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Abstract

Cosmic Rays have come to play an important role in understanding the uni-
verse, and astroparticle physics has undergone major developments in the last
few decades. As such, several observatories have been set up with the purpose
of detecting these particles, and simulation frameworks have been developed in
order to further analyze their behavior by creating highly variable environments
and parameters.

This work covers the essential theory required to study propagation of Ultra-
High-Energy Cosmic Rays restricted to linear one-dimensional propagation
only; this includes the primary methods of energy loss during propagation,
mainly through reactions with the photon background like photo-pion produc-
tion and photo-disintegration, and additional cosmological effects. The study
was done using the CRPropa 3.0 simulation framework. To determine the best
possible maximum energy for the simulations, initial trials were done by testing
the GZK cutoff for multiple energy values, followed by an analysis of heavier
nuclei propagation.

As a final complete test run, a model of the cosmic ray spectrum for ener-
gies above 10!8eV was made based on two data sets, one made from the av-
erage composition of the whole CR energy spectrum, and the other from The
Pierre-Auger Observatory measurements for the high energy range. The results
showed that initial source composition was the determining factor in the shape
of the CR spectrum. These initial simulations done in this work will set the

ground for future more complex simulations and studies.
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Resumen

Los rayos cOsmicos juegan un papel importante en nuestro entendimiento del
universo, por eso, la fisica de astroparticulas ha sido desarrollada en gran me-
dida en estas ultimas décadas. Varios observatorios han sido construidos con el
proposito de detectar estas particulas, y a su vez se han desarrollado programas
de simulaciones para analizar su compartamiento usando ambientes y variables
con una alta variabilidad.

Este trabajo cubre la teoria necesaria para estudiar la propagacion de rayos
cosmicos de ultra-altas energias restringido a una sola dimension; esto incluye
las principales causas de pérdida de energia durante su propagacion, principal-
mente a través de interacciones con el fondo de fotones como la fotoproduccion
de piones y fotodesintegracion, asi como otros efectos cosmoldgicos. Este es-
tudio fue realizado con el programa de simulaciones CRPropa 3.0. Para de-
terminar la mejor energia maxima para las simulaciones, los primeros ensayos
comprobaron el limite GZK para multiples valores de energia, seguido de un
analisis de la propagacion de nucleos mas pesados.

A manera de ensayo final, un modelo del espectro de rayos cosmicos para en-
ergias mayores a 10!8 eV fue hecho basado en dos grupos de datos, uno a partir
de la composicion general promedio de todo el espectro de energias de los
rayos cosmicos, y el otro a partir de mediciones hechas por el observatorio
Pierre-Auger para altas energias. Los resultados muestran que la composicion
inicial de la fuente es el factor determinante en la forma del espectro. Las simu-
laciones iniciales hechas en este trabajo serdn utilizadas como base para futuras
y mds complejas investigaciones.
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Chapter 1

Introduction

Particle physics is one of the fundamental pillars of modern science and has
undergone significant advancements in the twentieth century, which resulted
in many different new fields of research being opened for study. Astroparticle
physics evolved into one of these new branches, combining major elements
from high energy physics and astrophysics, as well as others, and is concerned
with understanding the key elements in our universe and its creation by studying
the highly energetic particles arriving from space called Cosmic Rays (CRs).
Over the last few decades, advanced methods of detection and data management
have helped develop the field at a rapid pace in comparison to its beginnings,
helping us further our knowledge of space and bringing us one step closer to
answering unresolved questions.

The ample variability and processes involved with CRs makes the use of sim-
ulation frameworks an appealing option nowadays, as their high versatility al-
lows experiments to be carried out over an immense variation of initial condi-
tions and have control over otherwise random variables. This work will serve

to set the basis for future research with simulation software, and as a means
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of realizing the maximum potential of these tools. Three-dimensional or four-
dimensional simulations contain increasingly complex variables and calcula-
tions that can prove to be overwhelming should one not cover the essentials,
thus, for simplicity, this work will focus on one-dimensional simulations only,
seeking to reach a thorough understanding of the inner workings of the pro-
gramming framework, and to identify potential bottlenecks and errors.

This Chapter will briefly summarize the historical background of CRs; Chap-
ter 2 will cover the essential background needed to understand one-dimensional
simulations, such as primary interactions and energy loss calculations; Chap-
ter 3 will explain the simulation framework used, show the first significant tri-
als, study the GZK cutoff and observe the effects of different simulation en-
ergies; Chapter 4 presents a relatively more thorough simulation with plausi-
ble results and a simple model of the UHECR flux; and finally Chapter 5 will

present the concluding thoughts and some closing statements.

1.1 Discovery of Cosmic Rays

After the discovery of radiation, one of the more pressing questions left to an-
swer was the origin of air ionization. It was widely believed that the sources of
this atmospheric electricity were radioactive components found on the Earth’s
crust. Some early measurements showed that radiation levels actually increased
with altitude, and in 1912 an Italian physicist named Domenico Pacini per-
formed a series of measurements over the surface of the sea, a lake, and under-

water. Due to the decreasing levels of ionization while underwater, he began
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to suspect that radiation levels in the air must not be entirely dependent on ma-
terials from the Earth’s crust [1]. That same year, Victor Hess did a series of
free balloon flights carrying electrometers to measure ionization levels. Some
flights were done at night and others were done during a solar eclipse, ruling
out the possibility of interference from the sun. Since measurements showed a
significant increase in radiation at higher altitudes, it was determined that the
source of air ionization must not come from the Earth’s crust, instead there must
be a highly penetrative power entering our atmosphere from above [2]. Many
consider this the starting point of the astroparticle physics research field.

After their discovery, several experiments were carried out to find out more
about this unknown radiation. In 1925, Robert Millikan confirmed Hess’ find-
ings by performing another series of measurements at different altitudes and
with highly specialized equipment. The intensity at higher altitudes indicated
that the radiation must have cosmic origins, and given their high penetrative
power he assumed they had to be highly energetic electromagnetic waves -
gamma rays- and thus was the first to label this particles "cosmic rays” [3].
However, experiments that followed soon after hinted at the contrary. The rays
appeared to be deflected by the Earth’s geomagnetic field, as evidenced by the
gradual increase in radiation levels at higher latitudes [4], this meant that cos-
mic rays were not photons, but instead were electrically charged particles. This
was further demonstrated by follow-up experiments in which other character-
istics were discovered. One of the most important ones was proof of the “east-
west effect”, which showed a certain degree of asymmetry in intensity; mea-

surements showed that cosmic ray numbers were greater from the west, and
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this hinted at a composition with predominantly positive electric components
[5]. Finally, in 1937, Pierre Auger detected simultaneous signals in separated
Geiger counters, which had enough distance between them that the event could
not be attributed to circuit delay, and concluded that those signals resulted from
a cascade of particles coming from the air. This reaction occurred when cos-
mic rays interacted with atoms in the air once they entered the atmosphere [6].
These experiments resulted in a new label that depended on the origin of these
particles: those coming directly from cosmological sources were called pri-
mary cosmic rays, and those that originated in our atmosphere during particle
showers were named secondary cosmic rays.

Modern day technology has allowed us to further expand our research capabil-
ity, and nowadays we have entire experiments specializing in the detection of
either primary or secondary cosmic rays. Several international research centers
dedicate their entire efforts in collecting data from air showers and other parti-
cles; amongst the most prominent we have the Pierre Auger Observatory in Ar-
gentina and the Telescope Array project in the United states, which specialize in
secondary rays coming from Ultra-High-Energy Cosmic Rays, other observa-
tories include the Major Atmospheric Gamma Imaging Cherenkov Telescopes
(MAGIC),the High Energy Stereoscopic System (HESS) or High Altitude Wa-
ter Cherenkov Observatory (HAWC) which focus on detecting highly energetic
gamma rays and finally the IceCube Neutrino Observatory in Antarctica, de-

signed to collect data from astrophysical neutrinos.



Chapter 2

Propagation of Utra-High-Energy Cosmic

Rays

2.1 Energy Spectrum and Flux

Throughout the years, different experiments have measured the secondary air
showers and primary cosmic rays. The results, as shown in Fig. 1, have yielded
a fairly accurate perspective of what the energy spectrum of primary cosmic
rays looks like, covering a broad range of energies from several GeV to lit-
tle over 102%eV. As the energy level increases, a few distinct features start
to appear. First the knee at around 10'°eV, a smaller second knee at around
10!7eV, a flattening of the spectrum at 108 — 10'°eV and finally a cutoff at
around 10'° — 10?%eV. The cause of these features is still investigated, and
many scientists provide different explanations on their origins. Data extracted
from the Telescope Array Low Energy extension (TALE), for example, seems
to suggest that the first knee is caused by a lower amount of metals in the cos-
mic ray composition and a rise of iron nuclei abundance, and that the second

5
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Figure 1: The Cosmic Ray Energy Spectrum. The steepening of the spectrum can be seen
at around 10" eV and at 10'7 eV, corresponding to the first and second knee respectively, the
ankle can be seen at around 10'%eV [8].

knee shows the very end of the galactic spectrum. Cosmic rays with energies
above it are assumed to come from extragalactic sources. [7]. According to au-
thors of the Particle Data Group, the intensity of primary cosmic ray nucleons
in the energy range from several GeV to somewhat beyond 10'“eV (around the

first knee) is given approximately by:

AN | g x 10427 _ucleons

—_—_ 2.1
dE m? s sr GeV 21

where E is the energy-per-nucleon (including rest mass energy) [8]. The flux

for energies above 10'*eV becomes low enough that individual events cannot
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be detected directly with small scale detectors. Instead, the properties of the
primary particle particles are deduced from detection of the secondary particles
produced in extensive air showers [9].

Cosmic rays that have energies beyond 10'®eV (or 1EeV) are labelled Ultra-
High-Energy Cosmic Rays (UHECRs). Little is known about their sources,
and according to the Pierre Auger Collaboration, at these energies the magnetic
fields inside the Milky Way are not strong enough to keep them confined, hence
it was hypothesized that the sources of UHECRs must be of extragalactic ori-
gin [10]. In 2017 the same group presented further evidence of this hypothesis
by analyzing the inconsistencies between the anisotropy in detections and the
proposed models with sources in the center of our galaxy [11]. The fact that
UHECRSs have to travel enormous distances to reach Earth, as well as their dif-
ferent interactions with background radiation, makes them incredibly difficult
to trace back to their original source. The following sections will now cover the
reactions and energy losses that affect these particles during their propagation

in a one-dimensional space.

2.2 Photo-pion production and GZK Limit

One of the most significant features mentioned in the spectrum was the en-
ergy cutoff at around 10!° — 102°eV, the causes of which have been studied
throughout the previous decades. Two independent studies, one by Kenneth
Greisen [12] and the other by Georgiy Zatsepin and Vadim Kuzmin [13] in

1966 determined that the cause of this cutoff could be due to interactions with
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the Cosmic Microwave Background (CMB). Protons above a certain energy

threshold interact with photons from the CMB under the following reaction:
p+y—At = p+ad (2.2)

p+y—=AT s n+m" (2.3)

each interaction reduces the proton’s energy by a fraction of AE,/E, ~ 0.2 [14]
and therefore limits the observed energy from Earth. This was given the name
of Greisen-Zatsepin-Kuzmin (GZK) Limit. In order to somewhat accurately
determine the GZK cutoff value, one must only calculate the minimum energy
required in protons for these reactions to take place. Starting with Eq. 2.2,
one needs only to apply conservation of four-momentum (in the center of mass
frame) to arrive at the same expression given by Hayakawa and Yamamoto
while studying highly energetic y-rays [15],

M 70 (mno + 2Mp)
Emin —
2e(1+cos)

(2.4)

where € 1s the energy of the photon, m o is the mass of the neutral pion, M), is
the mass of the proton and « is the zenith angle of the photon with respect to
a head-on collision. For one-dimensional propagation, collision can only occur

while head-on (a = 0), therefore Eq. 2.4 reduces to:

(2.5)



2.3. Energy Loss in UHECR propagation 9

Similarly, Eq. 2.3 yields a similar result for the minimum energy:

(M, +mn+)2 - (MP)2
2e(14cosa)

Emin - (26)

where m -+ is the mass of the positive pion and M,, is the mass of the rest mass of
the neutron. All particle masses are known constants, only the photon energy
1s needed to estimate the GZK threshold. The average energy per photon is
given by kgT', and the CMB has an average temperature of 2.725K [16], so the

energy can be taken as

€ =kgT =8.617x 102eVK ! x2.725K (2.7)

€ =2348 x 10" 1YMeV (2.8)

Using this value in Eq. 2.5 yields a minimum energy of 2.888 x 10%°eV for
CR protons, similarly, Eq. 2.6 requires a minimum energy of 3.023 x 10?¥¢V,
which is around the same order of magnitude theorized by Greisen, Zatsepin
and Kuzmin [12, 13]. The calculations are consistent with observations, as seen
in Fig.1, with the cutoff of detected particles at the correct order of magnitude.

The precise energy loss over time is discussed in the next section.

2.3 Energy Loss in UHECR propagation

As mentioned in previous Sec. 2.2, one of the main causes of energy loss for
UHECR protons are interactions the photon background, mainly with the CMB

through Eq. 2.2 and 2.3. However, UHECRs can also interact with other com-
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ponents of the electromagnetic spectrum. Following the CMB, CRs usually in-
teract with the Cosmic Infrared Background (CIB or IRB); for energies higher
than 102 eV, the contribution is fairly low (~ 5%), however, for lower energies
its contribution is so significant that it lowers the GZK cut-off to ~ 10%eV
from the previously calculated 10*°eV from Eq. 2.5 and 2.6 [17].

Another common reaction in which protons lose energy in their trajectories is

electron pair production through the following process:
p+y—pte +e (2.9)

where the photon ¥ can come from either the CMB or IRB. In the cases where
the remaining protons still posses an energy above the respective reaction thresh-
old, e.g. in Eq 2.2 or Eq 2.9, then the process can repeatedly take place and will
continuously drain the proton of energy until it does not have enough to interact
with the photon background [18].

The energy loss over time of CR protons interacting with the cosmic photon
background is given by

1dE  —ckT
E dt 27m’T2(ch)3

Y / dw,c;(w,)y;oIn(1—e /2Ky (2.10)
j

where @, is the photon energy in the rest frame of the proton, and y; is the
average fraction of the energy lost by the photon to the proton in the laboratory
frame for the j'* reaction channel. The sum is carried out over all channels
and dw, o (w,) is the total cross section of the jth interaction channel, I is the

usual Lorentz factor of the proton, and @y; is the threshold energy for the i
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reaction in the rest frame of the proton [9].

We can solve Eq. 2.10 by making the relevant approximations according to the
center of mass energy s = (¢ + E)? = m%, +2m€. For values of /s < 2GeV,
we can fit the numerical results using the exponential behavior

1dE
__OE _ pe BIE 2.11
Edr ¢ @1

Evaluating the integral and fitting Eq 2.10 with the corresponding cross section
and energy threshold values yields

Ei(B/E) = At +Ei(B/Ey) for 10V < E 5 10%lev (2.12)

where A = (3.6640.08) x 10~3y7~!, B = (2.874£0.03) x 10*°eV and Ei(x)
is the Exponential Integral [9]. On the other hand, for higher center of mass

energies of /s £ 3GeV, the fractional energy loss is roughly constant

1 dE
=l 2.13
E dt 2.13)
E(t)=Epe " for E Z 10*lev (2.14)

with C = (2.4240.03) x 10~8yr~!. Eq. 2.12 and 2.14 provide a straightforward
way to calculate the theoretical energy of a cosmic ray proton given its flight
time or mean propagation distance [9, 19]. We can observe the results of the
numerical approximation in Fig. 2 with three different initial energies (10" eV,
10%'eV, 10>2eV). Note that after a distance of approximately 100 Mpc, or

propagation time of 3 x 108 yr, the average observed energy is essentially less
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Figure 2: Energy attenuation length of protons in the intergalactic medium. The solid-lines in-
dicate the results from Eq. 2.12 and 2.14 with three different values for initial energy (10 eV,
1021 eV, 10%2eV), whereas the dashed-lines correspond to the results of a Monte Carlo simula-
tions for the same energies [19].

than 102eV regardless of the initial value [19], which is consistent with the
GZK limit calculations from Sec. 2.2.

The final cause of energy loss in CRs is caused by cosmological effects, pri-
marily by the adiabatic expansion of the universe causing a reduction in the
momentum of CRs by a factor of (1+z)~! [20]. The evolution of z is given by

dt
dz

1
 Ho(1+2)v/Qu(1+2)° +Qa

(2.15)

in the standard ACDM cosmology, where Hy is the Hubble parameter at present
time (Hy ~ 67.3kms~!Mpc™!), Q,, is the density of matter in the universe
(Q,; = 0.315), and Qp is the cosmological constant (Q2x ~ 0.685) [21]. In
order to calculate these effects, it is necessary to know the propagation distance

beforehand. In three-dimensional space this becomes particularly complicated,
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as the particle’s trajectory is modified by intervening magnetic fields. However,
for the one-dimensional propagation studied in this work the initial redshift

value is trivial, as it is given by the initial source distance [20].



Chapter 3

Simulations

3.1 CRPropa Simulation Framework

The simulation program for the following work was done with CRPropa, which
is a publicly available! simulation framework to study the propagation of UHE-
CRs (up to iron) on their voyage through an (extra)galactic environment [22].
Simulations are carried out through a collection of modules, which represent
the different processes, observers and other aspects of the simulation (source,
coordinates, output, etc.). Each module is independent of one another, which
allows greater flexibility when defining simulations, as each probability and re-
action is calculated independently in each propagation step. Each simulation
begins with a single module called ModuleList, which acts as a container for
all other available modules. Each subsequent module can be added and cus-
tomized with individual options. As illustrated in Fig. 3, the simulation is car-
ried out performing each individual task separately and sequentially, and only

modules that are loaded into the initial ModuleList are taken into account for

"https://github.com/CRPropa/CRPropa3

14
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Figure 3: CRPropa 3 modular structure. Each module is independent from the other, and the
program checks if each module is active in order to perform additional calculations during each
cycle. Some modules can have additional customization options like the ones shown above
[20].

the simulation.

For this work, the one-dimensional propagation module SimplePropagation
was used. To include the processes seen in Chapter 2, one only needs to load
the appropriate modules into the simulation. For photopion production, namely
Eq. 2.2 and 2.3, only the PhotoPionProduction module is needed; similarly,
for electron pair production, or Eq. 2.9, the ElectronPairProduction mod-
ule must be used. Both of these modules can be called with the CMB or IRB
photon backgrounds to interact with the cosmic rays [22]. The CMB, as previ-
ously mentioned, is modelled within CRPropa with a standard blackbody spec-
trum of temperature 7' ~ 2.725 K, whereas the IRB model can be chosen from

different available models, by default the Gillmore 2012 infrared model [23] is

selected. The cosmological effects from Eq. 2.15 are taken into account by the
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Redshift module, which obtains the initial redshift value using the source dis-
tance as an input. For more complex simulations in three dimensions, CRPropa
also includes models of magnetic fields, such as the galactic magnetic field
model proposed by Janson and Farrar [24]. Finally, source energy can vary
greatly from a specified constant value to a power law distribution with vari-
able maximum and minimum energies, as well as adjustable decay rate; source

composition can also be selected, with a random or specified atom composition.

3.2 One-Dimensional Simulations

The initial simulations were done as testing trials for further experiments, so
the first objective was to determine the ideal source energy composition. Con-
stant source energy is not representative of real astrophysical sources, so the
SourcePowerLawSpectrum module was used with a decay rate of E 2 to cover
different energy ranges. Three simulations were made, the minimum source en-
ergy was set to be 1 EeV in all of them, and the maximum energy was varied be-
tween 200EeV, 600EeV and 1000EeV. To ensure a large enough sample, one
million protons were injected for each of the simulations. For source distance,
the SourceUniform1D module was used, which spreads out particle emission
evenly over the specified distance range, in this case the range was set from
I Mpc to 1100Mpc. The results from these runs are shown in Fig. 4.

All three sets of results behave in a similar fashion for lower energy values,
and for energies below ~ 80EeV they are virtually indistinguishable. The most

noticeable feature of the results in Fig. 4 is the sudden disappearance of the
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Figure 4: Total detected particles for each simulation. The sets of 600 EeV and 1000 EeV
follow a similar pattern, while the 200 EeV set ends at midway.

200EeV set; this is to be expected, as particles coming from it cannot have an
energy above 200EeV, as it would exceed the allowed maximum. The sets with
maximum energies of 600 EeV and 1000 EeV follow the same pattern with little
difference between each other, and both show little to no detected particles with
energies above 450 Mpc.

The best maximum energy for the simulations cannot be determined through
these results alone, further classification of the data is required. With the same
particle sets, the GZK limit was evaluated by counting the number of particles
arriving with an energy above a certain threshold and registering the distance
from where it was emitted. Fig. 5 shows the number of protons above S0EeV,
while Fig. 6 shows the number above 100EeV. All traces of particles above
S0EeV disappear after approximately 400 Mpc of traveling distance. On the

other hand, data with energies above 100 EeV seems to come from much shorter
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Table 3.1: Summary of results for the maximum energy trials. Columns 3 and 5 show the
number of atoms detected above SOEeV and 100EeV, respectively. The relative % column
shows the percentage of protons that were detected with respect to the total amount that was
emitted above the same energy. The total detected particles are similar for all three trials,
while the lowest energy set shows the lowest count for particles above the established energy
thresholds.

Total detected E > S50EeV Relative % E > 100EeV Relative %

200EeV 856943 2546 17.0 139 2.8
600EeV 857129 3357 18.3 325 3.9
1000EeV 857746 3643 19.2 366 4.1

distances, up until 120Mpc. This proves to be consistent with Eq. 2.10, that
shows that longer flight times on average cause larger energy losses on UHE-
CRs. What is interesting to note, is that for energies above 5S0EeV, all three
sets follow a very similar downward trend. Once again sets of 600EeV and
1000EeV are almost indistinguishable from each other and the set of 200 EeV
has lower particle count. However, the difference is not as pronounced as
in Fig. 4. The opposite occurs for energies above 100EeV, where the set of
200EeV contains approximately half of the particles of the other two sets. This
is likely due to the fact that protons coming from this set need to arrive with
more than their maximum possible energy (as 200EeV is the maximum pos-
sible) additionally, particles could have been emitted with energies lower than
100EeV in the first place, as the simulation was not set to a constant energy but
rather to a PowerLaw distribution. Table 3.1 shows a summary of numbers for
each set. All three trials have a similar total number of detections, and a loss of
approx 15% of the total emitted particles. The similarities between 600 EeV and
1000EeV are evident, as both have little difference between the number count,
and it comes as no surprise to see the set of 200 EeV with the most difference in

the number of highly energetic particles. With all things considered, the ideal
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Figure 5: Number of protons detected with energies above 50EeV or 5 x 10! eV according to
the distance travelled. Lower travelled distances have a higher proton count due to less total
interactions with the photon background. For higher distances all three sets appear to slowly
converge until they reach zero.

Figure 6: Number of protons detected with energies above 100EeV or 1 x 10?°eV according to
the distance travelled. Overall travel distance is drastically reduced compared to Fig. 5. Only
the 600 EeV and 1000EeV sets are similar; the 200 EeV lacks energy and thus the proton count
is almost halved in comparison to the others.
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choice for the source maximum energy was chosen to be 600 EeV. The 200EeV
set significantly loses data the further the emission source is, so it will not be
taken into account; the 1000EeV set yields similar results to the 600EeV, so
selecting this set or higher energies would increase simulation workload with-
out any significant increase in returns. From this point onwards all simulations

will be done with a maximum possible energy of 600 EeV.

3.3 Energy cutoff for Heavier Nuclei

The second set of simulations was done to observe the effects of the photon
background on heavier nuclei, and the simulations were adjusted accordingly.
When adding heavier elements into the composition, two new modules must be
integrated into the simulations. The first is the PhotoDisintegration mod-
ule, and as the name suggests, it is responsible for the photo-disintegration pro-
cess. Heavy UHECR nuclei acting with CMB and IRB photons can be stripped

of one or more nucleons by

(A,Z)+v— (A—n,Z—n')+N (3.1)

where A 1s the atomic mass number, Z 1s the atomic number, 7 is the number of
nucleons lost, and 7’ is the number of protons lost [25]. N is the new daughter
nucleus, which has the same mass number but not necessarily the same atomic
number. Since during this process sometimes unstable isotopes are produced,
we also need to add the NuclearDecay module, which is responsible for mak-

ing these unstable isotopes disintegrate or split into much smaller components
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Table 3.2: Summary of total particles detected by atom type. A total of 10° particles was
emitted for each set. Heavier elements have lower percentages as photodesintegration splits
nucleons apart into smaller atoms.

Total detected Relative %

Protons 857468 0.857
Helium 656756 0.657
Nitrogen 589331 0.589
Iron 487115 0.487

Figure 7: Total number of particles detected per atom type. Protons follow a similar behavior
as with Fig. 4. Lighter elements appear to sharply drop, and heavier elements (Iron), become
more prominent when observing higher energies.

through the standard o, B and y decay channels. For simplicity, four sets of
monoatomic sources were created: protons, Helium, Nitrogen and Iron were
chosen to observe the behavior of different UHECR nuclei propagating through
space. In the previous trials, the best maximum possible energy for protons was
set to be 600EeV; for simplicity, the same maximum value will be used for the
sets of other atoms, and 10 particles will be injected in each set. The results
are shown in Fig. 7 and Table 3.2. If we look at Table 3.2, we can easily ob-

serve a clear decrease in detection rate as the candidates become heavier. This
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occurs because, as elements become heavier, the target size for photon collision
becomes larger, increasing the reaction cross section; additionally, the increas-
ing number of nucleons allow for more photo-disintegration channels (that is,
more possible combinations on how the nucleus can be split by a single pho-
ton) [26]. However, heavy nuclei propagation is not that straightforward. As
Fig. 7 shows, even though Iron has the lowest relative detection it still manages
to reach the highest available energies (except for protons). This is consistent
with previous studies of UHECR flux that show that heavier elements become
increasingly prevalent around the ankle [27]; a more precise flux composition
will be studied in Chapter 4. In a similar manner to what was done with Fig. 5,
the number of particles above S0 EeV was counted, this time separately for each
atom. The results of this count is shown in Fig. 8. Out of the four candidates,
it is evident that UHECR protons can travel the furthest, and that heavier nu-
clei have their travel distance drastically reduced. Additionally, one can see
further evidence of the increasing presence of Iron for higher energies, as He-
lium distance is minimal and Nitrogen is barely detected past 20 Mpc. Other
studies have reached the same results by examining the photo-disintegration
cross section of atoms and the effects of magnetic fields on charged particles,
showing that sources for heavier UHECR must be nearer than UHECR pro-
tons [28]. Three-dimensional simulations would show further evidence of the
reduced travel distance, as it would allow the integration of magnetic fields
and particle deflection. An additional test with a threshold above 100EeV was
made, however, counts were too low to provide an accurate graphical represen-

tation. The total results of this test are show in Table 3.3, alongside the previous
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Figure 8: Number of atoms detected with energies above S0EeV or 5 x 10'°eV according to
the distance travelled. Each graph represents a different candidate. Protons presents the largest
and smoothest of all the behaviours, similar to Fig. 5, followed by Iron which a considerable
decrease in count numbers. Helium has the least number of counts above the threshold, along
with incredibly short traveling distances.

total results for comparison.

The results for protons are consistent with what was previously found in Ta-
ble 3.1. As was previously mentioned, heavy particle count drops considerably,
shown with Helium dropping to barely four particles and Nitrogen having no
particles above 100EeV. Iron becomes the only candidate (aside from protons),

to present a significant number above the energy threshold, once again showing

Table 3.3: Summary of total count for each atom. Columns 3 and 5 show the number of atoms
detected above S0EeV and 100EeV, respectively. The relative % column shows the percentage
of atoms that were detected with respect to the total amount that was emitted above the same
energy.

Total detected E > 50EeV Relative % E > 100EeV Relative %

Protons 857468 3488 18.7 327 3.8
Helium 656756 10 1.4%x 1074 4 1.2x1074
Nitrogen 589331 35 1.4x10°4 0 0

Iron 487115 195 5% 1074 26 82x 107
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the prevalence of heavier nuclei for higher energies.



Chapter 4

UHECR Composition and Flux

As mentioned in Chapter 1, CR detection is incredibly complex, as the spec-
trum covers a wide range of energy and the composition is not constant. As
useful as all the information extracted in Chapter 3 is for the purpose of this
work, it does not provide an accurate reflection of the data obtained by actual
measurements (it is unlikely, if not impossible, to find a pure iron source for
example). As such, the next benchmark should be to try to replicate the CR
spectrum already measured and fitted by other observatories. As an example,
we will use the data obtained from The Pierre Auger Collaboration, which can
be openly accessed by the public. In their research, they use a combination of
both measurements gathered throughout the years and simulation frameworks
to model the spectrum and obtain a possible CR composition at different energy
intervals. Their measurements required advanced data processing methods; a
sequence of four power laws was used to model the raw data, and afterwards
simulation runs determined the composition lines which best fitted the data
[29, 30], the fit is shown in Fig. 9.

As shown in the figure, some results are significantly different from what was

25
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Figure 9: Composition lines created by Pierre-Auger simulations. The black dots represent
the raw data measured by the observatory. The colors represent the lines that best fit the data,
separated by atomic mass. The dashed curve shows the energy range not included in the fit, as
an additional component is required to describe the spectrum [30].

obtained in Chapter 3. Protons for example, reach a maximum energy of
~ 2 x 10! eV, in contrast to the previous results from Fig. 6 and Fig. 7, which
shows protons going to energies above 1 x 102°eV. Helium has a highly pre-
dominant presence below 10'°eV and completely disappears by 3 x 10'%¢eV,
whereas in Table 3.3 their numbers are extremely low in comparison, and
extend up to 10?°eV. Finally, Nitrogen and Iron numbers are much higher
in Pierre-Auger’s results, which confirms the presence of heavier elements in
higher energies.

In order to attempt to recreate a full spectrum like the one in Fig. 9, we need to
used a combination of all the previously existing modules, as well as modifying
our source to allow multiple nuclei composition; the SourceMultipleTypes

module allows the addition of multiple nuclei, each with its own relative abun-
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dance inside the source. To reach an adequate amount of variety in atomic
mass, the composition was divided in five different main atoms. The atoms that
were selected were the highest weighted nuclei from each of the five lines in
Pierre-Auger’s data: Hydrogen (A = 1), Helium (A = 4), Flourine (A = 19),
Chlorine (A = 35) and Iron (A = 56). Two runs with two different sources
were made, the first source was built from data extracted from Fig. 9 by using
WebPlotDigitalizer to pinpoint approximate atom composition values [31],
it was composed of 52% protons, 38% Helium, 9.3% Fluorine, 0.5% Chlorine
and 0.2% Iron; the second source was made with a more generalized composi-
ton, taking into account all possible energy ranges [32], and is composed of
89% protons, 10% Helium, and 1% of heavier elements, to keep it consistent
with the other source, the percentage of heavier elements was divided into 0.4%
Fluorine, 0.3% Chlorine and 0.3% Iron. Results from the Pierre-Auger data are
shown in Fig. 10 and results from the generalized spectrum data in Fig. 11. It
is important to mention that, while Fig. 9 has units of erg Mpc—> dex !, both
Fig. 10 and Fig. 11 were done with arbitrary units (a.u.) to offer a more general-
1zed result. It is important to note that in both cases (Fig. 10 and 11), protons are
extremely predominant despite the composition difference; this is most likely
due to the photo-disintegration process discussed in Chapter 3, which knocks
off protons off heavier nuclei and creates additional CRs. Heavier elements in
both cases seem drop after little over 10!V, which is not what data in Fig. 9
shows; this seems to suggest that further analysis of heavier elements is needed
to understand this lack of flux for higher energies, most likely a change in the

initial energy spectrum is needed, as currently all particles are emitted with the
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Figure 10: UHECR flux modelled with the composition given by the Pierre-Auger Observatory.
Contrary to Fig. 9, heavier element presence drops after 10!'° eV and lighter elements become
dominant.

same power law distribution. Other additional effects, such as the presence of
magnetic fields, are not being taken into account as well, as it is not possible to
include trajectory deviation in one-dimensional propagation. Both figures seem
to suggest that, at least for one-dimensional propagation, source composition
is the dominant factor in determining the detected spectrum. Lines in Fig. 10
for example, appear to follow the same pattern as its initial composition, with
protons being the highest, followed by Helium, Fluorine, Chlorine and finally
Iron. Same applies to Fig. 11, where all three heavier element lines follow a
close pattern when given a similar composition percentage, whereas protons

and Helium had the highest proportion.



29

Figure 11: UHECR flux modelled after average CR composition over all energy ranges. Heav-
ier elements follow an almost identical pattern, and protons are shown to compose the majority
of the total spectrum.



Chapter 5

Discussion and Conclusions

Throughout the previous chapters, the main interactions and behavior of CRs
were studied. The initial runs in Chapter 3 proved useful to visualize and con-
firm the theory studied previously. The GZK cutoff was verified, along with
the effects of different simulation energies in the number of detections. It was
found that the simulation with the lowest energy value gives, in return, the
lowest particle count. On the other hand, the two simulations with high maxi-
mum energy do not seem to give significantly different results from each other,
showing that after a certain point increasing maximum energy does not give
meaningful results. The effects of the photon background was also observed in
heavier nuclei; it can be easily seen how heavy atoms are easily split and dis-
integrated into smaller particles, explaining why the vast majority of detected
CRs are composed of protons.

The most thorough simulation was done in Chapter 4, where a simple model of
the UHECR flux was completed. In it, the effects of initial source composition
could clearly be observed; the lines of each atomic mass category are heav-

ily influenced by the initial atom composition, and slight changed in it were

30
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reflected in the shape of the spectrum. The ultimate goal of this work was to
perform trials and test runs of the CRPropa simulation framework in order to
set the basis for future research, and to that extent it was completed success-
fully. The workings of the framework were learnt in detail and the knowledge

1s sufficient to start investigating with further and more complex environments.

5.1 Future Work

It is important to remember that all simulations in this work were done with
only one-dimensional propagation, and the theoretical background was lim-
ited to processes that could only apply in one dimension. When expanding
the study to three dimensions for example, one encounters galactic and extra-
galactic magnetic fields that span the entire propagation medium, introducing
CR deflection and further loss of energy. These new and more complex effects
could prove crucial in determining a more complete version of the CR spec-
trum like the results provided by real observatories. Additionally, they allow
for the study of different parameters, such as real source locations, or measure-
ment of arrival anisotropy. It must remembered that, when studying real CR
propagation, one needs to take into account these and other complex processes
and interactions, as such, this work will be the first stepping stone for further

investigations on this subject.
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