragalactic magnetars.
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We will first determine the (UHE) cosmic ray power requirement for our Galaxy and
subsequently estimate how many galactic magnetars would be needed to supply this
power. If we assume a galactic cosmic ray energy density of 1.80 eV/cm™3 [43] and
furthermore take for the effective thickness of our Galactic disc 700 pc, for the radius 15
kpc [44] and for the average age of a cosmic ray particle in the galaxy 7 = 3 - 10% years
[5], we obtain a total cosmic ray power requirement for our Galaxy of

R2D
PECRTIL 1034 J/s = 2.6 - 10 GeV/s. (3.1)
T

WTotal,G’al =
This value represents the total energy in cosmic rays, due to all objects in the galaxy,
whereas we are only interested in producing UHECR. If we approximate the cosmic ray
energy spectrum in Figure 2.6 using values from [5, 14] and integrate the full spectrum,

we find WUHECRGal , 10=8 and hence Wygror ~ 1039 Gev/s. As expected, UHECR

Wrotal,Gat
form only a tiny fraction of the total cosmic ray energy.

To give a rough estimate of the energy content of magnetars we consider the following
types of magnetar energy:

Rest mass energy The mass of a neutron star varies between 0.1 and 1 solar masses
[44]. This corresponds to a rest mass energy of ~ 10°6 — 107 GeV ~ 105 — 10
erg.

Rotational energy Let us estimate the initial rotational kinetic energy of an extremely
simplified model of a newborn magnetar. We take a radius R ~ 10 km and a mass
M ~ Mg, where we ignore the neutron star crust and assume a uniform density,
since the crust’s density is negligible compared to the density of the inner part
[45]. Furthermore we ignore differential rotation by assuming a uniform rotational
period of 7 ~ 1 ms. These values give a moment of inertia I = MR _ g 1037
kg - m? (which agrees with [46]). Since we are looking for an order of magnitude
only, and the ~-factor is maximally 1.02, we need not worry about relativistic
corrections (which will be maximally a few percent). Combining this information,
we find an initial rotational energy of E, = %Iwz ~ 14-10% J ~ 10% GeV.
Kouveliotou et al. [36] estimate that ~ 10% of this rotational energy is used
to build up the magnetic field of the magnetar. However, it might be worth
investigating whether the magnetic field is not instead due to the surrounding
accretion disk [47].

Magnetic energy An alternative calculation of the magnetic field energy is given by

B2 B \*/ R \*
Erag = — -V ~2-10% . 2
7 2u <1015G> <10km> / (3:2)

Energy in X-rays, bursts and giant flares The observed X-ray emission is ~ 10%°
erg s~ [46]. Hence, a typical magnetar lifetime of ~ 10% years (i.e. the period dur-
ing which the magnetar is actively emitting X-rays) gives a total energy dissipated

27



through X-rays of ~ 3-10% erg = 3-10%? J. The energy emitted in the optical and
IR region can be neglected compared to this value [46]. The energy contained in
SGR bursts is more difficult to calculate, due to the highly irregular time between
bursts (i.e. the time between bursts varies over a range of 7 orders of magnitude)
[48]. Taking SGR 1806-20 as an example (111 bursts have been observed from this
SGR over a ten year period) we find as a typical value ~ 10° bursts during the
lifetime of a magnetar. SGR bursts have a maximum peak luminosity of ~ 1042
erg s~! and durations ~ 0.1 —1 s. Hence the total energy of one burst is ~ 10*! erg
and the total ‘burst energy’ during a magnetars lifetime is ~ 10%® erg, similar to
the energy associated with X-ray emission. However, the main part of the energy
budget is spent on giant flares. After observing 5 magnetars for 30 years, only
three giant flares have been observed, the largest of which contained an energy of
~ 5-10% erg, which is two order of magnitudes higher than the other two [49]. This
indicates a typical occurence of ~ 70 powerful giant flares in a magnetar lifetime,
corresponding to a total of ~ 4 -10% erg ~ 4-10*" J ~ 2-10°° GeV. Thus, the
radiation energy loss is mainly due to the powerful giant flares.

Gravitational radiation I have ignored gravitational radiation for the moment, but
please see [50, 51, 52].

Assuming that the emitted radiation and cosmic rays are due to conversion of magnetic
field energy, there is approximately 2-10%0 —10%* J available per magnetar, whereas there
is ~ 4 -10* J required for the powerful giant flares and a negligible amount for X-ray
emission and for bursts . This leaves potentially no energy (for magnetar field strengths
below ~5 - 10'® G) and maximally ~ 10* J for cosmic ray acceleration. Assuming the
maximum energy, and an acceleration efficiency of a few %, we obtain for the cosmic ray
power per magnetar (again using a typical lifetime of ~10* years):

WouHECRmag = 3+ 10°°T/s ~ 3-10°GeV/s. (3.3)

Concluding, whereas at the moment 18 confirmed galactic magnetars have been observed,
one single magnetar seems sufficient to produce ~10* times the required UHECR density.
Although a more detailed energy calculation is obviously necessary, there is at first sight
no doubt that magnetars could satisfy the energy requirement for UHECR production.
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Chapter 4

The Galactic Magnetic Field

Prior to describing the three models of our Galactic Magnetic Field that will be used for
the simulations, we briefly review the behaviour of charged particles in a magnetic field.

4.1 Behaviour of charged particles in a magnetic field

The motion of charged ultrahigh-energy cosmic rays in the galactic magnetic field is
governed by the relativistic Lorentz force. If the momentum is parallel to the magnetic
field line, no work is done and the cosmic ray follows the field line. If the momentum is
orthogonal to the field line, the result is circular motion in the plane orthogonal to the
field line, with a radius

y28
Tgyro = ﬁ, (41)

which goes by the names Larmor radius, gyroradius or cyclotron radius, where rgyro is
in kpc, p, is in EeV/c and B is in pG. A particle with a momentum consisting of both a
parallel and orthogonal component will spiral along the magnetic field line, as long as the
magnetic field varies slowly on the scale set by the gyroradius. It can be shown [44] that,
under this assumption, the particle’s guiding centre motion follows the mean magnetic
field direction, and the radius of curvature of its path is such that a constant magnetic
flux is enclosed by its orbit, see Figure 4.1. Although this assumption is not always valid
at UHE, this behaviour still forms a useful reference point when trying to understand
the behaviour of cosmic rays in our Galactic Magnetic Field (GMF). At low energies,
where the gyroradius is smaller than the coherence length of the turbulent component
of the GMF (~0.1 — 0.3 kpc [31]), the dynamics of cosmic rays is best approximated by
a random walk. Therefore, this energy regime is named the diffusive regime. At UHE
the gyroradius is larger than the coherence length of the turbulent component and so
the cosmic rays will only ‘see’ the average field strength which is zero for the turbulent
component. Hence, UHECR trajectories are determined by the regular component of
the GMF.

We can make an educated guess of the (maximal) deflection of UHECR in the GMF
by considering the following situation. The furthest possible galactic source is located
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Figure 4.1: The trajectory of a charged particle in a slowly changing magnetic field.
The particle’s guiding centre motion follows the mean magnetic field direction, and the
radius of curvature of its path is such that a constant magnetic flux is enclosed by its
orbit [44].

23.5 kpc away from the Earth, assuming a distance between the Earth and the Galactic
Centre of 8.5 kpc and a Galactic Radius of 15 kpc. The deflection of a cosmic ray which
is emitted from that source and arrives at the Earth after having propagated through
a uniform magnetic field orthogonal to the galactic plane is plotted in Figure 4.2 as a
function of the magnetic field strength B, for both a proton and iron composition. This
plot equivalently represents the maximum angular deflection possible for galactic sources
in a GMF with a maximum field strength By,q.. Several factors might lead to a smaller
deflection than the maximal possible value:

e The GMF components (e.g. the disc field and the halo field) will probably not
point in the same direction everywhere, reducing the total B.

e The GMF components will probably not reach their maximum value everywhere.
e The field will probably not always be orthogonal to the cosmic ray trajectory.

e We are mainly interested in latitudinal deflections (see Chapter 5), which are in
general smaller than the total deflection.

We will see in the next subsection that the total GMF strength is < 10 uG. Hence,
it is a priori not impossible for both protons and iron nuclei to reach all latitudes.
Nevertheless, we expect the factors mentioned above to prevent protons from reaching
the highest latitudes; iron nuclei are more likely to reach all latitudes. It will still prove
useful to quantise how close we can get to the ideal case for protons, and contrast this

with the results for iron nuclei.
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Figure 4.2: Angular deflections of proton (blue) and iron (red) cosmic rays from the
furthest possible galactic source arriving at Earth after propagation through a uniform
magnetic field orthogonal to the galactic plane with a field strength B = Bmax. This
plot equivalently represents the maximum angular deflection possible from a galactic
source for a GMF with a maximum strength Bmax.

4.2 Models of our galactic magnetic field

The main message of this section is that, despite the many claims about Galactic Mag-
netic Field (GMF) strengths and structures being made in the literature, there is hardly
any consensus about the exact form of the GMF. That being said, a rough estimate of
the field strength and knowledge of the different possible types of GMF components will
already allow us to conclude a lot about the possibility of galactic sources producing
UHECR.

GMF strengths vary from ~ 5 uG for radio faint galaxies like M 31 and M 33, to
~ 20 — 30 uG for the spiral arms of gas-rich spiral galaxies with high star-formation
rates, like M 51, M 83 and NGC 6946, up to ~ 50 — 100 uG in starburst galaxies [53]. A
typical total strength for spiral galaxies such as our own Galaxy is believed to be ~ 10
uG. In our own Galaxy this value might be reached in the centre, but the field strength
is probably lower in other regions.

The GMF components in our Milky Way are usually categorised as either ran-
dom/turbulent or regular field types, although a third type has recently been considered,
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which has been named the anisotropic [54, 53] or striated-random field type [3]. This
latter type is regular on large scales, but reverses its direction by 180 degrees on smaller
scales. We will ignore random fields in this thesis, since UHECR only ‘see’ the average of
the random field, which is zero (see Chapter 4.1), and because random fields significantly
increase computing time. See for example reference [22] for simulations including the
random field type. Regular fields are further subdivided into disk fields (which form spi-
ral patterns in almost every galaxy [54]), halo fields and an out-of-the-plane component.
It is controversial whether an out-of-the-plane component indeeds exists. Mao et al.
argue that there is no vertical magnetic field [55]. On the other hand, Nagar & Matulich
[13], Takami [11] and Takami & Sato [9] do assume a vertical component. Furthermore,
we will see that the third model of the GMF that we will use, by Jansson & Farrar [3],
reproduces the observed Faraday rotation measures (see below) better if an X-shaped
out-of-the-plane component is added, similar to the out-of-plane components we observe
in many other galaxies, such as NGC 891 and NGC 253 [54, 53]. We will allow for the
uncertainty in the existence of a vertical component by repeating all simulations with
our first two models by Sun et al. [1, 2] (which do not contain vertical components) with
an additional dipole field.

Models of the GMF are constrained by four key observables: Zeeman splitting (ZS)
of radio spectral lines, linear polarisation data (PL) (mainly from synchrotron emission
emanating from cosmic ray electrons spiralling around magnetic field lines, but also from
optical, IR, submillimeter and radio data), Faraday rotation measures (RM) and the to-
tal intensity (I) of synchrotron emission [44, 54, 53, 3|. ZS mainly constrains the nearby
GMF, while the other three observables constrain the magnetic field everywhere in our
Galaxy. RM, PL and I all depend on the combination of the magnetic field and the
(relativistic) electron density, which is usually modelled by the NE2001 electron distri-
bution [56]. The RM (PL) is a line-integrated quantity and depends on the component
of the field parallel (perpendicular) to the line-of-sight and the electron density. Regu-
lar fields contribute to RM, PL and I, whereas random fields contribute only to I. The
striated field types contribute only to I and PI. The 2003 GMF model by Prouza and
Smida [57] has long been the model that best reproduces the observables. However, the
recent increase of PM and PL data has lead to publications of many improved models,
although it must be admitted that it is hard to determine whether these models are
indeed better. There is however a strong suggestion that the magnetic structure of the
Galactic disk is significantly different from that of the halo [58]. We will perform our
simulations using (several versions of) two models by Sun et al. [1, 2] (see also [59] for a
similar model) and one model by Jansson & Farrar [3]. These are the only ‘composite’
models in literature, that is the only models that consist of separate submodels for the
halo and disk field.

4.2.1 Sun et al’s GMF models: ASS+Ring & ASS+Arm

Sun et al. [1] proposed two GMF models in 2008 (and updated the strength of the
Halo component in 2010 [2]), which are claimed to reproduce the Faraday Rotation
Measure data better than any previous model. It must be admitted though that this
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comparison has been done by eye rather than quantitatively, and it is not specified how
the values of the field parameters have been obtained. Both fields consist of a disk and
halo component (and we will add a dipole field). Random and striated components
are ignored. In both cases the disc field is an axi-symmetric spiral (ASS) field with
no dependence on the azimuthal angle. We introduce cylindrical coordinates (R, ¢, z),
where R is the Galactocentric radius, ¢ the azimuthal angle starting from long = 180°
and increasing in the anti-clockwise direction as seen from the Galactic North Pole, and
z is the distance to the Galactic plane. In these coordinates the disk field, which is set
to zero for R > 20 kpc, is given by

BP = Di(R,¢,2)Da(R,¢,z)sinp
Bg = _Dl(R7¢az)D2(Ra¢aZ)COSp (42)
BP = 0

where D1 (R, ¢, z) defines the spatial variation of the field strength and D2 (R, ¢, z) adds
reversals and/or asymmetries. The pitch angle p is the angle between the spiral magnetic
field and the clockwise tangent to a Galactocentric circle, and is defined to be positive
if it is directed outside that circle. For both models p = —12°. For both disk fields,
D1 (R, ¢, z) is parameterised by

Bo-exp<—R%j®—M> R >R,

20

4.3
B. R <R, (*3)

Dl(R, Z) = {

where Rs = 8.5 kpc and the other variables depend on the model. The constant field
strength B, at the galactic centre represents the lack of sufficient RM data for that
direction. The first model, the ASS+RING model, features reversals in rings. The
parameters corresponding to Di(R,z) are Ry = 10 kpc, zp = 1 kpe, R. = 5 kpc,
By =2uG and B, = 2 pG. The field reversals are symmetric in z:

+1 R> RE
~1 RE<R<RE
Dy(R) = (4.4)
+1 RE<R<RE
-1 R<RE

where +1 means a clockwise direction as seen from the Galactic North Pole, R = 7.5
kpe, RY = 6 kpc and RE = 5 kpc . The second model, the ASS+ARM model, features
reversals following logarithmic spiral arms. The parameters corresponding to Di (R, 2)
are Rp = 8.5 kpc, 20 = 1 kpc, R. = 5.3 kpc, By = 2 uG and B, = 2 uG. A logarithmic
spiral arm edge is defined according to

#(R)=a-In <156‘> + ¢ (4.5)
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kpc

where a = ﬁ, with p the pitch angle of the spiral arm, defined as the angle between

the direction of the spiral arm (i.e. increasing ¢) and the anti-clockwise tangent to
a Galactocentric circle; the pitchangle is again defined to be positive if it is directed
outside that circle. The ASS+ARM model features reversals in a single spiral arm, and
in the region within R, from the galactic centre. Hence, Dy(R, ¢) is given by

(-1 R<R.
—1 R > R.and

d)liquinner ¢1_¢Aou or
|:R0A7inner - €Xp <(¢)z>:| < R< |:R(I)4,outer - exp <?zt>:|

for ' = ¢ +mn-360°, n € Ny
+1 otherwise

Lb(R7¢)

\

(4.6)
where p? = 12°, the inner edge of the spiral arm is located at the inner edge of the
Scrutum-Crux spiral arm (Réinner = 3.2 kpc, qbémner = 57°) and the outer edge of the
spiral arm is located at the inner edge of the Sagittarius-Carina arm (Réouter = 3.5 kpc,

gbéouter = 0). Both disk fields are plotted in Figure 4.3. Both models have the same
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Figure 4.3: The disk components of the two Galactic magnetic field models by Sun et al
[1] that produce the best fit with Faraday rotation measures and polarisation data.

halo component; a regular double-torus field component above the Galactic plane and
the reversed direction below the Galactic plane:

2 1 R R—RH
B(R,2)=— Bl —————— —exp | ——— > (4.7)
¢ H
|2| H(lzl—Hzo) Ry Ry

21
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where BH = Bg =0, zé{ = 1.5 kpc, 2 = 2 = 0.2 kpc for |2] < zéf and otherwise
A = 2 = 0.4 kpe, B = 2uG [2] and RE' = 4 kpe. The strength of the Halo field
above the Galactic plane is shown in Figure 4.4. Finally, as mentioned before, in order to
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Figure 4.4: The strength of the regular halo magnetic field component of the GMF
models by Sun et al. [1, 2] above the Galactic plane, as a function of the distance to the
Galactic centre R and the distance to the Galactic plane z. Contours start at 0.1 uG
and increase by 0.3 uG. The field below the plane has the same strength but is reversed.

take into account the uncertainty in the existence of a vertical component we will repeat
all simulations with these two models by adding an out-of-the-plane component, in the
hope that this helps getting the cosmic rays out of the Galactic plane. We use a simple
dipole field pointing North at the location of the Sun with a strength of 5uG (1uG) for
proton (iron) cosmic rays. Although a dipole component of 5 uG is unrealistically large,
a dipole of 1 uG is insufficient to significantly deflect protons. A dipole component of 5
G will make it easy to contrast the simulations with and without the dipole field.

4.2.2 Jansson & Farrar’s GMF model

A new model of the GMF has been proposed very recently (April 2012) by Jansson
& Farrar [3] (JF). Simulations with a large amount of new synchrotron emission data
and Faraday rotation measure data show that this model seems to fit the data better
than previous models. The model has been fitted to the data using 21 free parameters.
We briefly describe the four components in the model (a striated component and an
X-shaped out-of-the-plane component being the main difference with Sun et al.’s fields)
and refer to [3] for the detailed functional forms and a list of optimal values for the 21
parameters and their uncertainties.

The JF model consists of a disk field, a halo field, an X-shaped out-of-the-plane
component and a striated component (ignored in this thesis), all of which are made
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divergenceless explicitly. The disk field allows for 8 spiral arms (4 at the position of the
spiral arms formed by population II stars, and 4 in between those arms). However, the
best fit to the data suggests a significant field reversal for only one spiral arm (adjacent
to the one in the ASS+ARM model) and weaker evidence for a second spiral arm. The
typical strength of the disc field is slightly larger than in the first two models; the typical
strength of the Halo field is slightly lower. The halo component is purely toroidal like
our first two models, but features an exponential scale height and differs in strength
and extent above and below the Galactic plane. The out-of-the-plane field is in the
shape of an X, which is inspired by the observed magnetic field of other galaxies. This
X-shaped field is easiest explained by referring to Figure 4.5. The field has no azimuthal
component, nor does it depend on the azimuthal angle ¢. The elevation angle (i.e. the
angle between the field and the Galactic plane) is constant for R > 4.8 kpc and increases
with decreasing R for R < 4.8 kpc until it becomes vertical at the Galactic Centre. The
field decays exponentially in the z-direction. The striated component is everywhere
aligned with the combined regular field.

2 6

5 kpc
| : N
0 1 2 3
uG

Figure 4.5: A slice of the Galaxy, intersecting the Sun and the Galactic centre perpen-
dicular to the Galactic Plane, showing the X-shaped out-of-the-plane component of the
JF Field. The black lines crossing the mid-plane at R = 4.8 kpc trace the boundary be-
tween the outer region with constant elevation angle, and the inner region with varying
elevation angle. The black arrows show the direction of the field. Reproduced courtesy
of R. Jansson and G. Farrar [3].
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Chapter 5

Simulations I:
Obtaining latitudinal spread for
protons & iron nuclei

Prior to considering specific source distributions, we examine whether it is at all possible
for cosmic rays emitted from Galactic sources to cover all regions of the sky as observed
by the PAO. We want to get them out of the Galactic plane and create latitudinal
spread. UHE cosmic ray trajectories are simulated with the publicly available source
code CRT (see Appendix A), which offers two different methods: forwardtracking and
backtracking. When opting for the former method, particles are injected at specified
source positions and followed until they hit the Earth. Backtracking of a cosmic ray
particle with charge q and arrival velocity ¢ (at Earth) is accomplished by tracing the
trajectory of the antiparticle with charge -q injected at the Earth with an initial velocity
—u. Under the assumption of negligible energy losses, this will trace the trajectory of the
original particle back in time, which provides information on possible source locations.
In this chapter both complementary methods, forwardtracking and backtracking, are
used. In the former case, we perform a scan over all regions in the Galaxy and quantify
the latitudinal spread using ‘latitude envelopes’. In the latter case, we backtrack the
arrival directions observed by the PAO and record the intersections of the tracks with the
Galactic plane, in order to discover any possible forbidden regions, i.e. regions on the sky
that cannot be populated with cosmic rays coming from the Galactic disk. For protons
we expect that only low latitude regions lead back to the Galactic plane. For iron we
expect that either all events connect to the Galactic plane, or the highest latitudes are
forbidden.

5.1 Forwardtracking

In order to perform a scan over the Galaxy, we run simulations with sources distributed
on Galactocentric circles with a radius Rg. increasing in steps of 1 kpc up to 14 kpc.
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Figure 5.1: Source template used to perform a scan over the complete Galaxy. The
sources are distributed on Galactocentric circles (red, green and dark blue) with a radius
R, increasing in steps of 1 kpc up to 14 kpc. The sources are located 20° apart, except
for Rg. < 2 kpc where they are 45° apart. The sources closest to the Sun in the
Galactocentric circles with radii of 8 and 9 kpc are replaced by a Heliocentric circle
(light blue) with a radius of 0.5 kpc containing 4 equidistant sources.

The sources are located 20° apart, except for Rg. < 2 kpc where they are 45° apart,
see Figure 5.1. This source template reflects the symmetries of the GMF and obtains
its highest source density around the Galactic centre where the field strength is highest.
The circles with Galactocentric radii of 8 and 9 kpc both contain one source at a distance
of 0.5 kpc from the Sun, ®. These sources touch the Earth when a detector radius of
0.5 kpc is used, and are hence replaced by a Heliocentric circle with a radius 0f 0.5 kpc
containing 4 equidistant sources. Separate simulations with this Heliocentric circle are
run using a detector radius of 0.1 kpc. All sources emit 1000 cosmic rays (see Appendix A
for the remaining source parameters).

The arrival directions of simulated cosmic rays that hit the detector are binned in
bins of 30° longitude. Within each bin, the two arrival directions with the maximum and
minimum latitude are selected. A ‘maximum latitude curve’ is generated by connecting
all the selected ‘maximal latitude events’; a ‘minimum latitude curve’ is generated by
connecting all the selected ‘minimal latitude events’. The area between these curves
forms a ‘latitude envelope’ and provides a measure of the latitudinal spread obtained.
It should be realised though that, in general, the arrival directions within the latitude
envelope are not homogeneously spread, see for instance the arrival directions for the
ASS+ARM+Dipole model in Figure 5.2 to be compared with the latitude envelope in
the upper right corner in Figure 5.5.
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Figure 5.2: Arrival directions from all sources distributed on the Galactocentric circles
in Figure 5.1, excluding the Heliocentric circle. The ASS+ARM+Dipole model has
been used. This plot should be compared with the latitude envelope in the upper right
corner in Figure 5.5 and forms an example of the inhomogeneous distribution within the
envelope. In particular, almost no cosmic rays arrive in the upper-left quadrant.

Proton cosmic rays propagating through the regular versions of the three GMF mod-
els do not reach latitudes higher than 15° or lower than —15°, for any longitude (see
Figure 5.4). The latitude envelopes enclose only a small proporation of the PAO arrival
directions. Adding a dipole field increases the latitudinal spread to ~ 40° degrees in
both the positive and negative direction, but only for 30° = long = —100°. The sources
responsible for this effect are plotted in Figure 5.3. Only regions near the Galactic cen-
tre result in a large latitudinal spread, since the dipole field blows up in this region.
Most sources lie below the Galactic centre (in Figure 5.3) because the dipole component
points North (at the position of the Sun). The majority of the sources would lie above
the Galactic centre if the dipole field component would point South. These results show
that the clustering of the 12 events around (long,lat) = (—45°,20°), which are usu-
ally attributed to either the radiogalaxy Cen A (—50.5°,19.4°) or the Centaurus cluster
(—=57.6°,21.6°) [16], could be explained by galactic protons. However, even with the ad-
ditional dipole fields, galactic protons cannot reach most of the regions of the sky covered
by the PAO events, which falsifies the Galactic hypothesis for a proton composition!

The latitude envelopes for iron cosmic rays propagating through the three regular
GMF models are significantly larger, see Figure 5.4. Still, the maximum latitudes are
only ~ 30° — 40°. The minimum latitudes are as low as ~ —60° — 80°, but only in
the direction opposite to the Galactic centre. The envelopes for the three regular GMF
models still enclose only half of the PAO events, approximately. We expect that this
stems from the halo fields not being sufficiently large and strong to bend all cosmic ray
trajectories back towards the Galactic plane. To test this hypothesis we have repeated
the simulations using the GMF models by Sun et al. with a stronger (B! = 3 uQ)

39



ASS+RING+Dipole ASS+ARM+Dipole

Figure 5.3: Proton sources that produce a latitudinal spread exceeding £15° latitude,
when an additional dipole field is used. It is expected that while with higher statistics
more sources that contribute to high latitudinal spread would be found, the overall
pattern would not change.

and larger (zf{) = 4kpc) halo'. This specific parameter choice will be justified in the
next section. The corresponding latitude envelopes (Figure 5.5) enclose almost all the
PAO events. The stronger and larger Halo field does succeed in deflecting most of the
cosmic ray trajectories back to the Galactic plane. Latitude envelopes of similar sizes are
obtained by adding a dipole field to the GMF models by Sun et al.. It should be noted
that for these simulations, no hits were obtained from sources located within 2 kpc of
the Galactic centre, at least not for the used number of emissions. This will be explained
below. Concluding, even for an iron composition, Galactic sources are not capable of
reproducing the complete set of arrival directions measured by the PAO, unless the GMF
models by Sun et al. are modified by adding a dipole field or by enhancing the Halo
component.

1For the sake of completeness, the simulations with protons have also been repeated with this modified
halo field. Even with this modified halo, the latitudinal spread did not exceed 15°.
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Figure 5.4: Latitude envelopes (see text) obtained from forwardtracking protons and iron nuclei from sources distributed as
in Figure 5.1. The red dots represent the arrival directions observed by the PAO [16]. The red line represents the exposure
boundary of the PAO.
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Figure 5.5: Latitude envelopes (see text) obtained from forwardtracking iron nuclei from sources distributed as in Figure 5.1.
The red dots represent the arrival directions observed by the PAO [16]. The red line represents the exposure boundary of
the PAO.




5.2 Backtracking

By forwardtracking cosmic rays, we have determined that modified versions of the GMF
models by Sun et al. allow simulated iron nuclei emitted by sources in the Galactic plane
to arrive at Earth from almost all latitudes. Would higher statistics cause the latitude
envelopes to enclose the remaining few PAO events with latitudes near +90°7 Or are
they completely disconnected from the Galactic plane? In order to answer this question
definitively, we turn to the method of backtracking. We backtrack the 69 PAO events
and count the number of trajectories that intersect with the galactic plane (defined
as |z| < 0.1 kpc) at least once. Intersections within 1 kpc of the Sun are excluded.
Intersections at Rg. > 15 kpc are included.

Before presenting the results, we justify the modified Halo parameters used in the
previous section. We have sampled some specific values of the magnetic field strength
Béf , the radial scale length R(I){ and the second vertical scale height zfl{. The results, i.e.
the number of backtracked trajectories that intersects the Galactic plane, are listed in
Table 5.1. The first thing to notice is that the detailed structure of the disk fields (RING
or ARM) hardly influences the results. Increasing Réf gives the smallest effect. The
number of trajectories that intersect the Galactic plane is largest when zf{) is increased,
contradictory to the results by [22]. Increasing leb corresponds to vertically stretching
the part of the Halo field above z = zé{ = 1.5 kpc. An even larger effect is obtained
when a small increase in Béq is combined with a moderate increase in leb. The number
of intersections obtained for Bé{ = 3 uG and zfg = 2 kpc does not increase further by
increasing 27 even further. Nevertheless, we choose values of B! = 3 uG and 21 = 4
kpc for the modified Halo field used in this thesis, since this results in a slightly larger
latitude envelope. The increase in these two parameters might seem unreasonably large,
compared to their original values (B[{{ = 2 uG, zg = 0.4 kpc). However, one should
keep in mind that the Halo model used to have a field strength of 10 uG in 2008 [1].
Furthermore, all GMF models depend significantly on a poorly constrained model of
the Galactic electron distribution. We have seen in Chapter 4.2 that even larger field
strengths are quite common in other galaxies. Most importantly, the Halo parameters
chosen by Sun et al. have not been justified; they have not been compared to different
values. In contrast, Jansson et al. [58] scan over the full parameter space using a
Markov Chain Monte Carlo algorithm (with additional data), in order to optimize the
model and parameter choice. Of all the popular models they consider, the models by
Sun et al. produce one of the best-fits with rotation measure and polarisatin data, but
for completely different parameter values. The values they obtain are Bé{ =4.94+0.7 uG,
R(I){ = 18+4 kpc and zﬁ = 8.5+ 1.5 kpc. They furthermore mention that the constraints
on the vertical scale heights are extremely weak, allowing even for scale heights of an
order of magnitude larger than our value.

The intersections of the backtracked PAO events with the Galactic plane are plotted
in Figure 5.6 (protons) and Figure 5.7 (iron nuclei). The corresponding numbers of
backtracked events that intersect with the Galactic plane are listed in Table 5.2. As
expected, the proton cosmic rays are hardly deflected by the GMF, except for the models
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modified Halo parameters ASS+RING | ASS+ARM
regular (B{! = 2uG, 211 = 0.4kpc, REF = 4kpe) 37 35
RE = 15kpc 45 42
Bl = 5uG 55 57
zﬁ = 8kpc 62 65
zﬁ = lkpc, Bé{ = 3uG 58 59
21 = 2kpe, B = 3uG 65 65
2 = dkpe, B = 3uG 65 66
21 = 8kpe, B = 3uG 65 66

Table 5.1: Number of backtracked PAO events (69 in total [16]) that intersect with
the Galactic plane, for iron cosmic rays propagating through the ASS+RING and
ASS+ARM models with modified Halo parameters. Intersections within 1 kpc from
the Sun are excluded. Intersections at a Galactocentric radius larger than 15 kpc are
included.

GMF model H protons | iron nuclei
ASS+RING  regular 6 37
+dipole 14 61
2 = dkpe, B! = 3uG 7 65
ASS+ARM  regular 6 35
+dipole 13 60
z{{b = 4kpc, Béq =3uG 7 66
JF 5 41

Table 5.2: Number of backtracked PAO events (69 in total [16]) that intersect with the
Galactic plane. Intersections within 1 kpc from the Sun are excluded. Intersections at
a Galactocentric radius larger than 15 kpc are included.

with an added dipole field. Hence, only a small proportion of the backtracked trajectories
(i.e. those injected at small latitudes) intersects with the Galactic plane, even for the
models with an added dipole field. Those trajectories are approximately parallel to the
Galactic plane and form almost straight lines (or slightly curved lines when a dipole
field is added) in Figure 5.6. These results are consistent with the results obtained
from forwardtracking: Galactic protons cannot reproduce the full set of PAO arrival
directions. For an iron composition, we observe that there are no trajectories connecting
the Earth and the inner part of the Galaxy when a dipole field is added. This is consistent
with the absence of hits from cosmic rays emanating from sources in the innermost region
of the Galaxy, as has previously been observed with the forwardtracked simulations. In
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this region the dipole field, which is proportional to 1/r3, blows up; this suggests that
iron nuclei emitted in this region either circulate forever or are ejected from the Galaxy
along the Galactic poles. In the former case, the Galactic centre would function as
a reservoir of cosmic rays, which would result in synchrotron radiation observable at
Earth. Consistent with the forwardtracking results, only half (approximately) of the
backtracked PAO trajectories connects with the Galactic plane, when the three regular
GMF models are used. For the models by Sun et al. with either an additional dipole field,
or with modified Halo parameters, almost all the PAO events connect to the Galactic
plane. More interestingly, although the two PAO events with the most positive latitude
are forbidden (i.e. they do not connect with the Galactic plane when backtracked) for
the three regular GMF models, they are allowed for the GMF models with an additional
dipole field or with modified Halo parameters. All the events with the most negative
latitude are allowed for the fields with modified Halo parameters, and only some of
those events are forbidden for the remaining GMF models. Concluding, it seems that,
contrary to hypothesis, the forbidden regions are not around the Galactic poles. The
exact forbidden regions will be discussed in Chapter 6.2.

Finally, it should be noted that a minority of the trajectories (not shown) suggests
that cosmic rays can hit the Earth even if they are emitted in the opposite direction
(i.e. with a beam angle larger than 90°), see for instance the loop just beneath the
Galactic centre in Figure 5.6 (ASS+RING+Dipole).
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Figure 5.6: The intersections of the trajectories obtained from backtracking the 69 PAO
events with the Galactic plane, assuming a proton composition.
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5.3 Conclusions

e Both the forwardtracking and backtracking method rule out the possibility of
Galactic protons producing the full set of arrival directions as observed by the
PAOQO. This applies to all GMF models considered, although an additional dipole
field allows protons to cover the clustering region usually attributed to Cen A or
the Centaurus cluster.

e Both the forwardtracking and backtracking method confirm that only half of the
PAO events can be reproduced with a iron composition, if the three regular GMF
models are used. If a dipole field is added to the models by Sun et al., or if the
Halo field is modified, almost all PAO events can be accounted for, in some cases
even the events with the most extreme latitudes. With regards to the Halo field,
the vertical scale height zf{) is the main factor that determines how many Galactic
sources are connected to the Earth (in combination with a slight increase in the
Halo magnetic field strength). The differences between the RING and ARM disk
fields hardly affect the cosmic ray trajectories.

e Although the majority of trajectories that connect Galactic sources to the Earth
correspond to cosmic rays emitted in the direction of the Earth (i.e. a beam an-
gle smaller than 90°), a small proportion of cosmic rays emitted in the opposite
direction also reaches the Earth.

Based on these conclusions we continue our simulations in the following chapter with
only the following four GMF models:

e ASSH+RING+Dipole
e ASS+ARM-+Dipole
o ASS+RING(2f1 = 4 kpe, Bif = 3 uG)
o ASS+ARM(zf1 =4 kpe, Bt = 3 uG)

and we change the beamangle parameter (see Appendix A) from 90° to its maximum
value, i.e. the sources emit cosmic rays isotropically.
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Chapter 6

Simulations II:
Specific (magnetar) source
distributions emitting iron nuclei

In the previous chapter we have selected four GMF models that might allow Galactic
sources to reproduce the PAO arrival directions. In this chapter we will use a physically
motivated distribution of sources, such as magnetars, and forwardtrack cosmic rays from
these sources through the four GMF models. Since the resulting dipole-anisotropies will
turn out to be inconsistent with the upper bounds set by the PAO, we will subsequently
backtrack an isotropic set of arrival directions to find ‘intersection hotspots in the galactic
disk’ (and to determine the forbidden regions). These hotspots will be used to design a
fine-tuned source distribution. It will be tested whether this distribution does produce
a dipole-anisotropy below the experimental upper bounds.

6.1 Spiral Arm Source Distribution

Candidates for Galactic sources of UHECR, such as magnetars, are often associated
with Supernovae Remnants (SNR). Hence, we model our Galactic (magnetar) source
distribution according to the SNR distribution used by Ahlers, Mertsch & Sarkar [60].
Their smoothed radial SNR distribution is modeled by

f(r) = Asin (7;(: + 90> e P (6.1)

where A = 1.96 kpc=2, 79 = 17.2 kpc, 6y = 0.08 and B = 0.13. To take into account the
spiral structure of the Galaxy, four spiral arms are adopted, with a pitch angle of 12.6°
and a central bar of 6 kpc length which is inclined by 30° with respect to the direction
between the Sun and the Galactic centre. The width of each arm is modeled by a
Gaussian with 0.5 kpc dispersion. The resulting distribution g(r, ¢) has been normalized
with respect to ¢ in such a way that eq. 6.1 is recovered. g¢(r,¢) has been plotted in
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Figure 6.1 together with the 15 Galactic magnetars with approximately known distances,
which fit reasonably well with the spiral arm model. Although there is admittedly no
consensus about the number of magnetars in our Galaxy (estimates differ by several
orders of magnitude), we adopt the values estimated by Muno et al. [61], who argue
that there are 59f§% easily detectable Galactic magnetars and < 540 magnetars in total
(at the 90% confidence level). This estimate is low/intermediate compared to other
estimates in the literature. If we take a random realisation of x sources from the density
distribution ¢(r, ¢), the chance of asymmetric fluctuations, which are expected to lead
to a dipole-anisotropy of type a (see Figure 2.2), is greatest for low x. Hence, we intially
assume 540 magnetars. As shown in Chapter 5.1 and in Figure 5.7, sources within 4
kpc of the Galactic centre can be safely neglected when a dipole field is used, in order
to significantly reduce computing time.

As mentioned in Appendix A, the detector radius has to be sufficiently large to pro-
duce enough hits within the available computing time, and sufficiently small compared
to the gyroradius for the results to be accurate. When using random realisations of 540
magnetars there is an additional constraint: none of the magnetars can be too close to
the detector and, in particular, they cannot be located within the detector. In Figure 6.1
we have plotted the average amount of sources that would be located inside the detec-
tor, as a function of detector radius. Our previous choice, R4 = 0.1 kpc, turns out to
remain appropriate.

Galactic skymaps of the simulated arrival directions (for 50,000 emissions per source)
have been plotted in Figure 6.2 for the GMF models with a modified Halo component
and in Figure 6.3 for the GMF models with an additional dipole component. Two things
are notable. Firstly, although most parts of the sky contain at least a few hits (for the
GMF models with a modified Halo), there is a significant anisotropy for all four GMF
models. The simulations with the modified Halo fields show higher densities in a band
that can be described approximately by a cosine (cos(long+longg)) which intersects the
Galactic plane (zero latitude) at long = 78° and long = —102°, see the red region in
Figure 6.4. Hits between these longitudes arrive predominantly from positive latitudes;
hits outside this longitude range arrive predominantly from negative latitudes. The
band width is approximately 30° latitude. This pattern seems to stem from the local
magnetic field at the position of the Sun. The magnetic field line intersecting the Sun
comes from —102° long and leaves at 78° long. Cosmic rays travelling along these field
lines experience no Lorentz force and remain in the Galactic plane. (Positively charged)
cosmic rays coming from the direction of the Galactic center are deflected Southward
and cosmic rays coming from the opposite direction are deflected Northward. In case
of the GMF models with an added dipole component (pointing upwards at the location
of the Sun), particles originating from directions close to the Galactic centre (i.e. the
majority of sources in our model) are deflected clockwise (as seen from the Galactic
North pole) and hence arrive predominantly from negative longitudes. This provides
a strong experimental signature: if these GMF models reflect reality, the future North
Station of the PAO is expected to detect very few events compared to the current
South Station. Summarising, the local magnetic field dominates the pattern of arrival

50



directions. Secondly, we observe several ’hotspots’ on the sky, plotted in red. The plots
on the right of figure Figure 6.2 show that there are indeed a few dominating sources that
are responsible for the majority of the hits. As expected, these sources turn out to be the
sources closest to the Sun. Although we have chosen a source distribution with a large
number of sources, in order to prevent a dipole-anisotropy resulting from an asymmetric
source distribution (see Figure 2.2, type a), the local (asymetrically distributed) sources
might produce such an anisotropy nonetheless.
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Figure 6.1: Distribution of sources in spiral arms [60]. Above: The spiral arm sur-
face density is plotted together with the 15 Galactic magnetars with approximately
known distances (red dots; data taken from http://www.physics.mcgill.ca/~pulsar/
magnetar/main.html). The uncertainty in their distance is represented by red lines. Be-
low: The average number of sources that is located inside the CRT detector, for random
realisations of 540 source positions from the spiral arm density distribution.
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Figure 6.2: Left: Galactic skymaps of arrival directions of iron cosmic rays emitted from (different) random realisations of
540 magnetar positions from the spiral arm density distribution, for the ASS+RING (top) and ASS+ARM (bottom) models
with modified Halo parameters. Red hits originate from the 6 (RING) or 9 (ARM) most dominant (i.e. closest) sources; the
remaining hits are blue. Each magnetar emits 50,000 cosmic rays. Right: The corresponding hits per source.



Figure 6.3: Galactic skymaps of arrival directions obtained from (different) random
realisations of 540 magnetar positions from the spiral arm density distribution, for the
ASS+RING+Dipole (top) and ASS+ARM+Dipole (bottom) models. Red hits originate
from the 6 (RING) or 3 (ARM) most dominant (i.e. closest) sources.
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The fractional dipole-anisotropies of the simulated arrival directions have been cal-
culated using HEALPix. All data has been binned into 48 HEALPix pixels. The angular
power spectrum has been computed from this binned data. The fractional dipole ampli-
tudes have been calculated from this power spectrum and are listed in Table 6.1 together
with the fractional amplitudes of the first harmonic modulation in right-ascenscion (to
be compared to experimental results) and galactic longitude (to be compared to theo-
retical predictions). It should be mentioned that HEALPix is not completely accurate
when some pixels contain zero hits. Furthermore, the first harmonic modulation in
right-ascension and galactic longitude can only be equated to the dipole component in
the equatorial and galactic plane, respectively, if the dipole lies (almost) in that plane.
This is not true in general, and definitely not for some of the simulations. Neverthe-
less, the calculated values provide a useful order of magnitude and are all inconsistent
with the upper bounds by the PAO (~ 10%). In order to determine whether the large
dipole-anisotropies stem from the local (asymetrically distributed) sources, the previous
values have been recalculated without the hits from the most dominating sources (see
the values in brackets). The new dipoles are smaller in some cases, but in many cases
they are significantly lager. We conclude that the dipole-anisotropies arise from a com-
bination of the local asymmetrical distribution of sources (see Figure 2.2, type a) and
the asymmetrical position of the Sun in the Galactic plane (type c). Finally, it should
be noted that the dipole-anisotropy depends significantly on the specific realisation of
sources used. For example, we have previously concluded that the differences in the disk
fields of both models by Sun et al. hardly affect the cosmic ray trajectories. The dipoles
do show a significant discrepancy. This stems from the different source realisation used,
and not from the differences in the disk fields. A systematic approach should repeat
the previous calculations for many different realisations of 540 sources. However, such
a study is computationally very expensive while the current results suggest that the
chances of finding a realisation with a dipole below the experimental limits is small.

One might expect that source distributions with a smaller number of sources could
decrease the dipole-anisotropies, since this would reduce the chance of a few nearby
sources dominating the detected cosmic rays. However, simulations with 100 and 50
sources result in dipoles of a similar order of magnitude. It could furthermore be argued
that the dipole upper bound set by PAO for the energy bin ranging from 8 EeV to the
highest energy, is compatible with a higher dipole for ultrahigh energies (> 55 EeV).
Only 69 of the ~ 5000 events in this energy have an ultrahigh energy. A large dipole
for the highest energy range could easily be averaged out by the large amount of lower
energy cosmic rays in the bin. This hypothesis is falsified by simulations with energies
E > 8 EeV (using the ASS+RING(2f1 = 4 kpe, BYf = 3 pG) model), which produce
a dipole of 62.6fi:2%, and amplitudes of 52.21“3:2% and 48.8”:3:2% of the first harmonic
modulation in right-ascension and galactic longitude respectively. These values are even
higher than the previously obtained values for ultrahigh energies. This might indicate
that higher multipoles become more important at higher energies, but probably stems
from the different realisations of sources used.
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GMF model dipole 1st harmonic mod. 1st harmonic mod.
in RA in Gal. long.
ASS+RING (2T = dkpe, Bl = 3uG)  34.5718% (128.2751%)  33.6715% (97.8725%)  21.9717% (84.9720%)
ASSH+ARM (21T = dkpe, BY = 3uG)  139.7719% (125.673:9%)  87.3721% (88.1734%)  95.6719% (84.6731%)
ASS+RING+Dipole 99.0717% (174.4773%)  72.7744% (113.3773%)  77.8715% (138.9723%)
ASS+ARM+Dipole 134.8738% (121.5723%)  100.6739% (79.6123%) 102.8735% (97.7723%)

Table 6.1: Fractional dipoles, amplitudes of the first harmonic modulation in right-ascension and amplitudes of the first
harmonic modulation in galactic longitude (90% confidence), calculated for the arrival directions obtained from simulating
cosmic rays from random realisations of 540 sources from the spiral arm density distribution. The values in brackets are
calculated after removing the most dominant (i.e. closest) sources.
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Figure 6.4: Set of ~ 800 pseudo-isotropic arrival directions. The red band reflects the effect of the local magnetic field upon
cosmic ray trajectories. Its functional form is a cosine of the longitude, which intersects the Galactic plane at long = 78°
and long = —102°, the direction of the disk magnetic field line that passes through the Sun. The width of the red band is
30° lat. The remaining positive (negative) latitudes are colored green (blue).



6.2 Backtracking isotropic arrival directions

Although the physically motivated spiral arm source distribution in the previous section
leads to results incompatible with the experimental dipole upper bounds, we will continue
with backtracking an isotropic set of arrival directions. This will provide suggestions for
alternative fine-tuned source distributions that might be compatible with the dipole
upper bounds. It will also shed light on the connections between specific regions on the
sky and specific source regions in the Galactic plane, in particular forbidden regions,
i.e. regions on the sky that cannot be populated with cosmic rays by any region in the
Galactic plane.

A galactic skymap of the pseudo-isotropic arrival directions is presented in Figure 6.4.
Three regions are distinguished. The ‘cosine band’ described in the previous section is
colored red. This band represents the effect of the local magnetic field (for the two GMF
models with modified Halo parameters) and contained a relatively high density of hits
when forwardtracking spiral arm source distributions. We are interested in source regions
in the Galactic plane that generate hits in the remaining regions above (green) and below
(blue) the ‘cosine band’. The intersections of the backtracked isotropic arrival directions
(E = 55 EeV) are plotted in Figures 6.5, 6.6 and 6.7, together with the forbidden
regions. The red intersection region for the ASS+RING(zH = 4 kpe, Bf = 3 uG)
model follows the local magnetic fields lines, as expected. Sources that result in arrival
latitudes above and below the ‘cosine band’ are mainly located in the direction opposite
to the Galactic centre. The results for the ASS+ARM (2 = 4 kpc, B{f = 3 pG) model
are less clear, but follow the same pattern. The blue and green source regions overlap;
the remaining free parameter, the emission velocity, determines the arrival directions
(at Earth) of cosmic rays emitted from sources in the overlapping region. For both
models, the region near the Galactic centre contains hardly any intersections, presumably
because the strong Halo field in that region forms a cosmic ray barrier or trap. For
the models with the added dipole field, we again observe an empty central region, as
explained in Chapter 5.2. The density of intersections is approximately independent
of azimuthal angle and decreases with Galactocentric radius. The forbidden regions
for all four GMF models are roughly consistent with the empty regions observed in the
forwardtracked skymaps in Chapter 5.1. The observed empty regions are slightly smaller.
This discrepancy is explained mainly by the range of energies used in Chapter 5.1 (55
EeV < FE < 300 EeV) compared to the single energy used in this section (E = 55 EeV).
The finite detector size might further be responsible for a small part of this discrepancy.
Interestingly, the forbidden regions are located at intermediate positive latitudes, rather
than at the most positive and most negative latitudes as initially expected. Table 6.2
lists the percentages of the sky that are forbidden. For the models with modified Halo
parameters, almomst every part of the sky is connected with the Galactic plane.
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Figure 6.5: Above: Intersections of backtracked isotropic arrival directions (E = 55 EeV)
with the Galactic plane. The colors correspond to the colored regions in Figure 6.4.
Below: Forbidden regions, i.e. regions that do not intersect with the Galactic plane
when backtracked.
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Figure 6.6: Above: Intersections of backtracked isotropic arrival directions (E = 55 EeV)
with the Galactic plane. The colors correspond to the colored regions in Figure 6.4.
Below: Forbidden regions, i.e. regions that do not intersect with the Galactic plane
when backtracked.
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Figure 6.7: Above: Intersections of backtracked isotropic arrival directions (E = 55FEeV)
with the Galactic plane, for the ASS+ARM+Dipole model. Below: Forbidden regions,
i.e. regions that do not intersect with the Galactic plane when backtracked. The results
for the ASS+RING+Dipole model (not shown) are very similar.

GMF models Forbidden region
ASS+RING(2E = 4 kpc, Bif = 3 pG) 8%
ASS+ARM (2 = 4 kpc, B{f = 3 pG) 3%
ASS+RING+Dipole 22%
ASS+ARM-+Dipole 21%

Table 6.2: The size (%) of the forbidden regions on the sky.
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6.3 Fine-tuned source distributions

In this section we focus on the blue and green regions in the Galactic plane (Fig-
ures 6.5 and 6.6) in order to increase the number of hits in the blue and green regions
on the sky (Figure 6.4). It is furthermore investigated whether the source locations
obtained from backtracking the PAO events (Chapter 5.2) actually reproduce the PAO
observations when forwardtracked.

6.3.1 A fine-tuned source distribution

We have seen that a spiral arm source distribution generates a large dipole-anisotropy
due to the abundance of arrival directions in the ‘cosine band’, the red region in Fig-
ure 6.4. A fine-tuned distribution of sources located in the blue and green regions in the
Galactic plane (Figures 6.5 and 6.6) might reduce the dipole. If Galactic sources, such
as magnetars, would turn out to emit cosmic rays only in narrow jets (e.g. along their
magnetic poles), only sources that are aligned in the correct way could generate trajecto-
ries that end at the Earth. This could explain how a fine-tuned distribution of correctly
aligned sources arises from an underlying larger (physically plausible) source distribu-
tion, such as the spiral arm source distribution. Figure 6.8 shows the fine-tuned source
distribution used, and the resulting Galactic skymap (for 4000 emissions per source).
The arrival directions with a positive latitude stem from the sources that are farthest
away; the arrival directions with negative latitude stem from the closest sources. Hits
from sources at the same Galactic longitude form a line. Most importantly, the ‘cosine
band’ has disappeared; most regions of the sky contain hits except for two empty disk-
like regions. Nevertheless, the corresponding dipole anisotropy (82.2f;j%) is still too
large. The fractional amplitudes of the first harmonic modulations in right-ascension

and galactic longitude are 71.0f;:g and 62.8Jj;:i, respectively.

6.3.2 Source locations obtained from backtracking the PAO events

Both a physically motivated and a fine-tuned source distribution have turned out to
generate dipole-anisotropies inconsistent with experimental results. However, we have
determined that almost all PAO events intersect with the Galactic plane when back-
tracked. Would the observed set of arrival directions be reproduced if cosmic rays are
emitted isotropically from the locations determined by these intersections? Denote the
arrival directions observed by the PAO by AD; and their energies by FE;, where the event
index i = 1,..,69. The backtracked trajectories of AD; either do not intersect the Galac-
tic plane, or they intersect the Galactic plane at the locations L; ; with velocity V; ;. The
intersection index j can have any positive integer value. Obviously, the AD; would be
reproduced if we choose one L; ; per trajectory, place a source on that location and emit
one cosmic ray in the direction —V; ;. However, in reality sources are not emitted in
one single direction, but either in a cone/jet, in a plane, or isotropically. In this section
we place sources on all the locations L; ; and simulate cosmic rays emitted isotropically
with an energy sampled from a spectrum with spectral index -2.7, Fp,;,, = 55 EeV and
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Figure 6.8: Fine-tuned source distribution (top) and the corresponding Galactic skymap
of arrival directions (bottom).
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Erae = 300 EeV. There are four reasons why this might not reproduce the AD;:

e Oversampling of certain events: some trajectories intersect the Galactic plane
multiple times. Since there is no reason to prefer one of the corresponding L; ;’s
over the other, they have all been included in the source distribution.

e For a finite detector size, cosmic rays emitted with a velocity sufficiently close to
—V;; will also hit the Earth. The opening angle of this cone-like set of emission
directions will, in general, decrease with the source-Earth distance and, in detail,
depend on the specific magnetic field configuration along the trajectory. A larger
opening angle increases the chance that an isotropically emitted cosmic ray has
one of the required velocities to arrive at Earth. Hence, a larger opening angle
corresponds to a larger observed flux in the neighbourhood of the corresponding
AD;.

e Cosmic rays emitted with an energy that is not equal to the corresonding F; will
often not arrive at Earth, but might hit the Earth in a few cases, with an arrival
direction radically different from AD;.

e One or several emission velocities (and their surrounding velocities) radically dif-
ferent from —V; ; might also generate a trajectory that hits the Earth.

The first two items will produce (approximately) the correct PAO arrival directions, but
some directions will be oversampled and for other directions the flux will be too low.
The latter two items could lead to a completely different pattern of arrival directions.
In order to check whether the last item occurs, the set of V;;’s has been plotted in
Figure 6.9, in bins of 1 kpc?. In the region left of the Sun (|long| > 90°), all the
Vi,j’s point in approximately the same direction. Hence, in this region only emissions
in the neighbourhood of —V;; result in a hit at the Earth. In the remaining part of
the Galaxy the V; ;’s become more chaotic; it is likely that two cosmic rays observed
at Earth, which both originate in this region, have been emitted in radically different
directions. Plotting these velocities for the three colored regions in Figure 6.4 separately
(not shown) gives almost similar patterns. These plots also show that the argument
made in the previous subsection, regaring the fine-tuned subset of sources with narrow
emission jets, is highly unlikely. Since the fine-tuned sources in that subsection are all
located left of the Sun, their jets/poles would all need to be aligned parallel to each other
in order produce cosmic rays that hit the Earth. Finally, the arrival directions obtained
by forwardtracking cosmic rays from the locations L;; are plotted in Figure 6.10, for
the GMF models with modified Halo parameters. They are very different from the PAO
observations, due to a combination of the abovementioned four reasons. No simulations
have been done for the GMF models with an additional dipole field, for reasons of
limited computing time and the similarity of the corresponding L; ;’s with the source
distributions in Chapter 5.1 and 6.1.
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Figure 6.9: Velocities of backtracked isotropic arrival directions when intersecting the
Galactic plane, binned in squares of 1 kpc?. The arrows represent the velocity in the
plane; the background color represents the out-of-plane-velocity. Regions without arrows
are not intersected by any of the backtracked trajectories. Inverting the plotted velocities
would give the emission directions required to hit the Earth.

6.4 Conclusions

e Although almost all regions on the sky contain at least a few hits, the local field
configuration and nearby sources form the main determinants of the pattern of
arrival directions, resulting in a ‘cosine band’ and hotspots, respectively.

e Hence, the arrival directions obtained by forwardtracking iron cosmic rays from
random realisations of 540 source positions from a spiral arm source density distri-
bution are characterised by dipole-anisotropies several times the upper bound set
by the PAO. These results apply to all four GMF models (i.e. both models by Sun
et al. with either an additional dipole component or modified Halo parameters),
and remain valid for a lower number of sources and after removing the nearby
dominant sources.

e Backtracked trajectories intersect with the Galactic plane for almost every arrival
direction. Nevertheless, although a fine-tuned source distribution does not show
the ‘cosine band’ or the hotspots, its dipole-anisotropy is still several times the
upper bound set by the PAO. Forwardtracking cosmic rays from locations obtained
from intersections of backtracked PAO events with the Galactic plane does not
generate a sufficiently small dipole-anisotropy either.
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Figure 6.10: Galactic skymap of arrival directions obtained by forwardtracking cosmic
rays from source locations which correspond to the intersections of the backtracked PAO
events with the Galactic plane.
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Chapter 7

Discussion

As mentioned in Appendix A, the detector size must be much smaller than the gyroradius
of the simulated cosmic rays in the neighbourhood of the detector, in order for the
simulated arrival directions to be accurate. The field strength at the Sun is ~ 2 uG for
the three GMF models used, which corresponds to a maximum gyroradius of ~ 1 kpc for
iron nuclei. Hence, a detector radius of 0.1 kpc has been used. In order to check whether
the curvatures of the simulated iron cosmic ray trajectories indeed do not exceed kpc™!,
a varied range of arrival directions at Earth has been backtracked. The curvatures of
these trajectories have been sampled every 100 lightyears, within 2 kpc from the Sun.
Histograms of these curvatures are shown in Figure 7.1. It turns out that the curvature
regularly exceeds the theoretical limit of ~ 1kpc~!. The curvatures above 10° kpc~!
are explained by round-off errors due to the limited amount of significant numbers of
the CRT-output (CRT is the software used to simulate cosmic rays, see Appendix A).
Curvatures between 1 and 10° kpc™! cannot be explained by round-off errors. The large
scale behavior of the backtracked trajectories shows no kinks and is consistent with the
theoretical curvature limit. This suggests that these high curvatures have no significant
effect on the accuracy of the simulations in this thesis. The high curvatures probably
stem from internal round-off errors in CRT. Further research should clarify why these
high curvatures seem to occur.

Figure 2.9 shows not only experimental upperbounds of the dipole-anisotropy, but
also two theoretical predictions, by Calvez et al. [31] and by Giacinti et al. [22]. Al-
though these predictions are obtained with different methods than the methods used
in this thesis, and are valid for a lower energy range only, an extrapolation of these
predictions seems to be consistent with the dipole-anisotropies calculated in this thesis.
Nevertheless, some critical notes can be made with regards to both predictions. Calvez et
al. assume that the cosmic ray trajectories are dominated by the random magnetic field
component (the diffusive approximation/regime). Therefor, the transport equation is
used rather than the Lorentz Force law. At the highest end of their energy range, which
almost coincides with our energy threshold, this assumption becomes invalid and the
regular field components should be included. Furthermore, samples of 10? sources from
an underlying source density are used, but the final results do not include the uncertain-
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Figure 7.1: Histograms of curvatures obtained by backtracking iron cosmic rays at Earth.
The curvatures of the backtracked trajectories are sampled every 100 lightyears (within
2 kpc of the Sun only). The left histogram contains curvatures from 0 to 10 kpc~! and
the right histogram curvatures from 10 to 10 kpc~!. Notice the different scales on the
vertical axes.

ties arising from these different samples. Giacinti et al. take into account both regular
and turbulent magnetic fields, and propagate individual cosmic rays rather than using
the transport equation. They assume a source region with a continuous homogeneous
distribution of sources. A set of 10* randomly generated arrival directions AD; is back-
tracked. For each backtracked trajectory, the length of the trajectory within the source
region w; is recorded. A larger w; indicates that more sources are capable of contribut-
ing to cosmic rays arriving at Earth from AD;. Hence, the set of w;’s provides a weight
for each AD;, whith which the dipole-anisotropy can be calculated. Although a rough
estimation of the uncertainties in the dipole-anisotropies are given, they are not calcu-
lated systematically. Firstly, the initial set of 10* randomly generated arrival directions
might be anisotropic itself. From the Rayleigh formula for the probability of obtaining a
fractional dipole amplitude greater than r when taking N samples/measurements from
an isotropic distribution,
r2N

P(>r)=e 4, (7.1)
we find, for instance, that there is indeed a chance of 37% that the set of arrival directions
has a fractional dipole amplitude of 2 or more percent. Secondly, the uncertainty in
the dipole-anisotropy could have been calculated analogously to the method used by
Linsley [26], see Chapter 2.3.3. Furthermore, this method is only valid for a continuous
source distributed, as acknowledged by the authors. This is approximately correct for
540 sources/magnetars, but not for e.g. 50 sources. On a different note, Giacinti et
al. suggest that higher multipoles become more important at the highest energies.
This is consistent with this thesis; see for instance the angular power spectrum of the
arrival directions obtained by forwardtracking iron cosmic rays from a spiral arm source
distribution through the ASS+RING (21 = 4 kpc, BT = 3 uG) GMF model (Figure 7.2).
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Figure 7.2: Angular power spectrum of the set of arrival directions obtained by
forwardtracking iron cosmic rays from a spiral arm source distribution through the
ASS+RING (2 = 4 kpe, Bff = 3 uG) GMF model. The multipole moments
[ =0,1,2,.... correspond to the monopole, dipole, quadropole, etc. The monopole (Cp)
is normalised to unity.

In order to find extragalactic sources of UHECR, the scientific community has fo-
cussed mostly on increasing the global statistics and on enlarging catalogues with possible
source candidates. The bottleneck in the search for the origins of UHECR is however
the lack of detailed knowledge of our Galactic Magnetic Field. Although extragalactic
UHECR are hardly deflected during the major part of their travel to Earth, through
the intergalactic magnetic fields, heavy cosmic rays are significantly deflected during
the final part of their journey, through the Galactic magnetic field. In order to show
this, the PAO events have been backtracked until they leave the Galaxy. The angular
difference between the velocity at Earth and the velocity of the cosmic ray when it exits
the Galaxy has been plotted in Figure 7.3 for protons and in Figure 7.4 for iron nuclei.
Similar plots are presented in Figure 7.5 where an isotropic set of arrival directions has
been backtracked, assumning an iron composition and an energy E = 55 EeV. Although
the GMF significantly deflects proton cosmic rays only when a dipole field component
is added, iron cosmic rays are deflected up to ~ 160° for all GMF models considered in
this thesis. Thus, if the composition of UHECR is indeed heavy, it is useless to calculate
a correlation with an extragalactic source catalogue if the GMF is not corrected for!
Future research should focus on detailed knowledge of the Galactic magnetic field.
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Figure 7.3: Deflections obtained by backtracking the PAO arrival directions until they
leave the Galaxy, assuming a proton composition. The deflection is given by the differ-
ence between the arrival direction and the direction (not the location!) of the cosmic
rays when exiting the Galaxy.
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Figure 7.4: Deflections obtained by backtracking the PAO arrival directions until they
leave the Galaxy, assuming an iron composition. The deflection is given by the difference
between the arrival direction and the direction (not the location!) of the cosmic rays
when exiting the Galaxy.
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Chapter 8

Conclusion

In this thesis we have scrutinized the four arguments that are usually mentioned in
favour of an extragalactic origin of ultrahigh-energy cosmic rays, taking into account
recent measurements suggesting a heavier composition at ultrahigh energies. The first
two arguments have been discussed qualitatively. A quantitative response to the latter
two arguments has been given by simulating ultrahigh-energy cosmic ray trajectories
from several Galactic source distributions through (several versions of) two Galactic
magnetic field models by Sun et al. and one model by Jansson & Farrar.

e A lack of plausible Galactic source candidates. Source candidates need to
satisfy three criteria:
The Hillas criterium: this criterium is satisfied by for instance magnetars, and for
heavier compositions it is satisfied by even more source candidates.
Energetics: a very rough estimation of the energy content of magnetars shows that
even one magnetar should be sufficient to generate the UHECR, flux.
An adequate acceleration mechanism: this requirement lies outside the scope of
this thesis.

e The GZK cut-off. The GZK effect requires sources of UHECR to be nearby,
which is consistent with very nearby (Galactic) sources. If the cut-off at the end of
the cosmic ray spectrum is a GZK cut-off, this only proves that cosmic rays with
lower energies are extragalactic. Moreover, the cut-off can also be explained by a
source cut-off or by adjusting the acceleration mechanism parameters.

e A Milky Way of arrival directions is expected from Galactic sources,
but cosmic rays from all directions are observed. For proton cosmic rays,
the backtracking method confirms that only ~ 10 - 20 % of the arrival directions
observed by the Pierre Auger Observatory intersects the Galactic plane when back-
tracked, for all three Galactic magnetic field models. This means equivalently that
only ~ 10 - 20 % of the PAO arrival directions could be reproduced with Galactic
sources. The forwardtracking method shows that proton cosmic rays can indeed
only reach latitudes of |lat| < 15°, unless a dipole field component is added. In
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this case, latitudes of |lat| < 40° can be reached, but only in the region that is
usually attributed to the Cen A galaxy or the Centaurus cluster. Summarising,
proton cosmic rays originating in the Galaxy cannot reproduce the observed arrival
directions! For iron cosmic rays, it turns out that the detailed structure of the disk
field hardly affects the cosmic ray trajectories. A strong and large Halo field, or
a dipole component, have the largest effect upon the cosmic ray trajectories. The
PAO events still cannot be reproduced for the three regular Galactic magnetic field
models. However, if an additional dipole component is added, or if the Halo field
is made stronger and bigger, more than 90% of the PAO events intersects with the
Galactic plane when backtracked. Only a few regions on the sky are disconnected
with the Galactic plane. Interestingly, these forbidden regions are not near the
Galactic poles: for iron cosmic rays it is possible to reach all latitudes. Conclud-
ing, the third argument holds up for proton cosmic rays (which indeed produce a
Milky Way of arrival directiosn), but is refuted for iron cosmic rays (which arrive
at the Earth from almost every direction).

e There is a strict upper bound on the dipole-anisotropy of the arrival di-
rections, which forms the main signature of a Galactic origin. Simulations
of iron UHECR emitted by a Galactic spiral arm source distribution of 540 sources
result in arrival directions covering almost all regions of the sky. However, sev-
eral hotspots are visible (stemming from nearby sources) and also specific regions
with a higher density (reflecting the local magnetic field configuration). Therefor,
the amplitude of the dipole-anisotropies is several times the experimental upper
bound. Dipole-anisotropies of the same order are obtained with a lower number of
sources, with lower energies (E > 8 EeV) and with fine-tuned source distributions.
Concluding, the dipole upper bounds rule out a Galactic origin of UHECR, even
for an iron composition.

Summarising, the first two arguments against a Galactic origin of UHECR, are question-
able. The third argument is only valid for a proton composition, but not for iron cosmic
rays. Only the fourth argument conclusively rules out a Galactic origin of UHECR, even
for an iron composition.

Two further remarks are worth mentioning with regard to the search for extragalactic
origins of UHECR. Firstly, the scientific community focusses on observing more UHECR
and enlarging catalogues of source candidates, in order to calculate correlations between
those arrival directions and source candidates. However, the main bottleneck is formed
by the lack of knowledge about the Galactic magnetic field. All GMF models used in
this thesis are capable of deflecting extragalactic iron cosmic rays up to 160°. These
deflections need to be corrected for before attempting to calculate any correlation with
extragalactic objects. Secondly, it has been shown that the UHECR flux from extra-
galactic sources which also occur in our own Galaxy is negligible compared to their
Galactic counterpart. Since we have ruled out a Galactic origin of UHECR, this also
rules out any extragalactic population of source candidates that occur in our Galaxy.
We need to look for exotic extragalactic objects that do not occur in our own Galaxy.
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Appendix A: CRT

Several codes for the propagation of cosmic rays are publicly available, such as GAL-
PROP! [62], CRPropa? [63] and CRT® [64] (see also [12]). GALPROP is however more
suited for the diffusive regime, whereas CRPropa simulates proton trajectories in Extra-
galactic Magnetic Fields only. We use CRT, which is suited for cosmic rays in the ballistic
regime, for any user-specified composition. It furthermore has the option to choose from
a wide range of GMF models and source types, and allows for user-specification of many
simulation parameters. Energy losses are not considered (see [64] for a justification).
CRT is a numerical tool written in C+4 and has only a single dependency on the GSL
random number generation libraries. It calculates the cosmic ray trajectories using 5th
order adaptive Runge-Kutta integration routines; the step size is adapted at every step
depending on the error tolerance specified by the user. Two different tracking methods
are available: forwardtracking and backtracking. When opting for the former method,
particles are injected at specified source positions and followed until they hit the Earth,
which is represented by a detection disc of radius R (default 0.1 kpc) oriented orthog-
onal to the trajectory. Backtracking of a cosmic ray particle with charge ¢ and arrival
velocity ¥ is accomplished by tracing the trajectory of the antiparticle with charge —q
injected at the Earth with an initial velocity —¢. Under the assumption of negligible
energy losses, this will trace the trajectory of the original particle back in time, which
provides information on possible source locations.

We have used adapted?® versions of CRT Version 3.0 (which includes the ASS+RING
model) and CRT Version 3.0.1 (which includes the regular components of the JF model;
April 2012). The newest version (3.0.2, June 2012) includes the striated components of
the JF model, but is not used in this thesis. In order to use the ASS+RING model,
CRT requires the following space-separated input:

F sun2008 ass+ring p By Ry Be. R. z0 RY RE RE BYE U1 1 B RI.

"http://galprop.stanford.edu/web_galprop/galprop_home.html
*nttp://apcauger.in2p3.fr/CRPropa/

3http://crt.osu.edu/; username: public; password: tracker

4The sign of the Halo field of Sun et al.’s models has been implemented incorrectly. The line

retval = (BHO * (1./tdenom) * (r/RHO) * exp(-1.*((r-RH0)/RHO0)));
should be changed into
retval = -1.%(BHO * (1./tdenom) * (r/RHO) * exp(-1.*((r-RHO0)/RHO0)));
in the halomag function in the bfield_sun2008.h headerfile, followed by recompiling.
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A description of these parameters, their values and units, can be found in Chapter 4.2.1.
The required input corresponding to those parameter values is

F sun2008 ass+ring -12 2 10 2 51 75 6 5 2 1.5 0.2 04 4.

Since the ASS+ARM model is not available in the current version of CRT, we have
added it. Our adjusted version of CRT requires the following input:

F sun2008 ass+arm p By Ry Be R. z p* Rémnw Réouter d)émner ¢éout6r Bg[ zé{ zﬁ Zle R(I){.
For the parameter values specified in Chapter 4.2.1, this corresponds to
F sun2008 ass+arm -12 2 85 2 53 1 12 3.2 3.5 57 0 2 1.5 0.2 0.4 4.

To add a dipole field, one needs to specify the strength of the magnetic field (in uG) at
the position of the Sun, where the North Pole defines the positive direction:

protons: F dipole 5;  iron nuclei: F dipole 1.
The syntax for the JF field is
F jf2012 sigma spiralscaler tornormscaler torzscaler xnormscaler xzscaler

where sigma specifies the allowed variation of the 21 parameters from their best fit values
and the other options allow scalings of the separate field components. We use the model
exactly as it is described in [3], with the best-fit values for the parameters:

Fjf2012011111.

Two sources types are used: the P (point source) source type when forwardtracking and
the C type when backtracking. The P type has the following syntax

P npsrc crshift crindex emin emax dsrc long lat beamangle pmass pcharge

which represents a point source emitting npsrc particles with mass pmass and charge
pcharge. The particles are generated in a disk with size crshift (0) at a distance dsre in
the direction (long, lat) and injected with velocity vectors lying within a cone of angular
size 2 x beamangle directed at the Earth, with an energy drawn from an energy spectrum
oc Eerinder (=2T) yanging from emin (55 EeV) to emaz (300 EeV). The C type has
the following syntax

C energy long lat pmass pcharge

and represents the backtracking of a particle of mass pmass and charge pcharge that
arrived at the Earth with energy energy from the direction (long, lat).

Four user-specifiable parameters determine the runtime (per hit) and accuracy: the
maximum time a particle is being tracked, the maximum error allowed when performing
the adaptive integration routine, the beam angle of point sources and the detector radius
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Rger. The former two are left at their default values, 10° years and 1078 respectively.
We expect (especially for protons) that only particles which are emitted approximately
in the direction of the Earth (i.e. with a small beam angle) will result in a hit. Setting
the beam angle unnecessarily large will result in many irrelevant simulations. Hence,
in Chapter 5 we set the beamangle to 90°. We will find out in Chapter 5.2 that a tiny
fraction of particles emitted at a larger beam angle can still reach the earth. Although
this has no consequences for the conclusions derived from that Chapter, the beam angle
is conservatively set to the maximum value (i.e. emission in all directions) in Chapter 6.
The radius of the detector significantly influences the number of hits. On the one hand,
large statistics are required, especially when calculating the uncertainties in the dipole-
anisotropy (see egs. 2.5-2.9). However, the detector size needs to be small compared
to the radius of curvature of the trajectories in order for the arrival directions to be
accurate. The field strength at the Sun is ~ 2 uG for the three GMF models used,
corresponding to a maximum gyroradius of ~ 1 kpc for iron nuclei. Keeping in mind
that we do not aim to calculate a correlation with a detailed source catalogue but are
interested in the rough distribution of arrival directions over the sky, a detector radius
of 0.1 kpc is considered to form the optimal balance. Nevertheless, we use a larger size
(0.5 kpc) in Chapter 5 to increase the number of hits. All simulations showing effects
(i.e. latitudinal spread) from nearby sources (and samples from simulations with distant
source effects) are repeated with Rge; = 0.1 kpc. This choice of detector size allows us to
check many scenarios within reasonable computing time and to reject all the scenarios
incapable of reproducing the PAO events, although we risk wrongly accepting some
scenarios. These scenarios will however be ruled out subsequently in Chapter 6 where
Rget = 0.1 kpc is used unless mentioned otherwise.
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Presentation Magnetars as possible sources of UHECR, informal Corpus Christi
College Graduate House Mini-Seminar (self-organised), 24 nov 2011.

Brief summary of my research in Volume 16.2 of the Magazine Francken Vrij
published by T.F.V. Professor Francken, the Study Assocation for Applied Physics
at the University of Groningen.

Viva voce at the KVI, University of Groningen, 22 August 2012.

In preparation

Brief summary of my research in the Magazine Periodiek (year 2012, volume 2)
published by the FMF, the Study Assocation for Physics & Mathematics at the
University of Groningen.

Full-length article in the Magazine Periodiek (year 2012, volume 3) published by
the FMF, the Study Assocation for Physics & Mathematics at the University of
Groningen.

Chosen and sponsored for participation in the Summer School and Workshop on
the Standard Model and Beyond, Corfu Summer Institute, Corfu, 817 September
2012.

Presentation, Corpus Christi College MCR-SCR. Seminar, 12 October 2012.

Presentation, Particle Theory Journal Club, Oxford University, Michaelmas Term
2012.

Full-length article, prepared for submission to peer-reviewed journal.
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