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1 Introduction

Nearly one century ago Victor Hess discovered the existent of cosmic rays (CR) that
hit Earth every day from outside the atmosphere. This discovery had fundamental
impact on particle physics. Until today many questions related to sources of this
particles and their propagation from their origin to us are not answered. For example
a big problem is posed by Galactic and intergalactic magnetic fields, which make
the charged cosmic rays forget their original direction. One of the most promising
candidate which might keep the information of their sources are cosmic rays on the
upper end of the measured energy scale, as these particles should suffer less deflections
in magnetic fields. In addition other components, which are not or even less effected
by magnetic field, like very high energetic neutrinos or photons might provide us
with additional clues.

Hence, the aim of this thesis is to provide prediction on the expected flux and
directional information of ultrahigh energetic (energy > 10'® eV, UHE) photons that
should be produced during the propagation of ultrahigh energetic nucleons or in the
sources themselves. In this thesis simulation studies with the Monte Carlo code
CRPopall| are performed. This numerical tool offers the possibility to simulate the
intergalactic propagation of nucleons and their secondaries like photons.
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2 Cosmic Rays

2.1 Energy spectrum

Cosmic rays are measured in a huge energy range, that extends over twelve orders
of magnitude from a few hundred MeV to 300EeV, in which the flux per energy
decreases nearly thirty-one orders of magnitude as one can see in figure 2.1(a). So
starting from more than 1000 particles per second and square meter for cosmic ray
energies of a few GeV only less than one particle per km? and century are measured
above 100 EeV. Because of this, the necessary detection area to collect enough statis-
tics in a reasonable time period have to grow for higher particle energies. Up to
10*? eV direct measurements above the atmosphere are realised till now. For higher
energies only ground based experiments exists. The energy spectrum follows approx-
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2 Cosmic Rays

which shows a few structures at different energies, which can be seen in figure 2.1(b),
where the flux is multiplied with E?5 to amplify the changes in the shape. Up to
energies of 4-10° eV the spectral index is o ~ —2.7. After this so called knee position
the spectrum becomes steeper with a@ &~ —3.1. This is explained by a reduction of
the flux of lighter particles. At 1017 eV a second knee is positioned, whose validity is
still disputed. Above 10'¥? eV the spectrum is flattened again to a spectral index of
a ~ —2.69. This is usually explained by the transition from galactic to extragalactic
origin of the cosmic ray particle. And finally, from 4-10'? eV on a stronger steepening
is observed, which matches to a spectral index of & &~ —4.2. Theories for this bending
are discussed in section 2.3.

2.2 Chemical composition of cosmic rays

In fact all elements of the periodic table are found in cosmic rays. Below the energy
of 10*eV the spectra of the individual elements can be directly measured above
the atmosphere by experiments on satellites or balloons. The relative abundances
of the elements in cosmic rays measured by different experiments at an energy of
1 GeV/n are shown in figure 2.2(a) in comparison to the relative abundances of
elements in the solar system. In general there is a good agreement between these
two distributions, except to an excess in the light elements like lithium, beryllium,
boron as well as elements just below iron or lead in cosmic rays. Assuming that the
cosmic rays have at there origin the same composition like the elements in the solar
system, the described overabundances could be the result of spallation processes of
the CNO, iron and lead groups with interstellar dust and gas particles during their
propagation through the Galaxy.

Above 10" eV only ground based observations are possible, which use air showers
initiated by cosmic rays in the atmosphere to conclude on the primary cosmic ray
particle. Here the ratio of electron and muon numbers at ground level or the depth
of the shower maximum are used to distinguish between the different mass groups.
Because the atmosphere has not a constant density, the depth of the shower maximum
is measured in atmospheric slant depth X, which is measured in [g/cm?], which
measures the length in equidistant intercepts of traversed matter density instead of
meters. The maximum (X,,,.) of showers induced by heavier elements should be
higher up in the atmosphere than for lighter elements. The results of the X4,
measurements from different experiments are shown in figure 2.2(b). Below the
knee energy (see section 2.1), which is 4 - 10'° eV, the average composition seems to
become lighter, whereas above this value the average mass decreases until 4-101%eV.
For higher energies again a shift to lighter composition is indicated. New data from
the Pierre Auger Observatory indicates a break towards heavier elements at energies
at about 2 - 10'8eV.
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Figure 2.2:

2.3 GZK-effect

In 1966 Greisen[4] and independently Zatsepin and Kuzmin[5| concluded, that nu-
cleons with energies above 5 -10YeV should lose energy on their way from their
sources to earth, by producing pions in interactions with low energetic background
photons, which are Lorentz transformed in the rest frame of the nucleon. The cross
section for this photo-pion production increases strongly at the A™(1232) resonance.
In case of a proton, the process can be described as

p+— AT(1232) — p+ 7

—n+7xt.

For higher energies also further baryonic resonances like A(1620) and A(1700) and
further processes like

ptyw— AT 41T s pat 4

become possible. The most important photon background for the photo-pion pro-
duction is the cosmic microwave background, but also the the infrared background
plays a significant role for nucleon energies between 1017 eV and 5 - 1019 V.

The consequence of this effect, which is called the GZK-effect, would be the steep-
ening of the cosmic ray spectrum at energies above 5 - 10 eV, which is then called
GZK-suppression. As described in section 2.1, such a behaviour is seen in the mea-
surements of the HiRes experiment [6] and The Pierre Auger Observatory [7]. But
this is not a clear proof of the GZK-suppression, because also other explanations of
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the observed steepening exists like the exhaustion of the acceleration processes. A
support for the existents of the GZK-suppression is provided by the correlation of
the arrival direction of the cosmic rays with AGN, which is seen by the Pierre Auger
Observatory. This indicates an anisotropy of the arrival direction distribution, that
appears for energies above 57 EeV [8].

2.4 UHE Photon

Until now only photon energies up to 10 eV are observed. But many theoretical
models for ultra high energetic cosmic ray production or propagation predict also a
photon component with these energies, whose observation would open a new window
in cosmic-ray research. In most models UHE-photons are produced by the decay of
neutral pions, which are produced either in the decay or annihilation of primordial
relics such as topological defects (TD) or super heavy dark matter particles (SHDM)
or by the GZK-effect during the propagation of UHE-nuclei, as described in chapter
2.3. Another possible source would be the Z-burst scenario, where the photon would
be generated in the decay of a Z-boson, which is produced in scattering of UHE-
neutrinos on cosmological relic neutrinos.

5 T T T I T T
pair production
4+ J
redshift
3 1 I I T —
—_ photo-pion E Al P2
8 oL production C ]:HD Jﬁﬁp-‘ /fj_’ MI ]
= IR L At - A-{Qe,rzsﬂ :I: _
= c I - I
5 § L e / i
e 1r 3 N
o -: 107 AugerHYB -~ I J / =
ol :é_ . ';, o Augér sD ]
Ll / N
L]
r I Agefst QN =il SHDM 1
-1r YR\ o
o PN\ P— LI
_2 1 L 1 L L 1 F / GzZK .
C A | 1 N
12 14 16 18 20 22 24

1019 1020
Ig(E/eV) threshold energy [eV]

(a) Energy loss length [9] (b) Upper limits on the photon fraction in the
integral cosmic ray flux from different experi-
ments: AGASA(A1,A2), AGASA-Yakutsk(AY),
Yakutsk(Y), Haverah Park(HP) [10]

Once produced these UHE-photons can generate electromagnetic cascades by in-
teracting with the low energy photon background(~,). The relevant interaction for
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this cascades are

pair production Y+ — et +e

double pair production Y+ — et +e +et+e
inverse Compton scattering e+, — e+~

triplet pair production e+ — e+et+e

High energetic photons produce multiple electrons and positrons, which again pro-
duce high energetic photons by inverse Compton scattering. This new photons again
produce high energetic electrons and positrons and the cascade goes continues. In
these electromagnetic cascades, the photons lose energy until their energy falls in the
GeV to TeV region, where the universe becomes transparent for photons, as can be
seen in figure 2.3(a).

Although no photons are seen in current observations, experiments were able to
place upper limits to the fraction of these photons in the cosmic ray flux as shown
in figure 2.3(b). The most stringent limits at present are set by the Pierre Auger
Observatory. They are listed in table 2.1.

Threshold energy Upper limit (95 % c.1.) for
photon fraction

2108 eV 3.8%
3-108eV 2.4%
5-108eV 3.5%
10-10'% eV 2%
20 - 108 eV 5.1%
40 - 108 eV 31%

Table 2.1: Upper limits (at 95 % c.1.) for the photon fraction set by the Pierre Auger
Observatory [11] [10]



3 Extragalactic magnetic fields

Observations show magnetic fields of different strength in the Universe in huge struc-
tures like galaxies (~ 1uG - ~ 10uG) [12], in galaxy clusters (a few pG) [13] and
even filament of superclusters [14].

Theoretical models exist, which explain these fields as a combination of two pro-
cesses. At first a primary seed field is needed. Candidates for these seeds are primor-
dial magnetic fields produced for example during the electroweak phase transition
right after the big bang or fields produced through cluster acceleration shocks in the
so called Biermann battery effect [15]. Once such a seed exists it can be amplified
through magnetohydrodynamical processes during the large scale structure forma-
tion processes of the Universe in which galaxies, galaxy clusters and superclusters
were formed. This could for example explain the fields measured in galaxy clusters.

For the propagation of cosmic rays especially the spaces between superclusters,
the so called voids, are importend. As magnetic field measurements of this regions
were not successfull till now, simulations based on the mentioned theories are made
predict the magnetic fields in this regions.

In section 6.4 a magnetic field map from such a simulation made by Miniati et
al. [16] will be used. Here the mentioned large scale structure formation processes
and the effect they have on magnetic seed fields, which are set at the beginning, are
simulated. For the map used here, seed fields resulted from the Biermann battery
effect are assumed. The initial distribution of these seeds are chosen arbitrarily so
that the localisation of the magnetic field structure in the end have no correlation
with the real Universe. But the strength and structure should be realistic. The
simulation predict magnetic fields in the voids of the order of 10fG and an average
field in the whole simulated space of the order of 10nG [17].
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4 CRPropa

As described before, the energy spectra and arrival directions of ultra high energy cos-
mic rays observed at Earth, are strongly influenced by effects happening on their way
from possible sources to us. For a better understanding of these effects it is necessary
to perform computer simulations of these processes. CRPropa is a publicly-available
numerical tool that was created by Eric Armengaud et al. [1| for this purpose. It
is capable of propagating nucleons and secondary electromagnetic cascades (em cas-
cades) and neutrinos, produced during the nucleon propagation. In fact, CRPropa
is a combination of two tools. The fist one is a Monte Carlo code for simulating
tree-dimensional propagation in a magnetized Universe and taking in account energy
losses due to interactions with the low energy background photons (mainly CMB).
The second part is a 1-dimensional transport code that solves em-cascades and neu-
trino propagation.

The two interactions of nucleons during their propagation, which are considered so
far in CRPropa are photo-pion production and pair production, both with the low
energy photon background. The SOPHIA event generator, which employs particle
production cross sections measured in particle accelerators, is used to handle the
pion production. In each timestep of the simulation it decides whether an interaction
takes place for each trajectory. If this is the case, SOPHIA determines the energy
and type of the stable particles generated in the whole interaction. Pair production
by protons on the CMB is treated as a continoues energy loss for the protons using
tables derived from the DINT [18|package. The energy distribution of the produced

electron-positron-pairs is approximated with dN/dE x E. 7,

The tracking of secondaries, namely electrons, positrons, photons and neutrinos is
possible. Neutrinos propagate in straight lines without any energy loss except those
due to redshift. The other three particles interact on their way with the low energy
photon background and therefore evolve trough an electromagnetic cascade, which
is calculated again using tables derived from the DINT package. Here all relevant
interactions are taken in account. These are pair production, double pair production,
triplet pair production and inverse Compton effect. In the presence of extragalactic
magnetic fields also synchrotron losses of electrons and positrons are included and
the EM-cascades resulting from the synchrotron-photons are also followed. Because
of the deflections of the charged components of the EM-cascade in the magnetic fields
the 1-dimensional treatment of them is only an approximation. But as shown in [20]
the deflection can be neglected.

11
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Figure 4.1: Proton energy loss length by pair production in the CMB (continuous
line), interaction length for pion production in the CMB (dashed line)
and Primack et al. [19] IRB (dotted line) at z=0.

The most important low energy photon background for the here regarded inter-
actions is CMB. But also infrared background (IRB) and the universal radio back-
ground (URB) influence the cosmic ray propagation. Because the density distribution
of these two backgrounds are not exactly known, there are three versions of each of
them implemented in CRPropa. For the IRB a low and a high version of Franceschini
et al. [21] and one by Primack et al. [19] are implemented. In the case of the URB
the alternatives are a weak and a strong version calculated by Protheroe et al. [22]
and one distribution based on observations by Cleark et al. [23].

The simulation can be run in two different modes. In 1d-mode all particles only
follow a straight path from the source to the observer. Obviously no deflections in
magnetic field are possible. Red-shift losses can be taken into account in this mode.
In the three dimensional case particles propagate in a “simulation box” with periodic
boundary conditions. That means that whenever a particle reaches a boundary
surface of the simulation box it reenters in the opposite surface. In this mode different
magnetic fields can be implemented inside the box which are then used to calculate
the deflections. But as the distance, the proton have to travel to arrive at the
observer, is not known at the beginning of each simulation, redshift losses can not
be taken into account in the three dimensional mode.

Cosmic rays in CRPropa can originat continuously in a region of space as well as

12



from point sources. The energy can be set to a discrete value or follow a power law
distribution.

Two different storing modes are provided where in “full trajectories” coordinates
and other properties of the nucleons are stored in every timestep and in “events” only
the data for particles arriving at an observer is saved. Secondaries are only available
in the events case. In case of the em cascade the full energy spectrum from 10%* eV
down to 107 eV is stored. Here for each logarithmic energy bin the mean number of
particles is stored. This number can also be smaller than one.

13
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5 Studies with a one dimensional
propagation model

5.1 Aim

In this first part, the UHE ~ flux, arriving from single point sources emitting ultra
high energetic particles with only discrete energies, is analysed with the one dimen-
sional model. The aim here is to study the dependence of the integral photon flux
above different energy thresholds on the energy (Es ) of the particles at the source
and the distance (D) of the source from the observer for different scenarios. For
this reason these two parameters are varied in the ranges between 10'® — 10%* eV
and 1 — 200 Mpc respectively, in a series of simulations. The values for the detec-
tion thresholds are Ey, = 107 eV, Ey, = 10%eV and Ey, = 10 eV. For each of
these threshold energies the result will be an energy-distance matrix which shows the
wanted dependences.

5.2 Photon sources

In the beginning sources are assumed which emit only photons. This is mainly for
the understanding of the electromagnetic cascades (em-cascades) induced by UHE-
photons, but is also one possible source scenario, as described in section 2.4. As the
propagation of the em-cascades is an analytic calculation, no fluctuation is expected
and only one photon have to be started for each simulation. The starting energies
for the photons are increased in 0.1 steps in the logarithmic scale of the energy.

5.2.1 Expected behaviour

From the properties of the electromagnetic cascades, one can predict how the number
of photons at the observer should qualitatively behave with the variation of the source
distance and the source energy. As described in section 2.4, the cascading increases
the number of photons for the here regarded energies. Along with the increase of the
photon number obviously the energy of the photons decreases. Since only photons
above a threshold energy are observed, the cascading increases the number of these
photons only up to the point, where the produced photons start to drop below the
threshold energy. For photon energies above the threshold, consequently an increase

15
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in the number is expected for small source distances and a decrease in number for
larger distances. Between this two regions a distance should exist, where a maximum
number of photons above a threshold reach the observer. This distance should move
to smaller values for lower source energies.
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Figure 5.1: Energy-distance matrix for primary photons for different energy thresh-
olds

5.2.2 Results

The resulting energy-distance matrices for the photon number above threshold ener-
gies of By, = 1017 eV, By, = 10 eV and By, = 10* eV at the observer, heretoafter
abbreviated by N;’bs, per source photon is shown in the figure 5.1. For each of this
threshold energies the development of the photon number with increasing D is differ-
ent for two Fg regions. For higher Eg at first the N;’bs increases until a maximum is
reached and then a continuous decrease begins, which is exactly in agreement with the
expectations. For lower Eg just a decrease with distance is observed. This indicates
that already the photons emitted from the source produce in the electromagnetic
cascades in average only photons below the given threshold energy. The source en-
ergies, above which the first behaviour sets in, are By = 10'%¥%eV, Ey = 10! eV
and Fs = 10?°¢V for the threshold energies of Fi, = 107 eV, Ey, = 10¥eV and
Eie = 10" eV, respectively.

Especially interesting is the distance of the photon emitting source, of which the
maximum number of photons above a given detection threshold is expected to reach

16



5.2 Photon sources

) f
£ 250

ax [Mpc]
N
g
T

N
o
S

T

é ZOOi
[a) r i

Dy,

150

-
a
=]

T

N
o
S
T
=
o
S
T

50~ 50

% 1 L L o il L L 0% L L L
10" 10* 10%° 10% 10% 10" 10" 10%° 10 102 10" 10% 107 10* 102
Energy [eV] of primary y Energy [eV] of primary y Energy [eV] of primary y

(a) Eypr=10"%eV (b) Eine=10"eV (¢) Epr=10eV

Figure 5.2: The points show the D)., in dependence on Eg . The black line shows
the fit to this values.

the observer. For each source energy this distance, heretoafter called distance of
maximum (Dy,.y), and the number of photons in this maximum (maXN;’bS) is esti-
mated. As a very clear maximum exists for the region of higher source energies, it is
sufficient just to take that distance and the photon number in the according simula-
tion. The results are shown in figure 5.2 and 5.3. The upper and lower uncertainties
of Dy« are estimated by taking the gap to the next higher and lower distances, that
are simulated in the energy distance matrix. For the maXNfY’bS values the uncertainties
for the photon number are estimated as zero, because the number of photons are just
calculated by a DINT parameterisation. To quantify the energy dependence of these
two values, a parameterisation is given for both of them, each for all three energy
thresholds. The here derived formulas are not physically motivated. Their aim is
rather to find a way to describe the found behaviour with a low number of param-
eters. These parameterisations could be useful to estimate, whether a large flux of
UHE photons can be expected for some source distribution scenarios. To derive the
parameters the method of least squares [24] is used for all parameterisations in this
chapter.
The ansatz for the maximum distance is

Dmaa:<ES) = Do (ES>p1‘ (51)

Applying this ansatz to the D,,,, values derived from the simulation matrices
determines the parameters py and p; for each threshold, which are listed in table 5.1.

EuleV]  po 12} Valid for Eg [eV] above
107 1.028 - 107 0.5536 1082
108 7.254-10712  0.6073 10191
101 1.137-107%  0.6896 10%°

Table 5.1: Parameters derived by fitting D,

17
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Figure 5.3: The points show maXNf{’bs in dependence on Eg . The black line shows the

fit to this values.

The number of photons above a threshold observed in the maximum is described in
three subranges: R; : 10'® —10"4eV, Ry : 10194 — 10216 eV and R310%16 — 10223 V.

In each range the ansatz

mastbs(ES) =Po - lOglo(Es) +p1 (52)

is made. The parameters py and p; determined for maXNsbs(ES) are listed in table

5.2.

FEinceV] Energy range p;

Do

107 Ry
Ry

10" Ry

10" R,

-35.23
-291.7
-694.8
-11.59
-98

-232.5
-2.785
-21.18
-47.66

1.967
15.17
33.8
0.6589
5.102
11.32
0.1797
1.097
2.32

Table 5.2: Parameter derived by fitting mastbs
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5.3 Proton sources

5.3 Proton sources

In the previous section the behaviour of the electromagnetic cascades was discussed
in detail. The focus of this section is the photon component of UHE cosmic rays
produced during the propagation of nucleons. In this simulation, protons are emitted
from the source instead of photons as in section 5.2. This is a more realistic source
scenario. The ranges for the source energy and the source distance are the same as
in the previous simulation.

5.3.1 Preparations
Estimating the stepsize of the algorithm of the simulation

To estimate the best value for the timesteps of the simulation, one has to find a good
compromise between accuracy of the simulation, which increases with smaller steps,
and CPU time, which increases with bigger steps. For the accuracy it is reasonable
to choose the time steps somewhat smaller than the smallest interaction length for
protons in the regarded energy range 10" —10%* ¢V, which is bigger than 3 Mpc as one
can see in figure 4.1. In addition, one has to take care that in CRPropa the probability
of one nucleon to undergo an interaction P = 1 —eP/* is calculated by using the first
order Taylor series of this expression D/X. Where A is the interaction length. The
accuracy of this expression also rises with smaller time steps. To make an estimation
for this behaviour, simulations with different stepsizes, where all other parameters are
fixed, are performed. As a degree of accuracy the value for the interaction length of
the protons, emitted at the source, is calculated from the output of this simulations.
To do this, the number (N) of protons, which have still their starting energy, are
assumed to be those from the N protons emitted at the source, that have not
undergone any interaction within the propagation distance D. The interaction length
can then be expressed as A = —D(In(32))~!. With a source energy of 102" ¢V and
a source distance of 2 Mpc one obtains the results shown in table 5.3. Comparing
these values to the value A\;;; = 3.6 Mpc derived from figure 1. from [25] shows a good
approach for a stepsize of 0.01 Mpc.

Size of timestep [Mpc| A [Mpc]

1 6.64
0.06 3.79
0.01 3.67

Table 5.3: Estimation of interaction length.

To estimate the increase in CPU time due to the smaller stepsizes again simulations
are run with different stepsizes for a source distance of 11 Mpc and a starting statistics
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5 Studies with a one dimensional propagation model

of 50000 protons shown in table 5.4.

Size of timestep [Mpc| CPU time [sec]

1 240
0.1 330
0.05 430
0.01 1290

Table 5.4: Estimation of CPU time.

From these two rough estimations a stepsize of 0.05Mpc is taken as the best
compromise and therefore used in the following simulation.

Recent more detailed studies of accuracy of the simulations, show that a stepsize
of 0.1 Mpc would be also sufficient.

Estimating the right amount of statistics for the simulation

The next question that arises is how much statistics is needed in each simulation
to keep the relative fluctuation of the value of interest, here N;’bs divided by the
number of source protons, under a reasonable limit. To answer this question for one
point in the energy distance matrix a simulation is repeated forty times with different

random seeds. Calculating the ratio of the root mean square(RMS) and the mean
obs

of the distribution from N&p from these forty simulations, gives then a degree of the

relative fluctuation. This is done for different amounts of statistic, meaning different

numbers of protons emitted from the source, to estimate the statistics needed for

determining the fluctuations to a level of better than one percent.

Because doing this analyses for all combinations of source energy and distances
would cost far too much computation time, one can only do this for a few chosen
points. Therefore, the whole energy distance matrix is simulated once with 50000
primary protons in each simulation. This shows already, that the interesting feature
of the maximum distance, like in the previous section, also appears here. As the
aim is again to study this maximum, the fluctuations should be small in this region.
Therefore, a distance of 14 Mpc is taken, which is close to the maximum for energies
up to 102! eV, as one can see in figure 5.6. The resulting relative fluctuations are
shown in table 5.5.

Demanding a very conservative limit for the fluctuations of 0.005, a statistics of
50000, 500000 and 5000000 primary protons is used for the source energies ranges of

10241 —10% eV, 10199 —10%' eV and 10'9* — 109 eV respectively. For lower energies
NObs

~— is neglectable small and because of this not regarded any more.
p
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5.3 Proton sources

1\f/{[Ms 1\PZMS 1\PZMS

Source energy [6V] for 50000 for 500000 for 5000000
source protons source protons source protons

10%2 0.004 0.001

102 0.002 0.001

10%° 0.007 0.002

10199 0.01 0.004

10198 0.017 0.006 0.002

10196 0.022 0.007 0.002

10194 0.027 0.010 0.003

Table 5.5: Relative fluctuations of the number of observed photons above an energy
of £, > 18eV per primary proton for different source energies and number
of source protons.

5.3.2 Expected behaviour

For this simulation series, the integral flux of photons above threshold energies of
Eie = 1017 eV, Eyr = 10% eV and Ey,, = 10 eV should be caused by a combination
of two effects. Since only protons are emitted at the source, photons have to be cre-
ated during the propagation by photo-pion production and proton pair production,
as described in chapter 4. These processes go on and increase the photon number
until the nucleon energy drops under ~ 5-10'Y eV, where the dominant first produc-
tion process stops. The second effect is the electromagnetic cascading the photons
undergo, once they are produced. The effect on the photon number is discussed in
section 5.2. It causes an increase in the photon number as long as the energies of
the particles in the cascade are high enough to produce photons above the thresh-
old. But after longer propagation, the cascading should lead always to a decreasing
number of photons. The final photon number at the observer is the result of the
combination of these effects. For short source distances the two photon production
processes should be dominant and therefore an increase in photon number should
be observed. But with increasing distance more protons should reach the energies,
where they undergo less interactions and therefor produce less photons. Hence, again
a source distance should exist for each threshold, where a maximum number of pho-
tons above the threshold energy should be observed. For higher source distances,
more photons should drop under the threshold energy through the cascading pro-
cess than are produced due the cascading and the proton propagation. This should
decrease the number of observed photons.
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Figure 5.4: Energy-distance-matrix for primary protons and different thresholds ap-
plied to the observed photon energy

5.3.3 Results

The N;’bs values per primary proton are shown in figure 5.4. The distance behaviour
for fixed source energies is qualitative the same for all source energies. It is similar to

the behaviour, that could be observed in the last section for higher source energies.
obs

The fraction S is monotonically increasing with the distance until one maximum

is achieved, after which a continuous decrease starts. This is in exact agreement
with the expectations. For source energies up to 101%® eV only a very slow decrease
with distance is observed, compared to higher source energies. This can be seen in
figure 5.5, which shows slices through the energy distance matrix for fixed source
energies. Although also a maximum can be seen here, for these energies one can
speak of nearly constant flux of UHE photons expected for sources up to 100 Mpc.
The reason for this behaviour is that for this nucleon energies the pair production
process is the dominant interaction that produced the cascades. As the energy loss
length for this process is very large (in the order of 103 Mpc) and the threshold under
which it stops lower than in the case of the pion production, the nucleons continue
producing photons in the regarded distance range.

The energy dependence of the maximum distance and the maxN;’bS value are de-
scribed in the figures 5.6 and 5.7. In the case of the maximum distance one single
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Figure 5.5: Cross section through the energy distance matrix for fix source energies

parameterization for the whole range of source energies can not be found, with-
out using to many parameters. Because of this it was decided to split the whole
source energy range into the two subranges R; : 10%%eV < Eg < 10*°eV and
Ry : 10295 eV < Eg < 10%*eV. The uncertainties are estimated as for D,,.. in case
of photon sources. The according ansatz for the parameterization is:

ps - (logo(Es))® + p2 - (logy(Es))? + p1 - logio(Es) + po Es € Ry,

Dmax<ES> =

b2 - (10g10(ES))2 +Dp1- IOglo(ES) + Do

Es € R,.
(5.3)

Fitting this functions to the points derived from the simulation series defines the
set of parameters for each photon energy threshold, which are summarized in the

table 5.6.

Einc[eV] Energy range ps D2 D1 Do

1017 Ry 2791 -1682  3.377-10* —2.26-105
Rs 1.949 -69.86 627.5

1018 R, 31.04 -1871 3.758-10* —2.516-10°
Rs 1.814 -64.1 564.4

1019 Ry 0.2217 -4.493 -90.42 1841
Ry 1.6561 -57.63 496.8

Table 5.6: Parameters derived by fitting the ansatz to the simulated data
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Figure 5.6: The points show D, in dependence of Eg for the simulation series with
primary protons. The black and the red line shows the parameterization
of these values.

For the Eg dependence of the maXN;)bS values from this simulations no ansatz is
found, that gives a good x? from the method of least squares. One reason for this

could be the very small uncertainties, which is estimated from , /maXNg’bs. An ansatz
that fits the points, as one can see by eye in figure 5.7 is

NS (Es) = po - (log(Es) + 1) (5.4)
Applying this to the simulated data gives the parameters shown in table 5.7.

EwleV]  po D1 Do Valid for energies [eV]

107 12.72 19.66 2.828 1099 —10%
1018 455 19.67 2.79 10198 — 1023
1019 1.0 19.71 273 1098 — 1023

Table 5.7: Parameters for fitting maXny’bS(Es )

5.4 Magnetic fields 1D

Apart from the deflection of cosmic rays caused by intergalactic magnetic fields,
the charged components of the electromagnetic cascades are also influenced by syn-
chrotron losses in these fields. The effect, these losses have on the energy distance
matrix, is investigated here.

For this purpose, the simulation series of the previous section is repeated with
two different homogeneous transversal magnetic fields with the strength of 0.1nG
and 1nG. This field strength is in the order of the average magnetic field strength
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derived by some simulations as mentioned in chapter 3. To lower the computational
effort a less dense distance grid and a shorter source energy range from 10'8¢eV to
1022eV is used. Moreover, the statistics is limited to 50000 protons emitted from
each source for the whole simulation series.

5.4.1 Results

The resulting Ngbs / nsre ratio for these two series are shown in figure 5.8. To point
out the effect of magnetic fields, the ratio (Njuestods || /Ntrestold) of the values in
figure 5.8 and the corresponding values in figure 5.1 for the simulation series without
magnetic fields in section 5.3 is depicted in figure 5.9 for the three different energy
thresholds for the observed photons. Omne can see, that due to the synchrotron
radiation, a reduced Ngbe / nsre ratio is detected at the observer especially for larger
source distances and higher proton energies at source. The maximum deficit for
example for photons above 1018 eV is 94% for the 0.1nG field and 98% for the 1nG
field, which appear for the highest simulated source energies of 10?2V and a source
distance of about 100 Mpc for both fields. For near distances a slight increase can be

observed for high source energies, that is only barely seen in this figure.

5.4.2 Interpretation

As already mentioned the effect here is caused by synchrotron radiation in the mag-
netic field. The power of this radiation behaves like P oc E? - B? [26]. This effect
accelerates the electromagnetic cascading. For small distances this leads to an in-
crease of the observed photons above the threshold. But for large distances more
photons drop under the threshold before the cascade reaches the observer.
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5.5 Only Pair Production

5.5 Only Pair Production

One interesting additional question is how the results for the energy distance matrix
change without the GZK-effect, so that electromagnetic cascades are only induced
from proton pair production process. The amount of statistics and the energy dis-
tance grid is the same as in section 5.4. The resulting Ngbs / ngre ratio is shown in
figure 5.10. The maximum entries are by a factor of thousand smaller than in the
case of a combination of pion production and pair production. The energy loss length
of pair production is always larger than 1000 Mpc as shown in figure 4.1. Because
of this the protons should initiate electromagnetic cascades in the whole observed
distance range and the photon number should increase continuously, as it is seen.
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Figure 5.10: ¥ / ngre of the simulation series with only pair production as interaction
for protons
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6 Studies with a three dimensional
propagation model

6.1 Aim

In this chapter different studies are performed with the three dimensional simulation
mode of CRPropa. The main advantage of this propagation model compared to the
one dimensional mode is the possibility to take into account the deflections of charged
cosmic rays in intergalactic magnetic fields. To study this influence on the cosmic
ray propagation, we regard the scenario of point sources which emit ultrahigh energy
protons isotropically. The main information of interest is how the arriving direction
of UHE nucleons and photons at Earth like observers deviates from the direction
of the source. From now on the two corresponding angles are named ¢, and .,
respectively. Especially the relation of these two angles for UHE particles above
different energy thresholds (Fiy,,) will be investigated for different source parameters
and magnetic field assumptions.

The UHE photon component is purely produced during the propagation of nucle-
ons through interactions with the low energy photon background. As mentioned in
chapter 4 the electromagnetic cascades, in which the UHE photons propagate, expe-
rience only negligible deflections in magnetic fields. Therefore in CRPropa they are
only propagated in straight lines. So the angle ¢, is only influenced by the direction
of the nucleon that produced the electromagnetic cascade. These nucleons have in
average traveled smaller distances than those nucleons, that hit the observer. This
leads to the assumption, that observed UHE photons should point back more to the
source, than the observed nucleons.

Based on the CRPropa Monte Carlo code, the validity of this assumption is ana-
lyzed and quantified.

6.2 General preparations

6.2.1 Angular resolution of detecting mechanism

Obviously the detection of a particle needs an extended observer, which is realized in
CRPropa by a sphere centered at the position of the observer. Every time a nucleon
or a secondary particle hits this sphere, its current properties are recorded.
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observer source

Figure 6.1: Sketch for describing the maximum uncertainty, due to the detecting
mechanism in CRPropa

This detecting mechanism also causes an uncertainty in the arrival direction of the
detected particles, because of different impact parameters as one can see in figure
6.1. The maximum departure, is given by

’
AP = arctan —, 6.1
© arctan - (6.1)

where r is the radius of the observer sphere and D the distance from the center of
the observer to the source. For a source distance of 3 Mpc, which is of the order of
the minimum distance used in this chapter, this means a A, of 1.91°, 0.91° and
0.38° for observer radii of 0.1 Mpc, 0.05 Mpc and 0.02 Mpc respectively. A few test
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Figure 6.2: ¢, distribution, that shows the systematic uncertainties introduced by
the observer sphere for different sizes of this sphere for test simulations
with a fix source distance of 3 Mpc

simulations are run in the absence of magnetic fields and no interactions to confirm
this assumption. In each of these simulations, a single point source, that emits
protons with a discrete energy of 10'® ¢V, is placed in a distance of 3 Mpc from the
observer whereupon the radius of the observer is one of the above mentioned values.
The corresponding ¢, distributions in figure 6.2 are in good agreement with the
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calculated values. Furthermore one can see that the number of events increases with
¢n - The explanation for this is, that for bigger impact parameters, the corresponding
area on the surface of the sphere grows and thus also the probability for a nucleon
to hit the sphere.

As an acceptable size of this uncertainty Appa.x = 0.38° is chosen, and so an
observer radius of 0.02Mpc. This is sufficient, because this is below the accuracy
of measured data for example those of the Pierre Auger Observatory, who have a
angular accuracy of about one degree [27]. But with a smaller observer volume the
probability for an event to hit the observer is also reduced, r=0.02 Mpc is too small
for larger source distances, where the statistics has to be increased considerably to
gather the same amount of events at source. For this reason, the observer radius is
changed with the source distance, so that this systematic uncertainty stays constant
according to equation 6.1. Some test simulations with different source distances are
done, where this procedure is applied. The resulting ¢, distributions shown in figure
6.3 confirm the effect on these systematic uncertainties.
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Figure 6.3: ¢, distribution, that shows the systematic uncertainties caused by the
observer sphere for simulations with different source distances, where
accordantly the observer size is changes to keep the uncertainties constant

Size of simulation box In chapter 4 it is already mentioned that in the three
dimensional mode of CRPropa a fixed propagation volume with periodic boundary
conditions is used, whose size have to be specified at the beginning of the simulation.
Because one of the main aims of this chapter is to study how many UHE nucleons
and photons point back to the sources, periodic boundary conditions are not useful
in this case. This feature would cause artificial arrival directions. To prevent this,
the size of the simulation box and the maximal propagation time for the nucleons are
chosen in such a way that particles reentering due to the boundary conditions can
not hit the observer. These two parameters of the simulation are chosen individually
in the coming simulation series, as it will be specified in the according sections.
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6.3 Homogeneous magnetic field

In this first two simulation series, magnetic fields with the field strength of 1 nG and
10nG, which are both homogeneous in the whole simulation box, are used respec-
tively. Both fields are directed perpendicular to the straight line through source and
observer.

Consequently, the nucleon trajectories are expected to be helixes around the mag-
netic field lines! intermittent by short straight lines for the neutron phases. Although
this is not a very realistic scenario, this magnetic field allows a good prediction of
the expected effects they cause on cosmic ray propagation. The first question is,
how the ¢, and ¢, distributions for particles with energies above different energy
thresholds vary with the energy of the corresponding source protons and the distance
to the source. To study this, protons which have energies (Es ) at the source between
10185 eV and 10?2 eV and following an E~! spectra are simulated for the four source
distances 3.9 Mpc, 10 Mpc, 40 Mpc and 75 Mpc. The E~!-spectrum yields that the
starting probability for a proton is equal in every order of magnitude of energy. It
should be mentioned that in CRPropa the only way to set a lower boundary energy of
the injection spectrum is to set the minimum energy of the simulation to this value.
Hence, all nucleons, that drop under this threshold are deleted from the simulation.
Because of this, the useful minimum threshold energy for the observed particles is
this lower boundary energy.

6.3.1 Preparing the simulation
Size of simulation volume

The size of the simulation box is chosen to be 400 Mpc with the observer placed in
the centre of this cube. This is much larger than the largest source distance.

Estimation of the maximum propagation time of the simulation

Test simulations with this magnetic field, where all interactions are switched off and
only protons of one discrete energy are submitted by one point source, show two
different arrival directions for the nucleon events. One with a ¢, smaller (trajectory
a) and one bigger (trajectory b) than 90°. This is a result of simple geometry. For
a circular trajectory, whose diameter is larger than the distance between source and
observer two starting directions are possible, that hit the observer like shown in the
sketch in figure 6.4. This effect is also visible in the distribution of the propagation
times as shown in figure 6.4(b). As one would not expect such huge homogeneous
magnetic fields in the Universe, the effect of the trajectory b is not relevant for this

Thelixes and not simply circles, because of the part of the start momentum of the protons, which
is parallel to the magnetic field
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with the same energy in a homogeneous magnetic (in Mpc) of nucleons with an energy of 5-10'8 eV,
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distance. The simulation is run with no interac-
tions and in the 1 nG magnetic field

Figure 6.4: Possible nucleon trajectories in a homogeneous magnetic field

studies. Therefore, the maximum propagation time in the simulation is set to the
time the lowest energy nucleon, that is able to achieve the observer, would need for
its trajectory (%7? - D). The trajectory b should be larger than this distance for all
nucleons with higher energies and should prevent them to hit the observer. As a
consequence only deflections up to 90° should be observed.
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Figure 6.5: Test of the fluctuations of the 68-quantile values of ¢, and (., for different
numbers of primary protons started in one simulation

Estimation of the amount of statistic needed in the simulation

As in chapter 5 the amount of statistics which is necessary to keep the fluctuations of
the quantities of interest small, have to be estimated. The main quantity of interest
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from the simulations in this chapter will be the 68-quantile values of the distributions
of the already mentioned ¢, and ¢, values for different source energy ranges, as will
be described later in this section. To estimate these fluctuations for a fixed amount
of statistics, namely a fixed number of protons starting at the source, the same
simulation is repeated with different random seeds, and the mentioned 68-quantile
values are determined for each of this simulations. Doing this for a proton source
with an E~! energy spectrum at a distance of 10 Mpc from the observer and the
1nG magnetic field described above provides the results shown in figure 6.5. Here
the root mean square (RMS) for the 68-quantile values in dependence of the source
energy are shown for a statistics of 200, 100 and 50 million protons starting at the
source. The number of simulations within which the RMS values are calculated are
9, 19 and 38, respectively. Because of this, especially the first two estimations of
the fluctuation are not very reliable, but more simulations would be too CPU time
consuming. This is also the reason, why this method is not applied to the other
source distances.

Source distance Number of
[Mpc| starting protons
in million
B=1nG
3.9 500
10 2000
40 200
75 130
B=10nG
3.9 200
10 200
40 50
75 50

Table 6.1: Statistics used in the different simulation series

However we can take the results in figure 6.5 as an estimation for these uncertainties
for the source distance of 10 Mpc. One can see in the graph, that for source energies
above 10292 ¢V the fluctuations are below 0.2° for photons and protons, even for a
statistics of 50 million source protons. An increase to a RMS of over 0.6° for photons
is clearly observed between source energies between 106 eV and 1024 eV. This can
be lead back to the increase in the energy loss length as one can see in 4.1, that
causes a decrease in the photon production. This fluctuation drops below 0.4° for a
statistics of 200 million protons, what would be an acceptable fluctuation, as already
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6.3 Homogeneous magnetic field

mentioned in 6.2.1.

For the source distance of 3.9 Mpc one would expect smaller deflections and because
of this also smaller fluctuations, so the same statistics as for D=10 Mpc should also
be sufficient for this distance. For the two bigger distances of 40 Mpc and 75 Mpc
an increase in ¢, and ¢, and because of this also an increase for the fluctuations
of this values would be expected. So an increased statistics should be used for this
source distances. But as this would be to CPU-time consuming, it is decided to take
the same statistics or even a reduced statistics to save CPU, especially in the second
series with the 10nG field. The number of starting protons for every simulation is
listed in table 6.1. The whole data produced for estimating the fluctuation for the
case with D=10 Mpc and B=1nG can be of course also used for the simulation series,
what is the reason for the high statistics in that simulation.

6.3.2 Results

For the first simulation series with a 1nG magnetic field, the resulting ¢, and ¢,
distributions for nucleons and photons with energies above the threshold of 10185 eV
at the observer are shown in figure 6.6 in dependence on FEg for each of the four
distances. The logarithmically binned source energy is binned with a size of 0.4 to
have enough statistic and only energies from 104 eV upwards are regarded, since
primary protons with lower energies do not produce significant amounts of photons
above the given threshold. As for the different distances no uniform starting statistic
is used, the observed nucleon and photon numbers are normed to 500 million starting
protons.

As expected, the ¢, distributions in these cases seem to point back more to the
source than the ones of ¢, for all source distances and all energies of the source
protons. For both distributions, the difference of the arrival directions of the events
from the source direction increases with decreasing E5 and increasing source distance.

To quantify the ¢, and the ¢, distributions for the different Eg bins, the angle for
which 68 percent of the particles arrive with angles smaller than this one, called the
68-quantile, is determined as shown in figure 6.7. The entries are connected through
straight lines to guide the eye.

The 68-quantile values in these plots confirm the already made statements. For
the two nearest distances one can see a nearly complete agreement with the source
direction for energies above 10%!' eV, except to a not vanishing offset of 0.4° for
nucleons and photons. This offset is already described in section 6.2.1 and is due to
the detecting mechanism. Consequently angels below 0.4° have to be assumed as not
deflected. For a distance of 75 Mpc a not monotone decrease with Eg for the photon
entries can be observed for Eg around 102%%eV and 10%°8 eV, whereat for 10298 eV
the photon value even exceeds the nucleon one. This behaviour is supposed to be a
statistical fluctuation, as in this simulation the lowest number of starting protons is
used, which one can see in table 6.1 .
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Figure 6.6: ¢, and ¢, distributions for particle energies at the observer above the
threshold of 10'%° eV and a homogeneous magnetic field of 1 nG in depen-
dence of the energy of the primary protons for different source distances
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6.3 Homogeneous magnetic field

For a quantitative comparison of the point back behaviour of photons to that of
nucleons, the ratio of the 68-quantile value for ¢, to that of ¢, is calculated for
each Fg region as shown in figure A.1 in the appendix. Because of the mentioned
uncertainties, no reliable conclusions can be taken from this values in general. But to
give a rough feeling for this ratio, it can be calculated for the distance of 10 Mpc and
Es of 10%° eV, where the statistical and systematical uncertainties should be small.
Here this ratio is 0.59.
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Figure 6.7: 68-quantile for the ¢, (red) and the ¢, (black) distribution for observed
particles with energies above 10'%° eV in dependence of the energy of the
primary protons for the source distances of 3.9 Mpc, 10 Mpc, 40 Mpc and
75 Mpc and a homogeneous magnetic field of 1 nG

Regarding the effect of different threshold energies at observer

In a next step it is analyzed how the variation of the threshold energy which sets
the lower limit for the regarded events affects the hithereto made observations. For
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6.3 Homogeneous magnetic field

this purpose the energy threshold is raised to 10* eV and 10%° eV and the results
are compared with the previously used threshold of 1018 eV. The comparison of the
68-quantiles are shown in figure 6.8, where every column shows the results for the
different source distances for one fixed threshold, which is increased in every row
from 10'%°eV to 10*°eV. In these figures one can see that increasing the threshold
reduces the 68-quantile only for the ¢, distributions, which are induced by protons
with source energies close to this threshold. This results from the fact that the en-
ergy of the photons created out of the photo-pion production is on average nearly
an order of magnitude smaller, than the remaining energy of the nucleon from this
interaction. Raising the energy threshold affects therefore more the photon compo-
nent. Consequently this means that the better point back behaviour of the photons
observed here refers to photons with an average much smaller energy than that of
the protons, with which they are compared.

Results for the homogeneous magnetic field with 10nG

Regarding the ¢, and the ¢, distributions for the second simulation series with a
homogeneous magnetic field with the strength of 10 nG, shows a similar behaviour
as for the previous series with a 1 nG magnetic field for the two nearest distances of
3.9 Mpc and 10 Mpc, as shown in figure 6.9. The difference are of course, that the
distributions are shifted to larger values, as is seen in figure 6.10.

For the two more remote distances of 40 Mpc and 75 Mpc only single arbitrary
distributed entries can observed for protons asit is seen in figure 6.9. The fact, that
the graphs shows entries of ten results from normalization mentioned in section 6.3.1.
This is because of the too large distance of these sources. Most nucleons are deflected
too strong in the magnetic field to reach the observer.

Unexpected photon entries

Unexpected structures occur in the ¢, distributions as one can see in figure 6.11.
Here very few entries for high source energies and large angles appear, which are
not expected. Although these few entries should not have any significant effect on
the results of the simulation, their existence should be mentioned. One possible
reason for this structure could be the periodic boundary conditions of the simulation
box. Although the maximum propagation time of the photons is set to inhibit the
detection of reentered nucleons, photons produced during the nucleon propagation
can not be bound to this constrain and therefore can reach the observer. One could
control this assumption by enlarging the simulation volume, which should lower these
entries. This would then also be a method to prevent these unwanted detections.
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Figure 6.9: ¢, and (., distributions in dependence of the energy of the primary pro-
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Figure 6.11: The two figures show unexpected photon entries for different ¢, values

6.3.3 Energy spectrum of E2

The next question that arises, is how the ¢, and ¢, distributions look like for the
whole energy spectrum of source protons for the homogeneous magnetic field scenario.
Therefore, the output of the already simulated E~! source spectra is reweighted to
get the results of an F~2 spectra, which is the result for a source of UHECR in an
acceleration scenario. The resulting ¢, and ¢, distributions for nucleons and protons
above a threshold energy of 10 eV and an end of the source energy spectrum at
F.t=10%"° eV, which matches the highest observed cosmic ray events, as described
in chapter 2.1, are shown in figure 6.12. For this threshold in fact no correlation
with the arrival direction can be seen for nucleons, whereas the ., distribution for
photons above this energy show a clear directional correlation, even for the largest
observed source distance of 75 Mpc. The extreme large ¢, angle is caused by the
protons of lowest energies, that were not regarded till now, as mentioned above. The
maximum values of the arrival direction of 90° is due to the setting of the maximal
propagation time as described in section 6.3.1.

For a better comparison of this distributions, again the 68-quantile is determined
for each source distance. The resulting values are shown in figure 6.13(a). The 68-
quantile for the ¢, is saturated at about 60° that corresponds to 68% of the 90°.
The 68-quantile for the ¢, even for this low thresholds stays below 20°. One can see
that the 68-quantile for the ¢, distribution seem to be in good agreement with the
values from the previous section.

Increasing the lower threshold for the observed particles to 10%eV and 10%° eV
as shown in the first column of figure 6.13 lowers the 68-quantiles for both particle
types and for all distances, which matches the exceptions. But for even the highest
regarded threshold of 10%° eV the 68-quantiles for ¢, are at least twice as large as
those for the ¢, . The decrease for photon entries at 75Mpc in figure 6.13(f) is
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6.3 Homogeneous magnetic field

due to a lack of statistics, as already discussed in the previous section and not an
effect of physics. Raising the highest energy of the spectrum to 10?2 eV shifts only
the 68-quantile of the ¢, distribution to smaller angles. This effect can be explained
with the enhanced production of UHE photons for the proton energies, which are
added with the rise of the cut off energy as described in section 5.3. These nucleons
themselves seem not to have a significant effect on the ¢, distribution. This seems
reasonable because of their low appearance due to the E~2 spectra.
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Figure 6.12: The ¢, (left) and ¢, (right) distribution assuming a homogeneous mag-
netic field of 1 nG and an E~2-spectrum at source, for the energy thresh-
olds of 10'8%eV and a cutoff energy of 10%°° eV
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6.4 Structured magnetic field

In this last simulation series a structured three dimensional magnetic field map from
the simulations of Miniati et al. [16] is used. In this magnetic field, the results of
simulations of single point sources strongly depend on the local structure of the field
between the source and the observer. As described in chapter 3 the positions of the
magnetic field structures in this map are not correlated with large scale structures
in our Universe. Because of this, the results of single point sources would not give
a valuable information. Instead, it is more reasonable to regard the mean behaviour
for a lot of point sources located at different positions.

In this simulation series, 23 single point sources are distributed in the simulation
volume, all at a distance of 10 Mpc to the observer. The energy spectrum at each
source follows again an E~! spectrum with an energy range from 10 eV to 10?2 eV.
The observer is positioned in the point with the coordinates (3.79 Mpc, 41.7 Mpc,
45.5 Mpc) shown in figure 6.15 (where it corresponds to the grid points (13, 143, 156)),
where the intergalactic magnetic field shows similar strength as in the surrounding
of the milky way [28].

6.4.1 Preparations
Maximum CPU time of the simulation

For this simulation series the maximum propagation time for a nucleon in the simu-
lation for which it is not affected by the periodic boundary conditions of the simula-
tion box as described in 6.2.1 is given trough the size of the simulation box, which is
74.6 Mpc. Using such a long propagation time would also need a long computation
time. As one can seen in figure 6.14, the gain in the number of detected events
decreases rapidly with the propagation time. For this reason it is decided to set the
propagation time to 40 Mpc/c.

10*
10°
10?
10 N "
0 10 20 30 40 50

propagation time [Mpc]

number of detected nucleons

Figure 6.14: Arrival time of the nucleons
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Figure 6.15: Three two dimensional B-Field distributions each at fixed z values of
45.5Mpc, 35.5Mpc and 55 Mpc through the three dimensional mag-
netic field from computer simulations by Miniati [16]. The units of the
axis are the grid points of the simulation. The distance between two
grid points corresponds to 0.2915 Mpc. The colour code represents the
relative magnetic field strength in logarithmic scale. The red square in
(a) at (13, 143, 156) marks the position of the source used in this section.
The red square in the other two maps just point out the x-y-coordinates

of the observer.
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6 Studies with a three dimensional propagation model

Statistics

Each of these 23 sources have been set to emit 50 million protons. This was the
smallest statistics tested in the case of a homogeneous magnetic field in section 6.3.1.
The maximal fluctuations for this statistics was 0.6°. This value is also take as a
rough guideline for the used inhomogeneous magnetic field.

6.4.2 Results

As in the previous section, the distribution of arrival directions of nucleons and
photons above a threshold energy of 10*® eV is regarded in dependence on the energy
of corresponding source protons and the 68-quantiles for ¢, and ¢, are calculated.
The combined results of all 23 sources are shown in figure 6.16. The distribution
of ¢, in 6.16(a) and ¢, in 6.16(b) shows a wide spreed to larger angles at lower
source energy. In addition, one can observe different structures in both distributions,
which may be caused by the structure of the magnetic field. Determination of the
68-quantile of both distributions in dependence on the source energy shows also for
this magnetic field in general a better correlation of the arrival directions to the
source direction for photons than for nucleons above the energy threshold of 108 eV.
One exception can be seen for the entry for the lowest source energies. To estimate
the uncertainties of this two 68-quantile values, the ¢, and ¢, distributions for this
source energy bin are shown in figure 6.17. For the ¢, distribution one can see
multiple bins with an excess in the photon number, which indicates a low statistic
in this distribution. Because of this the uncertainty of the corresponding 68-quantile
value should be big.

Again some odd structures occur for large source energies and large ¢, angles in the
distribution in figure 6.16(b). They show similar shape to the observations made in
the previous section, which was assumed to be a consequence of the periodic boundary
conditions. This effect seems to be larger in this simulation series. This would
support the assumption of the origin of this odd structures, because the simulation
box used here is much smaller than in the last two simulation series.

Regarding different threshold energies at observer
Raising the energy threshold for the observed particles, shows the same behaviour
as already observed in the case of a homogeneous magnetic field.

Comparing the different magnetic fields

Comparing the energy dependence of the 68-quantile values of the simulation with
the structured magnetic field with the two previous simulation series show the lowest
deflection for energies higher than 102°4eV for the inhomogeneous field. For lower
energies the values of the structured field lies between 1 nG and the 10nG field.
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6.4 Structured magnetic field

6.4.3 Energy spectrum of E2

In the end again the ¢, and ¢, distribution for a complete energy spectrum from
108 eV to 10?2eV which follows an E~? power law is regarded, using the same
reweighting procedure like in the previous section. The resulting ¢, and ¢, distribu-
tions are shown in figure 6.20 for different threshold energies for the observed parti-
cles. The 68-quantile values for the two distributions in dependence on this threshold
is displayed in figure 6.21(a) for a cutoff energy of the spectrum of 10%*° ¢V. For this
source distance of 10 Mpc one can see nearly no difference of the arrival directions of
68-quantile of the photons above 10'® eV from the source direction. For the nucleons,
a 68-quantile value below 1° is reached above an energy threshold of 10%° V. Raising
the cutoff energy of the spectrum leads to a complete agreement of the 68-quantile of
the ¢, distribution with the source direction for all energy threshold at the observer
as shown in figure 6.21(b).
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dence on different energy thresholds, assuming the Miniati magnetic
field and an E~2-spectrum at source, for cutoff energies of 102*5 eV and
1022 eV
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7 Conclusion and Outlook

The first part of this thesis had the aim to study the amount of photons expected
from the propagation of UHE nucleons with different discrete energies at source and
different source distances. The main results are shown in the matrices in figure 5.4
in chapter 5.3. These matrices show the existent of a distance for the sources of
UHE protons that provides a maximum number of photons above a given detection
threshold for every source energy. A parameterisation is found for this special dis-
tance and the corresponding amount of photons in depending on the starting energy
of the source protons.

With the data contained in each of this matrices one could in a next step calculate
the expected photon to proton ratio above different detecting thresholds for sources
that emit protons with a powerlaw energy spectrum. The results could then be com-
pared with current upper limits set by experiments like the Pierre Auger Observatory
as described in section 2.4.

In the second part it was examined, how the distribution of the arrival directions
of nucleons emitted from a point source behave in comparison to the distribution of
the arrival directions of the photons that are produced during the propagation of this
nucleons in the presents of magnetic fields. This is done in dependence on the energy
of the nucleons at the source and for a complete source spectrum. Both cases are
done for different photon energy ranges and magnetic field assumptions. In all cases
the photons point back closer to the source of the nucleon, than the nucleon itself.
The current search for sources of UHE cosmic rays by the Pierre Auger Observatory
shows that cosmic rays at the highest energies do not have isotropic arrival directions
[8]. The detection of UHE photons should improve the significance of this efforts and
could even lead to the discovery of the sources of cosmic rays.

To increase the significance of the results in this second part, a consideration of
the uncertainties should be added. The next steps would be to consider intergalactic
magnetic fields, that reflect the magnetic structure in our Universe as described for
example in [29] and [30]. These fields would allow predictions for different assump-
tions of sources distributions of UHECR. For a further improvement of the deflection
studies one could consider to integrate galactic magnetic fields in the simulation.
Additionally, these studies should be redone with sources that emit higher nuclei.
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