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In the present work the connection between high energy particles and cosmic magnetic fields is
explored. Particularly, the focus lies on the propagation of ultra-high energy cosmic rays (UHECRs) and
very-high energy gamma rays (VHEGRSs) over cosmological distances, under the influence of cosmic magnetic
fields.

The first part of this work concerns the propagation of UHECRSs in the magnetized cosmic web, which
was studied both analytically and numerically. A parametrization for the suppression of the UHECR flux at
energies ~ 108 eV due to diffusion in extragalactic magnetic fields was found, making it possible to set an
upper limit on the energy at which this magnetic horizon effect sets in, which is < 107 eV.

To confront theoretical models with experimental data collected by large cosmic ray experiments such
as the Pierre Auger Observatory, and at the same time to address the open questions regarding the origin and
nature of UHECRs, the CRPropa code was developed. It allows the propagation of UHECRSs and secondary
gamma rays and neutrinos in the universe including all relevant energy loss and interaction processes as well
as effects of galactic and extragalactic magnetic fields. The newest version, CRPropa 3, is discussed in
details, including the novel feature of cosmological effects in three-dimensional simulations, which enables
time dependent studies considering simultaneously magnetic field effects and the cosmological evolution of
the universe.

An interesting possibility is to use UHECRs to constrain properties of cosmic magnetic fields, and
vice-versa. Numerical simulations of the propagation of UHECRs in the magnetized cosmic web, obtained
through magnetohydrodynamical simulations of structure formation, were performed. It was studied the
effects of different magnetic field seeds on the distribution of cosmic magnetic fields today, and their impact
on the propagation of cosmic rays. Furthermore, the influence of uncertainties of the strength of intergalactic
magnetic fields on the propagation of UHECRs was analyzed. It is shown that magnetic fields are crucial for
the propagation of cosmic rays, and the lack of knowledge about their properties can spoil the possibilities
of identifying individual sources of UHECRs. The prospects for UHECR astronomy are discussed in light of
these results.

The second part of this work concerns the propagation of VHEGRs in the universe. Gamma rays
interact with pervasive photon fields creating electron-positron pairs which scatter background photons, in
a process known as electromagnetic cascade. The electron-positron pairs can provide valuable information
about the intervening magnetic fields, including the possibility of constraining the strength of these fields. A
new Monte Carlo code for propagating VHEGRSs in the universe was developed, based on the code structure
of CRPropa. This code was applied to the study of pair halos from blazars under the assumption of different
magnetic field configurations. The results suggest that the observation of pair halos can provide important
clues on the strength of intergalactic magnetic fields, as well as the maximal energy attainable by VHEGR
sources.






In der vorliegenden Dissertation wird die Beziehung zwischen hochenergetischen Teilchen und kosmis-
chen Magnetfeldern erforscht. Insbesondere geht es dabei um die Ausbreitung der ultrahochenergetischen
kosmischen Strahlung (UHECRs) und der sehr hochenergetischen Gammastrahlung (VHEGRS) in kosmichen
Magnetfeldern.

Der erste Teil dieser Arbeit betrifft die Ausbreitung der UHECRs im kosmischen Netz, die analytisch
und numerisch untersucht wurde. Es wurde eine Parametrisierung der Unterdriickung des UHECR-Flusses bei
Energien ~ 10'® eV aufgrund der Diffusion in extragalaktischen Magnetfeldern gefunden, die es erméglicht,
eine Obergrenze fiir die Energie, bei der dieser Effekt des magnetischen Horizonts einsetzt, zu bestimmen,
namlich < 107 eV.

Um theoretische Modelle mit Daten von GroBexperimenten zur kosmischen Strahlung wie dem Pierre
Auger Observatorium zu vergleichen und um gleichzeitig die offenen Fragen in Bezug auf den Ursprung
und die Natur der UHECRs zu beantworten, wurde die Software CRPropa entwickelt. Mit dieser ist es
maoglich, die Ausbreitung von UHECRs sowie der sekundaren Gammastrahlung und Neutrinos im Univer-
sum zu simulieren, einschlieBlich aller relevanter Energieverlust- und Wechselwirkungsprozesse sowie der
Auswirkungen der galaktischen und extragalaktischen Magnetfelder. Die neueste Version, CRPropa 3, wird
detailliert diskutiert, darunter die neue Moglichkeit der Einbeziehung der kosmologischen Effekte bei dreidi-
mensionalen Simulationen, welche zeitabhangige Studien unter gleichzeitiger Beachtung von Magnetfeldern
und der kosmologischen Entwicklung des Universums ermaoglicht.

Es ist eine interessante Moglichkeit, UHECRs zu benutzen, um Eigenschaften der kosmischen Mag-
netfelder einzuschranken und umgekehrt. Numerische Simulationen der Ausbreitung von UHECRs im mag-
netisierten kosmischen Netz, welches durch magnetohydrodynamische Simulationen der Strukturbildung er-
halten wurde, wurden durchgefiihrt. Die Effekte unterschiedlicher Saatmagnetfelder auf die heutige kos-
mische Magnetfeldverteilung sowie ihre Auswirkung auf die Ausbreitung der kosmischen Strahlung wurden
untersucht. Weiterhin wurde eine Analyse gemacht, um den Einfluss der Unsicherheiten der Starke inter-
galaktischer Magnetfelder auf die Ausbreitung der UHECRs zu verstehen. Es wird gezeigt, dass Magnetfelder
entscheidend fiir die Ausbreitung der kosmischen Strahlung sind und dass die mangelnde Kenntnis ihrer Eigen-
schaften die Identifizierung der Quellen der UHECRs teilweise verhindern kénnen. Die Perspektiven fiir die
UHECR-Astronomie werden angesichts diese Ergebnisse diskutiert.

Der zweite Teil dieser Arbeit behandelt die Ausbreitung der VHEGRs im Universum. Die Wechsel-
wirkung der Gammastrahlen mit den durchdringenden Photonenfeldern kann Elektron-Positron-Paare erzeu-
gen, die wiederum die Hintergrundphotonen streuen. Dieser Prozess ist die sogenannte elektromagnetische
Kaskade. Die Elektron-Positron-Paare konnen wertvolle Informationen iiber die den von ihnen durchquerten
Raum durchziehenden Magnetfelder liefern, einschlieBlich der Moglichkeit der Einschrankung der Starke
dieser Felder. Basierend auf der Struktur von CRPropa wurde ein neuer Monte-Carlo-Code fiir die Ausbre-
itung von VHEGRs im Universum entwickelt. Dieser Code wurde fiir die Untersuchung von Paarhalos von
Blazaren verwendet, um verschiedene Magnetfeldmodelle zu vergleichen. Die Ergebnisse weisen darauf hin,
dass die Beobachtung von Paarhalos wichtige Hinweise sowohl auf die Starke der intergalaktischen Mag-
netfelder als auch auf die maximal erreichbare Energie der Gammastrahlen, die von einer Quelle emittierten
werden, geben konnen.

Vi
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Cosmic magnetic fields are ubiquitous, and their existence has been confirmed in scales ranging from
planets to clusters of galaxies [1]. The intensity of these fields can vary from ~ 10719 G in filaments, which
are possibly the largest magnetized structures in the universe up to 10'® G in magnetars, the astrophysical
objects with the largest magnetic fields known. Even lower magnetic fields (~ 1072° G) can exist in the vast
regions devoided of matter called cosmic voids. The mechanisms which originated cosmic magnetic fields in
the universe are an unsolved problem in cosmology. Understanding the magnetogenic process is extremely
important for understanding the early universe, how the structures observed today were formed, and how
they evolved.

Intergalactic magnetic fields (IGMFs) are the ones possibly present in the voids whose existence is not
yet confirmed. Upper bounds for the strength of these fields do exist and are of the order of 1 aG, and some
studies claim to have found a lower limit of the order of 107° G [2] based on the observation of gamma
ray-induced electromagnetic cascades from TeV blazars, although this lower bound has been questioned in
some recent works [3,4]. These fields may carry imprints of the process of generation of magnetic fields
in the early universe, since they are virtually unaffected by magnethohydrodynamical processes. Imprints of
IGMFs may be present in the voids. Because the density of these regions is extremely low, magnetohydro-
dynamical amplification of seed fields might not have occurred, hence keeping the properties of these fields
approximately unaltered.

Matter in the universe is not randomly distributed, but hierarchically clustered into larger objects.
Galaxies are grouped in clusters, which are dense nodes connected to each other through filaments, com-
posing a gigantic network called the cosmic web. The cosmic web contains regions with low matter density,
the voids, which fill most of the volume of the universe.

The universe is also pervaded by omnipresent photon fields, namely the cosmic microwave background
(CMB), a relic of the matter-radiation decoupling after the Big Bang, and the extragalactic background
light (EBL), which comprises electromagnetic radiation in a wide range of frequencies. Together with
cosmic magnetic fields, photon fields provide a background for the propagation of particles in the universe.
On one hand these particles can bring valuable information about the environments which they traverse
or where they are immerse, thus serving as astrophysical and/or cosmological probes (particle physics —
astrophysics/cosmology). On the other hand, the knowledge about astrophysics and cosmology allow the
study the properties of these particles (astrophysics/cosmology — particle physics). The present work focus
essentially on two types of particles: ultra-high energy cosmic rays (UHECRs) and very-high energy gamma
rays (VHEGRs).

Cosmic rays' are energetic particles from outer space that reach Earth. It is remarkable that the
cosmic ray spectrum spans almost 13 orders of magnitude, from 100 MeV to ~ 100-1000 EeV?. Today,

I There is no consensus on the definition of cosmic rays. In the present work cosmic rays are defined as any nucleon or
atomic nuclei with energy larger than 100 MeV that reach Earth.
2One exaelectronvolt (EeV) is defined as 108 eV.



more than one century after the first experimental detection of cosmic rays, the origin and nature of the
most energetic® particles in the universe, the UHECRS, still remain a mystery.

The flux of cosmic rays at ultra-high energies is very low (~1 particle per square kilometer per
century), thus requiring detectors covering a large area. Today, the largest UHECR experiment is the Pierre
Auger Observatory, in Argentina, which has been operational since 2004. The interpretation of experimental
data entails comparisons with theoretical models. Due to the large uncertainties in the models a large
parameter space has to be covered. This can be done using advanced simulation engines which include all
relevant interactions as well as the current knowledge about cosmic magnetic fields, such as CRPropa [5-9],
SimProp [10] and HERMES [11].

At energies above ~ 109 eV the distance that UHECRs can travel is strongly limited by the pervasive
photon fields, which imply the existence of an interaction horizon, beyond which cosmic rays cannot reach
Earth without suffering severe energy losses. Therefore, at the highest energies UHECRs have a local origin.
Nevertheless, for energies ~ 10 eV most of the cosmic ray flux can be dominated by the contribution
of sources at cosmological distances. In addition, a key factor that should be considered is the existence
of cosmic magnetic fields. Depending on the distance of the source, the propagation time of particles in
magnetic fields can be comparable to the age of the universe, and consequently they would not reach Earth.
This provides another constraint on the distance of sources of UHECRs: a magnetic horizon.

An interesting feature of the cosmic ray spectrum is the suppression of the flux at approximately
6 x 10'9eV, whose interpretation can be two-fold: at this energy the Greisen-Zatsepin-Kuz'min (GZK)
cutoff due to the interaction of UHE protons with the CMB sets in; or this suppression is related to the
maximal acceleration energy at the source; or a combination thereof. Whilst the former hypothesis requires
a (mostly) protonic composition, the latter is compatible with a heavier composition. Furthermore, experi-
mental results from the two largest UHECR experiments, the Pierre Auger Observatory and the Telescope
Array (TA), are apparently contradictory. Auger measures an increasingly heavier composition toward higher
energies [12], whereas TA's results are compatible with a pure proton composition [13, 14]. These results
are strongly dependent upon the hadronic interaction model assumed, and there are solid evidences that
hadronic interaction models are not correct at such high energies [15]. Furthermore, the discrepancies in the
composition measurements may be hinting towards new physics at energies that are beyond the capacity of
current particle accelerators such as the Large Hadron Collider. While this problem is not solved, it is not
possible to confirm nor refute the GZK or maximal acceleration hypotheses.

The second type of particle herein studied are gamma rays, particularly the very high energetic ones.
They are one of the most important messengers of the non thermal universe, being generated by means
of leptonic and hadronic processes. They are also unique probes of fundamental physics, being useful for
indirect dark matter searches and tests of quantum gravity. Moreover, they can be used to probe IGMFs.

With the advent of imaging atmospheric Cherenkov telescopes (IACTs) the study of very energetic
astrophysical processes in the universe became possible. A potentially rich source of astrophysical information
are blazar jets of VHEGRs. By analyzing the spectrum and arrival directions of VHEGRSs it is possible to
study the signatures of cosmic photon fields and intervening magnetic fields. The propagation of VHEGRs
from blazars to Earth has been explored in many works (see e. g. refs. [2,16—19]), in order to constrain the
strength of magnetic fields along the line of sight.

The propagation of gamma rays in the universe is connected to a more fundamental question: the
opacity of the universe. Already in the turn of the eighteenth century the issue of the darkness of the sky
had been raised by Heinrich Olbers. Although his argument stood upon premises of an infinite and eternal

universe, this question is valid. Today it is known that the universe is not infinite and is about 13 billion

3This statement is, to the current knowledge, valid, albeit unknown particles with higher energies may exist.

2



years old, which partially provides an answer to Olbers’ paradox. However, another factor plays an important
role in the question of the opacity of the universe: the existence of pervasive photon fields. At energies
above ~ 10 GeV electromagnetic radiation (gamma rays) are attenuated by background photons, initiating
electromagnetic cascades.

The development of electromagnetic cascades in the intergalactic medium can give rise to the ap-
pearance of halos around sources of VHE gamma radiation, creating an extended signal. These halos can be
large enough to be detected by the current generation of IACTs, and their extension is intrinsically connected
to the maximal acceleration energy of the sources and the magnetic field along the line of sight.

As discussed, the propagation of UHECRs and VHEGRSs in the universe are intimately connected to
properties of cosmic magnetic fields and pervasive photon fields. By simulating the propagation of these
particles in the magnetized cosmic web and comparing with experimental data, it is possible to constrain the
strength and power spectrum of IGMFs, possibly shedding light on magnetogenic processes in the primeval
universe.

This thesis* is divided as follows:

e in chapter 1 it is presented some mathematical machinery for cosmology as well relevant concepts
and information concerning the cosmic web and photon fields, accompanied by an extensive review on

cosmic magnetism;
e in chapter 2 the state-of-the art of astrophysics of cosmic rays is presented;
e in chapter 3 some aspects VHEGR astrophysics are concisely described;

e in chapter 4 an analytical treatment for the suppression of the UHECR flux due to magnetic horizon
effects spawned by diffusion of cosmic rays in inhomogeneous extragalactic magnetic fields is presented,
including upper limits for the energy at which the aforementioned suppression can occur;

e chapter 5 contains a detailed description of the CRPropa 3 code, which is currently in its final stages
of development;

e in chapter 6 the propagation of UHECRs in the magnetized cosmic web is studied, focusing on the
effects of different primordial magnetic field seeds and the uncertainties on the strength of intergalactic

magnetic fields on the propagation;

e chapter 7 is a compendium of results related to the propagation of UHECRs over cosmological dis-

tances, and the effects of magnetic fields on their trajectories;

e in chapter 8 a new Monte Carlo code for three-dimensional propagation of VHEGRs including the

cosmological evolution of the universe is introduced;

e chapter 9 contains an application of the aforementioned gamma ray propagation code to the study of

pair halos from blazars;

e and finally, in chapter 10 the conclusions are presented.

4The material which composes this thesis was partially published in journals and conference proceedings (refs. [7=9,20,21]).
Chapters 6, 8 and 9 are still unpublished.






In this chapter a concise overview of several astrophysical and cosmological aspects relevant for this
work is presented. First, the standard cosmological model is briefly described, focusing on the expansion
of the universe and the cosmic microwave background radiation. Afterwards, brief insights on important
matters regarding cosmological structure formation and distribution of matter in the universe are provided,
establishing the connections with the subsequent section about cosmic magnetic fields. At the end of the

chapter the galactic magnetic field is discussed.

1.1 Cosmology: essential concepts and mathematical machinery

1.1.1 The Friedmann-Lemaitre-Robertson-Walker Universe

Before introducing the current cosmological model, it is important to describe the underlying theo-
retical framework upon which the model was built. It is based on the theory of General Relativity, which
establishes a connection between the metric of spacetime and the density of matter/energy in the universe.

One of the pillars of modern cosmology is the cosmological principle, which essentially states that at
large enough scales the universe is homogeneous and isotropic. A universe with these properties is described
by the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric:

dr?
1—kr?

ds? = c2d1? = A2dt? — a%(t) + r? (d6? + sin” 6de?) | , (1.1)
where (r, 8, ) are comoving coordinates at time t, ¢ is the speed of light in the vacuum, a(t) is the scale
factor, and k is a parameter which depends on the geometry of the universe: k < 1 for an open universe,
k > 0 for closed, and k = 0 for flat. Particularly, if Kk = —1 the universe has hyperboloidal shape (actually a
3-hyperboloid), and spherical (actually a 3-sphere) if k = +1.

Einstein's field equation for general relativity is given by
1
Ry — ERg‘“’ =8mGT,, (1.2)

where T,, = diag(—p, P, P, P) is the energy-momentum tensor, Ry, is the Ricci tensor, G is Newton's
gravitational constant, and g, is defined as

-1 0 0 0
0 1 0 0
_ 1.3
Guw 010 (1.3)
0 00 1



The solution to Einstein’s field equation for a universe with a FLRW metric can be expressed through
a set of equations obtained by Friedmann [22,23], which reads:
(1 6a>2 _ 871G kc®  Ac?

= =, 4= 1.4
aot 3pa2+3 (1.4)

= =)+ = 15
a ot? 3 c? + (1.5)

10%a  4nG < 3P> Ac?
3

with p being the energy and mass density of the universe, P the pressure of diverse cosmic components, and
A the cosmological constant.

The time dependent Hubble constant (or Hubble parameter) is defined as

10a
H(t) = ——=. 1.
(1) =5 (1.6)
The Hubble constant is defined as the value of the Hubble parameter at present time, i. e., H(0) =

Ho. It is also convenient to introduce the dimensionless normalized Hubble constant! (h), defined as h =
Ho km~1 s Mpc/100.
For a stationary flat universe the critical density p. is

3H?(t)
8nG

pc(t) = (1-7)

For a universe with multiple components, including matter and vacuum energy, it can be shown from

Friedmann’s equations that the matter (Q,,(t)) and vacuum energy (Qna(t)) densities are

Qm“):pm@)

pe(t) 9
and At

where pn,(t) is the density of matter. For non flat universes (k # 0), there is also a contribution from the

spatial curvature density, given by

—kc?
Qu(t) = FZO) (1.10)
The total density (€¢) of the universe is written as the sum of each component. It reads
Qi(t) = Qm(t) + Qa(t) + Qi (2). (1.11)

1.1.2 Distance and time measures in cosmology

While in a static (time independent) euclidean universe the space and time measures can be unam-
biguously defined, this is not true in an arbitrarily curved expanding spacetime. Therefore, some distance
and time measures have to be defined. In this section some relevant measures are introduced, following
refs. [24,25]

At this point it is important to explain the concept of redshift (z), which is defined as

_a(k)
~a(t)

I Throughout this work the term “Hubble constant” may be used indistinctly to refer both to the Hubble constant and to
the normalized Hubble constant.

1. (1.12)




If the observation takes place at present time, then a(ty) = 1.

It is convenient to introduce the function E(z):

= /Qm(1+2)3 + (1 +2)2 + Q. (1.13)

From this expression it is possible to derive the expression for the comoving distance (r.) between a source

and an observer at z = 0:
z

re(z) = Hio/ E(12,)d2’. (1.14)
0

The comoving distance r. is defined as the spatial distance between two world lines which follow the cosmic
flow. In other words, it is the distance measure which remains constant over time for a source and an
observer accompanying the Hubble flow.

The light travel time (or lookback time, t;) is the time the light takes to travel from the source to

z
1 11
f/*m/mm‘”' (1.15)
0

the observer. It is given by

The light travel distance (or physical distance) is defined as the time light takes to travel from the source to
the observer times the speed of light. The comoving distance and the light-travel distance (x) are related

through the following expression
e

11z

(1.16)

The transverse comoving distance (r,,) of two events at same redshift (z) with angular separation 66

is rmd6, with ry, given by

re if k=0
re )
r, = Ho \ﬁ sinh <\/Qk> if k>0 (1.17)
c 1 . re .
— sin [ =—+/|Q2 if k<0
Ho /12| (RH \/W)

When dealing with quantities such as number densities, it is convenient to use the comoving volume

(V). The comoving volume element per solid angle per redshift interval is

d 1+ 2z)? 2
AV c (A2 rm (1.18)
dzdQ Ho E(2) 142z
which can be integrated yielding
e KOy AP S sinh(ﬁr’") if k>0
2H3QU | Ru "R2 T VU "Ry
V= . (1.19)
anc® [ ry rz -
— | = |1+ Q2 v/ Q2 f k
23[R\ T TR Fs'n< €2 H> <0

An important relation between redshift and time can be derived from Friedmann’s equations. The

redshift evolution can be written as
dz  HoE(2)

dt  a(z2)

(1.20)
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In a flat universe dominated by matter and vacuum energy, this expression reduces to

dt 1 1
dz H0(1+Z) \/Qm(1+z)3+Q/\

(1.21)

1.2 The Big Bang and its aftermath

According to the prevalent cosmological paradigm the universe is about 13.8 billions years old [26].
In the very first instants?, the so-called inflationary era, the whole universe underwent an extremely fast
expansion, increasing its size by a factor between 103° and 10%° in 10730s. Baryogenesis occured when
the universe was about one second old. As the expansion continued, the plasma cooled, and thermonuclear
reactions in this plasma allowed the formation of the first atomic nuclei, in a process known as Big Bang
nucleosynthesis (BBN), which took place in the first few minutes after the Big Bang.

After the BBN the universe was crammed with baryons and photons in a plasma state, which decreased
the effective mean free path for photons, confining them within the primordial plasma. As the universe
expanded and cooled down to a temperature of the order of 3000 K, electrons could bind to nuclei, forming
the first atoms, in a process known as recombination. As recombination occurred the density of electrons
in the plasma decreased, allowing matter to decouple from radiation. Consequently, the mean free path
for photons increased, and they could start to move freely, generating the cosmic microwave background

radiation.

1.3 The cosmic web

The assumption that at large scales the universe is homogeneous and isotropic is reasonable. At small
scales, however, it is clearly inhomogeneous. Structures grew from small perturbations in an almost smooth
universe. These perturbations, usually described as random gaussian fields, frozen-in during inflation, serving
as seeds for the formation of the structures observed today. The density fluctuations led to a hierarchial
process of clusterization of smaller collapsed objects into larger structures.

The largest gravitationally bound objects are clusters of galaxies®, a gigantic gathering of galaxies with
a total mass ~ 10®Mg, out of which about 90% is in the form of dark matter. Typical cluster dimensions
are of the order of a few Mpc.

Other structures generated during structure formation include filaments, sheets and the large empty
regions known as voids. These structures are linked together through a network know as cosmic web [31].

Many surveys such as the 2dF (2 degree Field survey), SDSS (Sloan Digital Sky Survey) and BOSS
(Baryon Oscillation Spectroscopic Survey) have constructed three-dimensional maps of the universe. These
data combined can bring relevant information of the cosmic web, such as the spatial distribution of matter.
They have revealed large structures with dimensions as large as a few hundred Mpc, as shown in figure 1.1.
In this figure it is possible to notice filamentary structures lined up over large scales.

A recent study [32] found out that the Local Group of galaxies, formerly considered to be in Virgo
supercluster, is actually a part of a larger structure composed by many cluster named Laniakea (or Local
Supercluster). This finding may have important consequences for the distribution of magnetic fields in the

local universe (see also section 1.5.3).

2The goal of this chapter is to present an introduction to relevant concepts that will be used later. For comprehensive
introductions to the topic the reader can refer, e. g., to [27-29]. The interesting albeit complex debate concerning the origin
of the universe itself, as well as the ontological consequences therefrom will not be discussed.

3For a review on formation of galaxy clusters see ref. [30].



Figure 1.1: Three-dimensional map of the distribution of galaxies (colored points) in the universe, centered at
Earth, up to a distance ~ 600 Mpc. The color scale indicates the age of the galaxies, from colder (younger) to
warmer colors (older). [Image courtesy: Sloan Digital Sky Survey].

1.4 Cosmic photon backgrounds

1.4.1 Cosmic Microwave Background

The history of CMB studies dates back to the early 1940s when a bolometric temperature of approx-
imately 2.3 K was registered during attempts to measure the temperature of the interstellar medium [33].
The first theoretical models for the CMB were proposed by Dicke et al. [34] in 1946, and by Gamow, Alpher*
and collaborators [36—39], between 1948 and 1953. In the next ten years there were some observations and

improved estimates for the temperature of the background radiation.

In the 1964 Penzias and Wilson observed a “noise” in the their equipment, concluding that this was an
actual measurement, rather than a hardware problem. In 1965 they measured the background radiation [40],

result which was accompanied by a theoretical interpretation by Dicke et al. [41].

Today the CMB is well-understood and measured. It has a blackbody spectrum with temperature of
approximately 2.7 K. It is the last scattering surface for photons at the end of recombination, indicating the
decoupling of matter and radiation. The CMB is essentially a black body, and therefore can be approximated
by a Planck distribution with temperature Tcpg. Its number density (ncpg) as a function of the photon

energy €, is given by
g2 1

= 1.22
m2C3h3 ot _ 1 (1.22)

n(e)

with T = Teyps = 2.7 K being the CMB blackbody temperature. This is shown in figure 1.2. The redshift

4For historical accounts regarding the often overlooked contribution of Alpher to the Big Bang theory and nucleosynthesis,
usually completely attributed to Gamow, see ref. [35].



dependence of the CMB is a simple scaling of its present value, as follows:

n(e,z) = (1+2)°n(e, z = 0). (1.23)
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Figure 1.2: Number density of the cosmic microwave background at z = 0, as a function of the photon energy.

1.4.2 Cosmic Infrared Background

The Extragalactic Background Light (EBL) is a diffuse extragalactic field pervading the universe.
It encompasses electromagnetic radiation ranging from infrared to ultraviolet. Measurements of the EBL,
are difficult to the lack of unique spectral signatures, its strong dependence on source properties, the
distribution of dust, among others. Unlike the CMB, which remains the same since the decoupling of matter
and radiation, the EBL can be viewed as a calorimeter for the energy released during structure formation.

The Cosmic Infrared Background® (CIB) is the the most expressive component of the EBL, and the
one which mostly impacts the propagation of high energy particles in the specific energy range of interest of
this work. It is believed that gravitational and nuclear processes released energy into this background, which
might have originated at earlier times. As the universe expanded short wavelengths were absorbed by dust
and re-emitted at longer wavelengths, which can possibly explain the spectral profile of this background [42].

The spectral density of infrared photons is not as trivial as the CMB, and depends on the knowledge
of source luminosities and dust emission. Several groups have attempted to model the CIB. In figure 5.9
a comparison of predictions is shown for the following models: Kneiske et al.(2004) [45], Stecker et al.
(2006) [46], Dole et al. (2006) [47], Franceschini et al. (2008) [48], Kneiske et al.(2010) [49], Finke et al.
(2010) [50], Gilmore et al. (2012) [51].

The redshift dependence of the CIB is also not trivial, due to the fact that various populations of
sources emitted radiation with different wavelengths at different redshifts. Therefore, complete models of

the CIB should describe not only the spectrum of the infrared background today, but also at larger redshifts.

1.4.3 Cosmic Radio Background

The Cosmic Radio Background (CRB) consists on the radio signal resulting from diffuse and discrete

emissions in the frequency range of ~1 kHz - 100 GHz by the Milky Way, external galaxies, intergalactic

5For reviews on the CIB, see refs. [42—44].
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Figure 1.3: Number density of the CIB at z = 0, as a function of the photon energy, for various models

medium and possible cosmological backgrounds. The main contributions to the CRB come from normal and
radio galaxies.

Recently data from the ARCADE-2 experiment has been analyzed and an isotropic excess of radio
emission which cannot be explained by any known sources has been found [52,53]°. This is consistent
with a brighter than expected CRB that can be modeled by a power law with spectral index ~ —2.6 and a
temperature of 1.17 K at 1 GHz.

The comoving number density of the CRB for the models of Protheroe & Biermann [55] and the
parametrization for the ARCADE-2 data [52,53], as a function of the photon energy, are shown in figure 1.4.
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Figure 1.4: Number density of the CRB at z =0, as a function of the photon energy.

1.5 Cosmic magnetic fields

1.5.1 Constraint methods

1.5.1.1 Polarization of star light

The large scale structure of the Milky Way and nearby galaxies can be studied through analyses of the
polarization of the light emitted by stars. The first observational evidence of this polarization was provided by

6See ref. [54] for alternative explanations to this excess.
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Hiltner [56,57], and Hall and Mikesell [58]. The first theoretical model to attempt to explain this polarization
was developed by Davis and Greenstein [59], who suggested that external magnetic fields could induce a
torque in non orbicular dust grains, causing a direction dependent absorption of incident star light. In this
model the angular momentum of rotating dust grains is aligned with the magnetic field lines and absorbs
preferentially the component of the incident light with electric field parallel to the major axis of the grain,
in such a way that the light is polarized in the same direction as the magnetic field. In the aforementioned
work the authors concluded that there is an interstellar magnetic field in the Milky Way, oriented along the
galactic plane. Observations of other spiral galaxies reveal the same magnetic field structure, from estimates
based on the polarization of star light.

Despite the fact that this method is powerful to infer the direction of the magnetic field, particularly
of galaxies, it is not possible to estimate the strength of the magnetic field through this kind of measure-
ment. Furthermore, this method can not be easily applied to extragalactic objects, except for nearby ones.
Moreover, the exact mechanism which induces the alignment of the dust grains is not well understood [60].

1.5.1.2 Synchrotron emission

Relativistic electrons moving through magnetic fields emit synchrotron radiation. The proper estima-
tion of the magnetic field strength in the medium depends upon the electron density (ne(E)) distribution.
This distribution can be modeled by a power law of the form [60]

ne(E)dE = ne(Eo) (é) T E, (1.24)

where Eq is a characteristic energy and -y is the spectral index of this power law, assuming a value of
v~ 2.6 — 3.0 in spiral galaxies [60].
The synchrotron emissivity (j) is [61]

Ity gy

JyxnBZvzT, (1.25)

with B designating the component of the magnetic field perpendicular to the line of sight, and v the
frequency. This expression reduces to

jyx BT (1.26)
if one assumes equipartition of the energy between cosmic ray electrons and the magnetic field. This
assumption, however, has to be taken cautiously, and its validity is topic of constant debate (see e.g.

refs. [62,63]).

1.5.1.3 Zeeman effect

The Zeeman effect consists on the splitting of the energy levels of molecules or atoms in the presence
of an external magnetic field. A direct way to estimate the magnetic field of an astrophysical object or a
region of it is through the Zeeman splitting of electronic transitions lines in the gas which composes the

interstellar medium, which is given by [64]:

eB
4tmec’

W= Wmy (1.27)

where me is the electron mass, wp,, is a transition between the energy levels m and n, w = 27wy is the

observed frequency, and B is the magnetic field strength.
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The advantage of this method is that it provides an in situ value for the magnetic field, i. e., directly
in the region of interest, unlike other methods such as Faraday rotation, which provides the magnetic
field integrated along the line of sight, and synchrotron emission, which provides only the perpendicular
component.

The mensuration of the magnetic field strength through the Zeeman effect is extremely difficult, since
the change in frequency induced by the presence of the field is often small in comparison to the thermal width
of the lines, thus requiring regions with low temperature and high magnetization for the successful estimation
of the field. In light of these difficulties, extragalactic magnetic fields were never measured through this
method.

Whilst the potential of the Zeeman effect for estimating the strength of cosmic magnetic fields was
known since 1957 [65], due to the challenging nature of this measurement the first successful results were
obtained only in 1968, by Davies et al. [66], and Verschuur [67].

1.5.1.4 Faraday rotation

Faraday rotation is an optomagnetic effect caused by the interaction of electromagnetic waves with
free electrons in the presence of an external parallel magnetic field.

A linearly polarized wave can be described as a combination of waves with circular polarization in
opposite directions. During the propagation in a medium, these two components acquire different phase
velocities, which spawns a rotation of the polarization plane, as shown in figure 1.5. In the interstellar

medium this effect can be understood as a change in the refraction index of the medium due to the two

,/EV

polarization modes.

Figure 1.5: Pictorial representation of the rotation of the polarization plane of an electromagnetic wave, when
trasversing a medium.

The rotation of the polarization plane from an initial phase @q to ¢, as depicted in figure 1.5, can be
described by the equation [61]

e3)\2

Ap=p—pp=—"
T

D
/ne(Z)BH(Z)dZ, (1.28)

0

where X is the wavelength of the radiation emitted by a source at distance D trasversing a medium with
electron density ne along the line of sight, and B is the component of the magnetic field parallel to the line
of sight.
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The rotation measure is usually abbreviated as RM, and explicitly reads

D D
Ao € _0.46° 1 Ne B dl
RM =32 = 2rmact / ne()B)(0)dt = 7555 72 / () (HG o) (12
0 0

Typical objects which allow the estimate of the magnetic field via Faraday rotation are pulsars and/or

extragalactic radio sources. For measurements over large distances the rotation measures from individual

components such as the intergalactic medium, the galaxy, and the source, can be added [68].

1.5.1.5 Big Bang Nucleosynthesis

The impact of primordial magnetic fields on the BBN has been studied in several contexts’. Pioneer
works [70—74] studied the effects of these fields on several observables, such as the decay rate for neutrons
and the *He abundance.

If primordial intergalactic magnetic fields are larger than a given critical value (B;), then the wave
function of electrons and positrons will become periodic in the plane orthogonal to the field [69], discretizing
the total energy of the electron. Consequently, it can be shown that the rate of conversion of neutrons into
protons (I p—p) is [69]

Foon(B) o BEC. (1.30)
Hence one concludes that for B > B, the rate of conversion [',_,, increases with the magnetic field strength.
This effect typically occurs for extremely high critical fields (B, > 103 G), and was studied by [75, 76].
Another approach can be found in ref. [77].

A higher decay rate of neutrons into protons imply that many neutrons would not live long enough
to form composite nuclei, then a suppression in the flux of *He and other elements would be expected.

Nevertheless, as shown in ref. [78], this effect is subdominant.

1.5.1.6 CMB anisotropies

The CMB is highly sensitive to the presence of magnetic fields. The main effects of these fields are:
non gaussianities, Faraday rotation of the CMB polarization, spectral distortions of the monopole spherical
harmonic, perturbations in the metric affecting polarization and temperature, among others.

The possibility of constraining primordial magnetic fields using the CMB has been suggested almost
half a century ago [70], and most of the models are based on assumptions of anisotropies, such as a
preferential magnetic axis, which implies an anisotropic energy-momentum tensor due to the change in the
metric. The anisotropic expansion of the universe would be a direct consequence of the existence of a
magnetic field at decoupling time (zy ~ 1100).

A uniform primordial magnetic field oriented along a preferential axis was considered in several
works [79-81]. Since the metric of the universe is affected by the presence of the field, the expansion
in the direction of the field causes the field lines to stretch, working against magnetic tension. The magnetic
pressure in the directions orthogonal to the direction of the field aids the expansion. The global consequence
of this is a slower expansion parallel to the magnetic field vector, compared to the case in the absence of a
magnetic field®.

Anisotropic universes such as this are one case of the general class of Bianchi spacetimes. For a flat

universe with a primordial uniform magnetic field, the CMB anisotropies can be related to the magnetic field

7A detailed review on the topic is presented in ref. [69].
8See [60,69] and references therein for details.
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as follows [60]: ,
where T is the CMB temperature, and AT /T is obtained from anisotropies, either from models, as done in
ref. [79], or data, as in ref. [81].

In ref. [82] it was shown that primordial magnetic fields can also be constrained through Faraday
rotation. In this case the polarization signal of the CMB would be affected by the presence of a magnetic
field prior to or at decoupling time, being rotated through the Faraday effect.

Magnetohydrodynamical (MHD) effects neglected in the simplified approach previously described can
distort the CMB spectrum, as shown in ref. [83]. If MHD modes are damped, the photon-baryon fluid will be

heated through the dissipation of magnetic energy at small scales, changing the shape of the CMB spectrum.

1.5.1.7 Magnetic diffusion bounds on the coherence length

A method to constrain the coherence length of magnetic fields, rather than the field strength itself,

is the diffusion time (ty) for decay of magnetic field, given by
ty = 4mol?, (1.32)

where £ is the scale over which the magnetic field varies, and o is the conductivity. A given configuration
of primeval magnetic field will survive over one Hubble time if t; > ty, where ty = Ry/c is the age of
the universe. Therefore, the coherence length (£.) of magnetic fields should be larger than than £. This

t
ez (1.33)

Adopting o =~ 10! s! as the conductivity of the universe after recombination [34], the coherence length of
the magnetic fields today should be £, > 10 m (£ = 10712 Mpc).

condition thus imply

1.5.1.8 Ultra-high energy cosmic rays

A possibility particularly interesting to break the degeneracy of models of the galactic magnetic fields
are UHECR multiplets, which are filamentary structures originating from magnetic deflections of cosmic
rays with different energies from the same source. This method has been first presented in ref. [85] and
further explored in refs. [86,87]. Different symmetries of the galactic magnetic field clearly lead to different
orientation of multiplets, as shown in figure 1.6. Although this method is powerful to constrain models of the
galactic magnetic field, it is very limited, since it requires nearby sources and/or low extragalactic magnetic

fields. Moreover, no UHECR multiplets have been observed so far [89].

1.5.1.9 Gamma-ray induced electromagnetic cascades

A method to constrain intergalactic magnetic fields based on gamma-ray induced electromagnetic
cascades was proposed by Plaga [90]. Very high energy gamma rays (E 2 100 GeV) can produce electron-

positron pairs, which will be split due to magnetic fields®.

9This statement is actually not totally precise. If the Larmor radius of the pairs is much larger than the typical cooling
distance for inverse Compton scattering, then the referred scattering process may occur faster than the split of the electrons
and positrons.
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Figure 1.6: Energy-ordered multiplets from a hypothetical source indicated by the red star. The multiplets are
formed by the deflection of ultra-high energy cosmic rays in the galactic magnetic field according to the models
proposed by Harari, Mollerach and Roulet (HMR) [88]. The different symmetries (ASS-A, ASS-S, BSS-A and
BSS-S) are explained in section 1.5.4. Circles are arrival directions of cosmic rays on Earth, and their radii are
proportional to the energy of the particle (assumed to be protons).

The development here presented follows ref. [90]. Let E, denote the energy of the primary gamma
ray. Electrons and positrons will roughly have half of the energy of the initial gamma ray, i.e

E
E.~ —, (1.34)
2

where E. designates both the energy of electrons and positrons, treated indistinctly in this first approach.
Electrons and positrons will interact with background photons via inverse Compton scattering, producing

new gamma rays with energy
2

E2
El ~08 (Te(/> GeV. (1.35)

Assuming that the energy loss of electrons/positrons per unit distance due to scattering with CMB photons

is proportional to the square of the energy of these particles, one can show that the maximum mean free

Tev
Amax ~ 0.04 [~ (1.36)
E’Y

Consequently, the maximum deflection angle of electrons/positrons is

path is

(1.37)



where R, is the Larmor radius of the electrons/positrons, given by

_ | Ey (PG
R, =10 Tev ( 5 ) Mpc, (1.38)

with B designating the strength of the intergalactic magnetic field. The associated timed delay (At) can
be easily calculated, yielding s
At < —, 1.39
S5 (1.39)
where D is the distance to the source, assumed to be relatively nearby in order to allow the neglection of

cosmological effects.

1.5.2 On the cosmological magnetogenesis

There are essentially two classes of models to explain the origin of magnetic fields in the universe:
astrophysical and cosmological scenarios. The former is characterized by the relatively late generation of the
seed fields through astrophysical mechanisms, whereas in the latter models magnetic field seeds would have
been formed during processes taking place in the early universe, such as inflation, phase transition, among
others'?.

The quest for an adequate theory of cosmological magnetogenesis faces many difficulties, particularly
related to the generation of fields in small and large scales. On one hand cosmological magnetic fields may
have been created in the early universe, but on the other hand they may have decayed quickly, whilst seeds
from astrophysical scenarios could have lived for a longer period of time, feeding dynamos which amplified
these fields. Moreover, it is also possible that the magnetic fields observed today resulted from a combination
of different astrophysical and cosmological processes.

Here only a succint overview of magnetogenesis mechanisms will be presented. For further details the
reader is asked to refer to [1,60,69,91-93].

1.5.2.1 Astrophysical origin

Astrophysical mechanisms for the origin of cosmic magnetic fields predict that they were produced
during structure formation. In these models a seed field is amplified by the action of astrophysical dynamos.
The main question astrophysical magnetogenic mechanisms attempt to address is the creation of magnetic
fields from zero via “local” processes.

A notorious example of astrophysical mechanism is the Biermann battery [94, 95]. In this scenario
plasma fluctuations causes a pressure gradient (VP,), which induces an electric field (E):

VP

E—=_ 1.4
ene ' (1.40)

with ne designating the electron density. Applying Faraday's law, one has

B . o~ 1. VP, ~1- _
z—vXE:evX<v€)=v%xv&. (1.41)

ot Ne

It can be seen in this equation that as long as the density and pressure gradients are not parallel, a magnetic

field may be generated.

10T he definition of astrophysical and cosmological mechanisms is not clear. In this work the astrophysical mechanisms are
defined as local processes, whilst the cosmological ones occurr globally in the whole universe.
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Already in the 1970s [96-98] it has been shown that electrons and protons bathed in radiation drift
with different velocities due to their opposite charges and different masses, generating magnetic fields. More
recently Davies and Widrow [99] have studied the generation of vorticity and magnetic fields in protogalaxies.
Assuming that the vorticity of the proton fluid is given by V x Vp, then the magnetic field at a time t is

given by

B(t) = —% [1 - Z((t:))} v x 7, (1.42)

where m,, is the mass of the proton, a(t) is the scale factor of the universe, and t is the time of generation
of this magnetic field. The seed magnetic field obtained in this case is B ~ 1071° G.

Quasars, dwarf galaxies or population Il stars are candidates to be formed during the reionization
period could are capable of generating magnetic fields through Biermann battery, as shown in refs. [100,101].
Kulsrud et al. [102] performed numerical simulations and obtained a seed magnetic field of the order of
10721 G.

As pointed out in ref. [60], it is worth stressing that the Biermann battery is not only a hypothesis, but
rather a genuine effect reproduced in laboratory [103]. The main issue is to understand whether this process
can generate the uG fields observed today, whether it dominates over other magnetogenic mechanisms, and
if the conditions present in the universe propitiate its occurance .

In a recent study [104] it was suggested that a flux of cosmic ray protons (j.,) propagating away from
a galaxy generates a current, which propagates through an inhomogeneous intergalactic medium, inducing
a return current. This magnetic field is given by

Y x (nspier) . (1.43)

where ns,, is the so-called Spitzer resistivity.

Another relevant issue is the formation of smaller scale magnetic fields, discussed in details in ref. [92].
Many models predict that seed fields were provided by astrophysical objects, such as active galactic nuclei
(AGNs). AGNs may be capable of magnetizing the intergalactic medium, although it is unclear to which
extent. For instance, Hoyle [105] predicted a magnetization up to ~ puG level for this scenario. Daly and
Loeb [106] studied in detail the interactions of AGN jets and concluded that magnetized ejecta from these
objects can provide seed magnetic fields for galaxies prior to their formation, and possibily magnetize the
intergalactic medium.

Astrophysical mechanisms are capable of describing the observed magnetic fields in astrophysical
objects, in spite of the fact that it is rather difficult to explain the existence of non zero magnetic fields
in the intergalactic medium with these models, particularly in the voids. For instance, the sole action of
astrophysical objects such as AGNs may not be capable of expelling enough material to magnetize the
intergalactic medium. Furthermore, these models require the action of dynamos at galactic scale to amplify
the seed fields, which has several limitations, including the boundary conditions in the presence of weak seed

fields. Further discussion on these limitations can be found in refs. [92, 107].

1.5.2.2 Primordial origin

There exist a number of primordial magnetogenic mechanisms. Archetypical classes of models include
inflationary generation and phase transitions. An interesting consequence of primordial mechanisms is the
existence of a non zero intergalactic magnetic field pervading the universe, making observational constraints
possible. For reviews on this class of models see refs. [60, 69, 93, 108].

Inflationary magnetogenesis was subject of many studies [84, 109-114], for inflation provides an
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adequate set of initial condition to generate magnetic fields. For instance, as discussed in [84], inflation
provides kinematical means for producing coherent field over large scales, and allows the dilution of the
density of charged particles decreasing the conductivity of the universe. Many estimates for the inflation-
generated magnetic field have been made, and they range from B ~ 1078 G down to B ~ 107°° G. In the
model proposed by Turner and Widrow [84] the time dependence of the magnetic field in Fourier space (Ek)

in terms of the conformal time 7 is

02B
on?

+ kzgk +

60y + o B2a 10a\?| - _
fainQ—Faz (aan) Bk =0, (144)

where k is the wave number corresponding to this Fourier mode, a is the scale factor of the universe, and
a1 and ap are dimensionless parameters.

Hogan [115] was the first to address the issue of cosmological magnetogenesis through first order
phase transitions. In his model magnetic fields are created in bubbles through a battery mechanism, and
amplified by a dynamo. These magnetized bubbles collide inducing magnetic reconnection from fields of
different bubbles. This way, the characteristic length of the field increases with the number of bubble

collisions. The magnetic field strength (B,) over a length scale of £ is

By~ By <£eb)2 , (1.45)

where £, is the typical size of the bubbles, and By their magnetic field. In many models the initial mag-
netization of the bubbles is a direct consequence of the baryon asymmetry in the universe, as noted in
ref. [116].

Quantum chromodynamics (QCD) predicts that at very high temperatures the coupling between
quarks and gluons is weak, and they both coexist freely in a plasma. As the primeval universe expanded it
cooled down, reaching temperatures T < Tocp, Where Tocp &~ 150 MeV/kg [69] is the threshold tempera-
ture for quark-gluon (de)coupling. Typically a first order phase transition occurs through bubble nucleation,
whereby latent heat from bubbles containing the hadronic phase is released into the quark-gluon plasma as
supersonic shock waves, reheating the plasma back to Tgcp. As thermal equilibrium is reached and the
universe keeps expanding, both phases coexist and hadronization occurs. Eventually the quark-gluon plasma
is completely hadronized and the phase transition ceases.

The magnetic fields generated through QCD phase transition'! are rather low (B ~ 1 G at comoving
scales of ~ 1 m at the time of the transition), and correspond to a small fraction of the total energy density
of the universe. In refs. [118, 119] it is suggested that stronger fields could exist during the coexistence
phase, leading to B ~ 10% — 108 G at the time of the QCD phase transition, and B ~ 1072% — 1072* G over
comoving scales of 100 kpc, at recombination time.

First order electroweak phase transitions are also capable of generating primordial magnetic fields,
through the break of the electroweak symmetry group SU(2), x U(1)y into the electromagnetic group
U(1),,- This process is similar to the QCD phase transition in spite of the different phase components. In
ref. [120] ring-like magnetic fields from bubble collisions were analyzed, including MHD effects, resulting in
Brms ~ 10721 G, with coherence lengths of the order of 10 Mpc at present time.

Vachaspati [121] has shown that second order electroweak phase transitions can lead to magnetic
fields of the order of qg‘}VTEmz/ (in “natural units™), where ggyy is the Higgs field coupling constant and Tgy,

the temperature at transition time. This mechanism was revisited in ref. [122] and numerically confirmed

1t has been shown [117] that the QCD phase transition is not a proper phase transition, but rather a cross over, jeopardizing
many models.
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by Diaz-Gil et al. [123] in the context of hybrid inflation. Although plausible, this scenario has yet to be
confirmed. According to this model fluctuations of the Higgs field are amplified via instabilities. Nucleation
of bubbles with random gaussian Higgs fields spawns electroweak symmetry breaking, generating Z-strings
which decay shortly thereafter. The long wavelength modes of the magnetic field have non zero helicity and
may also decay.

Another important ingredient for understanding primeval magnetic fields is helicity. As the universe
expands, larger scales gain magnetic energy from smaller scales, conserving magnetic helicity. This energy
transfer is known as inverse cascade and leads to the following relation [60]

2 /4 \
Bone() = (22) () Bt (1.46)
and
o(t) = aa((";f’)> (f’q) o(to), (1.47)

with t.q designating the time the system reaches equilibrium, o the time of creation of the magnetic field,
and £ the typical characteristic length of the magnetic field with root mean square magnetic field B, ps.

This process was investigated in numerous works [124,125]. In the recent work of Saveliev et al. [126]
it was shown that primordial helicity may increase the magnetic field today by a factor ~ 10* compared to
the non helical case, assuming magnetic fields generated during the electroweak phase transition.

1.5.3 Extragalactic magnetic fields

1.5.3.1 Magnetic fields in clusters of galaxies

As remarked in refs. [127,128], the existence of magnetic fields in clusters of galaxies can be inferred
by the existence of large scale synchrotron sources in the intracluster medium, unrelated to any specific
galaxy of the cluster, and Faraday rotation measures of this medium . These sources are classified in three
groups depending on their location inside the cluster and morphology: radio relics, halos and mini-halos.
Relics are located in the outskirts of the galaxy and have elongated or often irregular shape. Radio halos are
megaparsec-scale structures found near the center of clusters. Mini-halos have sizes typically ~ 100 kpc and
are present far from the center of clusters. These three structures are tracers of magnetic fields in clusters.

The first observational evidence of magnetic fields in clusters of galaxies was the detection of a radio
halo in the Coma cluster [129]. Recent measurements of the field in this cluster suggest field strengths of
~ 5uG [130]. Since then many other estimates of the magnetic field in clusters were made. These results,
however, depend on the knowledge of the electron density in the medium. For detailed reviews of magnetic
fields in individual clusters see refs. [1,131].

The radial profile of the magnetic field in clusters is not well-known. Dolag et al. [132] have found
indications that their strength decrease radially with the distance to the center. In this work central regions
can have B ~ 40 uG, with coherence length 2. ~ 50kpc. In the cluster Abell 665 a central field of 1.3 uG
radially decreasing with r~—! was found [133]. This finding is in accordance with previous studies for Abell
2255 [134]. In a study by Murgia et al. [135] 2 uG fields were found in the center of mini halos, decreasing
exponentially to 0.1 uG 1 Mpc away from the center.

Many studies suggest magnetic fields of the order of 10 uG in the core of clusters [136]. Rotation
measures in other regions suggest ~ uG fields [137, 138]. In irreqgular clusters the field in central regions is
~ 5uG, compared to B ~ 10 — 30 uG in regular ones [134].

Today it is known that clusters have magnetic fields with strength B,,s ~ 107 — 107°G and
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coherence length £, ~ 1 — 100kpc [131, 139, 140]. The exact radial profile of the field in clusters is not

known, but there are evidences that it is oc r™ 1.

1.5.3.2 Magnetic fields in the Local Supercluster

The Milky Way is part of the Local Group of galaxies, which is part of the so-called Local SuperCluster
(LSQC), or Lanikea. The LSC is centered on the Virgo cluster, approximately 17 Mpc away from Earth. There
is observational evidence for the existence of magnetic fields with strength B ~ 2 uG, coherent over scales
of £. ~ 100 kpc, based on Faraday rotation measures [141, 142].

Polarization studies of quasars in the LSC suggest an alignement of the polarization vector [143].
This effect can be due to the magnetization of the Virgo cluster, and can imply coherence lengths as large
as 20 Mpc [1].

1.5.3.3 Magnetic fields in filaments

The existence of magnetic fields in filaments has never been confirmed, although there are many
numerical studies and observational data supporting their existence.

Bagchi et al. [144] have found a diffuse radio emission from filaments. This can be interpreted in
terms of a ~ 3 uG magnetic field, contingent upon the validity of the hypothesis that the detected emission
is synchrotron radiation from relativistic electrons.

Numerical simulations of structure formation predicts a magnetic field of ~ 10nG, aligned with the
filament [145]. Recent study by Vazza et al. [146] suggests B ~nG. An interesting result derived in this work
is the absence of a significant dynamo amplification in these regions, which may be related to magnetogenic

mechanisms.

1.5.3.4 Cosmological magnetic fields?

Kim et al. [147] have found indications for the existence of magnetic fields in a scale larger than
clusters. A radio emission in a region between the clusters of Coma and Abell 1367, distance approximately
40 Mpc from each other, was detected. The strength of this field is ~ 0.3 — 0.6 uG. In ref. [148] similar
results were also obtained.

Observations by EnBlin et al. [149] of the radiogalaxy NGC 315 support the existence of magnetic
fields beyond cluster scales. The peculiar motion of this galaxy indicates the presence of a cosmological
shock wave with dimensions ~ 100 Mpc.

Even though some observations support the existence of magnetic fields beyond superclusters, in the
Bootes Void, which has dimension of the order of 120 Mpc, magnetic fields were not observed implying
B < 0.1 uG for the regular component of the field [150].

Ignoring the possible role of plasma instabilities, lower limits on intergalactic magnetic fields have
been obtained by numerous authors [2,17, 18, 151-153] through observations of electromagnetic cascades
in the intergalactic medium (see section 1.5.1.9).

A combined plot for the strength and coherence length of cosmological magnetic fields using different
methods of constrain (see section 1.5.1) is shown in figure 1.7.

1.5.4 Galactic magnetic field

The Milky Way is a barred spiral galaxy situated in the Local Group of galaxies, with a radius of
~ 15-18 kpc. It contains ~ 300 billion stars and has a mass of the order of 10'?M,, [154], with four spiral
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Figure 1.7: Bounds on the magnetic field strength and coherence length. Plot adapted from [2].

arms [155]. The solar system is located at a galactocentric distance of approximately 8.5 kpc.

The galactic magnetic field'? can be decomposed into three components: regular, turbulent, striated.
The regular component is a field coherent over large scales. The turbulent random component is totally
random with small coherence length. The striated component has a zero average strength, and is aligned
with the regular component.

Important features to characterize the large scale configuration of magnetic fields in spiral galaxies are
field reversals inside or between arms. In the Milky Way at least one field reversal near or in the Sagittarius
spiral arm has been identified [157]. It is not clear, however, if there are others reversals. Between the
solar system and Perseus arm, for instance, some authors claim to have found one or more additional

reversals [158—160], whereas others have found none [161, 162].

1.5.4.1 Logarithmic spiral models and symmetries

Among the many classes of models attempting to describe the galactic magnetic field (GMF) a
recurrent one in the literature are logarithmic spirals. These models can be divided into two groups, depending
on the parity!® of the magnetic field with respect to the following transformation of the azimuthal angle
0: 6 — 6+ m. Axisymmetric spiral (ASS) models are even under this transformation, whereas bisymmetric
spiral (BSS) models are odd. These models can be further divided according to their parity under the
transformation z — —Zz, usually modeled as exponentials with maximum value exactly on the disk. Symmetric
models, henceforth designated by “-S" are even under this transformation, whereas antisymmetric (“-A")
are odd. Consequently, four big classes of models can be defined: ASS-S, ASS-A, BSS-A and BSS-S.

12For reviews on galactic magnetism see, for example, ref. [60, 156].
13Djfferent authors adopt different conventions. Throughout this work the definitions here presented will be adopted in a
self consistent way, regardless of the nomenclature adopted by other authors in their work.
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In general spiral models can be described by a logarithmic spiral of the form
r=rpexp(6tanp), (1.48)

where rp is a scale-related parameter which assumes different values in different spiral galaxies, and p is the
pitch angle!.

Some works in the literature which propose new GMF models or improve the existing ones are based
on logarithmic spiral and can be found in refs. [163-172].

A method to relate Faraday rotation measures with the azimuthal symmetry of the field was devised
by Tosa & Fujimoto [173], and has been widely used for model building. Since then many models have
been built to fit measurements not only obtained through Faraday rotation measures, but also through other
methods.

The class of models above described are rather general, and many adaptations were made to suit
various purposes. Nevertheless, the underlying concept of a logarithmic spiral remains unaltered. The ASS
class of models [150, 174] provides one of the simplest descriptions of the GMF. As pointed out in ref. [175],
it is compatible with scenarios of non-primordial origin through dynamo mechanisms [174], and capable of
describing up to three field reversals between the spiral arms [150]. The BSS class of models [163,166,176],
on the other hand, is compatible with a primordial origin for cosmic magnetism, as discussed in ref. [175],
and is capable of explaining the observed magnetic field reversals between the spiral arms of the Milky
Way. There are currently no conclusive results favoring or refuting these models, although there are clear
indications that the actual configuration of the magnetic field in the Milky Way is more complex than these
rustic models [177-179].

Other notorious simplified models include additional regular components, beside the logarithmic spiral
one. For instance, toroidal magnetic fields describing the the disk and halo altogether were used in refs. [168,
169,180, 181]. Ref. [168] also proposes a poloidal component to describe the halo. A model for the disk
was presented by Sun et al. [171], and consists on a logarithmic axisymmetric spiral with rings to account
for field reversals.

A comparison of different GMF models bases on data from the Wilkinson Microwave Anisotropic
Probe (WMAPS5) was presented in ref. [182]. None of the models considered in this work were capable of
reproducing the data. Moreover, antisymmetry with respect to the transformation z — —z is disfavored for

the disk component and preferred for the case of halo fields in the innermost part of the galaxy.

1.5.4.2 An example of logarithmic spiral

Antisymmetric (ASS) and bisymmetric (BSS) logarithmic spiral models were described by Tinyakov
and Tkachev [167]. In this model the magnetic field is given by

B(r,8) = Bo(r) cos (e - ri + w) , (1.49)

In
tanp 0

r, 8, ro and p follow the notation from section 1.5.4, with r being the radial distance to the center of the
galaxy, 8 the azimuthal angle, p the pitch angle of the logarithmic spiral, ry a parameter which has different

values in different spiral galaxies, and ¢ a phase. In this model the radial dependence of the field is

a:}pln <1+g) —g” (1.50)

14The pitch angle at a distance r from a logarithmic spiral is defined as the angle formed by the intersection of the line
tangent to the circle at radius r and the line tangent to the spiral at the same point.

B(r) = BoR {rcos [t
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where d is the distance to the nearest field reversal. The magnetic field in the galactic halo is, in the BSS

case b0 o (_z|)
z = exp %) (1.51)
and
B.(z) = sign(z) exp (—'ZZO|> (1.52)

for the ASS model.

1.5.4.3 A toroidal model

Toroidal fields were used in many works, including refs. [168, 171]. They can be described by the
equation
Bior = —B1sin6& + Bt cos 6y, (1.53)

where X and y are unitary vectors in cartasian coordinates, centered in the galactic center, and Bt consists

on two circular lorentzian profiles in the 2 direction, above and below the disk. It is given by

2 -1
1+ ('ZZO) ] L exp (1 - r) , (1.54)
Z1 o o

with rg being the scale radius of the galaxy, zp is the extension of the torus above the galactic plane, z; the

half-width of the lorentzian profile, and B,,.x the maximum intensity of the magnetic field.

1.5.4.4 The Jansson-Farrar model

One of the most up-to-date GMF models is the one by Jansson and Farrar [183, 184], henceforth
abbreviated as JF12 model. It was built using WMAP7 data and unlike many of the models mentioned so
far, it explicitly ensures a divergence-free magnetic field (@ B = 0). It is composed by three components:
regular, turbulent and striated. The large scale regular disk component is described by a toroidal field from
3-5 kpc, and a logarithmic spiral with eight arms beyond that. The magnetic field assumes different values
in each arm. A purely toroidal component is used to describe the field in the galactic halo. The so-called

“X-field", an out-of-plane poloidal component, is also present.

The field in the disk is modeled for galactocentric radii 3kpc < r < 20kpc in cylindrical coordinates
(r,8,z). In the molecular ring (3kpc < r < 5kpc) the field is azimuthal with strength B,j,g. The outer
region is composed by eight logarithmic spirals with pitch angle p = 11.5° at galactocentric radii r =5.1,
6.3,7.1,8.3,0.8, 11.4, 12.7, 15.5 kpc (where the spiral crosses the x-axis). The halo has a purely toroidal
component given by

z :
By exp (—|20> L(z, hgisk, Waisk) (1 — L(r, ry, wp)) if z<0

k4

Btor =
Bs exp (-Z) L(z, hgisk, Waisk) (1 — L(r,rs, wy)) if z<0

(1.55)
0

where wyjsk is the width of the transition region, hyisk is the distance where the transition disk halo occurs,
Zo is a characteristic height parameter, By and Bs are, respectively the normalization of the magnetic field

in the northern (subscript N) and sourthern (subscript S) hemispheres, ry and rs are the radial extent of
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the halo field in both hemispheres, and the function L = L(z, h, w) is given by

1
h = . 1.
L(z, h,w) ( 2(|z|h)> (1.56)
l+exp| ——=
w
The out-of-plane component referred to as “X-field” can be written as
Bx(rp) = Bxexp (:p> ' (1.57)
X
with
rry ,
VC‘Z| ifr<reo
=4 e T (1.58)
tan; otherwise
x,0
where the elevation angle ©, is
tan~! <|Z| ) ifr<ree
Oy = r=1p (1.59)
Ox0 otherwise

is the elevation angle. Here By is the normalization of the field, ©, ¢ the constant elevation angle (with
respect to the mid-plane) for r > r.,, and r, a characteristic distance.
The striated random field follows the regular field, and is written as

B2, = 052 (1.60)

reg-

The random field has RMS strength B,nq = /B3, + Br,j,- The random halo field is

r z?
Brnd,halo:BOeXp 77 exp *; . (161)

0 0

The RMS strength of the striated component in the JF12 model is locally proportional to the strength
of the regular component. The turbulent component is a superposition of the disk component with a smooth
halo component, but with field strength independently obtained from fits. A graphical representation of the
regular, striated, turbulent and total components can be seen in figure 1.8.

Improvements to the description of the random and striated components of the JF12 model were
recently proposed by Beck et al. [185]. These enhancements were motivated by the improvement of electron
density models, which are essential to fit synchrotron emission and Faraday rotation measure distributions,

thus affecting the galactic magnetic field model.
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Figure 1.8: Regular (top left), striated (top right), turbulent (bottom left) and total (bottom right) components of
the JF12 GMF model.
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2.1 A short history of cosmic ray physics

In this section an immanent overview of the main accomplishments on cosmic ray research in the
twentieth century is presented. This subjective compendium of main achievements in the field should not be
deemed as the complete and accurate description of historical events, but as a terse summary of significant
accomplishments. For a detailed account of the history of cosmic ray research the reader could refer to
refs. [186—190]. For the early history of the cosmic ray research in France and Italy more information can be
found in ref. [191] and [192], respectively, and ref. [193] for cosmic ray works published in german language.

2.1.1 Early history (1900s — 1930s)

In the nineteenth century many progresses were made in the study of discharges in gases. These
experiments were usually conducted using vacuum tubes, but atmospheric analogues were also being sought.
After the discovery of radioactivity many physicists were studying related phenomena in the geosphere, upper
atmosphere and other environments. Both fields of research swayed the interests of the respective commu-
nities towards the study of ionizing radiation in the atmosphere. In the early 1900s. Charles Wilson, Julius
Elster and Hans Geitel [194—196] pointed out that even without a source of ionizing radiation electroscopes
would be discharged when in contact with the air, suggesting the existence of free ions in this medium. This
triggered subsequent investigations, and in 1909 the possible extraterrestrial origin of these ions grew into
a heated debate. It was proposed that the origin of these ions could be the extraterrestrial [194,197] or the
Earth’'s mantle [198]. The geophysical origin of the ionizing particles was mainstream at the time. To test
these hypotheses subaquatic and balloon experiments were conducted.

The first noteworthy investigation of the phenomenon was done by the german pioneer Theodore
Wulf [199]. In 1910 he performed an experiment at the top of the Eiffel tower using his recently developed
electrometer [200]. The results were inconclusive and the hypothesis of the terrestrial origin of the ionizing
radiation in the air could not be confirmed. Albert Gockel conducted similar experiments at higher altitudes,
but the results were also inconclusive [201].

A series of notorious experiments were performed by the austrian physicist Victor Hess, between 1910
and 1913. He took electroscopes aboard balloons up to high altitudes, expecting to measure a decrease in
the ionizing power due to the increasing distance between him and the natural sources of radiation (Earth).
In the first flight he did not observe this effect, and in subsequent flights the observed effect was actually the
opposite: at very high altitudes the amount of ionizing radiation was increasing [202]. This led him to the
conclusion that this radiation had extraterrestrial origin, which was later confirmed by Werner Kolhorster,
in 1913 and 1914 [203].
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Despite the confirmation of the extraterrestrial origin of the cosmic rays, verified through many
experiments, the issue was not settled, and doubts still existed [186]. Millikan conducted more experiments,
verifying that the number of ions in water decreased, and that the number of pairs of ions at high altitudes
increased. In 1926 in a paper by himself and G. H. Cameron, he explicitly said that there are “quite
unambiguous evidence for the existence of very hard ethereal rays of cosmic origin entering the Earth
uniformly from all directions” [204]. It was also Millikan who coined the term “cosmic rays” to designate
these particles.

In 1927 Skobeltzyn accidentally obtained the first photographic record of the trajectory of a cosmic ray
during an experiment [205]. However, the nature of cosmic rays was still a mystery. Millikan proposed that
they might be photons, and that a secondary electron signature was expected due to Compton scattering in
the atmosphere. In 1929 Bothe and Kolhérster discovered charged cosmic rays with high penetration power.

In 1933 Arthur Compton has shown that cosmic rays were influenced by the magnetic latitude of
Earth®, and therefore they were charged particles [207—-209]. In 1934 Bruno Rossi noticed that separate
detectors would coincidentally accuse the detection of particles [210]. However, Rossi did not carry this
study forth. This effect was rediscovered by Pierre Auger and his group in 1938 [211,212], landmarking the

discovery of extensive air showers (EASs).

2.1.2 First measurements outside Earth (1930s — 1950s)

In the first decades after the discovery of cosmic rays many studies were performed aboard balloons,
as had been done in earlier years by Hess, Kolhorster and others. As pointed out in ref. [186], there were
diverging ideas regarding the nature of the cosmic rays, so many experimental setups were used, including
electroscopes, cloud chambers, photographic emulsions, among others.

A recurrent problem in unmanned balloon flights was the inability of the experimental setup to with-
stand extreme conditions from the atmosphere. This motivated the german pioneer Regener to develop a
container capable of harboring many experiments and resisting these conditions. Unfortunately, his invention
was lost during World War Il [213]. After the war a similar invention was made and used to launch rockoons?,
which led to the discovery of a radiation belt around Earth, today known as Van Allen belt [214], and the
first studies of auroras [215]. Furthermore, Van Allen himself noticed that the geomagnetic field shields the
planet from the majority of cosmic rays [216].

The use of cloud chambers was very important for particle physics studies, and at that time both
fields were indissociable. A notorious discovery in particle physics was, in reality, made during cosmic ray
studies. In 1932 Anderson observed in a cloud chamber tracks of particles which behaved like electrons, but
with a positive charge, which led to the discovery of the positron [217].

The study of cosmic rays were also conducted in mountains. In the 1940s the photographic emulsion
technique was significantly enhanced. By using plates at different altitudes the trajectory of air shower could
be studied in details. Another illustrious example of the interplay between particle and cosmic ray physics
was the discovery of the pion in 1947, by Lattes et al. [218].

In the 1950s bubble, spark and drift chambers were invented. Nevertheless they were mostly used in
accelerators. At this time particle and cosmic ray physics began to dissociate, and much of the interest in
cosmic rays swayed toward particle accelerator experiments.

In the late 1940s and early 1950s two groups developed techniques for the reconstruction of air

IThere is a proceedings of a conference [206] which shows that J. Clay had measured the latitude dependence of the cosmic
ray flux due to the geomagnetic field, indicating that the primary particle is electrically charged. This discovery, however, was
consigned to oblivion.

2Rockoons are a type of balloon-borne rockets used for extraterrestrial studies.
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showers using arrays of detectors, which would be later used by the first ground array experiments such
as Agassiz, which operated from 1954 to 1957 [219], and measured the spectrum and arrival directions of
cosmic rays in the energy range from 10 eV to 108 eV. This pioneer experiment detected one event with

energy above 10 eV, which motivated the construction of a larger array, the Volcano Ranch experiment.

2.1.3 The first high energy cosmic ray experiments (1960s — 1980s)

The study of more energetic cosmic rays through indirect detection techniques started with Agassiz
and the first large scale experiment devoted for this purpose, the Volcano Ranch experiment, whose planning
and construction was led by John Linsley and Livio Scarsi. Volcano Ranch was the first experiment dedicated
to the study of very high energy cosmic rays. It was located in New Mexico, USA, and operated from 1959

to 1978. The first detection of a cosmic ray with energy above 10%° eV was made by this experiment [220].

In 1968 two ground array experiments started collecting data, the Sydney University Giant Air shower
Recorder (SUGAR), in Sidney, Australia, and the Haverah Park experiment, in North Yorkshire, UK, the

former covering an area of approximately 60 km? and the latter 12 km?.

In 1960 Kenneth Greisen proposed that the radiation originating from the interactions between the air
shower particles with the atmosphere could be observed, suggesting the possibility of using fluorescence light
or even radio to study cosmic rays. Some developments were made in this direction in the 1960s [221-225],

culminating in the construction of the first fluorescence cosmic ray detector, the Fly's Eye experiment.

2.1.4 The 1980s, 1990s and early 2000s

The Haverah Park experiment operated until 1987. Its data were re-analyzed ten years after, and
some important results can be found in refs. [226-228]. SUGAR stopped its activities in 1979. Some of its

main results can be found in refs. [229, 230].

In 1981 the Fly's Eye experiment, the first purely optical system for studying high energy cosmic
rays, began to operate. It recorded the most energetic cosmic ray ever detected, with an energy of about
3.2 x10%%eV [231], ceasing its activities in 1993. Further enhancements transformed the Fly's Eye into the
High Resolution Fly's Eye (HiRes), which began operations in 1997. Some important results obtained by
Fly's Eye can be found in refs. [231-233].

In 1990 the Akeno Giant Air Shower Array (AGASA) started operating. It consisted on an array of sur-
face detectors covering an area of approximately 100 km?. Although AGASA's accomplished many important
achievements, some results were contradictory. A notorious one was the non observation of the suppression
of the flux at the highest energies [234], which sparked many alluring unconventional explanations. In 2004
this experiment terminated its activities.

An important experiment to study cosmic rays in the energy is the KASCADE (KArlsruhe Shower
Core and Array DEtector), in Karlsruhe, Germany. Its goal is to study the cosmic rays in the energy between
10%3 and 107 eV. The KASCADE-Grande consists on enhancements on KASCADE to extend its energy
range by one order of magnitude and study cosmic rays with energies between 1016 and 108 eV.

The main results of the next generation of experiments, including HiRes, KASCADE-Grande, Tele-
scope Array and the Pierre Auger Observatory are described in the forthcoming sections, together with the
state of the art of the field.
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2.2 Extensive air showers

Extensive air showers are a direct consequence of the interaction of cosmic rays with the atmosphere.
For energies above 100 TeV the primary cosmic ray generates secondary particles from their interaction
with the air. The main components of an air shower are the hadronic, muonic (including the neutrino
counterparts) and electromagnetic (comprised of photons, electrons and positrons), the last of which carries
approximately 90% of the energy of the shower. A first toy model for EASs was proposed by W. Heitler [235]
and since then has been referred to as “Heitler model”.

The detailed analysis of EASs in the atmosphere are not the subject of this work, and only two simple
toy models are described®.

First the electromagnetic showers will be described. They are initiated by photons or electrons*. The
development of this shower is mainly driven by the interplay between electron bremsstrahlung (e* —&—é X =
et +§ X 4+ ) and pair production by photons (v +§ X = et +e —I—}‘ X). In Heitler's toy model each
particle generates two others, and after n interactions this number doubles. Each interaction is assumed
to occur after the particle propagated one mean free path (\) in the atmosphere. The total number of
particles after n interactions is therefore N = 2". By hypothesis, the energy is equally divided between
the particles generated at each interaction, and after n interactions each individual particle will have energy
E, = E/2" and will have traveled a distance x = nX. At a given point in the atmosphere the number of
particles in the shower stops increasing and starts to decrease, for their energies drop below the interaction
threshold required for production of more particles, squelching the development of the cascade. At this point
the number of particles reaches its maximum (Npnax), and the corresponding distance traveled is called the
shower maximum (Xm.x). Since the development of an air shower depends on the atmospheric density (p),
one can work with the density-averaged quantities X and X ax, instead of x and X;ax. Xmax i also called
the depth of the shower maximum, and is usually written in units of mass per area. Based on this argument,

one concludes that E

Npax = —, 2.1
T Etne (1)
where Ep, is the critical energy at which the cascade is quenched. Furthermore, one can easily see that
A E
=—| . 2.2
Xmax = jnp " (Ethr) (2:2)

For showers initiated by hadrons a slightly more complex reasoning has to be applied. The interaction
of a hadron with the atmosphere will generate mostly charged and neutral pions. Neutral pions will decay
into two photons (7% — 7 + <) and charged pions into (anti)muons plus (anti)neutrinos (7™ — p* + v,
and T~ — u~ +D,). The cascade initiated by neutral pions will then develop as the electromagnetic shower
already discussed. Charged pions will have a branching ratio of approximately 2/3 and therefore this fraction
of the energy will then remain in the cascade®. The lifetime of the 70 is of the order of 10717s, whereas
the charged ones live much longer (~ 10785s).

Assuming that one (anti)muon is produced per decay of charged pion, then after n interactions the

threshold and the initial (Ep) energies are related through the following expression:

EO = EthrN?oty (23)

3For details the reader can refer to ref. [236-240].

4In this section the term “electrons” is used to designate both electrons and positrons.

5The charged pions together with the neutral one constitute an isospin triplet of the strong interaction, and hence the
branching ratio for the neutral one is 1/3.
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where Nior = Nyx + Npo is the total number of pions created. Hence one can write the total number of

muons produced:

E \*
Ny = (Ng=)" = ( ) : (2.4)
Ethr
with n(N
= M (2.5)
IN(Neot)
As mentioned before, the combined branching ratio of charged pions is 2/3. So after the n-th interaction
the energy of hadronic component is
2 n

Finally, combing the hadronic and electromagnetic descriptions in this toy model one can write the

depth of shower maximum for a hadron-induced shower. To first order this can be written as

E
Xmax,had =~ >\had + Xmax,em + (N > ' (27)
tot

where the subscripts ‘had’ and ‘em’ refer, respectively, to the hadronic and electromagnetic components of

this shower, and Xmax.em 1S given by equation 2.2. Notice that this result approximately holds for X,.x.
For nuclei one can treat the nucleus of mass number A as a superposition of A protons initiating

independent showers [241]. In this case, simple calculations allow one to conclude that at the shower

maximum the number of particles is

Eo/A

Ethr,em

Nmax,A =A = Nmax: (28)

indicating that at this point the number of particles is approximately the same, regardless of the mass of
the primary hadron. Furthermore, one can show that

Eo
Xmax,A = Xmax <A) . (29)
Another important observable of air showers is the number of muons, which in this case is

Eo/A

thr,had

k
Nya=A ( ) = ATTRN, (2.10)
with k given by equation 2.5.

Despite their relatively low cross sections, neutrinos are also capable of inducing air showers in some

particular circumstances.

2.3 The cosmic ray spectrum

The cosmic ray spectrum spans several orders of magnitude, with energies ranging roughly from
10'® to 10%' eV and fluxes between 1072 and 103 m=2eV~1s~1sr1. It follows approximately a power
law, with different spectral indexes at different energies. In figure 2.1 it is displayed a compilation of
measurements of the cosmic ray spectrum, namely: Proton satellite [242], Akeno [243], Haverah Park [226],
LEAP satellite [244], AGASA [245], Fly's Eye [233], CASA-BLANCA [246], DICE [247], Yakutsk [248],
Yoshida et al. (balloon experiment) [249], HiRes [250], KASCADE [251] and Auger [252]. A similar figure
weighted by E2° for the very high energies (E < 10*®eV) is shown in figure 2.2. .
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Figure 2.2: Compilation of the spectrum measured by several experiments for the energy range above 10°eV,
weighted by E£3.

Some remarkable features are noticeable in the cosmic ray spectrum. One is a break at £ ~ 3 X
10 eV, the so-called “first knee”®, an abrupt change in the spectral index from approximately -2.7 to
-3.1. The first observation of the knee feature dates back to 1958 [253]. Since its “discovery”, several
other experiments have observed this feature [245, 246, 254—262]. Another feature is the “second knee”,
at E ~ 8x10%% eV, observed by various experiments [251, 257,259, 263-265], in which the spectral index
changes to approximately -3.3.

The first and second knee can be conjointly interpreted as signatures of a light (proton-dominated)
component accelerated up to the first knee, and a heavy component accelerated up to the second, as a
result of the Peters’ cycle [266], in which the maximum acceleration energy of an element is proportional
to its charge Z. In that case, the second knee would indicate the end of the galactic spectrum and the

emergence of another component, be it galactic or extragalactic. This rigidity dependence is supported by

6The reason for this name is that when the cosmic ray is plotted multiplied by £2 (or other powers of E), the spectrum
resembles a human leg and the change in spectral index at this energies causes a feature similar to a bent knee.
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many experimental results [251,257,259, 263-265].

There are several models aiming to interpreting the rigidity dependent of the knee. The trivial inter-
pretation is that the knee features are due to the maximum acceleration of sources. This idea was extensively
discussed in refs. [267—270] and more recently in refs. [271,272]. There are more sophisticated models such
as the ones put forward by Ginzburg and Syrovatskii [273], which interprets the knee as a signature of the
small angle scattering of cosmic rays in magnetic fields. In refs. [274—276] rigidity dependent scenarios based
on the drift of cosmic rays in the regular component of the galactic magnetic field are proposed. A more

recent model by Gianciti et al. [277] explains the knee in terms of the escape of cosmic rays from the galaxy.

An interesting interpretation for the second knee was put forward in refs. [278,279]. In this case,
the second knee would be where the transition between galactic and extragalactic cosmic rays takes place.
In this model the extragalactic cosmic ray spectrum would be suppressed due to magnetic horizon effects’,
and for energies below the second knee it would fade away, with the galactic component dominating.

"8 observed by

At E ~7x10'® eV the cosmic ray spectrum presents another feature called the “ankle
various experiments [233,281-289]. It has been first observed by Linsley [281] in 1963, and its interpretation
is still a matter of debate. In the original paper Linsley mentioned the possibility of the ankle being a signature
of the transition between galactic and extragalactic cosmic rays. Another interpretation was given in ref. [290]
in the context of the so-called dip model. In this model the ankle is a signature of pair production of UHE
protons interacting with background photon fields, which is in tension with data from the largest cosmic ray

experiment, the Pierre Auger Observatory [291].

At the highest energies, around 5 x 10'°eV, there is an abrupt suppression of the flux. This flux
suppression was observed by the HiRes® experiment [250] and the Pierre Auger Observatory [284], but not
by the AGASA [234]. Both HiRes and Auger have much larger exposure than AGASA, and today it is
believed that AGASA's results were incorrect, possibly due to systematical errors in the energy estimates.
The standard interpretation until few years ago was that this feature was the well-known Greisen-Zatsepin-
Kuz'min [292,293] (GZK) cutoff, due to the interaction of UHE protons with CMB photons. Since the
occurrence of this effects requires a significant fraction of protons above the GZK threshold, it is in tension
with data from the Pierre Auger Observatory [291], although HiRes explicitly mention that the suppression
they observed was the GZK cutoff.

The existence of the GZK cutoff (Egzx ~ 5 X 101° eV) implies the existence of a horizon, which
henceforth will be called GZK horizon. UHECRSs, particularly protons, with energy above the GZK threshold
from sources distant more than 70 Mpc are expected to lose their energy on their way to Earth due to
photopion production in the CMB, having its flux strongly suppressed for E > Egzx. Conversely, one can
say that if cosmic rays with E > Egzx are detected they are within the GZK horizon.

Another interpretation for the observed flux suppression was proposed by Aloisio et al. in the context
of the “disappointing model” [294]. In this model there is a proton-dominated component around 1-3 EeV,
and an increasingly heavy component above. It is also argued that the maximum acceleration energy for
protons is E, ~ 4 — 10 EeV, implying a maximum energy (Emax = Z x E,) between 100 and 200 EeV for

the heaviest composition possible, if one assumes a rigidity dependent acceleration.

"Magnetic horizon effects will be discussed in details in chapter 4.
8For a review on recent developments on the research of the ankle in light of the latest measurements, see ref. [280].
9HiRes stands for High Resolution Fly's Eye. It operated from 1997 to 2006, being superseded by the Telescope Array.
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2.4 Nature of cosmic rays: composition

At low energies (E < 10 eV) the composition of cosmic rays can be directly measured. They are
mostly atomic nuclei, but there is also a fraction of charged leptons such as electrons and positrons. At high

0'*eV) it is impossible to directly detect the primary particle at Earth, and only secondaries

energies (E 2 1
created from their interaction with the atmosphere are detectable. For this reason, the experiments have to
cover a large area to detect the secondaries, reconstruct the air shower and estimate its composition.

The inference of the mass composition of the primary cosmic rays requires a detailed understanding
of the hadronic interactions taking place in the atmosphere. For these purposes several hadronic interaction
models were developed. Some well-known models used to describe interactions at ultra-high energies are
SIBYLL2.1 [295], QGSJETII-03 [296, 297], updated to QGSJETII-04 [298] and EPOS1.99 [299, 300],
recently superseded by EPOS-LHC [301]. Although the general approach in these models are similar'®,
there are some differences which might affect the final results'!.

Important observables in the study of the composition are the (Xax), defined as the depth in the
atmosphere where the number of particles in the extensive air shower reaches its maximum, and its variance
0(Xmax)- All experimental composition results hereafter will be discussed in terms of these observables, for
the energy range above ~PeV.

As discussed in section 2.3, there are indications that the composition between the first and the second
knee becomes increasingly heavier [251,257,259,263-265]. KASCADE-Grande results for the composition
between the second knee and the ankle suggest roughly equal fluxes for the light and heavy components,
which seems to contradict results from Auger, HiRes and TA at these energies. Nevertheless, one should
keep in mind that uncertainties of the KASCADE-Grande measurements are large, and there is a significant
dependence on the hadronic interaction model adopted.

Experimental results obtained in the last decade suggest that the composition measured by Auger [12]
is different to that of HiRes [13] and TA [14]. Auger observes an increasingly heavier composition towards
higher energies, whereas HiRes and TA observe a predominantly light composition up to the highest energies.
These results depend on the hadronic interaction model adopted, which are known to be incapable of
completely describing the interactions between cosmic rays and the atmosphere. For instance, these models
are not capable of correctly describing the number of muons at ground level, as shown by the Pierre Auger
Collaboration [15]. Among the possible explanations for the observed discrepancies is the simple fact that
the extrapolations of hadronic interaction models to higher energies, based on accelerator data, are incorrect.
Other possibilities are “new physics” scenarios, in which some unknown process alters the development of

the air showers in the atmosphere, leading to these results.

2.5 Origin and acceleration mechanisms of UHECRs

2.5.1 Fermi acceleration

2.5.1.1 2nd order Fermi acceleration

The Fermi mechanism was proposed by Enrico Fermi in 1949 [309]. This stochastic process is capable
of accelerating particles up to high energies, through collisions with a magnetized shock wave. In the original

model proposed by Fermi irregularities in the structure of the magnetic field scatter off charged particles.

10These models are constructed based on Gribov's Reggeon approach [302,303] and, at high energies, extrapolation from
accelerator data.
HFor discussions on the differences between these models see, for example, refs. [304-308].
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Below a development of the energy gain through second order Fermi acceleration is presented, following
refs. [310,311].

Scattering centers move randomly and “reflect” the incident particle. Let E; and p; be the energy
and momentum of the particle before the collision, in the reference frame of the cloud, and Ef and pr its
energy and momentum after the collision, in the same reference frame. Let 8; denote the incident angle of

the particle, and 8¢ the angle after scattering. Boosting into the reference frame of the cloud one has
E! = ~vE;(1 —Bcosb;), (2.11)
where B = V/c and v = (1 — 3?)! is the Lorentz factor. After the particle leaves the cloud its energy is
Er =vE{(1+ Bcosby). (2.12)

In the cloud reference frame the energy remains constant, so £/ = E}. Every time the cosmic ray is scattered

by a magnetized center, the energy gain is

E!
E'(1 oy — — i
%_Ef_Ej_’Y f( +5COS f) ’Y(l—ﬁcos@,-) (2 13)
E  E E! ' '
¥(1 — B cosé))
Rewriting this expression in a more convenient way, one has
AE E}
== ry?’; (1 —Bcos; + B cosfy — B cos b, cosb) — 1. (2.14)
1

The scattering of the cosmic rays by the irregularities in the magnetic field is approximately random.
Therefore, the average energy gain can be obtained by averaging over the angles ; and 6%. In the reference
frame of the cloud the particles are randomly scattered in all directions, and hence (cos®;) = 0. The
average value of 6; depends on the geometry of the scattering. The probability of collision depends on the
solid angle. Assuming azimuthal symmetry, the angular dependence is only ;. Considering that the particles
are ultrarelativistic (v — ¢) and averaging over all angles in the range from 0 to 7t one obtains

1
J x(1+ Bx)dx
-1

(cosf)) = 2 = 1, (2.15)

J (1 +Bx)dx

where x = cosf;. In the limit of 8 = V/c <« 1, where V is the speed of propagation of the cloud, the

AE
<E> ~ 252_ (2.16)

This is the second order Fermi mechanism, because the energy gain goes with the second power of 3. Notice
that although (AE/E) > 0, the energy gain is small.

average energy gain reduces to

It is possible to show that the obtained spectrum is a power law'? of the form
N(E) = E™%, (2.17)

where N(E) the number of particles and o = Ktesc, With tesc being the time the cosmic ray remains in the

12Details can be found in ref. [311].
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cloud before escaping, and Kk = —(1/E)(dE/dt).

2.5.1.2 1st order Fermi acceleration

The second order Fermi mechanism cannot reach very high energies. For this reason, more efficient
mechanisms were devised, such as the first order Fermi mechanism [312-316].

The idea of this mechanism is similar to the second order one, and is based on equations 2.11 and 2.12.
In this case, particles moving with velocity \7,3 interact with the front of the shock which moves with velocity
V,. Cosmic rays will gain energy by interacting with irregularities of the magnetic field, as in the case of the

second order mechanism. One can see that!®
AE 4
— )& =0. 2.1
()~ (218)

It is possible to show (see e.g. ref. [311]) that the differential spectrum is

dN(E)
dE

x E?, (2.19)

where o = is the spectral index.

Further developments in the theory of diffusive shock acceleration were made by several authors [317—
319]. The model presented in ref. [320] predicts a spectrum slightly steeper (o = 2.2 — 2.3), for highly
relativistic shocks.

In many studies [321-324] it is argued that this is a rather complex process and the simplified as-
sumptions commonly used may induce an overestimation in the efficiency of the process. For instance, in
ref. [325] it is suggested that Fermi acceleration at relativistic shock waves cannot happen if the Larmor
radius of the cosmic ray is much smaller than the typical coherence length of the magnetic field in the cloud.
Moreover, in realistic scenarios the cosmic ray can gain energy as in the first order order Fermi mechanism
only the first time it crosses the stream, and subsequently it behaves as a second order process, because the
time available to isotropize the distribution of cosmic rays after it crosses the shock for the first time is not
enough [326].

Although the most common versions of Fermi acceleration face many problems, some alternative mod-
els for diffusive shock acceleration inspired by first order Fermi mechanism predict that similar mechanisms

can accelerate particles up to E ~ 10* eV, such as the ones presented in refs. [327-329].

2.5.2 Acceleration by unipolar inductors

Rapidly rotating and highly magnetized astrophysical objects such as neutrons stars can induce large
electric fields capable of accelerating particles to ultra-high energies. This kind of model has been originally
proposed in refs. [330, 331].

The general idea is that electrons are extracted from the object’s surface due to the electric field. Since
the magnetic field of the object is assumed to be dipolar, as in the case of neutron stars, the electrons will
move along these field lines emitting radiation due to the curvilinear motion. The photons emitted interact
with the surroundings of the object and the magnetic field generating electron-positron pairs, providing
feedback for the repetition of the process. The growing number of pairs produces a large amount of electrons

and positrons which fill the magnetosphere. Acceleration happens due to the difference of potential, given

13This development is analagous to the one for the second order Fermi acceleration mechanism, presented in section 2.5.1.1.
More details can be found in refs. [310,311].
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by [332]

wR:B w\2 (B
V= "an ~ 80 (E) (G> v, (2.20)

where w is the angular frequency of rotation, B is the magnetic field, and Rs the radius of the star.

Blasi et al. [330] pointed out that this kind of mechanism could accelerate cosmic rays to energies as

3
Evme ~ 7 x 10999 [ 2} (Fe (if ev. (2.21)
PG 10km kHz

This class of models predicts hard spectral indexes for the sources (o ~ 1.0 — 1.5).

high as

2.5.3 Other acceleration mechanisms

Other astrophysical acceleration mechanisms exist, such as magnetic reconnection [333], wake-field
acceleration and reacceleration in sheared jets. More details about these mechanisms can be found in
ref. [332].

2.5.4 Possible acceleration sites

There are two classes of models to describe the acceleration of cosmic rays to ultra-high energies:
bottom-up and top-down models.

Top-down models predict that UHECRs are not accelerated by astrophysical objects, but are the result
of the decay of massive particles. For instance, many top-down models involve some sort of topological
deffect (for example, cosmic strings, magnetic monopoles, among others) produced during phase transitions
in the early universe or decay of very massive partcles. A characteristic signature of most of these models is
the large number of photons produced. Results from the Pierre Auger Observatory constrain most of these
models by imposing upper limits to the photon fraction [334, 335].

In bottom-up models no exotic physics is invoked'*. They predict that UHECRs are accelerated by
electromagnetic fields in astrophysical objects. Hillas has shown [337] that it is possible to constrain the
magnetic field strength and the size of the site capable of accelerating cosmic rays. The maximum energy

(Emax) above which cosmic rays escape a magnetized environment of dimension R and magnetic field B is
Enax = 28cZeBRy, (2.22)

where B = v/c is the ratio between the speed of the particle and the speed of light, Ze is the charge of a

nucleus, and Ry is the Larmor radius. This relation can be seen in figure 2.3.

2.5.4.1 Neutron stars

Acceleration of cosmic rays to ultra-high energies by pulsars can be done through the unipolar induction
process previously described. Typically neutron stars/pulsars have magnetic fields B ~ 10'3 G and angular
frequency of rotation w ~ 3000s. Therefore, using equation 2.21 one can see that cosmic rays can reach
energies ~ 10! eV via unipolar induction.

Recently the hypothesis of pulsars being the sources of UHECRSs was revisited by Fang et al. [338-340].
In this work the authors claim that young extragalactic pulsars can accelerate UHECRs. Furthermore, they
argue that if this hypothesis is true, a neutrino counterpart with energies as high as 1 EeV can be detected
in the future by the lceCube experiment.

A detailed review on astrophysical sources of UHECRs can be found in ref. [336].
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Figure 2.3: Hillas diagram, which indicates possible astrophysical objects capable of accelerating cosmic rays to
ultra-high energies. The lines delimit the regions of the parameter space in which cosmic rays are not confined.

2.5.4.2 Magnetars

The mechanism of acceleration of UHECRs by magnetars was originally proposed by Arons [331].
The acceleration occurs essentially as explained in the case of unipolar inductors. The maximum energy to

which a cosmic ray of atomic number Z can be accelerated is

B w 2
1021
Emax = 10777 (PG) (710 kHz) eV. (2.23)

Recent results of the Pierre Auger Collaboration did not find an excess of UHECRs in the direction

of magnetars [341].

2.5.4.3 Gamma Ray Bursts

Gamma ray bursts (GRBs) are emissions of high energy radiation in a short time interval. The most
common phenomenological model for acceleration of UHECRs by GRBs is the “fireball” model [342] (see
also refs. [343,344] for comprehensive reviews). In this model the acceleration occurs via Fermi mechanism.
Baryonic pollution traps radiation until most of its energy is converted into bulk motion with Lorentz factors
~ 10°% — 103. The dissipative ultrarelativistic wind satisfy the constraints for Fermi acceleration, as can be
seen in figure 2.3.

Most models of acceleration of UHECR by GRBs require protons for the acceleration. However, it
has been argued that heavier nuclei can also be accelerated in internal, (external) reverse, and forward shock
models [345].
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2.5.4.4 Active Galactic Nuclei

Active galactic nuclei (AGNs) are candidates to accelerate cosmic rays to ultra-high energies. Some
kinds of AGNs such as blazars have a jet of radiation pointing approximately toward Earth, hence being
excellent candidates. In most models acceleration takes place in shocks, as long as energy losses by syn-
chrotron emission and photon-proton collisions are subdominant. The maximal energy attainable assuming

a Kolmogorov turbulent field is [336]

5 3/433/2
121 (BG\* (kpc) U Bjer
Emax ~ 10 < B ) ( R ) 1+ Aayrt €V (2:24)

where u is the ratio between turbulent to ambient magnetic energy density around the shock, Bjet = Vjet/C
is the speed of the jet over the speed of light, a is the ratio of photon to magnetic energy densities and A
is related to the relative strength of proton-photon interactions versus synchrotron emission.

Many studies claim to have found correlations between AGNs and arrival directions of UHECRs. The
authors of ref. [346] found a correlation with radio-loud quasars, which was refuted in posterior analyses
by other groups [347]. In ref. [348] a correlation between UHECRs detected by AGASA and Yakutsk with
BL Lacs was claimed and soon thereafter refuted based on data from Volcano Ranch and Haverah Park
experiments [349]. Perhaps the most interesting result on this subject was obtained by the Pierre Auger
Collaboration, in 2007 [350], who claimed to have found correlation between AGNs and arrival directions of
UHECRs with energies above 60 EeV, with a confidence level of 99%. Nevertheless, this signal faded away
in a more recent analysis including more data [351].

Many studies [352-357] have investigated the possibility of the nearest AGN, Centaurus A (Cen A),
being the source of UHECRs. So far there many theoretical works and a (so far) not significant excess

observed by Auger [291], and no conclusive results have been achieved.

2.6 Interactions and energy losses

The main interaction and energy loss processes taking place at ultra-high energies are:

photopion production;

pair production;

e expansion of the universe;

photodisintegration.

The energy loss length for a nucleus of atomic number Z and mass A through production of elec-

tron/positron pairs can be written as [6]

dE
5t = 3acrZ2h™3(mec?ksT)?f(7), (2.25)

where a &~ 1/137 is the fine structure constant, o7 is the Thomson cross section, h the Planck constant,
kg the Boltzmann constant, y the Lorentz factor and f(«y) a function taken from ref. [358]. The threshold
energy for this interaction is E¢p &= 5(meV/€) EeV.
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Photopion production occurs when an EBL photon is scattered by a nucleon. In the case of protons,

the two main interaction channels are

p+m°
pt+y— AT —

n+mt

The energy threshold for this process is Etp &= 70(meV/e) EeV. For a CMB photon with € &~ 0.6 meV,
Ene ~ 4 x 1012 eV, which is the expected energy for the well-known Greisen-Zatsepin-Kuzmin (GZK)

cutoff. The pions produced through the interaction between nucleons and photons decay as follows:

Tt = ut+

70—+

This process is extremely important for multimessenger studies due to the production of secondary gamma
rays and neutrinos.

The interaction of atomic nuclei with EBL photons causes these nuclei to split into parts, through
a photodisintegration process. The mean free path for this process can be written in terms of the cross

section o as follows:

€Emax 2Y€
1 1
>\_1(’Y):2772 / /H(E,Z)Ejfla(e/)dfldev (2.26)
€min 0

where 7y is the Lorentz factor, € the photon energy, o(¢€’) the cross section of the nucleus-photon interaction,
and €2« the maximum energy of the background photon, which is ~10 meV for the CMB and ~100 eV for
the CIB.

Unstable nuclei produced during photopion production or photodisintegration can have short lifetimes
compared to the propagation length, and suffer decays during their trajectory. Therefore, this process also
has to be taken into account when simulating the propagation of UHECRs in the universe.

The expansion of the universe itself is another source of energy loss. This adiabatic energy loss is

given by
Eo

E= ,
142z

(2.27)

where Eq is the initial energy.
The energy loss length for photopion production, photodisintegration, pair production and adiabatic
expansion of the universe are summarized in figure 2.4, for the case of iron and proton primaries. Further

details about these interactions will be provided in section 5.4, in the context of the CRPropa code.
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Figure 2.4: Energy loss lengths for different processes: photopion production (orange), electron pair production
(green), photodisintegration (purple), adiabatic expansion of the universe (gray) and total (black). Solid lines are
for iron nuclei, and dashed lines for protons. The photon backgrounds used here are the cosmic microwave
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Astrophysical objects such as stars emit radiation in a wide range of the electromagnetic spectrum
by means of thermal processes. However, the typical temperatures of these objects are not sufficient for
emission of a significant amount of gamma rays at high energies. In this case, non thermal processes such as
shock acceleration of relativistic charged particles, which scatter ambient photons to high energies. Gamma
rays are valuable cosmic messengers. Because they are neutral, they are not deflected by cosmic magnetic
fields, as are cosmic rays. Unlike neutrinos, which are produced only through hadronic processes, gamma rays
can also be produced through leptonic processes. Therefore, they are useful probes of relativistic processes
taking place in different environments. In this chapter an introduction to gamma rays will be presented,

focusing on very-high energy gamma rays (VHEGRs)!.

3.1 A brief history of gamma rays

In the end of the nineteenth century after the serendipitous discovery of radioactivity> many people
were actively working on the topic. The discovery of gamma radiation dates back to 1900, when Paul
Villard was studying radioactivity properties of the radium. He noticed that the penetration power of this
radiation was far beyond the ones of alpha and beta radiation. Ernest Rutherford in 1903, who extended
the nomenclature previously used [362].

In the early twentieth century, together with the discovery of cosmic rays, the possibility of cosmic
rays being gamma rays was enthusiastically considered [363]. In 1913 it was shown that gamma rays suffered
reflection in crystals, indicating that they behaved as electromagnetic waves.

In the 1940s the first theoretical studies of gamma ray production via hadronic and leptonic processes
were done [364], although the actual detection of extraterrestrial gamma rays took place only in the 1960s
with military satellites [186]. At the time this emission was not properly interpreted in terms of emission
by astrophysical objects. In the 1970s and 1980s balloon-borne experiments were launched with the goal of
studying extraterrestrial gamma rays, and they detected gamma ray signatures in the whole sky.

Around 1980 it was possible to study the electromagnetic spectrum in all energy ranges. In 1989 a
new window to the universe was opened, with the detection of TeV gamma rays from the Crab nebula®, using
an air Cherenkov telescope [365]. Since then the Crab nebula became a standard candle for measurements

of VHEGRs and hundreds of sources were discovered.

LVery-high energy gamma rays are here defined as the ones with energies ~ 10 GeV-100 TeV.

2This discovery is usually attributed to Henri Becquerel. However, the exact contribution of Becquerel has been questioned
(see refs. [359-361]).

3The Crab nebula is the remnant of the supernova observed in 1054 A.D., although it was observed in TeV energies only in
1989.
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3.2 Interactions and energy losses

There are many important interactions involving gamma rays, either through production, absorption
and scattering. In this section only a few astrophysically relevant process will be described. More detailed
treatments on production and absorption of gamma rays and radiative processes in astrophysics can be found
in refs. [61,360]

3.2.1 Electron bremsstrahlung

Electron bremsstrahlung essentially consists on the emission of radiation by electrons when interaction

with matter occurs. Electrons losing energy through this process have a lifetime [366]

dt

- F 1
T = EelE | (3.1)
with the average energy loss rate for an electron with energy E. given by
dE
e _ _Mpcnle) g (3.2)

dt Xo e

where n(g) is the number density of the ambient gas and m, is the mass of the proton. The value of Xg
depends on the composition of the gas. For instance, for a hydrogen gas its average value is (Xp) ~ 60 g/cm?.
This process is one of the responsibles for producing high energy gamma rays.

3.2.2 Annihilation of electron pairs

The annihilation of electron-positron pairs (e™ + e~ — 27) is important for astrophysical studies,
specially at lower energies, due to the production of a line at 0.511 MeV. It depends mainly on the number
density of electrons in the medium, and the amount of relativistic positrons injected. The differential
spectrum of gamma rays produced through this process is given by [366]

dNy 301Cne

2
= [ax — x°]. (3.3)
dE 8y44/77 — 1
with 2 2y2
EZ+ (Ex — Ey+ mec
Y v € 2
= 2 4
a E++meC2 + 2mec”, (3 )
and ) )

E, Ef— Ey+ mec?’
Here E is the energy of the positron with Lorentz factor v, injected in a medium with electron density ne,

and o7 is the Thomson cross section.

3.2.3 Nuclear emission

Two astrophysical processes can generate gamma rays: decay of radioactive nuclei created in processes
of nucleosynthesis, and de-excitation of nuclei by cosmic rays. A comprehensive account of these processes
in light of experimental data can be found in ref. [367,368].

Radioactive nuclide ejected by astrophysical objects during processes such as explosive nucleosynthesis

can emit gamma rays if they are not absorbed in the stellar interior. The typical energy of the emitted gamma
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rays is of the order of a 10-100 MeV per nucleon.

3.2.4 Pion decay

Pion decay is an important hadronic process whose role in the production of gamma rays was recog-
nized long ago [273]. Inelastic photohadronic collisions of protons with ambient photons produce secondary
pions. For instance, photopion production can produce neutral pions (7°), which has the following decay
channel:

7m0 — 2.

The gamma ray emissivity for a pion with energy Eo is [360]

r WO(E‘WO)
ay(Ey) =2 g dEqo, (3.6)
J

\/ E2o — m2ct
min

with Epip = Eq + mfro C4/4E7. Here gyo is the emissivity of pions*. The emissivity of secondary pions is

Gro(Exo) = cny /5 [Eqo — Ko (Ep — mpc?)] opp(Ep)np(Ep)dEp, (3.7)

with Ko designating the mean fraction of kinetic energy, m, the mass of the proton, and the np(E,)
the energy distribution of protons. The proton-proton cross section (o,,) was experimentally measured by
several groups at various energies [370, 371].

3.2.5 Pair production

Pair production is the creation of electron-positron pairs due to the collision of two photons:
y+y—et+e .

Already in the 1960s it had been realized that the flux of high energy gamma rays traversing large distances
could be attenuated [372]. This attenuation is described by an exponential of the form®

J(E) = jo(E) exp (=7(E)), (3.8)

where jo(E) is the initial flux at the source and j(E) is the observed energy. The parameter 7(E) is the
so-called optical depth, which depends on the mean free path for pair production. For VHEGRs from
astrophysical sources the mean free path for this process depends on the density of background photons,
dominated by the EBL, which is model dependent.

The spectrum of electrons produced via pair production can be written as [373]

dN 3 4E2 4 2(2eE, — 1)E? 1 E2
S I Y )¢ —88E7+M— 1—— ) 2| (3.9)
dE.  32e?E3 | x E, X eEy

with
X = Ee(Ey — Ee), (3.10)

4A detailed treatment of this process can be found in ref. [369].
5In this description cosmological effects are neglected for the sake of simplicity. The complete treatment is presented in
chapter 9.

45



where E, is the energy of the photon, E. the energy of the electron, and € = s/E.. For a power law
spectrum with spectral index o this reduces to [374]
dN

TE~ (1.1 — 1.60a + 1.17a?)

(3.11)

1
exp (—155)
Em,‘,,X(l + 0.07x« ) !

Inx

where x = E./E,, and Epi, is the minimum energy kinematically allowed. Since two particles (electron and
positron) are produced per interaction, the integral of this equation should yield 2.

This results is important for analytical calculations, specially when one is interested in spectrum of
secondary photons generated by the interaction of electrons with background photons via inverse Compton
scattering.

This interaction will be revisited and extensively discussed in chapter 8.

3.2.6 Inverse Compton scattering

Inverse Compton scattering (ICS) consists on the scattering of a low energy photon of energy € by
an electron of energy E.. The cross section for this process can be written as [375]

307 2m2c* 2mtct 2m2c* 4Am3ct 1 1
= — 1-— e 1 1 = £ _ —. 3.12
gics 8eE, ( o= g2E2 it eE, + eE, o (1 eE. \? + 2 ( )
+ 2m2c*

Two regimes can be identified here. If 4eE. < 1 the cross section reduces to the Thomson cross section.
For 4eE. > 1 one is in the Klein-Nishina regime.

The spectrum of gamma rays produced via ICS is given by [376]

& E,
dN(6, Ey)  3ormict 1+ E2 ) E.
E,dQ 16meE2 E,\ E
dEyd omeks 2 (1 - E”) 2(1 — cosB)eE. (1 - E”)
e e (3.13)
E2
2
+2 Ee 5
E
(1 — cosB)eEe)? (1 - 7)
Ee

This equation holds for photons of energy € traversing a homogeneous and isotropic medium filled with
relativistic electrons of energy E. [366]. For some astrophysical applications high energy electrons scatter
low energy ambient photons, and the process can be treated in a similar fashion by boosting into another
frame of reference. In this case, equation 3.13 can also be applied, with the appropriate considerations.

This interaction will also be revisited in chapter 8 in the context of the GRPropa code.

3.3 Sources

Many processes can accelerate gamma rays. Of particular interest for this work are the sources of
VHEGRs with energies ~ TeV. There are two classes of models for production of gamma rays in this energy
range. In the top-down models the acceleration of gamma rays to very-high energies is attributed to the
decay of heavy (and often exotic) particles. Bottom-up scenarios predict that VHEGRs are the by-product

of the interaction of charged particles with ambient photons. These charged particles can be nuclei or

46



High Energy Gamma Rays

electrons. Scenarios in which cosmic ray nuclei accelerate gamma rays are usually referred to as hadronic,
whilst electron-induced acceleration is a leptonic process. Naturally, a combination of both processes is also

possible.

The main leptonic channel for acceleration of gamma rays to very-high energies by electrons is inverse
Compton scattering of ambient photons, ranging from microwave to X rays. In hadronic scenarios gamma
rays are accelerated to very high energies through the up-scattering of ambient photons by cosmic rays.

Consequently, in these models gamma rays trace cosmic ray acceleration sites and propagation environment.

Today there are about 150 known sources of VHEGRs. Many of them are galactic sources, although
a number of extragalactic sources has been detected in recent years. A summary of the known sources of
TeV gamma rays has been compiled in the TeVCat® and is shown in figure 3.1. Reviews on these topics can
be found in refs. [377-379].

Figure 3.1: Skymap containing the position (in galactic coordinates) of sources of TeV gamma rays, overlaid with
the Fermi skymap. The colored circles are different types of sources: pulsar wind nebulae (magenta), starburst
galaxies (orange), X ray binaries/pulsars (yellow), supernova remnants/molecular clouds/superbubbles (green),
AGNs (red), pquasar/star forming regions/Wolf-Rayet stars (blue), and unidentified sources (gray). This image

was taken from http://tevcat.uchicago.edu/.

3.3.1 Supernova remnants

Supernova remnants (SNRs) are efficient sites for acceleration of cosmic rays to high energies (E ~
1015 — 1017 eV). Already in 1939 Zwicky [380] had argued that SNRs are likely sources of galactic cosmic
rays. A simple phenomenological argument to understand this is that the energy output required to maintain
the density of cosmic rays in the galaxy is of the order of a few percent of the energy released by supernovae
explosions. Although other source populations could also contribute, the acceleration of gamma rays up to
high energies comes naturally by considering diffusive shock acceleration of charged particles in SNRs, which
scatter ambient photons to very-high energies. Recently the Fermi-LAT collaboration has finally proved this
hypothesis [381] by studying characteristic pion decay signatures in the gamma ray spectra of two SNRs.

6The catalog is available online in http://tevcat.uchicago.edu/.
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3.3.2 Pulsars

Pulsars are rotating highly magnetized objected (B ~ 102 G) neutron stars. It is believed that they
can accelerate charged particles to very high energies (~ 1PeV), which then produce gamma radiation. A
dipole moment due to the misalignment between the axis of rotation and the magnetosphere exists. The

rotation of this dipole moment induces the emission of electromagnetic radiation at a rate [377]

dE s ( B\ /ms\4
9= 10 (10126> (?) s, (3.14)

where B is the superficial magnetic field, and P the rotation period, usually of the order of milliseconds.
The rate of energy loss via spin-down is [377]

dE(t)  dE(0) < T )p'

(3.15)

dt dt T+t

where T is the characteristic spin-down time, and p = (n+1)/(n— 1) is a geometrical factor. For instance,
the dipolar case is n = 2.

The difference of potential due to the rotating magnetic field is

B 2 ms\ 2
17
AV ~ 10 (1012G> (TD) V. (3.16)

Typically these processes produce gamma rays with energies ~ 10 — 100 GeV .

3.3.3 Pulsar wind nebulae

Pulsar wind nebulae (PWNe) are efficient accelerators of gamma rays to high energies. In fact, the
first TeV gamma ray source ever detected, the Crab nebula, is a PWN. Part of the rotational energy of pulsars
can be transfered to the surrounding environment by relativistic winds. This process is an efficient accelerator
of charged particles up to high energies, via expansion or collisions of the winds with the surroundings. High
energy leptons such as electrons and positrons can interact with radiation fields via inverse Compton or with
magnetic fields emitting synchrotron radiation, resulting in the production of non thermal radiation with

energies as high as 100 TeV.

3.3.4 Binary systems

Binary systems can also produce VHEGRSs via accretion-powered jets [382,383] (microquasar scenar-
ios) or via shocks between pulsars and star winds [384,385] (wind-wind scenarios). In microquasar scenarios
a jet originating from the accretion disk is responsible for the acceleration, similar to what happens in active
galactic nuclei. In wind-wind scenarios the interaction takes place by means of the interaction of the pulsar
wind with radiation field of the star. High energy particles are produced via synchrotron and inverse Compton
scattering.

Typically, binaries whose majority of the gamma ray flux is produced via leptonic channels will appear
as points. Moreover, the relatively small timescale involved imply a large variability for these sources. On
the other hand, hadronic processes produce steady and extended gamma ray emissions if the energy losses

suffered by accelerated cosmic rays escaping the production site are negligible.
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3.3.5 Galactic center and Fermi bubbles

TeV emission close to the galactic center has been detected by various observatories [386—-388]. The
exact source associated to the emission cannot be identified, due to the complexity of the region. The
observed spectrum in the GeV-TeV energy range is rather complex and combined Fermi-Lat and HESS
analyses [389,390] suggest that this could be explained by the interaction of protons and the dense gas near
the galactic center. More detailed discussion on this topic can be found in refs. [379,391].

Two remarkable structures with emission of VHE gamma rays were discovered recently [392], the
so-called Fermi bubbles. These structures are located around the galactic center, approximately symmetric
with respect to the galactic plane, with an extension of about 10 kpc above and below this plane. The
associated gamma ray emission has a spectrum slightly harder than the one produced by inverse Compton
scattering by electrons in the galactic disk.

Particle acceleration in the Fermi bubbles is probably highly efficient. The two main scenarios for
explaining theemission of high energy gamma rays by these structures are inverse Compton emission due to
relativistic electrons interacting with radiation fields, or proton-proton interactions, process which generates

neutral pions which decay into gamma rays.

3.3.6 Starburst galaxies

Starburst galaxies are characterized by their high star formation rate in some regions. As a results,
there is a high number of SNRs which can accelerate charged particles to very high energies, hence increasing
the gamma ray output by these galaxies. Typically the energy of protons required to produce TeV gamma
rays is [379]

W = Lyt (3.17)

where L. is the required luminosity (~ 10* erg/s) and tpp is the time scale for proton-proton collisions.

3.3.7 Blazars

Blazars are quasi-stellar objects believed to be type of active galactic nucleus (AGN) whose emission
is beamed toward Earth [393]. It comprises mainly two classes of objects, namely BL Lacertae (BL Lacs)
and flat spectrum radio quasars (FSRQ), the former having weak or non existent emission lines, and the
latter typically having broader lines. The vast majority of blazars detected so far are BL Lacs. It is believed
that they can accelerate gamma rays to very-high energy inside jets. Blazars were the first extragalactic
sources of VHEGRs identified, specifically the BL Lac object Mrk 421 discovered in 1992 [394].

The standard picture for acceleration of VHEGRs by blazars predicts that flares are created when
high energy electrons are injected into a spherical blob containing a stream of particles along the axis of
the jet [395]. Particles in the blob are moving relativistically, therefore reducing the power required for
acceleration due to the boost of the emission. This reduction is proportional to the fourth power of the
Doppler factor D = y(1—B cosf) ™!, where 8 denotes the angle between the axis of the jet and the observer,
and 7y is the Lorentz factor of the bulk motion of the jet. The blob has a typical size R ~ ct,,D, where
tyar IS the typical variability time.

A leptonic scenario for acceleration of VHEGRs by blazars was presented in ref. [395]. In this model
synchrotron radiation emitted by particles in the blob is up-scattered by electrons in a process known as
synchrotron self Compton (SSC). Purely hadronic models can hardly explain the acceleration of VHEGRs,
due to the long cooling time scale of relevant processes, which makes it difficult to explain rapid variability. A

detailed description of other acceleration scenarios including lepto-hadronic models can be found in ref. [396].
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3.3.8 Unconfirmed candidates and unidentified sources

Surprisingly, VHEGRs from Gamma Ray Bursts (GRBs) have never been detected so far, and only
upper limits exist [397—-399]. Nevertheless they are suitable source candidates. In the context of leptonic
models, synchrotron radiation and photons accelerated via inverse Compton scattering can generate extended
TeV emissions. In hadronic models the scattering of ambient photon by cosmic ray nuclei (mostly protons)
or proton-proton interactions can produce VHEGRs.

Another candidate are passive black holes (PBHs). These supermassive objects have typical mass
~ 10°Mg and low luminosity. They are candidates for producing UHECRs, which might generate very
energetic gamma rays through photohadronic mechanisms and other processes taking place in the magne-
tosphere [400].

There are also many TeV sources unassociated to any known astrophysical object. It is not known
if these regions are actually sources in the astrophysical sense, nor which kind of mechanism is responsible
for the emission. One possibility for these are top-down explanations, which include self annihilation of dark
matter particles, assumed here to be WIMPs' (see e.g. [401,402]).

3.4 Experimental methods

3.4.1 Ground-based air shower detectors

At VHE it is rather hard to detect gamma rays using satellite-borne detectors, due to the large areas
required. In this case, ground-based detection is a good alternative.

As is the case for cosmic rays (see chapter 2), the atmosphere is not transparent to the propagation
of high energy gamma rays, and gamma rays can induce air showers of secondary particles in the atmosphere,
which can be detected using ground arrays. The main advantage of this technique is the high duty cycle
(detector operates day and night), and the large field of view (FoV) covering essentially the whole sky
observable from that latitude. Due to the background of cosmic rays, it is rather hard to achieve high
sensitivity.

A notorious example of ground-based air shower detector is the Milagro experiment [403,404], which
ceased operation in 2008 and has detected many TeV sources. Other detectors of the kind are ARGO-
YBJ [405,406] and Tibet-AS+y [407] and the upcoming HAWC [408].

3.4.2 Imaging air Cherenkov technique

Imaging air Cherekov telescopes (IACTs) are perhaps the most promising detectors. The detection
technique consists on the observation of the Cherekov light emitted by gamma ray when interacting in the
atmosphere. Stereoscopic observations with IACTs allow the separation of hadronic and electromagnetic
showers, and provide a good angular resolution (~ 0.1°). The drawback of this method is the low duty cycle
(detector operates only at night), and the small field of view of (~ a few degrees).

IACTs can be used to study extended sources as long as their angular size is of the order of the FoV
and larger than the point spreading function (PSF) of the detector. Successful IACTs have been operating
for more than a decade, and have largely contributed to the understanding of the non thermal universe.
Some notorious ones are the High Energy Stereoscopic System (HESS) [409,410], the Major Atmospheric
Gamma Imaging Cherekov (MAGIC) [410, 411], the Collaboration of Australia and Nippon for a Gamma

"The acronym WIMP stands for weakly interacting massive particle, and is a promising dark matter candidate.
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Ray Observatory in the Outback (CANGOROO) [412,413] and the High Energy Gamma Ray Astronomy
(HEGRA) [414]. A comparative chart summarizing the main IACT facilities is shown in table 3.1.

The next generation of IACTs will increase by at least one order of magnitude the flux sensitivity,
expanding the energy range down to ~ 10 GeV and possibly beyond ~ 100 TeV. The first IACT of this new
generation is the Cherenkov Telescope Array (CTA) [415], which is expected to start taking data in the next

few years.

Table 3.1: Summary of the the major IACT facilities, including details on location, number and area of the
telescopes, field of view (FoV) and current operational status. Table adapted from [416].

observatory altitude (m)  telescopes FoV location operation
HESS 1800 4 x107m? 5.0° Namibia until 2012
HESS I 1800 1x615m? 3.6° Namibia active
MAGIC-I| 2230 2 x226m? 3.5° Canary Islands active
VERITAS 1268 4 x106m? 3.5° Arizona, USA active
HEGRA 2200 5x8.5m? 4.8° Canarylslands until 2002
CANGOROO-III 165 4 x57m?  4.0° Australia until 2011

51



High Energy Gamma Rays

52



Diffusion of cosmic rays in

extragalactic magnetic fields

The propagation of cosmic rays through extragalactic magnetic fields can be diffusive, if their scat-
tering length is much smaller than their distance to the observer, or ballistic, if this distance is much smaller
than the scattering length. The exact region of the parameter space where the transition between these
two regimes occurs is not clear. This effect may be responsible for the vanishing extragalactic cosmic ray
component at energies below < 1 EeV.

When the propagation time of cosmic rays is comparable to the age of the universe, a suppression
in the flux relative to the case in the absence of magnetic fields will occur. This implies the existence of a
magnetic horizon, a distance beyond which most of the flux from a given source is suppressed due to the
diffusive trajectories described by the particles. This effect was previously studied in refs. [20,278,279,417]

In this chapter the diffusive propagation of cosmic rays with energies ~ 10 eV in extragalactic
magnetic fields is discussed, following ref. [20]. Approximate parametrizations for the suppression at energies
< Z x 10'® eV using several magnetic field distributions are found. Furtheremore, model dependent upper
limits for the energy at which the flux is significantly suppressed are also derived, as a function of the

coherence length of these fields.

4.1 The diffusive cosmic ray spectrum

Berezinsky & Gazizov [418] have derived and solved the diffusion equation in the expanding universe
for the case of a position independent diffusion coefficient. The mathematical formalism underlying these
calculations is described in details in appendix A.

For cosmic rays located at position 7, with energy E, at a time t, in an expanding comoving volume
of the universe, the flux (j) for a single source is given by [418]:

oo (-4) a,

(471-)\2)% dE’ (4.1)

. ¢ T |dt
J(E,B,rg)—ﬂ/dz‘E‘Q(Eg(E,z),z)
0

where ry = F— F; are the comoving coordinates of the source at a distance 7; from the observer. Here the
standard ACDM cosmology is used, with the redshift evolution given by eq. 1.21, which is transcribed here

for completeness:
dt

dz

1 1
C Ho(1+2) /Q,(T+2)3+Qn

(4.2)
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The source term Q(E4(E, z), z) depends on redshift evolution function of the source emissivity (f(z)), the
injected spectrum, which is a power law with spectral index 7y, and the shape of the source cutoff function,
associated to the maximum acceleration energy that the source can reach, assumed to be a hyperbolic

cosine, as in ref. [419]. Therefore, the source term reads:
§2f(2)E™Y

cosh (Efax) ’

with £z being the contribution of the nucleus of atomic number Z, E its observed energy and E,,.x the

Q(E,z) = (4.3)

cutoff energy. E4 and E are related in the following way [420]:

dt’

dz'

dE,

z
d
_ /
JE (14 z)exp /dz
0

a—Egb(Eg, 2, (4.4)

with E4 denoting the initial energy of the particle at redshift z/ (0 < z’ < z), if the observed energy at
present time is E. From this point onward only the adiabatic energy losses due to the expansion of the
universe will be considered, since the focus of the work is in the energy range E < EeV.

X = X(E, z, B) is known as the Syrovatskii variable?, first introduced by Syrovatskii [421] to address
the problem of the distribution of relativistic electrons in the galaxy. The generalization of the Syrovatskii

solution for an expanding universe was given by Berezinsky and Gazizov [418], and can be written as

dt
dz’

D(E, 7, B)
a2(z")

ANE,z, B) = /dz’ (4.5)
0

The diffusion coefficient is written as a combination of the diffusion coefficients for the quasi-linear regime
(D o E'Y3), dominant at lower energies, and the non resonant regime (D o E2), dominant at higher
energies, following refs. [419,422,423]:

D(E, z,B) = 6/53(2) [aL (a(fs)) +an <EC(§B)>21 , (4.6)

where the parameters a; and ay are, respectively, 0.3 and 4 [419]. This expression approximately holds for
the resonant and non-resonant regimes, for the case of a Kolmogorov turbulence. The dependence of the
diffusion coefficient as a function of x = E/(E) is shown in figure 4.1.

The coherence length (/I.(z) = Ic0/(1 + z)) and magnetic field strength (B(z) = Bo(1 + z)>™™)
depend on the redshift. Here the subscript ‘0’ is used to indicate the value of a given quantity at present
time, and m is a parameter due to the MHD amplification of the field. The critical energy E. = E.(z, B)
is defined as the energy for which the Larmor radius of the particle is equal to the coherence length of the
magnetic field, i.e., R (E.) = I.. Its redshift dependence is: E.(z) = Eco(1 + z)*~™. The Larmor radius

is given by

Ru(E. B) = czis ~ (ES\/) <nES) Mpe, (+.7)

with B being the magnetic field strength, and E the energy. The explicit form of E. can be obtained from

I This definition of X differs by a square from the original definition given by him [421] and ref. [418], and follows ref. [419].
This way, A has dimension of length and can be translated into the magnetic horizon.

54



10% g

10*
10%
10%
10°
10%
10%°
10%®
107

D [m?/s]

10 103 102 10” 1 10 102
E/<E >

Figure 4.1: Diffusion coefficient as a function of x = E/(E.). Thin gray lines are the two energy dependent diffusion
coefficients used to obtain the one adopted in this work, represented by the orange thick line. This case is for z = 0.

equation 4.7 and reads

Ec(z,B,l.) = cZeB(2)l.(z) ~ 097 (:é) ('vf;c) EeV, (4.8)

with B = B(z) and I = I.(z).

The spectrum for a single source is given by equation 4.1. For Ns sources, each one located at a
distance r; from Earth, the total spectrum can be written as the superposition of the spectra of individual
sources, this is,

Zmax N, ri2
dEg =P\~

. N c dt
HE.B) =3 (E.B.r) = o 0/ 2| | AEE D D2 (49)

i=1

In the limit of a continuous source distribution, i.e., if the Ns is large, then the discrete sum can be replace
by an integral, which can be calculated assuming spherical symmetry, yielding unity if the average separation
between sources is small enough. In this case it can be shown that the dependence on the Syrovatskii variable
will no longer be present, implying that the spectrum will not depend on the modes of propagation and hence
the magnetic field. This result is known as the propagation theorem [422]. The spectrum obtained under

these assumptions will be henceforth called universal spectrum.

For simplicity of notation it is convenient to introduce a factor F, related to modes of propagation

of cosmic rays from different sources. This factor can be written as

I’2
1 exp (—w)
F=—) ———*
Ns 4 (4-71')\2)E

=1

(4.10)

where a possible realization for a uniform distribution of sources can be defined according to ref. [419]:

3\ T(i+1/3)
= d (M) s (4.11)
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Here ds is the average separation between the sources, obtained from the source density.

The total spectrum shown in equation 4.9 can be written in terms of F, as follows:

Zmax

. C
jt(E, B) = E / dz
0

dt dE
dZ‘Q(Eg(E,Z),Z)dEgF(E,Z, B), (4.12)

where zp.x is the maximum redshift of the sources which contribute to the flux. The volume average of the
spectrum can be calculated by weighting it by the magnetic field distribution:

o0

J(E) = / J(E. B)p(B)dB

. (4.13)
= ﬁ / dZ’Z;’Q(Eg(EvZ)vZ)ZEEg /dBF(E,Z, B)p(B)
0 0

where p(B) is the probability distribution function corresponding to the magnetic field distribution.

4.2 Extragalactic magnetic fields

Four extragalactic magnetic field models obtained from MHD simulations of the cosmic web were
considered: Miniati [424], Dolag et al. [425], Das et al. [426] and Donnert et al. [427]. Each one of these
authors adopted different numerical methods to perform the simulations, and used different assumption. For
instance, Miniati assumed that magnetic fields were generated through a Biermann battery and later the
field was rescaled in such a way as to reproduce the measured magnetic fields in clusters of galaxies, whereas
Das et al. used properties of the gas such as vorticity and energy density to estimate the magnetic field.
Dolag et al. started with a seed field at high redshift with a strength such that, at the present epoch, the
field in clusters would be of the order of a few uG, in a similar fashion to Donnert et al., who also included
other effects at low redshift, namely magnetic pollution.

There are many other models to describe the extragalactic magnetic field in the cosmic web. The
method here presented can be applied to any model, provided that one has the magnetic field distribution,
or conversely the filling factors, such as the ones shown in figure 6.1. The cumulative filling factors are
defined as the fraction of the volume that has a magnetic field strength higher than a given value.

From these magnetic field models distributions of field strengths are available. The magnetic field
used in the calculations presented in the previous sections is a turbulent Kolmogorov field, with strengths
following these distributions, and coherence length arbitrarily chosen. Although there is a redshift dependence
for B in the calculations outlined in the previous section, the proper redshift evolution of the magnetic field
according to these models is not taken into account. Instead, the magnetic field strength at present time is
extrapolated to higher redshifts assuming that B(z) = Bo(1 + z)?>~™.

The integration of equation 4.5 over the distribution of magnetic field strengths eliminates the B
dependence, making it possible to obtain the value of X\ taking into account the inhomogeneity of the field.
In this work this integration is done between 107 G and 107> G, and the field is considered zero elsewhere.

The mean and RMS values for each one of these extragalactic magnetic field models are shown in table 4.1.

The redshift dependence of the Syrovatskii variable is shown in figure 4.3, between z=0 and z=4,
for the different extragalactic magnetic fields considered. In this same figure the mean values of the corre-

sponding magnetic field distributions are also shown, as well as two extreme cases (B = 1.0 x 107'* G and
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Figure 4.2: Cumulative filling factors for the cosmological simulations considered in this work.

Table 4.1: Mean and RMS values for the considered magnetic field distributions, in the range between 107*° G and

107° G.
Miniati Dolag et al. Das et al.  Donnert et al.
(B)[G] | 1.8x107®% 55x107* 12x10° 63x10°%
Bims [G] | 1.7x1077 15x10% 57x10% 1.7x10°8

B =1.0 x 1075 G), for the sake of comparison. It can be seen in figure 4.3 that the inhomogeneity of the

-

— -

-

L=

Dolag et al. (<B>)

B=1x10"G

10-3 Donnert et al. (B variable) - - - Donnert et al. (<B>)
—— Das et al. (B variable) ---. Dasetal (<B>)
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Figure 4.3: Volume averaged Syrovatskii variable for the magnetic fields from the large scale structure simulations
(solid lines), in the case of constant magnetic fields equal to their average value (dashed lines), and two extreme
cases (dotted dashed lines). The legend follows the same order as the curves, from top to bottom. This particular
case is for E/Z = 10'% eV, /.o = 0.6 Mpc, m =1, v = 2.0 and Zmax = 4.0.

field implies a larger Syrovatskii variable, due to the larger contribution of regions with low magnetic fields,
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such as voids. Moreover, the Syrovatskii variable when defined in units of length translates into the magnetic
horizon. For instance, if I = 1 Mpc and the two black (dotted dashed) lines from figure 4.3 are chosen,
the estimated magnetic horizon is approximately 47 Gpc for B=10"* G and 60 Mpc for B=107° G, taking
into account the contribution of all sources up to z,.x = 4. Furthermore, this plot also shows that the
approximation of a turbulent magnetic field with a given RMS, as assumed in ref. [419], may not be good
enough, since most of the volume is filled by magnetic fields with low intensity in a more realistic scenario.

The magnetic horizon as a function of the energy can be calculated from equation 4.5. It is shown in
figure 4.4. One should carefully interpret this figure, since for energies 2 Z EeV the interactions, neglected

in this work, start to become relevant, decreasing the effective horizon of the cosmic ray.

108 £ S S ’ % '
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6 Das et al. ariale ---.Das et al.
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Figure 4.4: Volume averaged Syrovatskii variable for the magnetic fields from the large scale structure simulations
(solid lines), in the case of constant magnetic fields equal to their average value (dashed lines), and two extreme
cases (dotted dashed lines), as a function of the energy. The legend follows the same order as the curves, from top
to bottom. This particular case is for Ico = 0.6 Mpc, m =1, v = 2.0 and Zmax = 4.0. Notice that interactions are
not considered, and therefore these results above > 10*® eV cannot be interpreted in a straightforward.

4.3 Parametrization of the flux suppression

If the factor F, defined in equation 4.10, is equal to 1, the spectrum will be universal. Let jo(E) be
the universal spectrum, and j(E) a generic one. The suppression factor can be defined as the ratio between
these two spectra?, i.e.:

G
G (419

Using equation 4.12 the spectra for the cosmological simulations whose filling factors are shown in figure

6.1 is obtained. A parametrization for the suppression factor is introduced?, following ref. [419], and is given

2In this work, as well as in refs. [20,419], this is called the suppression factor, even though the most appropriate name
should be ‘transmission factor’'. Strictly speaking, the suppression factor is one minus the transmission factor. To be consistent
with these references, here the suppression factor should be understood as the fraction of the flux not suppressed by magnetic
horizon effects.

3The choice of this function is somehow arbitrary. Other functions could fit the suprression as well as, or even better than
this. This choice was motivated by ref. [419], and proved itself to be adequate for the purposes of this work.
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by:

G(x) = exp [—m} : (4.15)

where a, B, a and b are free parameters, x is the ratio between the energy of the particle (E) and the

average critical energy ((Eco)), and Xs is given by

d.
Xs = \/ﬁ. (4.16)
The average separation between the sources for a source density of ns is
3
d, = (4;5) _ (4.17)

Notice that the source density is assumed to be constant over the evolution of the universe.

Unlike in ref. [419], here the best fit parameters obtained by fitting the suppression factors obtained
from eq. 4.14 with the function from eq. 4.15 are not constant. It depends on the value of X and m,
whereas in the aforementioned reference the best fit values are o = 1.43, 8 =0.19, a=0.20, b =0.09. A
summary of the best fit values as a function of X can be seen in figure 4.5, for m = 0 %. It is important
stress that the best fit values do not have a significant dependence on the spectral index of the source (7y)
nor the cutoff energy (Enmax), so they can be used generically. Also, since the suppression factor is written
in terms of E/(E.q), it will be the same for all nuclei with energy E and rigidity E/Z. The parameter
m, however, can affect the suppression factor, changing the values of the fit parameters, especially for the
case of strong evolution (m 2 2). A proper estimation of all the parameters for each values of m would
be required to obtain a more accurate description. Nevertheless, there are so many uncertainties involved
(e.g. coherence length, power spectrum of the magnetic field, source density, source evolution), that the
improvement of the fit parameters would not necessarily lead to better results.
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Figure 4.5: Values of the best fit parameters «, G, a and b as a function of X, for m = 0.

4Tables containing the values of each parameter for m = 0, 1, 2 are available in appendix B.
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Examples of the fit of the function shown in equation 4.15 to the values obtained from equation 4.14

are shown in figure 4.6

X¢=1.2, m=0

& = . &

—e— Miniati —e— Miniati
—=— Dolag et al. —=— Dolag et al.
—— Das et al. —— Das et al.
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Figure 4.6: Suppression factor as a function of x = E/(Eco). The markers are the suppression factors estimated
using equation 4.14, whereas the lines correspond to the best fit values obtained using equation 4.15, for m=0.

4.4 Upper limits on the magnetic suppression

Using equation 4.15 the energy E. at which the flux is suppressed to e™! ~ 0.37 of its former value
can be calculated. From equation 4.15 one can calculate G(E./(E¢)) = 1/e, obtaining

EZ + bES(Ec0)* ™ = (aXs(Eco))™. (4.18)
Similarly one can find the coherence length the corresponding coherence length for E.:
(adscZe(Bo))* Ry 1*[? — b(cZe(Bo))* PES = EZ. (4.19)

c,

In the particular case where a = 3, equations 4.18 and 4.19 are, respectively, reduced to:

Ee = aXs(Eco) (1 + b)= (4.20)
and .
E. 4mng \ 3 1
0= Zer (B ( . ) (1+ b)a . (4.21)

Assuming that the sources are uniformly distributed, and that the extragalactic magnetic field strength
is distributed according to one of the considered models, it is possible to calculate Eg, as a function of /..
From equations 4.14 and 4.16 it is possible to see that the suppression is stronger for lower source densities.
Thus, adopting the lower limit for the source density estimated by the Pierre Auger Collaboration [428],
6 x 107® Mpc3, it is possible to set an upper limit for the flux suppression. This is shown in figure 4.7 for
the case of iron®. One should bear in mind that if nuclear photodisintegration occurs, and it very likely will,
the curves displayed in this figure will be shifted to even lower energies. In this figure the upper limits for
the cases of constant magnetic field are calculated with the best fit parameters from ref. [419].

The suppression is stronger for /. ~ Mpc. This dependence can be understood by analyzing the
behavior of the diffusion coefficient, shown in equation 4.6, for different values of /.. The critical energy E.
is proportional to /., as displayed in equation 4.8. Therefore, at a given energy, for small values of /., the

5As described in chapter 2, the measurements around 1 EeV favor a light composition. The choice to set the upper limit
for the case of iron is meant to be the most conservative case. For realistic mass compositions at this energy the flux will be
even less suppressed.
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Figure 4.7: Energy for which the flux is suppressed to 1/e of its former value, as a function of the coherence
length. Dashed lines correspond to the cases of constant magnetic field strength and solid lines to magnetic fields
from the cosmological simulations indicated in the legend. This particular case is for ns=6x10"° Mpc~2 and Z=26.

term proportional to E2 in equation 4.6 would dominate, implying D oc /=1, and thus X o /;1/2. This leads
to a flux suppression and a critical energy both of which increase with /.. Similarly, if /- is large, D /C2/3
and hence \ x /51/3, implying that E. should decrease with /.. However, this last effect is not visible in figure
4.7, due to the limited range of parameters covered in our analysis, tuned to encompass typical values of /.

found in the literature, and allow an analytical description of the suppression through equation 4.15.

4.5 Discussion

The results presented in this chapter indicate a weak suppression of the flux of cosmic rays at 108
eV, which starts to become more pronounced at £ < 10% eV, depending on the magnetic field model, its
coherence length, and the charge of the particle. This result is in qualitative agreement with ref. [279], in
which three other MHD simulations were used and a similar analysis was performed. In this work the authors
observed the presence of a magnetic horizon for energies below ~ 107 eV, which roughly corresponds to
the upper limit for the energy the suppression sets in, for the most optimistic choice of parameters. Even
though the MHD simulations used in this reference were not analyzed, their filling factors distributions are
lower compared to the Miniati case, particularly for B 2 100 nG. Since a larger contribution from higher
magnetic fields would spawn a stronger suppression, one can take the Miniati scenario as a limiting case for
the ones presented in ref. [279].

A uniform source distribution was adopted, but other possibilities could be easily taken into account
by changing equation 4.11, since the spectrum is the superposition of the fluxes of individual sources. At
energies below 1 EeV, the spectrum is dominated by the contribution of distant sources. At cosmological
distances the distribution of sources is probably close to uniform. Therefore, unless the sources are clustered
and their distribution is highly non uniform, the results here obtained would not change significantly.

To have diffusion from the nearest source the diffusion length (/o = 3D/c) should be smaller than
the distance of this source, i. e., Ip < ds. This effect may be dominant depending on the source distance

and luminosity. Therefore, a more precise calculation of the suppression would need to take into account
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the inhomogeneity of the magnetic field in scales comparable to the distance of the nearest source. As long
as the filling factors distribution for a volume containing both the nearest source and Earth has the same
shape as the ones considered, the results here presented will hold. This is not true in scales comparable
to the size of the structures. Moreover it may not be valid if both the observer and the source lie within
the same filament, due to the higher magnetic field strengths in these regions compared to the voids. This
would change the magnetic field distribution, shifting its mean value toward higher values of B, possibly
spawning a stronger suppression in the observed flux if the luminosity of the source is high enough.

Another assumption made in this work is that the coherence length is fixed, which is hardly realistic.
The present analysis can be easily extended to incorporate coherence length distributions. However, the
actual distribution of coherence lengths is not well known and can vary in different regions of the universe.
In this work coherence lengths between ~ 1073 and 10 Mpc, which are typical values in the literature [131,
429,430], were analyzed. Regardless of the shape of this distribution, as long as the contribution of coherence
lengths outside the studied range is negligible, E. for /-=10 Mpc can still be taken as an upper limit for the
magnetic suppression.

Sigl [431] has shown that the confinement of particles around the source position may play a role in
the low energy suppression. If this is true, there might be an additional contribution, due to the fact that the

magnetic field would be much higher around the source than elsewhere. This would occur if the following

[ L
> C
B2\ 10 knc (100 kpc) HG, (4.22)

where L represents the characteristic scale of the magnetized region. If the magnetic fields have stochastic

condition were satisfied

nature with a relatively low RMS value (B < 100 nG), this confinement would not be expected.

The neglected energy loss processes are not so relevant at £ < EeV, as mentioned earlier. At energies
of a few EeV it has been shown in ref. [419] that the effect of pair production would be small, slightly shifting
the low energy suppression to higher energies. This effect is also negligible for £ < EeV.

The results here obtained are for the range of 1072 < x= E/(E.) < 10. Although not systematically,
the fit using equation 4.15 was tested in the range of 107* < x < 100. For x ~ 100 the fit describes the
suppression well. For x ~107%, however, equation 4.15 no longer fits satisfactorily the values calculated
using equation 4.14.

In this work the diffusion approximation was used to describe the effects of extragalactic magnetic
fields on the cosmic ray spectrum and composition. This approximation is not valid for D 2 cRy because
the diffusive propagation speed over a time scale ty = Ryc™ ! is of the order of (D/ty)? which would
then exceed the speed of light® and hence be unphysical. With D given by eq. 4.6 this typically happens
for B < 0.01 nG. In summary, if D 2 Ryc and/or D/4p 2 ¢ the diffusion approximation can no longer be
applied and one would have to adopt a full numerical Monte Carlo simulation of trajectories.

In ref. [419] it was argued that the low energy suppression could be relevant for the propagation of
cosmic rays at ~ EeV energies, which is in contrast with the results here presented. This discrepancy is due to
the oversimplified assumption of a turbulent magnetic field with fixed (B,ms). In the case of inhomogeneous
magnetic fields the contribution of the voids is dominant, lowering the average field strength.

Many authors [18, 433—435] have recently attempted to obtain models that can simultaneously de-
scribe the measured spectrum and mass composition of UHECRs. In ref. [435] it was shown that it is
possible to perform combined spectrum-composition fits of the Auger data for E > 5 x 108 eV, due to the
hard spectral indexes required (v ~1.0-1.6). Hard spectra are incompatible with the standard acceleration
paradigm, in which particles are accelerated in non-relativistic shocks through Fermi-like mechanisms, pro-

8A phenomenological approach to the problem of superluminal diffusion of cosmic rays can be found in ref. [432].
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cess which leads to v ~ 2 — 2.3. Hard spectral indexes (7 < 2) are predicted in many other acceleration
models such as the ones in which UHECRs are accelerated by magnetars [331] or young pulsars [338, 339].

Here it was shown that for the magnetic field models studied the low energy suppression of the
extragalactic flux is mild at EeV energies, becoming more relevant at energies <107 eV. Since the spectral
index of the source and the existence of a magnetic horizon are connected, understanding the low energy
suppression is important for identifying the sources of UHECRSs. In terms of cosmic ray observables, harder
spectral indexes could lead to an overproduction of secondary protons for £ < 108 eV. This same effect
could be mimicked by considering softer injection spectra which are effectively hardened during propagation
by the effect of the magnetic suppression, as shown in ref. [419]. In the context of this work, if the scale
of inhomogeneity of the cosmic web is of the order of the distance of the nearest sources, i. e., if there
are no dominant nearby sources, the suppression is very low at EeV energies, as can be seen in figure 4.7.
In the Miniati model, which has the higher mean magnetic field, the suppression would become significant
only at £ <10 eV for the most optimistic choice of parameters. The main implication of this is that the
combined spectrum-composition fits would again favor scenarios in which the sources have hard injection

spectrum.

4.6 Remarks on the validity of the approximations

For the sake of numerical calculations only adiabatic energy losses due to the expansion of the universe
were considered. Pair production starts to become relevant for energies = 37 EeV and pion production above
2 50 EeV (for protons). Photodisintegration can also be neglected, for it conserves the Lorentz factor of
the particles, hence keeping diffusion properties approximately unaltered. Therefore, it is a reasonable
approximation to neglect all other energy loss processes for £ < Z EeV.

The volume averaged spectrum is formally not the same as the volume averaged diffusion coefficient,
and both approaches could, in principle, be chosen. Nevertheless they give similar results, particularly for
higher redshifts (z > 0.5), which correspond to most of the flux at £ < 1 EeV. The relative difference
between the factor F obtained through these two approaches is < 6% at 10%® eV and < 0.02% at 10%® eV.
Therefore the choice of the spectrum over the diffusion coefficient for the calculation of the volume average,
as shown in equation 4.13, is justified.

The diffusion equation is solved’ assuming a spatially constant diffusion coefficient, which depends
on time and on the energy of the cosmic ray. When writing the diffusion equation one has the following
term:

V. [D(% t)Vn(%,t)] = D(X, t)V?n(X, t) + VD(X, t).Vn(X, t), (4.23)

where X is the position vector in physical coordinates. If D(t) = D(X, t) the diffusion coefficient is position
independent, implying that only the first term in the right hand side of this equation remains, because
Vn(X, t) can be neglected. This approximation is valid as long as D(X, t)V2n(%, t) > VD(X, t).Vn(X, t).
There is a convection-like term (second term in the right hand side) in the equation, which is a convection
velocity (v¢). This is bounded by the speed of light, so that v. < ¢ should be enforced. Therefore, the
condition D/£p < ¢ should hold, where £p is the length scale on which D varies. If there are no dominant
effects such as magnetic or interaction horizons, then the average source distance for this uniform source
distribution is of the order of a sizable fraction of the Hubble radius (Ry). Consequently, the contribution of
the neglected convective term can be deemed trifling for sources farther than ~ (D/4pc)Ry < Ry, which

are responsible for most of the observed flux in the energy range in question. Equivalently, this condition

"Refer to appendix A for the complete solution.
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assures that the first term in eq. 4.23 indeed dominates over the second, assuming that the cosmic ray
density varies on a length scale £p in regions of significant variation of D.

For E ~ EeV, the above condition is satisfied, for example, in galaxy clusters where B ~ uG and and
lc ~kpc. This would imply, from eq. 4.8, that E. ~ EeV, and using eq. 4.6 one obtains D/c ~ 0.1 kpc. Thus,
with £p ~ 100 kpc one has D/£p ~1073c. Therefore, in the regions where the largest diffusion gradients are
present, which are the edge of structures such as galaxy clusters, the approximation is sufficiently good. In the
voids, if B > 0.1 nG and /. < 10 Mpc, one has E. > 0.1(/./Mpc) EeV and thus D < 100(/./Mpc)~! Mpc.

~

Therefore, with £p ~ 100 Mpc on void scales one has D/(cfp) < 1 such that for B < 0.01 nG and/or
le <

~

1 Mpc the approximation here presented breaks down, implying a flattening of the spectrum due to the
additional contribution of the convective term, which depends on the energy.

For B < 0.01 nG and /- < 1 Mpc the condition that the scale on which D changes is small compared
to the average source distance is violated. However, in this case the diffusion approach can no longer be
applied, since the convective velocity would exceed the speed of light, i.e., v. > ¢. Hence, if B 2 0.01 nG
everywhere the approach here presented is valid and the lower limit of integration can be extended down to

B = 0 without significant changes in the flux, as shown in figure 4.8.
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Figure 4.8: Calculated cosmic ray spectrum considering the extragalactic magnetic field models from Miniati (left)
and Donnert et al. (right). Orange curves correspond to the case of /. =1 kpc and green to /. =1 Mpc. The legend
indicates the lower integration limit, B = Bnin.
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5.1 About the code

CRPropa 3 [7-9] is a public' Monte Carlo code for propagating UHECRs and secondary gamma
rays and neutrinos in the universe. It includes all relevant interactions for the energy range of 6 x 1016 <
E [eV] < x10%2, as well as many magnetic field environments and source distribution possibilities. Currently
the propagation can be done in one (1D), three (3D) or four dimensions (4D). This version consists on a
completely redesign of the previous ones, CRPropa [5] and CRPropa 2 [6,436], and is highly modular, with

many new features, namely:
e parallel processing;
e Python steering;
e four-dimensional propagation;
e improved photodisintegration tables;
e redshift-dependent CIB;
e new models of CIB;
e propagation in the galactic magnetic field,
e galactic magnetic field lensing;
e enhanced calculation of interaction rates;
e extragalactic magnetic fields from SPH?;
e modulated grids.

These features will be described in details in the following sections.

5.2 Technical aspects

CRPropa 3 is written in the C4++, with optional Python bindings built via SWIG2, for simplicity of
usage. Therefore users are able to extend the code in Python to implement new functionalities for specific

1The code can be obtained from https://crpropa.desy.de.

2SPH (Smoothed Particle Hydrodynamics) is a lagrangian formalism for MHD simulations.

3SWIG is an interace compiler for cross-language polymorphism, making it possible for codes written, for example, in C4++
to be extended to other language such as Python, allowing one to tailor the wrapping process as desired. It is available in
http://swig.org.
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purposes. Albeit Python is the recommended steering mode, XML inputs are also accepted, for backward
compatibility with CRPropa 2.

The propagation of cosmic rays in CRPropa 3 can be done using shared memory parallel processing,
through OpenMP#*. Because the propagation of a large number of cosmic rays can be done on a particle-
by-particle basis, meaning that each cosmic ray, in principle, does not affect others, the parallelization is
convenient and the work load can be distributed among several threads. The bottleneck of this approach is
that thread-safe objects and variables (with shared memory) cannot parallelized, affecting the performance
of the parallelization, as shown in figure 5.1. These critical regions are the call of the SOPHIA code [369],

for photopion production, and the output modules.
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Figure 5.1: Performance of the parallelization in CRPropa 3. Ideally the gain of speed in using multiple threads
would increase linearly with the number of threads (green curve), whereas in CRPropa critical processes limit this
scaling (orange curve).

5.3 Code structure and propagation algorithm

In CRPropa 3 all relevant aspects for the propagation of UHECRs are contained in various modules
(class ‘Module’), gathered under the class ‘Modulelist’, which cojointly act to alter the information of a
cosmic ray stored in the class ‘Candidate’. This information includes the position of the cosmic ray at the
previous, current and next (preliminary) step, the size of the step, the momentum, position, redshift and
particle type, the interactions that are expected to occur in this step, and the status flag (e.g. 'Detected").
At each step of propagation the code checks for interactions with photon backgrounds and, in case they
occur, the information of the candidate is updated. If the ‘Redshift’ module is included, adiabatic losses are
also taken into account at each step. The propagation of a cosmic ray ends if one or more of the following

conditions are met:
e particle reaches the observer;
e energy of the candidate drops below a given minimum energy;
e trajectory length exceeds the maximum propagation length allowed.

An schematic overview of the modular structure and the communication between modules is displayed in

figure 5.2.

4OpenMP is a powerful tool that allows parallel programming in C, C4++ and Fortran. More information can be found in
http://openmp.org.
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Figure 5.2: An overview of the modular structure of CRPropa. Each module acts independently on the ‘Candidate’
class. The procedure is repeated while the candidate is still active.

Starting at the source, at each step k with size Axx a random distance is dialed and compared with
the mean free path (X\). It is assumed that A is constant within each step, which is a good approximation
for Axx << A. Moreover, it is assumed that the energy losses due to different interactions can be factorized.
If a cosmic ray has energy Ej at step k, for each interaction the probability of occurrence is drawn from a
uniform distribution, and a distance x, is calculated, as follows:

Xy =—=XInr, (5.1)

where r is a random number in the interval [0,1]. If x, < Axx nothing occurs in this step and Axx11 (the
next step size) is limited to a fraction of A. Otherwise an interaction takes place within this step, and the
information of the cosmic ray, including the energy lost due to the interaction in question, is updated in the
‘Candidate’ class. This occurs for all stochastic energy losses. In the continuous energy losses approximation
the energy loss per step is calculated using the formula

dE
AEk = EAX/(, (52)

where dE/dx is the energy loss length for the interaction. In CRPropa 3 pair production and the adiabatic
expansion of the universe are considered continuous energy loss processes, whereas photopion production and
photodisintegration are assumed to be stochastic. For each secondary nuclei stemmed by photodisintegration
the above described algorithm is recursively applied.
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Magnetic deflections are calculated in each step by integrating the equations of motion in the phase
space (7, p), with 7 and p designating, respectively, the position and momentum. The equations of motion
read

pI7=cp
. . (5.3)
F=gq ‘F B’ .

where ¢ is is the charge of the cosmic ray and B the magnetic field. These equations are solved using
a 5th-order Runge-Kutta method with Cash-Karp coefficients [437]. This method is adequate for variable
step size algorithms, as is the case. A minimum and maximum step size are provided by the user, and the
maximum value is used whenever possible, for efficiency reasons. When controlling the step size a relative
error is estimated and should be smaller than the designated tolerance.

To assess the relative errors introduced by the numerical solution of the equations of motion, the
positional and directional errors were estimated in the simple scenario of a uniform magnetic field with
magnetic field strength B and Larmor radius R,.. After propagating a distance D the directional (Ad)
and positional (R/R.) errors were estimated, as a function of the propagated distance in units of Larmor
length (2wR.). These are shown in figure 5.3, together with the number of steps required to achieve the
desired precision. It is remarkable that the positional error is smaller than 10~3 for a tolerance smaller than
~ 1075, as shown in the right panel of this figure, indicating that CRPropa can handle trajectories with

good precision.
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Figure 5.3: Directional (left panel) and positional (right) errors, as a function of the propagated distance (D) in
units of Larmor length (2R, ). Here A§ designates the error in the deflection, and R = |R| the position. In the
plots the number of steps required to achieve the results with the required tolerance are also indicated. In the right
panel the curves for tolerances of 107> and 107% cannot be seen, although they are indicated in the legend, because
they are below 1072 in the whole interval displayed.

The algorithms for detection will be discussed in details in section 5.6.

5.4 Interaction and energy losses

5.4.1 Pair production

Let E be the energy of a nucleus of atomic number Z and mass A. The rate of energy loss of a given
nucleus is the same rate at which electrons/positrons gain energy if the energy of the background photon is
much smaller than the rest mass of electrons/positrons, so that it can be neglected. Hence

[e.e]

CdE a0 o Emec?\ ¢(£) ,
argZ2(mec”) 2/d£n< > (5.4)

dx 2y &
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where ¢(&), displayed in figure 5.4, can be obtained from the cross section, as in ref. [358].
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Figure 5.4: Function f(&) show in equation 5.4, as defined in Blumenthal [358].

In the particular case of the CMB equation 5.4 reduces to

_dE _ a8mrgZ®(mec’kpT)?

X ~3c3 f(e), (5.5)
with f(g) given by
o= (35°) [aesdis 56
2

where € is the energy of the background photon.

The threshold energy for pair production for a nucleus éX IS

me(mX + me)

v
Eppp = ~ 4.8 x 1014A% eV, (5.7)

where mx can be directly obtained from the mass number A. Consequently, for a microwave photon with
energy € ~ 1 meV, the threshold energy for this process is approximately Eqp ~ 5 x 1017 eV.

Even though the mean free path for pair production is relatively small, so is the energy loss per
interaction. Furthermore, the inelasticity is 7 ~ 1073, Consequently, in CRPropa this process is treated as

a continuous energy loss.

The energy loss length, defined as

1dE |
de’, can be calculated for the case of protons using equa-

tion 5.4. For a nucleus 2X it can be rescaled as

1dE 72 (1 dE
- 7= = (=== . (5.8)
E dx Ax A \ E dx o

5.4.2 Photopion production

Photopion production occurs when a nucleon scatters off a background photon. The two main

interaction channels for protons are:

p+m
p+y— AT —
n+mt
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and for neutrons the dominant one is
n+y—m +p.

The energy threshold for photopion production is

My (mp 4+ 0.5my-)

2¢e V
Eun = ~6x 1022 ev. (5.9)
Myo(Mp 4+ 0.5My0) €

2€e

Hence for a microwave photon of energy € ~ 1 meV, E:,, ~ 6 x 101° eV, which is roughly the energy of the
GZK cutoff, described in chapter 2.

In CRPropa photopion production in handled by the SOPHIA code [369]. In this case the total cross
sections for proton-gamma and neutron-gamma scattering® as a function of the energy of the photon in
the nucleus rest frame (¢’) are shown in figure 5.5. These cross sections are obtained from SOPHIA®,
and correspond to the sum of all relevant processes including baryon resonances, multipion production and

diffractive scattering.
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Figure 5.5: Total cross sections for py and nvy scattering, as a function of the photon energy in the nucleus rest
frame.

The mean free path for photopion production by a nucleus of energy E, charge Ze and mass number
A, Xa z, is written in terms of the mean free path for protons (X\,) and neutrons (A,):
ze (A—2Z2)2]7"

Mz~ LB Iy T EA)]

(5.10)

where a = 2/3 if A < 8, or a = 1 otherwise. This definition is the same as the one used in CRPropa 2.
As discussed in ref. [6], this approximation does not take into account Fermi motion within the nucleus,
nor spectral changes in the resonances. Nevertheless this approach introduces a bias in the cross sections

smaller than 20% in the energy range of interest.

5.4.3 Photodisintegration

The interaction of atomic nuclei with background photons causes these nuclei to split into parts,
through a photodisintegration process. Early studies of photon-nuclei interactions at high energies were

5For a more detailed review on production of mesons from nuclei-gamma interactions see ref. [438]
6In SOPHIA [369] the interactions can be interpreted in terms of reggeons and pomerons exchanges, following the cross
sections parametrizations from ref. [439].
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conducted by Danos and Fuller [440] and Hayward [441]. In the context of UHECRs, a pioneer work on
photodisintegration of nuclei by Puget et al. [442] and later revisited by Kahn et al. [443].

In CRPropa 3 photonuclear cross sections are obtained from the TALYS 1.6 code [444], unlike
CRPropa 2 which uses an older version of TALYS (1.0). TALYS can be used to predict photodisintegration
products of the exclusive channels: proton (p), neutron (n), deuterium (?H), tritium (3H), helium-3 (3He)
and helium-4 (*He, or alpha particle, ). Cross sections obtained in TALYS use the default setting suggested
by ref. [443]. When available, experimental data containing relevant nuclear data are used. Otherwise
theoretical models such as potentials for nucleon and alpha particle optical models, as well as global nuclear
level descriptions are employed”.

Nuclei with A < 12 (except for °L/ and Be) are not treated with TALYS. Their cross sections are
taken from other references, summarized in table 5.1.

Table 5.1: References for the photodisintegration cross sections for nuclei with A < 12. Table extracted from

ref. [447].
nucleus reference details
2H Rachen [448]
SH Rachen [448] rescaled by factor 1.7
3He Rachen [448] rescaled by factor 0.66
4He Rachen [448]
L measurements [449, 450] interpolation of measured data
8Li GEANT 4 [451] loss of neutron
OLi GEANT 4 [451] loss of neutron
"Be GEANT 4 [451] loss of proton
9Be Rachen [448], Ahrens [452]  parametrization from [448], refitted with data from [452]
Be GEANT 4 [451] loss of neutron
HBe GEANT 4 [451] loss of neutron
8B GEANT 4 [451] loss of proton
0B GEANT 4 [451] loss of neutron and proton
1B GEANT 4 [451] loss of neutron
°C GEANT 4 [451] loss of proton
10¢ GEANT 4 [451] loss of proton
e GEANT 4 [451] loss of proton

From the individual cross sections of exclusive channels the total cross sections are obtained, as well
as the number of channels for each nucleus-photon interaction. The total number of disintegration channels
obtained from TALYS output is then thinned aiming to optimize the computational performance by reducing
memory consumption. Only channels with cross sections larger than 0.01 of the total cross section, for
the whole energy range, are kept. Consequently, the total cross section is not significantly affected by this
cut. In total 7649 channels are used. In figure 5.6 total cross sections for many nuclei, as a function of the
photon energy in the nucleus rest frame (g’) are shown.

As expound in ref. [443], one of the main sources of uncertainties in the evaluation of photonuclear
cross sections is the calculation of transmission coefficients, related to the probability of a given compound
nucleus to be excited by photoabsorption. At ultra-high energies the transmission function is dominated
by the E1 transition which is estimated based on the classical representation of the giant dipole resonance
(GDR) as a lorentzian function, given by [443]

_8Z(A-2) e?(1+x) F(ee™

/
Tex() 3A hmcd  T2(e)e? + (62 — E2pr)?’

(5.11)

"A detailed description of these models are presented in refs. [445, 446].

71



E T E|

10E AN -

1E 4

— E 7 i E

. 1 1 13 |

E 101? i / __w [F

© E il ) .15 3

102 i © |5

E i ! E

100 : o

E il H _..v |3

10747 HE I ; ]

107 10° 10°
€ [e]
10% g 3 10° g 3
10E - 10k 4
F iemen 3 F — ]
—%a 5 1 oM g
—_ 2g | 3 —_ E EE
£ Mg | E oL “a |
iy Mg 3 = 10 E 44y |3
© ) | J © C 2, |
7y I3 102 ©, I
__.28; 3 = 54 3
e 109E wg |
o sui ; ; —579 ;
Ll L T A | L L -4 L b L T A | L T A | L
10
10° 10° 10° 10°
€ [e] € [e]

Figure 5.6: Total cross sections for nucleus-photon collisions for various isotopes, obtained from TALYS 1.6. Most
of these isotopes are stable. The x-axis is the energy of the photon in the rest frame of the nucleus.

where )
8/

M) = rGDRng , (5.12)
GDR

with E6pr and gpr designating, respectively, the energy and width of the GDR, and m the nucleon mass.
x = 0.2 is introduced to account for exchange force contribution in the dipole sum calculation. This model®
is an improved version from previous formulations [454] where ['(¢) = ['gpg, and is presented in ref. [455].
A description of its shortcomings and possible refinements, as well as impact on photodisintegration rates,
can be found in ref. [443].

Two processes are relevant for photonuclear interactions at ultra-high energies: the giant dipole
resonance (GDR) and quasi-deuteron (QD) processes. The total cross section is essentially the combination
of these two [456,457], i.e.:

oi(e') = acpr(€') + oan(e’), (5.13)

where ogpr can be obtained from eq. 5.11 [453]

N
r2(€/)€/2

UGDR(ﬁ/) = OE1 )

2O T (o — €

(5.14)

where N is the total number of parts in which the GDR is split, and / the index corresponding to each part.

For E1 transitions, which dominate the GDR in the energy range of interest, the parameters for

different nuclei are obtained from the standard TALYS database. For some nuclei no data for E1 transitions

8The complete description includes a term which depends on the nuclear temperature, as shown in ref. [453]. However, as
pointed out in ref. [443], in the case of photoabsorption these terms essentially vanish because the temperature can be deemed
as null.

72



exist. In this case TALYS adopts the parametrization for the cross section from ref. [453]:

(A-2)Z 1
= 144202 . 1
OF1 A 7Tr[51 mb (5 5)
The E1 transition energy (Egpr) is
Eer = (31.2A7Y3 £ 20.6A7 %) MeV, (5.16)
and gg is
Fep = 0.026EE7 MeV. (5.17)

Notice that if the GDR is not split, then £g1 = Egpr, and g1 = gpr. Formulas for transition radiation

for higher order multipoles are presented in ref. [453], following ref. [458].
The cross section for the quasi-deuteron component (ogp) is given by

(A-2)Z

y oq(eNf(e), (5.18)

oqp(e') =L

where L = 6.5 is the Levinger parameter, and o4 is the deuteron photodisintegration cross section,

parametrized to match experimental data. Above a threshold energy of 2.224 MeV, the cross section

MeV\> [/ ¢
l P [ —
o4(ey =612 ( = ) (l\/IeV 2.224> mb, (5.19)

is approximated by

being 0 below this threshold. The function f(¢’) is the Pauli-blocking function, whose parametrization is

also given in ref. [453] for different energy ranges, and reads:

exp (—q1/¢€’) if £ < 20MeV
f(e") = € po + pre’ + poe? + pse”® + pae™  if 20 < E < 140 MeV , (5.20)
exp (—qo/€") if E > 140 MeV

with g = 24.2348, g = —73.30, pg = 8.3714 x 1072, p; = —9.8343 x 1073, p, = 4.122 x 1074,
p3 = —3.4762 x 107° and p; = 9.3537 x 107°.

There are significant differences in the interaction rates obtained from these two versions of TALYS,
as can be seen in figure 5.7. These differences are more relevant for stable intermediate mass nuclei such
as 2C, N, %0, 27 A/, and small for other isotopes of these elements, as can also be seen in this figure.

One of the main differences from TALYS 1.0, used in CRPropa 2, and TALYS 1.6, used in CRPropa 3,
are the higher energy extensions. Previous version were limited to a photon energy (in the nucleus rest frame)
of ¢/ < 250MeV. As described in ref. [459], the extension to &’ ~ 1 GeV requires further improvements in
the description of the optical model potential, as well as adequate binning for residual nuclides in the reaction
chain.

5.4.4 Nuclear decay

At ultra-high energies unstable nuclei can be produced through photodisintegration or photopion
production. The typical distance (£) that a nucleus propagate before decaying depends on its lifetime (7)
and Lorentz factor (vy), as follows:

L=T. (5.21)
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Figure 5.7: Comparison of the interaction rates for different nuclei obtained with TALYS 1.0 (orange curves) and
TALYS 1.6 (green curves). These rates are combined from the individual rates IRB model of ref. [45], and the

CMB.

Some nuclei have a finite and often small lifetime, as shown in figure 5.8.

The main processes through which a nucleus of atomic number Z and mass A decay are nucleon
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Figure 5.8: Lifetime of nuclei. Stable nuclei are indicated in black. Data taken from NuDat 2.6 database.

dripping, beta decays (both beta plus and beta minus), and alpha decay. The combination of number of
neutrons and protons which stems each of these processes is shown in figure 5.9.
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Figure 5.9: Nuclear decay modes for different combinations of proton and neutron numbers.

Alpha decay is the well-known radioactive process which consists on the emission of an alpha particle

(or a helium-4 nucleus) by a nucleus. For a generic nucleus E\X it can be written as
A A—4 et | 4
X = 555X +5 a,

where X’ symbolizes the new nucleus, and 4a is an alpha particle. In this case the daughter-nucleus is
assumed to have the same Lorentz factor as the parent-nucleus, which is a good approximation if the

binding energy per nucleon is small compared to the rest energies of the decay products.
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Beta decays are typically characterized by the conversion of a neutron into a proton (beta plus decay):
AX = 2 X +e + D,
or the conversion of a proton into a neutron (beta minus decay):
IX = 2 X +et +u..

Arbitrary combinations of atomic mass (A) and atomic number (Z) are, in principle, possible, despite
the fact that they do not necessarily result in stable nuclei. These undergo virtually immediate decay for
some combinations of number of protons and number of neutrons, emitting a proton or neutron of same
isospin. This process is called nucleon dripping (or leaking). Also, as in the case of alpha decay, it is assumed
to conserve the Lorentz factor of the parent-nucleus.

In CRPropa the treatment of nuclear decays is based on tabulated values obtained from the NuDat
2.6 database®, which provides data for nuclear lifetimes, as shown in figure 5.8, as well as number of decay

channels (figure 5.10), and binding energies (figure 5.11).

numer of roton

numer of eca cannel

5 10 15 20 25 30

numer of neutron

Figure 5.10: Multiplicity of the decay (color scale) for different combinations of number of protons and neutrons.
White regions correspond to stable nuclei, thus having no decay channels.

5.5 Adiabatic energy losses

The expansion of the universe itself is another source of energy loss, as described in chapter 2. The
change in redshift (dz) is related to the propagated distance (dx) as follows:
H(z)

dz = de, (5.22)

where H(z) is the redshift dependent Hubble constant. In numerical simulations the distance is discretized
in units of dx ~ Ax, which should be much smaller than all lengths involved. In this case the change in the
redshift (dz =~ Az) is also a finite value.

9For details refer to the website http://www.nndc.bnl.gov/nudat2/.
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Figure 5.11: Binding energies for different nuclei.

In CRPropa this energy loss is calculated at each step. Let E; be the energy of the particle at redshift
7k, after propagating a distance Axg, corresponding to redshift Azx. In the next step, where zxy1, the new
energy Exy1 is given by

1-— AZk
AEy 1 = Ep———, 5.23
o1 = B e (5.23)

with the condition Az, < zj strictly enforced.

5.6 Sources and Observers

In CRPropa the sources are implemented within the ‘Source’ class. There are seven pre-defined types
of sources, namely: uniform distributions within a sphere, a box or in 1D; uniform distributon on the surface
of a sphere; grid containing density of sources in each cell; individual sources; list of individual sources. These
sources can emit particles in a specific direction, within a cone with a given opening angle, or isotropically.
The cosmic rays are emitted with a monochromatic or power law spectrum, and one or multiple particle
types can be defined. It is also possible to fix the redshift of the source(s) or dial this quantity from a uniform
distribution of redshifts.

There are three types of observers implemented, one designed for detection in the 1D mode, and
the others for 3D and 4D. In 3D the observer can be defined as a sphere of a given radius Ryps. In the
‘ObserverSmallSphere’ module the cosmic ray is flagged as detected if it crosses this sphere from the outside
to the inside, i.e., if the position of the particle (F) and the center of the observer sphere (7ops) satisfy the
following condition

|7 — Fobs| < Robs- (5.24)

At each step the next step size is limited to avoid overshooting. In the module ‘ObserverlLargeSphere’ the

particle is detected if
|F_ H:)bs| > Robs- (525)

In the 4D mode the 3D observer is used, and another detection condition has to be added. This other
condition is a redshift window, which flags a particle as detected if the particle reaches the 3D observer

within a given redshift interval'®.

10The 4D mode is a novel feature of CRPropa, and will be explained in further details in section 5.7.

77



5.7 The 4D mode

The interaction rates for different processes depend on the redshift at which cosmic rays interact
with the pervasive photon backgrounds, because the number density of these radiation fields are evolving
with the expansion of the universe. In the case of the CMB the redshift dependence can be scaled by a
factor (1 + z)? from its value at present time. However, for the CIB this dependence is not so simple.
Unlike CRPropa 2, in which the interaction rates with the CIB at a given redshift were obtained by rescaling
their present values in a similar way to the CMB, in CRPropa 3 interaction rates with the CIB are obtained
through two-dimensional interpolation of tabulated values of energy and redshift. By doing so, the proper
redshift evolution of this background is taken into account according to the different CIB models.

The calculation of adiabatic energy losses requires an a priori knowledge of the propagation length,
thus the redshift. In a one-dimensional environment it is trivial, since the redshift can be directly obtained
from the distance of the source to the observer. In a three-dimensional environment, however, the situ-
ation is more complex because the effective propagation length can change due to deflections caused by
intervening magnetic fields and due to the redshift dependence of the photon backgrounds. In order to
simultaneously take into account cosmological effects as well as deflections by magnetic fields, in CRPropa
3 a new propagation environment was introduced, which will henceforth be called the ‘4D mode'!l. This
new feature extends the notion of three-dimensional observer to four-dimensions, so that the observer is
considered a hypervolume composed by a sphere of a given radius R,ps and a time (actually redshift) window
of size Az,ps around z = 0. The choice of a symmetric interval around z = 0 guarantees its convergence for
different window sizes, compared to a simple redshift window between 0 and Az,ps. Relevant values such as
photon number density for z < 0 are obtained by extrapolation of the corresponding quantities down to the
desired value.

When using the 4D mode the redshift of the sources can be set by hand, or randomly picked from a
uniform distribution. The redshift window (Az,ps, corresponding to Atyps) has to be smaller than all relevant
time scales in which the cosmic flux could vary, unless one is interested in studies of time variability of sources,
in which case the window should be as small as possible. This means that if the Hubble time is expressed by
ty, then Atops/ty ~0.1 is already a sufficient constraint if the density of background photons vary slowly
within the redshift interval. Moreover, at the extreme high energy part of the spectrum (E 2 10EeV) one
is limited by interaction horizons, which are < 100 Mpc, corresponding to a small redshift (z < 0.02). For
E < 1EeV adiabatic losses are much larger than the others, and that is the region where effects of the
redshift window would be more pronounced. Aiming to check the convergence of the spectrum for different
Az,ps some tests were performed. The differences between Az,ps = 0.05 and Az,ps = 0.20 are of the order

of 1075 at 1 EeV and 1076 at 0.1 EeV, suggesting a convergence of the spectrum for smaller Azyps.

5.8 Magnetic Fields

5.8.1 Extragalactic magnetic fields

CRPropa 3 supports a variety of pre-defined magnetic field configurations, including a uniform mag-
netic field, turbulent (e.g. Kolmogorov), magnetic field grid, and the novel support to large scale structure
simulations through the spherical particle formalism (SPH), with the MHD code Gadget [460].

11%4D mode” may be a garbled nomenclature, for it is a mere generalization of the 3D tracking of particles to encompass
the time dimension, not referring to 4D in the context of general relativity.
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5.8.2 Galactic magnetic fields

CRPropa 3 offers, for the first time, the possibility of propagating UHECRs in the galactic space,
considering deflections due to the galactic magnetic field. For now only a few models are implemented such
as the logarithmic spiral by Tinyakov and Tkachev [167] (see section 1.5.4.2), and the toroidal halo field
by Prouza and Smida [168] (see section 1.5.4.3). The Jansson-Farrar model (JF12) [183, 184], previously
described in section 1.5.4.4, is one of the most up-to-date models for the galactic magnetic field and is also
available.

The typical scale for galactic propagation is ~kpc, which is much smaller than the extragalactic
distance scale (= Mpc). In such small distances interactions can be neglected, for their typical mean free
paths at energies > 1017 eV is > 1 Mpc. When propagating cosmic rays from extragalactic sources to Earth
it is not convenient to define an observer as small as Earth to account for both galactic and extragalactic
propagation, because very few events would be detected. Since there are no stochastic processes involved in
the propagation of cosmic rays with such high energies in the galaxy, lookup tables correcting the incoming
arrival direction and momentum of the cosmic ray can be constructed. These “lenses” will be subject of the

next section.

5.8.3 Galactic lensing

Due to the inherent difficulty in combining galactic and extragalactic propagation within a single
framework, an a posteriori solution to account for the effects of the galactic magnetic field in the arrival
direction of UHECRSs is through the use of lenses. This way, the cosmic rays do not necessarily have to
propagate over cosmological distances and reach a small observer in the galaxy. When they reach a ~ Mpc
size spherical target (observer) their arrival direction can be corrected to account for galactic deflections.
For this reason in CRPropa 3 a lensing technique is applied to account for this effect. It is based on the
implementation previously used in the PARSEC code [461].

Let E; be the energy of a cosmic ray indexed by n entering the galaxy at point :Beg and direction
(Veg, Beq), being designated by Qeg = (Pag, ®eg, eq). Let Qg = (Py, g, 84) be the point in phase space
where is observed. Let m be indexes denoting the observed direction. The directions at the edge of the
galaxy and observed at Earth are represented by spheres and therefore can be pixelated into a HEALPix!?
map, so that each point Qeg,» can be mapped into several points of the phase space Qg ,. The probability
of a cosmic ray Qegn arriving at Earth at the phase space point Qg is denoted by £,,, which forms a
matrix <Z,> representing the lens for a cosmic ray with energy E;. A lens for a given model is described by
(L] Ln} with i=1,2,., N

Lenses are generated by backtracking (isotropic) cosmic rays from the observer to the edge of the
galaxy. The counting of all trajectories leads to a matrix <L—,> with elements /5. <£_,> and <L—,> are related as
follows:

-1 T (5.26)
max H L;

where max H L; H is the maximum of unity norms.
As pointed out in ref. [461], the lensing technique leads to an uncertainty in the arrival directions
inferior to 23% for a 3 EeV cosmic ray, and to 1% at 30 EeV. The uncertainty for each individual pixel is

inferior to 2%.

I2HEALPix [462] stands for Hierarchical Equal Area isoLatitude Pixelation, and is a tessellation scheme which divides the
sphere in pixels of equal area. It can be obtained from http://healpix.sourceforge.net.
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5.9 CIB: models and redshift dependence

CRPropa 3 provides several options CIB models. The user can choose between several predefined

models, namely:

e Kneiske et al.(2004) [45];

e Stecker et al. (2006) [46];

e Dole et al. (2006) [47];

e Franceschini et al. (2008) [48];
e Kneiske et al.(2010) [49];

e Finke et al. (2010) [50];

e Gilmore et al. (2012) [51].

A comparison between the spectral photon density of these models can be seen in figure .

A new feature in CRPropa 3 is the redshift dependence of the infrared background. As discussed in
section 1.4.2, the CIB does not scale with redshift as the CMB, since it is affected by diverse processes
during structure formation. In CRPropa 2 the redshift dependence of the CIB was assumed to be similar to

that of CMB, implying that interaction rates were written as

é%(E,Z):(1+Z)3é(2—§(E(1+Z),O), (5.27)
which is satisfactory as a first approach, but can induce to errors in the treatment of various photohadronic
processes involving infrared photons. In a recent work by Kalashev and Kido [463], it was shown that the
interaction rates can be significantly altered by this assumption. Therefore, in CRPropa 3 the treatment
is complete and the photon density at redshift z is obtained by a two-dimensional interpolation of a table
containing the CIB number density for different energies and redshifts. An example of the redshift dependence

of the CIB can be seen in figure 5.12
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Figure 5.12: Example of redshift dependent CIB for the model by Finke et al. [50].
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5.10 Applications

5.10.1 1D propagation with secondaries

As an application of CRPropa within a multimessenger approach, the propagation of UHECRs and
the photon and neutrino counterparts is simulated. It is assumed a uniform distribution of sources emitting
UHE protons with spectrum dN/dE o E~2. The infrared background model assumed is the one by Kneiske
et al. [45]. The secondary photons and neutrinos spectra produced from the interaction of protons with
background photons were also computed. The spectra for cosmic rays and secondaries are shown in figure

5.13. In this figure data from the Pierre Auger Observatory [252] are displayed for the sake of comparison.
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Figure 5.13: Simulated UHECR (solid line) and secondary gamma ray (dot-dashed line) and neutrino (dashed line)
spectra. The markers correspond to the Auger 2013 spectrum [252].

5.10.2 3D propagation

To exemplify the propagation of cosmic rays in a three-dimensional environment a “benchmark”
scenario is used [464]. In this scenario cosmological simulations from refs. [424,425,465] are adopted. The
results of a three-dimensional simulation are presented. The large scale matter distribution from Dolag et
al. [425,465], constrained in such a way as to reproduce the observational data from cosmological surveys,
namely the PSCz catalog [466]. This box, henceforth called matter distribution grid, is a cubic grid of
approximately 132 Mpc with a spacing of ~300 kpc. Instead of using the magnetic field distribution from
this MHD simulation, the one from Miniati [424]*° is used for the propagation of UHECRs. The Miniati
model has a higher magnetic field strength compared to Dolag et al.. The profile magnetic field-density
distributions from the Miniati simulation is used to obtain a relation between magnetic field and density,
which is then written into a modulation grid by replicating the matter distribution grid, replacing the density
in each cell by the corresponding magnetic field strength obtained from the profile. The modulation grid has
2563 cells covering a volume of approximately (132 Mpc)3. It is used to modulate another 256° grid with
volume ~¢(13.2 Mpc)? containing a realization of a turbulent Kolmogorov field with coherence length 500

kpc, periodically repeated to cover the complete simulation volume.

13This MHD simulation has been used in several other works e.g. [467,468].
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To illustrate the propagation including effects of magnetic fields and matter distribution it is assumed
a scenario composed by four species of atomic nuclei, namely hydrogen, helium, nitrogen and iron, with
fractions 1, 0.5, 0.25 and 0.125, respectively. The sources follow the large scale distribution from Dolag
et al. [425] (model ‘mhdz’), and emit particles with a differential spectrum proportional to E~18. The
maximum rigidity of the source is Rmax = 10198 V. The maximum trajectory length considered was 2 Gpc.

In figure 5.14 the cosmic ray spectrum above 108 eV is shown.

— - -
o 10® =
S e e . ]
B s i

S = * v ]
107 |4 % i —

= - + 7
E Ol | :
10% | silation l —
E|—s— ger 2013 3

10" 10" 10%

energ [e]

Figure 5.14: UHECR spectrum for the simulated scenario. The line correspond to the simulated scenario, and the
markers to measurements from the Pierre Auger Observatory [252].

The mass composition of the observed particles is expected to be different from the injected one,
due to photodisintegration. In terms of experimental observables, a change in composition implies a change
in the depth of the shower maximum ((Xnax)). In figure 5.15 the values of {Xax) and 0(Xmax) for this
scenario are shown. They were estimated using the parametrization from ref. [469], assuming the EPOS-LHC
hadronic interaction model [301].
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Figure 5.15: Estimated Xmax and o(Xmax) for the simulated data (orange line). Black markers correspond to data
measured by the Pierre Auger Observatory [252], and gray regions are systematics uncertainties. Dotted lines are
the predicted composition for pure proton and pure iron scenarios, according to the EPOS-LHC hadronic
interaction model.

The skymaps containing the arrival directions of the simulated events are shown in figure 5.16 con-
sidering only extragalactic deflections and including effects of the galactic magnetic field according to the
model by Jansson & Farrar [183, 184].

The 4D mode will be illustrated in chapter 7.
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CRPropa 3.0

Skymaps for the simulated scenario without (top) and with (bottom) the effects of the galactic

Figure 5.16.

magnetic field. The color scale indicates the number of events per pixel.
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chapter

Propagation of UHECRS In

the cosmic web

In this chapter results of numerical simulations of ultra-high energy cosmic ray propagation in the
magnetized cosmic web, obtained through magnetohydrodynamical simulations of structure formation, are
shown. The goal is not to present the simulations in details, but rather to use them to study UHECR prop-
agation. The impact of different magnetic field seeds on the distribution of magnetic fields and trajectories
of the cosmic rays is analyzed. The prospects for ultra-high energy cosmic ray astronomy are discussed in

light of these results.

6.1 The simulated cosmic web

Small fluctuations in the early universe can generate a cosmic web composed by voids, filaments,
sheets and clustered halos. Based on a set of initial conditions, grid-based magnetohydrodynamics can be
solved with gravitational evolution, including the most relevant astrophysical processes. MHD simulations
using RAMSES [470] were performed. RAMSES is a multiresolution adaptive mesh refinement (AMR) code
which allows higher resolution in regions where the density is higher.

The simulation code can be divided essentially in two parts. The dynamical core ensures the conser-
vation of relevant quantities (energy, momentum) and the no monopole condition (V - B = 0), and at the
same time provides a framework to solve ideal MHD. The second part is related to the parameterizations
of physical processes, including source and sink terms, heating and cooling, as well as other relevant terms.
Grid scale processes such as chemical reactions, convection and others are included in this part, as well as
subgrid processes such as formation of astrophysical objects, feedback, turbulence, dynamos, and others.

Five MHD simulations were done [471], changing the initial conditions of the magnetic fields and the
resolution. The size of the comoving simulation volume is (200h~* Mpc)3, where h ~ 0.7 is the normalized
Hubble constant. The initial number of dark matter particles of the grids are 2563 and 5123, and the
resolution of each cell is refined up to 10 levels. This implies a minimum cell size of approximately 760 pc/h
for a 256> grid, and 380 pc/h for a 5123 grid. The details of the grids are shown below:

e grid A: fiducial run with 2563 dark matter particles;
e grid B: run with 256 dark matter particles with magnetic field seed 10° times higher than model A;
e grid C: run with 256° dark matter particles and power on small scales;

e grid D: run with 2563 dark matter particles and power on large scales;
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e grid E: fiducial-like run with 5123 dark matter particles.

In figure 6.1 the filling factors® of these models, together with the ones from Miniati [424] (also used
in ref. [467]), Dolag et al. [425] and Kotera & Lemoine [279] are displayed. In figure 6.1 one can notice that
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Figure 6.1: Filling factors distributions for the five models here presented (solid curves) and some others found in
the literature (dashed lines). Grids A, C, D and E are normalized by a factor 107 of their original value, for the sake
of comparison with other models, and grid B by a factor 10°.

the discrepancy in the filling factors of different MHD simulations are huge. By comparing grids A, C and
D one can see how different initial conditions for the magnetic field seed affect the distribution of magnetic
field strengths. The comparison between grids A and E indicate that the increase in the resolution of the
MHD simulations does not change the distribution of magnetic fields significantly. The shape of the filling
factors distributions of grids A, B, C, D and E are roughly consistent with one of the models by Kotera
& Lemoine [279], displayed in figure 6.1, in which B o ,02/3, where p is the gas density. Furthermore, by
comparing the curves corresponding to the models by Miniati and Dolag et al. one can understand the
conclusions obtained in refs. [467] and [425] regarding the possibility of UHECR astronomy. The fraction
of the volume filled by magnetic fields with strengths larger than nG is much smaller in the simulation of
Dolag et al. than in Miniati's, implying that the deflections will be much larger in the later case.

Another factor that affects the filling factors distribution is the normalization of the simulations.
The normalizations can be done, for instance, using limits from primordial magnetic fields from Big Bang
Nucleosynthesis (BBN) or the cosmic microwave background (CMB) implying Bprimordiai S 1 nG [472], or
using the measured magnetic field strength in clusters of galaxies, which results on B¢jysters ~ 1 4G, or in
the voids, through estimates based on electromagnetic cascades? [2], which imply that Byoids 2 10716 G.
These different possibilities provide many options for normalizing filling factors distributions, but also reflect
our poor knowledge of cosmic magnetic fields.

6.1.1 Checking the impact of the magnetic field normalization

Different seed magnetic fields at earlier times result on different magnetic field strengths at present

time. Because the strength of cosmic magnetic fields is unknown, it would be computationally expensive to

LFilling factors are here defined as the fraction of the volume filled with magnetic fields larger than the reference value. This
is equivalent to the complementary cumulative distribution.

2These constrains, however, are questioned since they rely on the existence of electromagnetic cascades in the intergalactic
medium, which may not occur if plasma instabilities suppress their development [3, 4, 473].
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run different simulations for different magnetic field seeds and span a large range of parameters, as would
be ideal. For this reason, a test to assess the impact of the normalization of the magnetic field strength
was done. Grids A and B were obtained from the same initial conditions, except for the magnetic field seed
which is 10 times stronger in grid B. In figure 6.2 it can be clearly seen that by scaling the magnetic field by
a constant factor the magnetic field in the whole simulation is essentially unaltered. In the case of UHECR
propagation, which is the goal of this work, this allows the rescaling of the entire volume by a scaling factor,
making it possible to study the impact of uncertainties in the magnetic field strength on the propagation of
UHECRSs, as shown in section 6.5.
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Figure 6.2: Comparison of the magnetic field distributions (left panel) and the corresponding cumulative
distributions (right panel) for grids A (green line) and B (orange line).

6.1.2 Checking the convergence of the MHD simulations

A standing problem in numerical simulations of the cosmic web is related to the resolution of the grids,
since a good description of some processes such as turbulent dynamo requires large resolutions [474,475]3.
It is important to determine the required resolutions for a given task. For this reason, it is of
paramount importance to analyze the convergence of grids with different resolutions, aiming to optimize
the computational time (resolution should not be larger than needed) and simultaneously include all relevant
physical processes that might affect the simulation outcome. A comparison of the magnetic field distributions

of models A and E allow the study of the convergence of the grid, and is shown in figure 6.3. It should
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Figure 6.3: Comparison of the magnetic field distributions (left panel) and the corresponding cumulative
distributions (right panel) for grids A (green line) and E (orange line).

be stressed that both simulations have the same initial conditions, the only difference being the resolution
of the grids. In grids A and E, as can be seen in figure 6.3, the magnetic field distributions depend on the

3For a study on the impact of different resolutions on the magnetization of filaments see e.g. ref. [146].
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resolution of the grids. However, as shown in the right panel, the discrepancies are visible only for filling
factors smaller than 1073, and below 107, Therefore, for the purposes of cosmic ray propagation, only for

a number of events considerably larger than ~ 10° the discrepancy between the grids is relevant.

6.2 Handling AMR grids in CRPropa

The final goal of the work presented in this chapter is to use a high resolution constrained grid for
UHECR propagation. The advantage of AMR over uniform-spaced grids is the very high resolution that
can be achieved in relevant regions (in this case around structures). Typically a 2563 grid with ten levels
of refinement has a size ~ 20 GB. For the 5123 grid the size is ~ 160 GB. In principle, this large memory
requirement limits the usage of these grids to computers with a lot of memory. Moreover, the structure
of mesh refined grid makes it rather complex to search for cells corresponding to specific locations. For
this reason a new method to access AMR grids was devised. It is based on SQLite* databases with the
information stored using R-tree structures.

R-trees [476] are data structures very useful for methods requiring multi-dimensional indexing for
spatial access. They are usually used to store maps, locations, etc. Its structure also provides a fast method
for neighbor searches, as shown in ref. [477].

The simulated large scale structure AMR grids obtained with RAMSES are converted into an SQLite
3 database with R-tree structure. Once the file is in SQL format, a library called SAGA® (SQL for AMR
Grids Application) handles the grid. If CRPropa is installed with support for SAGA, then an appropriate
call of the corresponding function will allow CRPropa to read and access the SQL database as any other

magnetic field grid.

6.3 UHECR “tomography” of the cosmic web

A remarkable capability of UHECRSs is their potential to probe the large scale structure of the universe.
Whereas a true tomography of the magnetized cosmic web requires a detailed knowledge of the sources
of UHECRs and the magnetization of the medium which is practically unattainable, from the simulational
point of view one can grasp valuable insights on how the trajectories of charged cosmic rays are related to
the distribution of magnetic fields. For instance, the deflection suffered by UHECRs over a given distance
depends on the probability of these particles crossing highly magnetized regions (e.g filaments, clusters) and
on the intensity of the magnetic fields pervading the intergalactic space.

As an example of UHECR “tomography” the propagation of UHE protons with energies 10%° eV was
simulated using CRPropa. The sources were placed at the center of the grid, and the particles were flagged
as detected when they crossed the sphere inscribed in these cubes from the inside to the outside. The source
was assumed to emit UHECRs within a cone of angle 8, in an arbitrary direction. For this study 100 protons

are emitted within each cone, and the average deflection is defined as
§ = cos™L (5 ). (6.1)

where p; and pr are respectively the initial and final momenta of the particle. The magnetic field strength
in the simulation volume was scaled by a factor 10° with respect to that of the original grid. The results
are shown in figure 6.4. In figure 6.4 one can notice that by changing the value of 8 the deflections of

4SQLite is an open source engine to handle databases. More information can be found in http://www.sqlite.org/.
5The code is available in https://github.com/rafaelab/saga.
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Figure 6.4: Example of UHECR tomography of the structures. The plots show the deflections (left panel) and
cumulative deflections (right panel) as a function of the propagated length. UHE protons of 100 EeV are emitted
within each cone with a given opening angle 8. The results are the average of the deflections of 100 particles in
random directions within these cones. This particular example corresponds to grid A with magnetic field strengths
scaled up by a factor 10°.

the cosmic rays slightly change. If the source is far from the scattering centers where deflections should be
larger, then the average deflection of the 100 cosmic rays will increase with 8, and vice-versa. The inclusion
of energy losses will obviously change the results, but the qualitative analysis remains unaltered.

The goal of this example was to illustrate how UHECRs deflect in inhomogeneous extragalactic
magnetic fields. Their deflection clearly depends on the actual contribution of regions highly magnetized

such as clusters, and the average field in the voids, which fill most of the volume.

6.4 Effects of primordial magnetic field seeds

The origin of cosmic magnetic fields is still an open problem. Many magnetogenesis scenarios predict
a seed magnetic field generated during processes taking place in the early universe, which are later amplified
by dynamos. The distribution of magnetic fields today depends on the shape of the power spectrum of the
seed magnetic fields, on the amplification mechanism, and on the redistribution of magnetic energy during
structure formation, hence potentially affecting the propagation of UHECRs.

Three scenarios for the power spectrum of primordial magnetic fields were used, namely grids A, C
and D. The magnetic field was normalized as in figure 6.1. In figure 6.5 the power spectra of the magnetic
field seeds injected at z = 20 are shown, together with their values at z = 0.
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Figure 6.5: Power spectrum of injected magnetic field seed at z ~ 20 (left) and z =~ 0 (right) as a function of the
comoving wave number k.

These three cosmological simulations are used for the propagation of UHE protons. As a first study

all interactions and energy loss processes were neglected. The introduction of interactions and energy losses
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in this analysis would quantitatively change the results, but qualitatively the conclusions would hold.

Protons are injected by sources with a differential spectrum o E~2 with energies between 10 and
102! eV. The sources follow the large scale distribution of matter in the simulated volume, and are placed in
regions with density larger than 1028 kg/m3. Because the exact position of the observer is unknown, i.e. the
simulation is unconstrained, the ambiguity induced by this choice of the position is removed by considering
10 observers in random located in the grids, and averaging over them. Hence the obtained results are related
to the actual magnetic field distribution of these cosmological simulations rather than spurious effects of the
magnetization near the observer. It is worth stressing that the redshift evolution of the simulation volume is
neglected, and instead its value for z =~ 0 is used. Although grids A to E have high resolution, the magnetic
fields are not high enough to require step sizes as small as ~ 0.1 kpc. Therefore, the step sizes used were 1
kpc (minimum) and 1 Mpc (maximum).

Using the previously described parameters simulations using CRPropa were made. The distributions

of deflections for these scenarios are shown in figure 6.6. Comparing figures 6.5 and 6.6 it can be clearly
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Figure 6.6: Average deflections of UHE protons in tgrids A, C and D.

seen that the heavier the small-k tail in the power spectra are, the higher are the deflections of cosmic rays
and the broader its distribution. In this particular example one can see that the identification of sources
of UHECRSs in the case of grid D would be possible, since the deflections would be < 10°, which is not
necessarily true for grid C due to the considerable fraction of events with deflections larger than 3°, which
implies even higher deflections in the case of nuclei.

The results from figure 6.6 can be better understood by comparing the panels displayed in figure 6.7.
In this figure transverse sections of grids A, C and D are shown. It can be seen that whereas in grid C
structures are well-resolved, in grid D structures are not sharp. Furthermore, magnetic fields do not strongly
concentrate around structures in the case of grid D. Grid A is an intermediate case, and structures can be
clearly seen for this range of magnetic field strengths.

6.5 Impact of the normalization choice

6.5.1 Choice of the magnetic field normalization

In section 6.1.1 it was shown that the magnetic field strength can be scaled by an arbitrary factor

without altering the distribution of magnetic fields in the simulation volumes. Because of the uncertainties
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Figure 6.7: Transverse section of grids A (left), B (center) and D (right). The color scale indicates the strength of
the magnetic field, and is the same for the three cases.

in the strength of magnetic fields in different regions of the universe®, it is important to analyze the effects
of different normalizations, spanning the whole parameter space. For this reason the effects of three normal-
izations of grid E on the propagation of UHECRs were analyzed. These three scenarios will be henceforth
referred to as E;, E> and Esz (or collectively E;) and have, respectively, the following scaling factors with
respect to the original magnetic fields from grid E: 10°, 10® and 10%°.

The choice of normalizations has to be consistent with observational constraints (see section 1.5).
Using CMB data intergalactic magnetic fields have upper limits B < 4nG [81]. For the general case in which
the primordial power spectrum has different spectral indexes, the most extreme constraint is B < 50 nG [478].
Other constraints from spectral distortions of the CMB imply B < 30 nG for coherence lengths /. ~ 0.5 Mpc.
Magnetic fields in the center of galaxy clusters can reach values as high as B ~ 0.01 mG [130].

One can normalize magnetic field distributions using the filling factors, which indicate the fraction of
the total volume filled with magnetic fields higher than a given value. Studies using data of the Sloan Digital
Sky Survey (SDSS) suggest that the voids fill roughly 80% of the volume of the universe [479,480]. This
provides the first constrain for choosing the normalization: for a filling factor of 0.8, B < 50nG.

The second possibility is to constrain using the filling factors and estimated magnetic field in filaments.
Some constraints from MHD simulations place the strength of the field in these regions in the interval
~ 0.1 — 10 uG [1, 145, 146], although there are some indications of the existence of filaments with fields
~ 1uG [144,481]. Analysis of SDSS data indicate that filaments fill about 1-10% [482,483] of the volume.

A third constraint for the choice of normalization is the observed magnetic field in clusters of galaxies.
Although this quantity is well-constrained by synchrotron and Faraday rotation measurements, the filling
factors of clusters of galaxies are poorly known. Typical values for the strength of the field in these regions
are B ~ 0.05—30 G in the center, and ~ 1078 G in away from central regions, as suggested by synchrotron
measurements of radio relics. Analyses of SDSS data [482] indicate that the filling fraction of knots in the
cosmic web are ~ 3x 1073, Nevertheless, one should bear in mind that the central regions of clusters, where
the magnetic fields are higher, have much smaller volume filling fraction than this, and that the magnetic
field strengths radially decreases away from the central regions of clusters.

These bounds combined indicate the regions of the parameter space corresponding to clusters, fila-
ments and voids. E; is a minimum magnetic field scenario, which however fails to satisfy the observational
and theoretical constraints of magnetic fields in clusters and filaments. It is analyzed only for the sake of
comparison. Scenarios E> and Ej satisfy all constraints and can be deemed as realistic descriptions of the
cosmic web, although Ez is an extreme case, with very strong magnetic fields. The filling factors distribution

for these scenarios are shown in figure 6.8.

5For a discussion on this topic the reader can refer to section 1.5.
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Figure 6.8: Volume filling factors for scenarios E;. Gray areas are regions of the parameter space corresponding to
clusters, filaments and voids.

6.5.2 Setup of the simulation

To understand the impact of different normalizations on the propagation of UHECRs, a few scenarios
were studied using simulations performed with CRPropa 3. A single source was placed at the center of the
grid (coordinates (139, 139, 139) Mpc). Large spheres inscribed in the grids E; were used as observers.

The source emits particles isotropically with the following injection spectrum

aN E
d7E x E cosh <Mm<> ) (62)

where Rpmax = 200EV is the maximum rigidity for a nucleus with charge Ze. The hyperbolic cosine used
here guarantees a smooth and relatively slow cutoff of the acceleration spectrum, as argued in ref. [419].
This study was done in the rigidity range 3 < E/EV < 1000. Two compositions were assumed: pure proton
(Z=1) and pure iron (Z=26). The energy loss processes taken into account were photopion production, pair
production and photodisintegration (in the iron scenario). Energy losses caused by the adiabatic expansion
of the universe were not taken into account in this approach. Particles are propagated until one of the
following break conditions is met:

(i) they reach the observer;
(i) their energy drops below the minimum energy threshold, set to Ei, = 3 x 10 eV;
(iii) the propagation time of the cosmic rays is larger than a predefined value, Tpax = 2000 Mpc.

Deflections due to the magnetic field were handled by CRPropa using steps of size between 1 kpc
and 500 kpc, which should suffice to obtain the trajectories of the cosmic rays. Usually larger values are
used (~ 1 Mpc), but herein one can profit from the high resolution of the grids for a detailed study.

Although a large number of primaries (N = 500000) were injected, many of them did not reach the

observer due to the break conditions (i) and (iii). Moreover, the computational time required for running
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simulations with such small step sizes is very large, thus limiting the number of events to be simulated within

a reasonable time frame.

6.5.3 Results and discussion

The cosmic ray spectrum and composition are shown in figure 6.9 for both compositions studied (iron

and proton). As can be seen in the left panel of figure 6.9 for the proton case, the shape of the spectrum is
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Figure 6.9: The spectrum obtained for the simulations in the proton (left) and iron (right) scenarios.

affected by magnetic fields. For £ < 1019 eV the flux of protons propagating through the magnetic field grid
Es is slightly suppressed, which is expected to occur depending on the strength of the magnetic field and
the size of the observer (Rops &= 139 Mpc). This suppression can be understood through an analogy with
the magnetic horizon effect discussed in chapter 4. The larger the magnetic field, the longer the cosmic ray
has to travel to the observer, and eventually this flux will be comparable to some distance scale (e.g. age
of the universe).

Strictly speaking, the magnetic horizon is defined as the maximum distance that a cosmic ray can
travel away from the source within one Hubble time. In this analysis cosmological effects were neglected,
and hence this suppression can be explained by one or both of these hypotheses: (i) the energy of the cosmic
rays dropped below the threshold (E < Epmin); (ii) the time traveled is larger than the maximum propagation
time allowed (T > Tnax). Condition (ii) is roughly equivalent to the strict definition of magnetic horizon.
The most likely explanation for the flux suppression is that the cosmic rays never reach the observer. This
occurs if the Larmor radius (R.) is much smaller than the distance to the observer (R,ps). From this
condition one can derive the maximum magnetic field for which the cosmic ray flux is not suppressed due to
confinement around the source:

B,.. < i Mpc
EeV Rops

Therefore, for Rops ~ 100 Mpc, in order not to have a flux suppression at 10 EeV the magnetic field should

nG. (6.3)

on average be smaller than 10719 G, which is true for models E; and E,. This is consistent with figure 6.9,
in which the proton flux propagated in grid Es is suppressed. Similar effect has been observed by the authors
of ref. [431], but not ref. [279]. As noted by Lemoine [278], this confinement effect occurs if

| e, L
>, /=< =
B2\ 10 kpc 100 kpe *© (6.4)

where £. is the coherence length of the magnetic field and L is the length over which the magnetic field is
spread around the source.

In the right panel of figure 6.9, which depicts the simulated spectrum for iron primaries, no suppression
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at lower energies is observed. Nevertheless the position of the cutoffs at the highest energies are different.
With the current number of events in this simulation it is not clear whether the observed cutoff at the highest
energies is a genuine effect of the magnetic field on the maximal acceleration energy, or rather a spurious
statistical fluctuation. Therefore, no conclusion can be reached and further studies are required to answer
this question.

In the proton case there is obviously no change in the mass composition of the cosmic rays. For
the iron scenario, however, signatures of cosmic magnetic fields can be imprinted in the composition, since
photodisintegration occurs. In figure 6.10 it can be seen that for model E3, which has the highest magnetic
field strength, the average mass at energies £ < 10'9eV is lower than in model E;, which has relatively
low magnetic field strength everywhere. This effect can be understood in terms of propagation length: the
higher the magnetic field, the larger the deflection, the longer the cosmic ray takes to reach the observer
and consequently the more likely it is for photodisintegration to occur, causing a decrease in the average

mass.
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Figure 6.10: Average of the logarithm of the mass number ({/n(A))) as a function of the energy for the simulated
scenarios, assuming a pure iron composition.

Skymaps containing the arrival directions of the UHECRSs from these simulation are shown in figure
6.11, for the proton scenario, and figure 6.12 for the iron scenario. The galactic magnetic field (GMF)
model of Jansson and Farrar [183, 184] is taken into account by using the lensing technique described in
chapter 5.

It is also possible to estimate the deflections of the cosmic rays in the different scenarios. This is
shown in figure 6.13 for both cases (proton and iron composition).

In figure 6.13 it can be seen that for model E3 the deflections are large even at the highest energies
(E ~ 100EeV), whereas for model E; they are overall small in both composition scenarios. The galactic
magnetic field causes an increase in the average deflection at all energies, but this effect is only visible for

model Es.

6.6 Further remarks

In this chapter several studies of the impact of extragalactic magnetic fields on the propagation of

UHECRs were presented. Although rather simple, these analyses provided valuable insights on horizons of
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Figure 6.11: Skymaps depicting the arrival directions of cosmic rays at the border of the galaxy (left column) and

at Earth (right column), after correcting for the GMF. Each row corresponds to a magnetic field model: E; (top),

E> (middle) and E3 (bottom). These skymaps correspond to the scenario in which only protons are injected. The
color scale indicates the number of events in each bin.

cosmic rays and the actual impact of uncertainties on extragalactic magnetic fields on cosmic ray observables.

A remarkable result here obtained is that the shape of the power spectrum of the magnetic field
seed leads to very different configurations of magnetic fields at present time, thus potentially affecting the
propagation of UHECRs, as shown in figure 6.6. In the work of Dolag et al. [425,465] a uniform magnetic
field seed with strength B ~1-5 nG (at z = 20) was used to perform a constrained simulation of the
local universe. In spite of the fact that different normalizations for this seed were studied, and the final
one chosen in such a way as to match observations of clusters, the effects of non uniform seeds were not
analyzed, although this is acknowledged as a potential source of uncertainty [425]. These authors argue
that the uniform magnetic field results on the largest deflections for a given magnetic field strength, hence
being regarded as an upper limit. Here gaussian magnetic seeds were used.

If deflections are not too large and cosmic ray astronomy is possible, as advocated by Dolag et
al. [425,465], then it is possible to use UHECRSs as probes of EGMFs, by comparing theoretical models with
measurements. Since the power spectrum of the magnetic field is intrinsically related to the magnetogenic
mechanism, the study of deflections of UHECRs in different models can provide constraints to the magnetic
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Figure 6.12: Skymaps depicting the arrival directions of cosmic rays at the border of the galaxy (left column) and

at Earth (right column), after correcting for the GMF. Each row corresponds to a magnetic field model: E; (top),

E> (middle) and E3 (bottom). These skymaps correspond to the scenario in which only iron nuclei are injected. The
color scale indicates the number of events in each bin.
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Figure 6.13: Average deflection per energy bin for the case of proton (left panel) and iron (right panel) primaries.

Dashed lines correspond to only extragalactic deflections, and solid lines includes also deflections due to the GMF
model of Jansson and Farrar [183, 184].

fields at present and earlier times.

Three scenarios (models E;, E; and E3) for the magnetic field were considered. Two of them are
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possible, albeit some are hardly realistic. Model Eq, for instance, does not match the measured magnetic field
strength in clusters of galaxies, and model E3 almost exceeds the constraints imposed by BBN”. Model E; is
an intermediate case and probably more realistic. With these scenarios the interesting effect of confinement
of UHECRs around the source was studied. Moreover, it was possible to have a general overview of the
behavior of cosmic rays propagating in these grids.

For the referred studies here presented only one source in a fixed position was used. If the source is
located in a strongly magnetized environment, with a magnetic field that satisfies the condition imposed by
equation 6.3 then the flux suppression observed at the lowest energies (for protons) can be attributed to the
confinement of cosmic rays around the source. The study of the environment around the sources by using
gamma ray and neutrino counterparts allows one to impose limits on this type of effect.

An interesting conclusion that can be drawn from this analysis concerns the possibility of UHECR
astronomy. As can be seen in figure 6.13, the deflection in the proton scenarios are rather high for energies
E < 10'%eV in all three magnetic field models studied, if one considers both galactic and extragalactic
deflections. The GMF does not increase the average deflection for model E> and Es, for they were already
high. For model E;, however, the average deflection increases drastically from a few degrees to 30° at
10 EeV. Obviously, for the iron scenarios the deflections are higher than the proton case. The only model
in which UHECR astronomy with iron nuclei would be possible is in the case of model E; if the galactic
magnetic field is weaker than in the Jansson-Farrar model. For models E; and Ej the results are inconsistent
with the ones by Dolag et al. [425], which predict deflections smaller than 1° (for protons) for a source 110
Mpc away from Earth.

Usually the prospects for UHECR astronomy are discussed in the context of models with a given
source distribution, which is often uniform or follows the distribution of matter in the local universe. In
this particular analysis a single source was used, and therefore the results here obtained must be cautiously
interpreted. For the source analyzed, distant approximately 139 Mpc from the observer, UHECR astronomy
is hardly possible at energies < 10EeV. A complete analysis for a given source distribution would actually
allow the proper comparison with the literature. In refs. [467,468,484,485] which uses the MHD simulation
by Miniati [424], the authors found that UHECR astronomy is not possible in the whole sky, and that
deflections are large (~ 20°) at 10%° eV (for protons). In ref. [426] the authors have found deflections ~ 15°
at 60 EeV, which are rather large considering the assumed protonic composition. On the other hand, in
ref. [425,465] the deflections were smaller than 1° covering 99% of the sky. These discrepancies are mainly
due to the different methods adopted to perform the cosmological simulation of structure formation, which

imply very distinct filling factor distributions, as shown in figure 6.1.

"The reader can refer to figure 1.7 for constraints on the strength and coherence length of EGMFs. A detailed discussion
on the topic is presented in section 1.5.3.
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Propagation of UHECRSs over

cosmological distances

7.1 Introduction

High energy particles can propagate over cosmological distances, albeit the existence of pervasive
photon fields potentially limit the distance they can travel (or interaction horizon). A realistic simulation of
the propagation of high energy particles such as cosmic and gamma rays should take into account all the
relevant energy loss processes due to interactions with astrophysical backgrounds, as well as the intervening
cosmic magnetic fields. Cosmological effects such as the redshift dependence of the photon backgrounds,
evolution of the sources over time, and the adiabatic expansion of the universe, can play an important role
in the aforementioned processes.

In the case of UHECRs, in spite of their relatively small interaction horizon, at energies ~ 108 eV
there may be a dominant contribution of distant sources. At energies above ~ 50 EeV the contribution of
sources farther than ~ 100 Mpc is virtually negligible.

A problem in the simulation of the propagation of UHECRSs in the universe is the difficulty to account
for cosmological effects in three-dimensional simulations with magnetic fields. This problem occurs due
to the fact that the redshift of a particle is not known a priori, since it can be deflected by intervening
magnetic fields, changing the effective length of the trajectory. The solution is to perform a complete four-
dimensional simulation including the time dimension, which is computationally expensive. In this chapter
a posteriori methods to account for cosmological effects in three-dimension simulations are presented, and
their limitations discussed. At the end an application of the four-dimensional propagation is discussed.

7.2 Cosmological effects in three-dimensional simulations of propa-
gation of UHECRs

7.2.1 First attempt: redshift correction

In chapter 1 an equation relating the redshift and time in a flat two component universe was presented

(eq. 1.21). For the sake of completeness it is transcribed below:

dt 1 1

dz ~ Ho(1+2) V(T +23+Q0 (-

99



Equation 7.1 can be analytically solved, yielding

2 -3
1 1+ =57 +1
Qn\ 2 1 3
z(t):<QA> tanh | SIn % — SVt || -1 -1 (7.2)
" 1+22 1
Qn

As a first attempt, one might try to correct the observed energy of the particle by the effective propagation

time using the simple relation

, (7.3)

where Eq is the energy of the emitted particle.

This energy correction was applied to 3D simulations in a scenario without magnetic fields, for sources
uniformly distributed between 0 and 4 Gpc, emitting protons with a power law spectrum with spectral index
-2.2, propagating through the CMB and CIB, assuming the CIB model from ref. [45]. If the correction is
effective, it is expected that the spectrum for a 1D simulation including redshift losses, and a 3D simulation
without magnetic fields would be similar. The relative difference between the 1D and 3D spectra, given by
(ip — Jap)/J1ip. should be zero if the correction worked perfectly. Figure 7.1 shows the spectra for the 1D
simulation, the 3D simulation and its correction, as well as the relative differences for both cases (corrected

and non corrected). A simple fit of the relative difference with a function f(log E) = a, where ais a constant,
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Figure 7.1: In the left panel it is shown the spectra for the 1D simulation with redshift losses (black curve), the 3D
simulation without redshift losses (green) and the attempted correction using the formula (orange). The relative
differences between 1D and 3D, as well as 1D and corrected 3D are shown in the right panel, for different energy

bins.

provides a good estimate of the efficiency of the correction. Performing this fit to the relative difference for
the corrected case, one obtains a = 0.012 & 0.001. Therefore, this approach introduces an error of ~1.2%

in the overall correction. Notice, however, that in individual energy bins the discrepancies can be ~20%.

This method of correction does provide good results in the case considered, as can be seen in figure
7.1. However, there are still some differences that can affect the spectrum. One of the reasons for these
differences is that using equation 7.3 is equivalent to assume that the total energy losses can be completely
factorized in terms of the other processes (pair and photopion production) and redshift losses. Another
possible reason is that this correction changes only the observed energy of the simulated particles in 3D,

and does not consider the contribution of the redshift scaling of the background photon fields.
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7.2.2 A novel approach: correction table

7.2.2.1 The method

The energy losses of ultra-high energy particles depend on their initial energy and trajectory length.
Hence, to correct the energy of the particle in a 3D simulation considering redshift losses, these should be
taken into account. For that, binned tables containing these quantities were built. In these tables the y-axis
is the injected energy, the x-axis the trajectory length, and the z-axis the observed energy. They are shown
in figures 7.2 for the 1D and 3D cases.
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Figure 7.2: Observed energy (z axis) for a given propagation time (x axis) and injected energy (y axis) for the 1D
simulation taking into account redshift losses (left) and the 3D case without cosmological effects and magnetic
fields (right). The sources are assumed to be uniformly distributed with spectral indexes -2.2.

If the 3D model took into account redshift losses, as the 1D model does, for a scenario without any
magnetic fields present, the observed energy of the particles for the same injected energy and trajectory
length should be approximately the same. Therefore, a reasonable assumption is that the ratio of the
observed energies in the 1D and 3D simulations (shown in figure 7.3), for a given injected energy and
trajectory length, could be used as a correction factor for the observed energy of the 3D simulations.
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Figure 7.3: Correction factor obtained by the ratio between the observed energies in the 1D and 3D simulations
(z-axis) for a given propagation time (x-axis) and injected energy (y-axis).

To check the efficiency of this approach, a procedure similar to the one described in the previous
section was adopted. The spectra for a uniform source distribution for the 1D and 3D with and without
corrections were plotted and are shown in figure 7.4. The dataset used here was the same one used to
generate the tables shown in figure 7.2. The correction seems to yield excellent results, as can be seen

in figure 7.4.This can be better assessed by estimating the relative difference between the 1D case and
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the 3D, both with and without the correction, also shown in the referred figure. By fitting a function of
the form f(log E) = a to the relative difference between the 1D and the 3D corrected spectra, one finds
a = 0.0024+0.001, which might be a result of the choice of normalization. Notice that the maximum relative

difference occurs for higher energies (log(E/EeV) 2 2.5), but nevertheless is still inferior to 10%.
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Figure 7.4: In the left panel the spectra for the 1D simulation with redshift losses (black), the 3D simulation
without redshift losses (green) and the attempted correction using the correction table (orange) are shown. In the
right panel the relative difference between the 1D and 3D simulations without the correction (green) and with the

correction (orange) can be seen. This scenario is the same one used to generate the correction table shown in
figure 7.3.

7.2.2.2 Applications

As an example of application of this correction, further simulations were performed. The simulated
particles were propagated in three different scenarios with different magnetic field assumptions. The first
case is a uniform magnetic field of 10 pG oriented along the z direction. The second scenario is a turbulent

Kolmogorov magnetic field with (B,,s) = 2nG and coherence length given by ref. [88]:

1 (me>a
Lmaxa_ 1 Lmax

Le= , 7.4
¢ 2 (6] 1 (me )0(1 ( )
Lrnax
where oo = —11/3 for a Kolmogorov field, L;q,l-n = 0.5 Mpc™! is the maximum wave number and L} =

0.03125 Mpc ! is the minimum wave number. Therefore L. ~ 11 Mpc. The spectrum and relative differ-
ences for both scenarios are show in figures 7.5 and 7.6

The calculation of the difference between the 1D and 3D spectra both for the corrected and non
corrected cases allows the estimation of the performance of the correction for these scenarios. The relative
difference between the spectra for the case without magnetic field is already displayed in figure 7.4. The
examples corresponding to the cases with magnetic fields are shown in figures 7.5 and 7.6, for the uniform
magnetic field and for the Kolmogorov turbulent field, respectively. Adjusting these relative differences
between the 1D and corrected 3D cases with f(log E) = a, one obtains a = 0.0090 £ 0.0009, for the first
case (no magnetic field), a = 0.017 £ 0.001 for the second (uniform magnetic field), and a = 0.016 4-0.002
for the third case (Kolmogorov turbulent field). In all these scenarios the simulation setup assumes a uniform
distribution of sources with spectral index -2.2.

One should notice that these are the only scenarios that allow a proper test of the correction and
comparison with the 1D case, for the propagation theorem holds. Since the correction relies on the initial

and final energies, as well as the total path length of the trajectory, and these observables are independent
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Figure 7.5: Relative difference between the 1D and 3D simulations without the correction (green) and with the
correction (orange) for the scenario with a uniform magnetic field of 10 pG oriented along the z direction.
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Figure 7.6: Relative difference between the 1D and 3D simulations without the correction (blue) and with the
correction (red) for the Kolmogorov turbulence scenario, with (Brms) &= 1 nG.

of assumptions such as source distribution and intervening magnetic fields, it is reasonable to assume that

they will also hold for other scenarios such as a single source in a structured magnetic field, for example.

7.2.2.3 General remarks

A computational problem in Monte Carlo simulations of the propagation of UHECRSs in the universe
is the difficulty to account for cosmological effects in 3D scenarios, in which magnetic fields are present.
This problem occurs due to the fact that it is impossible to have a prior knowledge of the redshift of the
particle, which is subject to constant deflection. This can only be achieved by adding an extra dimension to
the problem, as done in the 4D mode of CRPropa 3, described in chapter 5, which increases the complexity
of the code, and hence the required computational time.

In the previous subsections two approaches to account for cosmological effects in three dimensions a
posteriori were described. The correction table provided better results than the simple adiabatic correction
of the energy, using equation 7.3. This correction introduces an overall average bias inferior to 10% in the
regions of the energy spectrum between 1017 eV and 10%! eV. These results indicate that the correction has
an excellent performance for the typical energy ranges of interest, below a few hundred EeV.

Because this correction is obtained from a binned table, it is subject to statistical fluctuations. The
results do not depend on the spectral index of the source, for the only relevant quantities are the initial
and final energies, and the propagated distance. This correction was tested for cases in which propagation
theorem holds (uniform source distribution with separation between sources much smaller than the charac-
teristic propagation lengths). The tests assumed certain models for the photon fields, namely the CIB model

by Kneiske et al. [45]. Changes in relevant interaction quantities such as cross sections, photon densities
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and others may affect the spectrum, thus requiring different correction tables. Nevertheless, the method to
obtain these tables can be easily applied to other cases.

The results here presented hold only for protons, not being valid for nuclei. In this case the dominant
radiation field for the interactions between background photons and protons at these energies is the CMB.
Therefore, the correction table here obtained can be applied to other scenarios with different CIB models
without introducing considerable errors.

A generalization of this method for the case of nuclei is not straightforward, since the correction
would have to account not only for the spectrum, but also the mass composition, which is not trivial due to
photodisintegration processes. The search for a unified method to account for cosmological effects in 3D

simulations that can be applied to any nuclei will be the subject of the following section.

7.2.3 A “hybrid” approach

7.2.3.1 The method

As discussed before, the redshift dependence of the photon backgrounds, namely the CMB and CIB,
and the evolution of the sources can affect the spectrum and composition of the detected cosmic rays. Also,
the expansion of the universe causes energy losses.

Relevant quantities obtained from a three-dimensional simulation are the initial (£2P) and final (E2P)
energy of the particle, initial (AP, Z3P) and final (AP, Z3P) particle species, initial (x;,y;, z) and final
particle position (xf, vr, zr), effective propagation time (T73P), among others. The “hybrid” mode is a
tentative solution to generalize the a posteriori correction for nuclei and is presented in ref. [21], and is so
called because it blends 3D simulations with 1D, speeding up the simulation time in comparison with the 4D
simulation.

Each individual particle from a 3D simulation is resimulated in 1D, using the following quantities: E?D,
(AP Z3P) and T3P. A set of subproducts from the photodisintegration of the parent-nucleus is obtained
for individual daughter-nuclei, where the index k is associated to each one of these subproducts. The final
energy (E}7) and particle type (A}, ZE2) can be obtained from the output of the 1D simulation. As a first
approximation one can choose k uniformly among all daughter-nuclei. Finally, the final energy and type of
particle in the former 3D dataset are replaced by the corresponding ones obtained from the 1D simulation,
by setting £3° = E}R and (AP, Z3P) = (AIR, Z}R).

To verify the validity of the method the trivial case of a 3D simulation without magnetic fields was
tested. Sources with spectral index -2.2 were assumed to be uniformly distributed up to 4000 Mpc. At first,
only protons were considered, whereas in the second only iron was considered. The parameters of the 1D
and 3D simulations are exactly the same, so that the only difference between these cases arise from the
consideration of cosmological effects. The simulated spectra in 1D and 3D, as well as the corrected one,

can be seen in figure 7.7 for pure proton and pure iron scenarios.

7.2.3.2 Application

In this subsection the method is applied to a realistic scenario of extragalactic magnetic field. For
the simulations it was assumed the magnetic field distribution from ref. [484] according to a differential
energy spectrum that follows a power law of spectral index v = —1, reweighted afterwards to v = —2.2.
The observer is treated as a sphere of radius 0.5 Mpc, lying within a cubic box of approximately (75 Mpc)3,
periodically and smoothly concatenated with copies of itself up to a distance of 2000 Mpc. The propagation

was performed with CRPropa, considering pion production, photodisintegration and pair production. Redshift
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losses were only considered in the 1D mode. The astrophysical backgrounds used were the CMB and CIB,
namely the model by Kneiske et al. [45] for the latter.

Simulations with and without magnetic field were performed in order to understand the effects of
cosmic magnetic fields on the spectrum. A side view of this magnetic field box is shown in figure 7.8. All
the simulations were performed for two mass compositions, namely pure iron and pure proton. The results
of these simulations are shown in figure 7.9, together with the corresponding universal spectra and the
experimental spectrum measured by the Pierre Auger Observatory [287], for the sake of comparison.

For a non uniform source distribution the propagation theorem does not necessarily hold, and devi-
ations from universality may occur. This can be seen in figure 7.10. As expected, the effects of magnetic
fields on the spectrum are much larger in the iron than in the proton scenario, due to the fact that iron
nuclei have a charge 26 times larger than protons, which implies deflection angles up to 26 times larger.

In figure 7.10 a comparison between the original 3D spectrum with the one corrected for cosmological
effects is shown. There are visible effects of cosmology for both simulated mass compositions scenarios.
This happens because when the correction is applied, many events from the lower energy tail of the spectrum
(~ 1EeV) will suffer another energy loss process not present in the original 3D simulation, dropping below
the minimum energy threshold, set to 1 EeV in this simulation. In the iron case, however, the discrepancy
between the corrected and non-corrected spectra is larger, because for energies ~EeV the main contribution
comes from secondary nuclei, originated from the photodisintegration of primary iron.

Another relevant analysis is the change in mass composition, namely the (X,,.x) observable, due
to magnetic fields and cosmological effects. This is analysis is presented only for the iron scenario, since
the proton case is trivial. Besides the depth of the shower maximum ((Xnax)), its variance ((Xmax)) is
also estimated, using the parametrization from ref. [469]. The values of (Xpax) and a(Xnmax) for different
energy ranges are shown in figure 7.11, together with the experimental values measured by the Pierre Auger
Observatory [469] and the theoretical predictions assuming the EPOS1.99 hadronic interaction model. In
this figure it can be seen that even though cosmological effects are relevant, magnetic fields are responsible
for the largest change in composition at lower energies.

In figure 7.12 the mean deflection as a function of the energy is shown. It is clear that there are no

significant differences in the energy dependence of the deflections. In the case of isotropy, the mean value
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Figure 7.7: Spectra for the 1D simulation (solid line), the 3D without cosmology (dashed line) and the 3D
corrected for cosmology (squares) for the a pure iron (top) and pure proton (bottom) composition. The spectra are
normalized to the total number of events times 100 for iron, and 0.01 for proton.
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Figure 7.8: Two-dimensional cut through the magnetic field box. The color scale indicates the strength of this field.
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Figure 7.9: Simulated spectra corrected for cosmology (solid lines), universal spectrum (dashed lines) for a proton
(blue) and iron (red) compositions. The dots correspond to the hybrid Auger spectrum, taken from ref. [287]. The
spectra here presented are normalized to the Auger '2011 spectrum at 10! eV.

of the deflection would be 90°. Thus one can notice that for lower energies the simulated data sets are

highly isotropic, becoming more anisotropic as energy increases.

7.2.3.3 General remarks and setbacks of the method

In some cases the method here presented cannot be applied. As an example a scenario with a single
source emitting helium nuclei with spectrum E~2 was considered. This source was placed at distances 200
Mpc, 500 Mpc and 1000 Mpc from Earth, and the 4D mode of CRPropa was used to obtain a dataset for
comparison. The magnetic field was completely switched off, so that the 1D and 4D modes should behave
in the same way, and the hybrid mode similarly. The results for the spectrum and average of the logarithmic
mass composition are shown in figure 7.13.

In figure 7.13 one notices that the hybrid mode approximately corrects the shape of the spectrum, but
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Figure 7.11: Mean value of the (Xpnax) for the simulated data (for the iron scenario), compared to measurements of
the Pierre Auger Observatory (black circles) and the theoretical predictions according to the EPOS 1.99 model
(filled area) for protons (green filled area) and iron (pink filled area). The scenarios without magnetic field are

represented by empty markers, whereas the scenarios with magnetic fields are represented by filled markers. Squares

correspond to the simulated data set with the cosmology correction, and the triangles without it.

not the composition. In spite of the fact that this correction improves the predictions for a 3D simulation
and is much faster than the 4D case, its quantitative predictions are not reliable and therefore the method

in general is not viable.

The hybrid mode is a useful tool to include cosmological effects in scenarios in which the propagation
theorem holds, since in this case the spectrum is universal. This means that this approach is applicable only
if the sources are approximately uniformly distributed, and if their average separation is much smaller than
the typical lengths involved. For instance, UHE nuclei whose photodisintegration mean free paths are small
compared to the average source separation are not well described by this approach, for the propagation

theorem is not applicable.

107



120 rrr|rrr | rrr[rr [T T T T T T T T T T
----------- simulation - without cosmology (p)
simulation - with cosmology (p)
------------ simulation - without cosmology (Fe)
simulation - with cosmology (Fe)

110

90

80

<8> [degrees]

70

60

5 v b b b by by by b by by by 1y
?8. 18.2 18.4 18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0 20.2

log(E/eV)

o

Figure 7.12: Mean value of the deflection as a function of the energy for an iron (red) and proton (blue)
composition. The dotted lines correspond to the original 3D simulation, whereas the solid lines correspond to the
simulation including cosmological effects.

The aforementioned condition is necessary but not sufficient. Other effects have to be carefully
considered when applying this method. One problem is related to the multiplicity of particles reaching
the observer. In a realistic situation essentially only one daughter-nucleus from a parent-nucleus reaches
the observer. In the hybrid mode when the cosmic ray is resimulated in 1D all daughter-nuclei which do
not drop below the minimum energy threshold are kept, implying high multiplicities for the same parent-
nucleus. This may introduce a bias which affects the spectrum and composition. Aiming to solve this issue
a tentative method was applied, and consisted on randomly choosing one of the daughter-nuclei from a
uniform distribution. However, this did not improve the results.

If the problem of the multiplicity is solved, there is still another factor that should be taken into
account, which is the elongation of the trajectories described by UHECRs in the presence of magnetic fields.
The expected deflection for a particle of energy £ under the action of a magnetic field® of strength B can

be written as
qgcBD

E
where g is the charge of the particle, ¢ the speed of light and D the distance of the genitor source. This

5(E,D) ~ (7.5)

deflection causes an elongation of the path length given by [461]

B\2/ D \?/EeV\?/ ¢
~ 2 ¢
AX ~ 017 (nG) (Mpc> ( E) (kpc) kpc, (7.6)

where £ is the coherence length of the turbulent magnetic field. If AX < A,q, where Xpq is the mean free

path of photodisintegration, then the hybrid mode should be a reasonable approximation for the complete

propagation. This condition can be written in a more clear way as follows:

1 Mpc E Apd
6 < 157 (o) (gov) 22 1S (77)

At 100 EeV Xpq ~ 300 Mpc for iron (see figure 2.4). For a coherence length of ~ 300kpc, and a
source located at a distance ~ 100 Mpc, using equation 7.7 one obtains the following condition: B <« 100 pG

1A detailed analytical description of the deflection, its variance and the elongation of the trajectories can be found in
ref. [461].
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Figure 7.13: Spectrum (left column) and composition (right column) for a scenario with a single source located at
the indicated distances emitting helium with a spectrum E~2.

(for iron primaries). For a distance D = 1000 Mpc this condition is even smaller: B < 1pG. In this case
the conditions start to become too strict and the method cannot be applied, since over large distances the

probability of the cosmic ray crossing a region with higher magnetic field strength is relatively high.

7.3 4D propagation of UHECRs

7.3.1 Simulation setup

To illustrate the propagation of UHECRs over cosmological distances the benchmark scenario de-
scribed in section 5.10.2 was used. The composition was assumed to be “galactic”, to match the abundance
of cosmic rays in the galaxy [486], and is shown in table 7.1.

In order to identify the main factors that affect the spectrum and composition of cosmic rays, four
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Table 7.1: Abundance (energy per nucleon) of cosmic rays in the “galactic” composition scenario. The abundances
with asterisks are upper limits.

nucleus abundance

H 92000
3He 13000
9Be 4.5*
1lB 45*
12C 447 4
14N 34.2
160 526.3
19F 0.3*
2ONe 58
23Na 3.2
24Mg 108
2T Al 7.8
28g; 100
329 13.1
OAr 2.2
40Ca 6.5
455¢ 0.97*
48T 0.97*
51y 0.97*
52Cr 1.5
55Mn 1.1
56Fe 97

simulations using variations of the benchmark scenario were done. These scenarios are the following:
e 3D simulation without magnetic fields (B = 0), and without cosmological effects;
e 4D simulation without magnetic fields (B = 0), including cosmological effects;
e 3D simulation with magnetic fields (B # 0), and without cosmological effects;
e 4D simulation with magnetic fields (B # 0), including cosmological effects.

They all have the same source distribution, observer position and injection spectrum, of the form

dN/'nj
dE

E
—Qsrc _
oc E7r exp ( ZeRC) : (7.8)

where R is the cutoff rigidity.

7.3.2 Results and discussion

In figure 7.14 (left) the energy spectrum is shown for all four scenarios, as well as the corresponding
universal spectrum (1D). In the right panel of this figure the relative difference between the spectra are
shown. Effects of the magnetic field and cosmology are separately identified. One can clearly see that
in this simulation magnetic fields do not affect the shape of the spectrum, for the relative difference is
compatible with zero. However, neglecting cosmological effects can introduce errors as large as 30%.

In figure 7.15 the inferred (X ax) and o(Xmax) are shown. Effects of magnetic fields are negligible,
but the inclusion of cosmological effects causes a slight change in the average mass (increase in (Xmax)),
although it is very small (~5%).
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Figure 7.14: Spectrum (left panel) and relative difference (right panel) for the different scenarios considered.
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Figure 7.15: Infered (Xmax) and o(Xmax) for the different scenarios. The hadronic interaction model considered is
EPOS-LHC.

Another quantity that is significantly affected by cosmological effects is the average deflection as a
function of the energy, shown in figure 7.16. One notices that around 50 EeV the deflection for the scenario
that does not include these effects is slightly higher than the 4D scenario. The effects of the galactic

magnetic field were not included in the analysis.

90 F- 3
—  80F 3
3 g E
o 70; E
& eof =
— 2 =
= S0F E
S 40 E
3 - 4
s % E
S 20F =
15 g E
10 =
= I T =

10018 10" 10%°

energ [e ]

Figure 7.16: Deflection-energy profile for the simulation using the benchmark scenario. Here only the cases in
which B # 0 are displayed, since for B = 0 it is trivial. Above 10%° eV the low number of events may be responsible
for some artificial effects, such as the bump in the curve for the 4D simulation (green curve).

In the scenario studied here the inclusion of cosmological effects significantly altered the spectrum, and
in a smaller degree the composition and average deflection per energy. The benchmark scenario contains

rather weak turbulent magnetic fields, and therefore their effects are not as large as it would be for a
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structured field such as the MHD simulation by Miniati [424], for example.
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8.1 Introduction

There are some notorious works on the propagation of VHE gamma ray-induced electromagnetic
cascades. Most of them rely on the small angle approximation, assuming that the opening angle of the
cascade is small [2, 18,19, 152,430, 487-489]. Few works [16,490-492] have fully addressed the problem
of propagation of electromagnetic cascades in three dimension, including arbitrarily large angles. In these
works, however, the adiabatic energy losses due to the expansion of the universe, as well as the cosmological
evolution of the photon backgrounds, are not usually taken into account.

The well-known cascade propagation code Elmag! [19] is extremely powerful for the one dimensional
case, but fails to treat the problem in three dimensions. Moreover, most of the aforementioned works use
crude approximations for the intergalactic magnetic fields, which may affect the result considerably, specially
if there are regions with very high magnetic field strengths along the line of sight.

In order to properly treat the problem in three spatial dimensions plus time a Monte Carlo code was
developed. It is based on the CRPropa code, described in chapter 5, modified to allow the propagation of
primary gamma rays in an arbitrary extragalactic magnetic field model considering also cosmological effects.
This code will be henceforth called GRPropa.

8.2 An overview of the code

GRPropa is a Monte Carlo code based on the structure of CRPropa 3 [7-9], hence being written in
C++. It is designed for the energy range between 10°eV and 10'®eV. The interactions are handled in a
similar fashion to Elmag [19], but with the particle-by-particle approach of CRPropa, without thinning.

The interactions implemented in GRPropa are pair production and inverse Compton scattering. In the
energy range in question the dominant background for pair production is the EBL?, whereas the interaction
between electrons® and CMB is much larger than the one with the CIB. Nevertheless both backgrounds can
be simultaneously taken into account to perform interactions. Synchrotron losses of electrons due to the
presence of magnetic fields are also taken into account. Adiabatic energy losses due to the expansion of the
universe are relevant for distant sources and are included in the treatment.

As the energy increases the number of secondaries grows exponentially. Above 10'° eV the CPU time
required for the simulations makes the particle-by-particle approach inviable. Hence, all the interaction rate

L Available in http://elmag.sourceforge.net/.

2In this chapter CIB and EBL are often used interchangeably. Strictly speaking, the EBL encompasses a much wider range
of the electromagnetic spectrum, but the CIB is the dominant component in this case.

3In this chapter the term ‘electrons’ will be used to refer both to electrons and positrons.
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tables are available to energies up to 10 eV, although they can easily be extended to higher energies and
a “brute force” approach adopted, tracking all particles regardless of the CPU consumption.

8.3 Interactions and energy losses

8.3.1 Pair production

To compute kinematic quantities at each step of propagation it is important to know the mean free
path (X\). For a gamma ray of energy E at redshift z propagating through a background of photons with

energy €, the pair production mean free path (App) can be written as

Smax OO
_ 1 n(e, z)
Mop(E, z) = 22 app(s)s dsde, (8.1)
smlﬂ EWVIH
where the center of mass energy square is given by
s =2Ee(1 — cosb). (8.2)

From this equation follows that s;.x = 4E€max, With €max &= 14 eV being the cutoff energy for the EBL.
The threshold energy for this process in the center of mass frame is sy, = 2m2c*. The cross section for

this process, shown in figure 8.1, can be written as

(1-6) [(3—64)|n (ig) —25(2—52)], (83)

2
T,
opp(s) = ==

with re = €?/mec?® ~ 2.818 x 105 m designating the classical electron radius, and

2 4
4mzc

S

B=1/1-

(8.4)
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Figure 8.1: Cross section for pair production as a function of s.

During pair production the energy of the electrons produced is ~ E,/2. However, in the limit
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s > m2c* this energy is not approximately equally divided*. The energy fraction (y) of each secondary
lepton is given by [19]
dopp(s.y) -1 y? (1-p8%)

2 47—1
dy y 1_y+1—y+m [1+26%-20%] . (8.5)

The other secondary particle will then receive a fraction 1 — y of the energy of the progenitor photon.

8.3.2 Inverse Compton scattering

The mean free path for the inverse Compton scattering is

Nis(E z) = SﬁlEQ / / n(;z) oics(s)(s — m2c*)dsde, (8.6)

0 Smin

where E is the energy of the incident photon, € the energy of the background photon and 3 is given by

m2c*
B=1\/1- ﬁ (8.7)
and s is
s =m2c* +2Fe(1 — Bcosh). (8.8)

The minimum and maximum values of s are written as Sy, = m2c* and Spax = M2c* + 2E€max(1 + B),
following ref. [19].

The cross section for this interaction is given by [494]

307 m2c* 2 5 a1 > .3 1+¢
= | T (2426 -62-28%) - Z(2-32-HIn[—= )], 8.9
oies(s) = gp s g L €2 - 523 - ) (1 (8.9)
where 5 4
s — msic
¢ s+ m2ct (8.10)
At lower energies o,cs = o, recovering the classical regime, as shown in figure 8.2.
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Figure 8.2: Cross section for inverse Compton scattering, as a function of s.

#This limit is known as the Klein-Nishima limit [493]. Thomson's classical limit can be recovered if s < m2c*.
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The change in energy of a photon in the direct Compton scattering, in which the electron is at rest

in the laboratory frame, is given by

er=c¢|l+ 8C2(1—c059) , (8.11)

Me
where ¢ is the initial energy of the photon, and
For E < 10%3 eV, plugging the CMB number density (equation 1.22) into eq. 8.6, one can easily show
that the mean free path does not depend on the energy and can be written as

m2h2 3 1
207 B+ 27

Nes(E,z) = N(z) = (8.12)

8.3.3 Synchrotron emission

Synchrotron losses are implemented following Elmag [19] and ref. [495], in which the energy loss per
unit distance is

dE 24,2
ak o MeC€ X - (8.13)
dX  hc(1+ay(14x) In(1+ ax) + asx?)3
where the parameters a; are: a; = 4.8, ao = 1.7 and a3 = 3.44. Here x is given by
o> 6
= ' 8.14
X= B, (8.14)

where B., = 4.14 x 1013 G is the critical magnetic field. Because the synchrotron radiation emitted has

energy typically < GeV, it can be neglected for studies in the GeV - PeV energy range.

8.3.4 Adiabatic losses

The adiabatic losses are simply given by equation 2.27, the same used in CRPropa. The standard cos-
mological parameters used by default in the code are: Q,, = 0.318, Q24 = 0.682 and Hy = 67.1km/s/Mpc.

8.4 Detection methods

The motivation for the development of GRPropa was the possibility of studying extended emission of

very-high energy gamma rays from objects at cosmological distances. The main propagation modes are:

e 1D mode: the propagation is performed in one dimension taking into account only the interactions

between the particles and photon backgrounds;

e 3D mode: in this mode pair production and inverse Compton scattering are taken into account,

considering also magnetic deflections of electrons; adiabatic losses are not considered;

e 4D mode: this mode is the same one used in CRPropa 3 (see chapter 5), and considers the redshift
dependence of the photon backgrounds as well as adiabatic losses due to the expansion of the universe

and effects of extragalactic magnetic fields.

For complete studies the recommended mode is the 4D. In this mode a particle is flagged as detected
when it reaches a sphere with a given radius (Rops), within a time window At. The value of Ryps should

be chosen in such a way that it mimics the field of view of a given gamma ray telescope. To optimize the
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number of events detected, the standard detection mode is a sphere with radius Rops = D, where D is the
distance of the source located at redshift z = z;,.. This way, essentially all particles which do not drop
below the arbitrarily chosen energy threshold are detected. The actual selection of events which would be
detected by a telescope with a given point spreading function 8,s¢ has to be made by the user a posteriori.
This post processing is done in a similar fashion to ref. [16], in which a patch about the size of the field of

view of the telescope is chosen and approximated by a plane®.

8.5 Comparisons with Elmag

The first test to validate the implementation was a comparison between the fluxes obtained by Elmag
and GRPropa in the absence of magnetic fields. This comparison is shown in figure 8.3.
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Figure 8.3: Diffuse flux of gamma rays for a source injecting 100 TeV gamma rays at redshifts z = 0.02 (orange
curves) and z = 0.15 (green curves). Dashed lines are the corresponding flux estimated by Elmag and solid curves
by GRPropa.

In this figure a small discrepancy between Elmag and GRPropa can be noticed at energies < TeV. This
difference can, in principle, be explained by the choice and implementation of different EBL models. For the
GRPropa simulation the model by Finke et al. [50] was used, whilst the EImag simulation was done with a
default model (Kneiske & Dole [49] lower limit). Therefore, due to the lower density of background photons,
in the Elmag simulation less interactions occur, compared to GRPropa, decreasing the amount of secondary
particles in the region between 10 and 100 GeV. Moreover, Elmag adopts a weighted sampling procedure,
thinning the resulting secondaries. In GRPropa the full three-dimensional Monte Carlo particle-by-particle
approach without thinning is adopted yielding more precise results, although in this example the propagation
is essentially one-dimensional due to the absence of magnetic fields.

5Even though the cascades can be extended, their angular sizes are small, and so this (small angle) approximation is valid.
For very large angular sizes a small sphere which mimics the properties of the detector has to be used, since the curvature of
the large sphere would become relevant and the tangent plane approximation would be inaccurate.
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8.6 Applications

8.6.1 Spectrum of the blazar 1ES 0229+200

An example of an application is the study of the spectrum of the blazar 1ES 02294200, a BL Lacertae
object with hard spectrum extending up to energies ~ 10 TeV. It is located at z =~ 0.14 (D = 580 Mpc). This
object was thoroughly studied in several wavelengths and has been used by many authors [2,17,18,152,430]
to estimate the strength of intergalactic magnetic fields. Its estimated spectral index is rather hard (~ 1.3)
and the cutoff energy is Enax ~ 6 TeV. It has been measured by the HESS telescope [496] in the TeV energy
range.

Its spectrum was simulated with GRPropa, assuming the parameters previously described and is
shown in figure 8.4. One can clearly the set of parameters chosen are adequate for describing the spectrum.
Moreover, the spectral shape obtained with the simulation is in accordance with other works (see e.g.
ref. [152]).
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Figure 8.4: Spectrum of the blazar 1ES 02294200 as measured by the HESS telescope, and simulated by GRPropa.

8.6.2 Extended emission at E> 10 TeV

The computational setup of GRPropa is the same as CRPropa's in what concerns magnetic fields
(see section 5.8 for details). The effect of magnetic field on cascades is the increase in the opening angle of
pairs, creating an extended emission around a point-like source. This effect can be clearly seen in figure 8.5,
in which a source located at redshift z = 0.2 emits gamma rays with 100 TeV, within a jet with opening
angle W = 5°. This angle is typical in blazars, and is of the same order of the inverse of the Lorentz factor
of the jet. Three magnetic field configurations are compared in this example, all of them being Kolmogorov
turbulent fields with coherence length £, ~ 0.5 Mpc, and RMS values 0.1, 1.0 and 10 pG.

Defining a (tangent) plane of detection, as described in section 8.4, it is possible to estimate the
angular size of the extended emission of the cascades shown in figure 8.6. The arrival directions of gamma
rays on this plane of detection are shown in figure 8.6. To generate this figure all events which did not drop
below the minimum energy threshold (set to 10 GeV) were collected and no posterior cuts to mimic the
point spreading function and field of view of the detector were made.

In figure 8.6 it is clear that the size of the halo around the source increases with the magnetic field.

This relation allows one to constrain intergalactic magnetic fields, topic which will be explored in details in
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Figure 8.5: Cascades induced by gamma rays with energies E = 100 TeV in turbulent Kolmogorov magnetic fields
with coherence length 500 kpc and root mean square magnetic field strengths 0.1 (left), 1.0 (middle) and 10 pG
(right panel). The source is located at z = 0.2 and emits particles within an angle of 5°.
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Figure 8.6: Observed arrival directions of secondary gamma rays induced by primaries with energies E = 100 TeV in
turbulent Kolmogorov magnetic fields with coherence length 500 kpc and root mean square magnetic field
strengths 0.1 pG (left), 1.0 pG (middle) and 10 pG (right panel). The source is located at z = 0.2 and emits
particles within an angle of 5°.
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0.1 Overture

With the advent of the imaging air Cherenkov telescopes (IACTs) very high energy processes involving
gamma rays can be studied with unprecedented precision. A great advantage of IACTs is that they provide
good angular resolution (6,s¢ ~ 0.1°), making VHEGR astronomy possible.

Spectral, angular and temporal properties of astrophysical objects are affected by the interactions
between gamma rays and the pervasive photon fields and consequently the development of the electro-
magnetic cascade. Furthermore the presence of intervening IGMF can interfere with the development of
the cascade causing point sources to appear extended. This phenomenon has been studied by several
authors [16,489-491,497].

Recently the Fermi Large Area Telescope (Fermi-LAT) observed and cataloged many blazars. At
higher energies IACTs have detected TeV emission by several blazars. Interestingly some of them such as
1ES 02294200 [496], 1ES 1101-232 [498], 1ES 0347-121 [499] and RGB J0710+591 [500], among others,
present unusually hard spectra. As a matter of fact, the intrinsic spectra of gamma ray sources is poorly
known and cannot be easily disentangled from other effects such as magnetic deflections of the charged
leptonic component of the electromagnetic cascade.

Blazar pair halos are useful to probe magnetic fields, for they can be larger than the typical point
spread function of the detectors. Their size is roughly inversely proportional to the maximal energy of the
gamma ray emitted by the source, the strength of the intervening magnetic fields, and the geometry of
detection. In this chapter the relation between blazar pair halos and intergalactic magnetic fields is studied.

The analytical description of the formation of pair halos follows Neronov & Semikoz [487,488].

9.2 An analytical description of the formation of pair halos

TeV gamma rays emitted by distant sources such as blazars interact with ambient radiation fields.
The typical mean free path for this process is given by equation 8.1, which is transcribed below for the sake
of completeness:

Smax OO

1 1 ,
Nop(E(2), 2) - 8E2(z) / /GPP(S)SH(;Z) dsde, (9.1)

Smin €min

where E is the energy of the gamma ray, € the energy of the background photon. The pair production
cross section is shown in equation 8.3. The main photon field which contributes to this process is the EBL,

which is model dependent. As discussed in section 1.4.2, the redshift evolution of the CIB, the dominant
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component of the EBL, is not trivial. As a first approximation one can assume that

negi(e,2) = negr (e, z = 0)(1 + 2)2. (9.2)

The mean free path for pair production can then be rewritten using the approximation [488]

~ 800K(E(2), 2) (Tev) Moc, (9.3)

Nop(E(2). 2) = (14 2)2 E(z)

where K is a parameter to account for model uncertainties of EBL models, E, is the energy of the gamma

ray at generation time (redshift zg).

The optical depth (1) for pair production has the following temporal dependence:

dT(E(2),
@2 __ ¢ (9.4)
dt Nop(E(2), 2)
One can show that 7(tpp) = 1, with tpp designating the instant when electrons were created.
It is convenient to work with the mean free path in comoving coordinates, which is
ty
Arp(E(2),2) = c/ at (9.5)
pREEE = | Ay |

tep

where tg is the time of emission of the gamma ray. If zpp = zpp(tpp) and zy = z4(t4) have approximately
the same value', i.e, if zpp & z4, then the optical depth can be written as

Zg

dt c
r(E@).2) = [ dz g5 (96)
0

thence yielding [488]

2¢ /Qm(1+25)3 +Qn — 1
3 HoQuN\pp(E,0)

T(E(2),zg) = (9.7)

if one adopts the approximation from equation 9.3.

Another relevant result can be obtained by integrating equation 9.6 from z = zpp &~ z; to z = 0. At

TeV energies the relation
D/

!
App

T(E,z) = (9.8)

is a satisfactory approximation, since zpp & Zz4. Here the source distance D’ is expressed in physical

coordinates.

Let j(E) be the observed flux of gamma rays of energy E, and jo(Eg) the injected spectrum. The
production of pairs due to the interaction of gamma rays with the EBL stems a reduction of the flux. This
reduction of the flux is an exponential attenuation of the form

J(E) = Jo(Eg) exp (=T(E(2), 2)). (9.9)

where z4 is the redshift of the generation of gamma rays with energy E4. The inverse Compton scattering

1This assumption is a good approximation for energies ~ TeV. For lower energies (E <10 GeV) it does not hold.
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between electrons and the CMB generates secondary gamma rays with typical energies

4e Ey \° Ey \°
E = 3(1 n ZPP) <mec2> ~ 0.8 (Te\/ GeV. (910)

Here Eg is the energy of the primary gamma ray at the source. Notice that € = €(zpp) ~ 0.6(1 + zpp) meV
(typical energy of microwave photon). For the sake of calculation it is assumed that electrons and positrons
carry half of the energy of the incident gamma ray, which is enough for rough analytical estimates, but
can be improved in Monte Carlo simulations (see chapter 8 for the exact treatment). It is worth stressing
that the typical mean free path for inverse Compton scattering is A\;cs ~ kpc, which is much smaller than
App. Hence it is a good approximation to consider prompt emission of secondary photons once the pairs
are created.

The mean free path for electrons interacting with the CMB can, at first order, be approximated by

3mzc? 300 TeV
N e e ) ©10

where the energy of the electron E. is at redshift z, and ot is the Thomson cross section.

9.2.1 Extended emission around point sources

In this work the focus will be extended emissions of TeV gamma rays by blazars. As discussed in
ref. [487], the naive expectation that the gamma ray flux will be suppressed due to production of pairs which
will likely not reach Earth is not accurate. Deflections of electrons whose initial momenta do not point
to Earth can contribute for the production of secondary photons which reach the observer, as shown in

figure 9.1.

Figure 9.1: General scheme of the development of an electromagnetic cascade. Gamma rays (black) emitted by a
source (yellow star) through a jet of opening angle W interacts with the EBL producing electrons (blue) and
positrons (red). The pairs are split due to the presence of a magnetic field forming an angle 2§, and scatter CMB
photons via inverse Compton scattering. These secondary photons may reach Earth. The splitting of the pairs
cause a point-like source to appear extended with an angular size ©. Here 6 denotes an observation angle.

The typical separation between the electrons and positrons which compose the pair depends on the
magnetic field strength (B). Two regimes are possible, depending on the coherence length (£.) of the field.
If the electrons cool down in scales much smaller than the coherence length of the magnetic field, i.e., if
L. < \ics, then the propagation is diffusive and ¢ is

VAicshe
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In the ballistic regime £, > X\;cs and therefore

5~ R (9.13)
Hence ¢ can be written as
TeV \? [ B(2)
12 <E(Z)) (pG) ec > >\/C5
6(E(2),2z) = : (9.14)

3
TeV\z2 [ B(2)\ [(£(2)
447 A
(E(z)> ( PG ) ( kpe ) fe < Nes
where E is the energy the primary gamma ray at redshift z. Here B(z) = Bo(1 + z)?, where By is the

magnetic field strength at z =0, and £.(z) = £.0/(1 + z) the coherence length at the indicated redshift.

By analyzing figure 9.1 one can see that for the top-most pair the angle 6 can be written as

sinf >\PP
_— = —. 9.15
sind D ( )
In this two-dimensional analogy the actual extension of the source (©) is simply the sum of the angle 6 for

the pair at the top, and the bottom-most pair. If they are symmetric and if App < D, then one has

App(Eg. 2g)

@(Eo,Zg) ~ 2 D

5(Eg. zg), (9.16)
where all the distances considered are assumed to be comoving for simplicity, and Eq = E(0) is the observed
energy. Using equation 9.8 this expression reduces to

26(Eq, 24)

OEg. 29) = T(Eg. 2g)

(9.17)

Combining the equation above with equations 9.3 and 9.14 one can see that the source will appear extended

with angular size [488]

50° (;fzv)) (B;g)) T(E(2). 2) £ > Nes
s 12° Tev : B(z) £e(2) %’TEZ z) ¥4 A o
(25) (B2) (52) ne@.2) te<nes

where E is the energy of the primary gamma ray.

9.2.2 Time delay

The elongation of the trajectory of the particles due to magnetic deflections leads to a time delay in
the arrival of the cascade signal. From figure 9.1 one can choose one of the cascades to calculate the time
delays (At). The resulting geometry of this process is shown in figure 9.2.

The time delay can be written as
At = tg — (tpp + tsec). (9.19)

where tpp is the lookback time at redshift zpp, tsec is the propagation time of the gamma rays produced
via ICS, and ¢ is the lookback time of emission of the primary gamma ray.

The angle x can be calculated using simple trigonometry and reads x = d—6. The distance propagated
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Figure 9.2: Schematic representation of the geometry of the electromagnetic cascade. The lines follow the same
color convention from figure 9.1.

by the secondary gamma can be obtained by applying the law of cosines to the triangle shown in figure 9.2.

Thence one has

(ctleo)?(E. 2) = /D2 + \3p(E. 2) — 2xppD cosx, (9.20)

where t’ denotes the conformal time, since all distances are assumed to be comoving. To work with time
delays one has to convert everything into light travel time, which yields the implicit equation

Zpp to

/dz%(1+z): / at \/D2+>\%P(E,Z)2>\pp(E,z)Dcos<5(E,z);@(E,Z)>, (9.21)

a(t’)
0 to—tsec

with ty indicating the present time, and © being the angular size of the cascade assuming that it develops
approximately symmetrically with respect to the line which connects the source and observer.
Using the assumption that the opening angle of the pairs is small and that zpp ~ z5 one can write

the time delay in a suitable form:

1 E
BH(E.2) ~ SME(2), 2)3(E(2).2) [1 - x”P(D(Z)Z)} . (9.22)
Finally, substituting eq. 9.14 into this equation one obtains
5
E 1 TeV\? [/ Bo\?
2><109'(/”1(+9‘ZZ§’2 (1—T(E Z)><; ) <fG°> s App < e
At — g A 0 . (9.23)

k(Eq, zg) 1 TeV\? /Bo\? [ o
20 (1 rmm) () (%) () s 2wt
9.3 Setup of simulations

The formation of pair halos in two blazars was studied: 1ES 02294200 [17, 152, 496] and 1ES
23444514 [501-503]. Simulations using GRPropa were performed, using the parameters shown in table 9.1.

Table 9.1: Parameters used in the simulations. Here as,c is the source spectrum, Enmax the maximum energy, z the
redshift, D the comoving source distance, and W the jet angle.

object Qsre Emax [TeV] z D [Mpc] WV
1ES 23444514 2.55 300 0.044 194.7 5.0°
1ES 02294200 1.50 300 0.140 604.9 5.0°

The magnetic fields used in these simulations is a Kolmogorov turbulent field grid with coherence
length 4. ~ 1.2 Mpc, with maximum scale 5 Mpc and root mean square (RMS) values 1071°G, 10712 G,
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107!* G and 107 '® G. The exact same realization was used for the whole analysis, except for the RMS value
of the field. The EBL model adopted was the one by Finke et al. [50].

The opening angles of the blazar jets (W), assumed to be pointing toward Earth with no misalignment,
were set to W = 5°, which is the minimal possible angle for a jet with bulk Lorentz factor et ~ 10 [16].

The detection method is the one described in chapter 8, previously used in ref. [16]. Particles are
detected when reaching a sphere with a radius equal to the distance to the source. The coordinate system
adopted is conveniently chosen to be such that Earth is located at (0,0,0) and the source at (D,0,0). The
plane of detection is formed by two angles, o and 3, which are respectivelly the angles formed between the
y and z components of the arrival direction and the imaginary line connecting the source and the observer.

9.4 Result of analysis

The simulated halos for 1ES 02294200 for magnetic fields with RMS values 107 G, 1072 G and
1071* G are shown in figure 9.3, for three energy ranges: £ > 10GeV, E > 1TeV and E > 10 TeV. One
clearly notices the existence the formation of a glow around the source which increases with the magnetic
field strength. A significant fraction of the total number of events start to fall outside the area which
correspond to the source extension. For B < 107 G no halos were formed.

Notice that in figure 9.3 the events were injected uniformly within a cone with opening angle W = 5°,
hence explaining the plateau for a < 2.5° and 8 < 2.5°. In a realistic case the point spread function of the
detector would have to be taken into account. In this case the halos shown in the figure would be convoluted
with the point spread function of the detector, which is usually assumed to be a two-dimensional gaussian.
The approximation of a top-hat distribution might not be realistic but is enough for the purposes of this first
analysis. Here the binning chosen was approximately the size of the typical PSF of IACTs (~ 0.1°).

For B =10"19G and E > 300 GeV the halo is not symmetric around the source (figure 9.3, bottom
row, second panel). This might be explained by a conjunction of effects. First, pair production generates
approximately the same number of electrons and positrons, explaining why the excesses are diametrically
opposed. Second, turbulent field modes varying in scales much larger than the Larmor radius of electrons are
responsible for anisotropic diffusion, an effect similar to what has been shown in refs. [504,505] for the case
of cosmic rays. Moreover, the field near the observer may also play an important role. Other magnetic field
configurations may not result in this anisotropic behavior. Systematic analyses spanning a wider parameter
space for the field and detailed studies of the trajectories of particles may provide further insights about the
morphology of the halos.

Similarly, for 1ES 23444514 maps containing the arrival directions in the plane of detection were
obtained and are shown in figure 9.4. The formation of the halo proceeds in a similar fashion to the case of
1ES 02294200, already discussed.

The surface brightness (S(6)) in terms of 8 = /a2 + B2 is shown in figure 9.5, for B = 10712 G
and different energy ranges, for both blazars. One can see that for an observation angle 6 < W the curve
is approximately constant, which reflects the assumption of a jet with initial momenta uniformly distributed
within W = 5°. Furthermore, the high-9 tail of the distributions is heavier for higher energies, as expected

according to the behavior of figures 9.3 and 9.4.

0.5 Discussion

In ref. [16] extended emission from the blazar Mrk 421 was studied. Similar parameters such as the

jet opening angle were used, and the results were similar to the ones here presented. In this reference the
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Figure 9.3: Simulated pair halos for 1ES 02294200 for three magnetic field strengths 107** G (left column),
1072 G (middle column), 107'° G (right column), for the the following energy ranges: E > 10 GeV, E > 300 GeV,
E > 1TeV and E > 10TeV (from top to bottom). The color scale indicates the number of events per bin, where

each bin has a size of approximately 0.1°.

authors devised a method for inferring the strength of the IGMF based on the extension of the halo, which
can be applied in the range 10712 < B[G] < 107°. For B > 1071 G their method does not work. From
figures 9.3 and 9.4 one can see that for this magnetic field strength the morphology of the halo is different,
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Figure 9.4: Simulated pair halos for 1ES 23444514 for three magnetic field strengths: 107** G (top row), 107 G
(middle row), 107'° G (bottom row) and 107 G (bottom right). The color scale indicates the number of events
per bin, where each bin has a size of approximately 0.1°.

implying that the strength of the IGMF would not be trivially obtained simply from the extension of the
source (Oext).

A similar analysis was also performed by the authors of ref. [491]. In this case, however, the authors use

a more realistic magnetic field distribution along the line of sight, obtained from MHD simulations, namely

128



10229200 1 x1072 5.0° 1 2344514 10" 5.0°

LS L P L LA B QS P T VTR L U UL L 2 2 BB
| S — 10e I F it — 10e 3
E T— 100 e 3 F ~~ 100 e ]
F 1e 3 r N - 1e b
C 10 e ] r A — 10 e 7]
= 10k 100 e | = 10'1? \» ---- 100e E
< E = « C N -
= F E = F - 3
<) L ] <) o B
102 = 107 & ~3 ‘:\,\\ iE

10—3 H‘l‘H‘luHlu"luuluuluulu‘\‘:‘L‘T‘l\i“‘ 10—3 o b b b b b b by b 1y
05 10 15 20 25 3.0 35 4.0 4.5 50 05 10 15 20 25 3.0 35 4.0 4.5 50

0 [egree] 0 [egree]

Figure 9.5: Surface brightness of 1ES 02294200 (left) and 1ES 23444514 (right) for different energy ranges as a
function of the the observation angle. This case is for B = 1072 G.

the ones by Dolag et al. [465]. Their conclusion is that pair halos can (optimistically) be detected or excluded
by the current generation of IACT facilities. This is somehow in agreement with results here obtained, which
indicate that in this particular configuration of parameters pair halos for B ~ 1pG, £, ~ 1.2 Mpc could be
detected in the TeV energy range.

For this analysis the EBL model by Finke et al. [50] was used. By using other models the size of the
halos could decrease. For instance, in the lower limit model from ref. [49] the surface brightness (S(0))
would decrease faster with 8 compared to what is shown figure 9.5.

There is a clear relationship between the maximal energy of gamma rays emitted by a source (Enmnax)
and the formation of halos, as can be seen in figures 9.3, 9.4 and 9.5. The radial profile of the surface
brightness is affected by the energy of the gamma rays. This means that the size of the extended regions
(©) is roughly proportional to the inverse of the energy for a given magnetic field and optical depth, as
shown in equation 9.18. As pointed out in ref. [16], halos could be detected by IACTs as an extended energy
dependent glow around the point-like source. As suggested by the results of the simulations here performed,
for primary gamma rays with E = 10 — 100 TeV the extension of the halos is larger than the typical point
spread function of the detectors (© > 6,sr), meaning that the observation of halos would imply a source
spectrum extending up to or above these energies.

In a realistic simulation the intrinsic spectrum of the source is not known a priori, and it can be
obtained by means of fits including magnetic field effects. Furthermore, the point spread function of the
detector has also to be taken into account.

Often TeV blazars have strong time variability. This property cannot be properly studied with pair
halos, since time delays caused by deflections of the charged component of the cascade can be as large as
or even larger than the intrinsic variability time.

Pair halos can also be generated through the interaction of gamma rays emitted by the source with
ambient photons, electrons and hadrons, if the surrounding environment is dense enough. This effect was
neglected here but may play an important role in the formation of halos, hence requiring further studies. If
blazar pair halos are ever detected by gamma ray observatories, before constraining the strength of EGMFs
the impact of “source halos” would have to be carefully assessed, including counterparts in other wavelengths,

and neutrinos.
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Blazar pair halos and EGMFs
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In this work it was explored the connection between cosmic magnetic fields and high energy particles,
particularly ultra-high energy cosmic rays and very-high energy gamma rays.

First, it was obtained an analytical approximation for the magnetic suppression of the cosmic ray flux
from distant sources for energies ~ 10'® eV. This suppression can be understood as a magnetic horizon, which
occurs if the propagation time of cosmic rays is comparable to the age of the universe. Furthermore model
dependent upper limits for the flux suppression due to magnetic horizons were obtained, suggesting that in
the absence of nearby dominant sources the extragalactic component of the UHECR flux can be significantly
suppressed only for E < 10'7 eV, provided that the coherence length of the extragalactic magnetic fields
is smaller than a few Mpc, hence implying an almost inexistent magnetic horizon for UHECRs at EeV
energies. This approximation, however, is volume averaged and does not reflect local effects such as the
nearby distribution of magnetic fields. For instance, if both the source and the observer lie within the same
filament or if the source is in a highly magnetized region this approach may no longer be valid. In this case
full three-dimensional Monte Carlo simulations are needed.

An important phenomenological consequence of the inexistence! of a magnetic horizon effect at
EeV energies is related to combined spectrum-composition fits of experimental data of the Pierre Auger
Observatory. In these fits hard spectral indexes (v ~ 1.0) are found, contradicting the current acceleration
paradigm via diffusive shocks, in which v ~ 2.0 — 2.3. By invoking magnetic horizon effects the fits again
yield the conventional spectral indexes. Nevertheless, as shown in this work, the upper limit on the energy at
which the magnetic horizon effect sets in is £ < 1017 eV implying that magnetic horizon effects at energies
~ 1 EeV should be negligible. As a consequence, if combined fits actually favor hard spectral indexes, this
might be an evidence of acceleration mechanisms other than diffusive shocks, favoring source candidates
such as magnetars or young pulsars.

With the goal of confronting the available experimental data with theoretical models the CRPropa
code has been developed. The newest version, CRPropa 3, is its final stages of development and about to be
released. It allows parallel processing, python steering, and the inclusion of custom modules. The main new
features are cosmological effects in three-dimensional simulations (four-dimensional propagation), galactic
magnetic fields, new extragalactic magnetic field techniques and improved interaction tables, and new CIB
models. The code was used for several studies presented in this thesis.

An analysis using magnetohydrodynamical simulations of structure formation was performed, using
CRPropa. First, it was studied the impact of different power spectra of seed magnetic fields on the tra-
jectories of UHECRs. These seeds have the same total magnetic energy, the only difference being how

this energy is distributed over different scales. It was shown that the heavier the small-k tail of the power

1Strictly speaking, the suppression has an asymptotic behavior for E ~ Z x 108 eV, and for practical purposes it can be
deemed null.
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spectrum of the primordial magnetic field seed, the larger the induced deflections of UHECRs, and the wider
this distribution. Even though this effect was already expected, this conclusion was achieved using high
resolution cosmological simulations, which are supposedly realistic, hence demonstrating the feasibility of

using UHECRSs to constrain the power spectra and strength of |IGMFs.

There are many uncertainties on the strength of cosmic magnetic fields. The impact of these uncer-
tainties on the propagation of UHECRs was studied using the cosmological simulations of the magnetized
cosmic web. A single realization of the large scale structure was used, with different normalizations of the
magnetic field. By doing so the typical range of uncertainties of the strength of IGMFs was encompassed.
The propagation of UHECRs from a single source was studied. It was shown that for IGMFs with strength
~ 1072 — 1078 G there is a strong magnetic horizon effect due to confinement of cosmic rays around the
source. Moreover, it was shown that these uncertainties are a limiting factor for identifying sources of
UHECRSs, due to the fact that high deflections might spoil all prospects for correlating arrival directions of
UHECRs with astrophysical sources. For these particular cosmological simulations the identification of the
single source studied at energies > 10° eV would be possible only if the strength of IGMFs was < 1072 G
and the galactic magnetic field weaker than in the Jansson-Farrar model. This analysis was performed for a
single source located in a specific position. Therefore, effects of the magnetization around the source and
magnetic confinement of UHECRSs can play an important role on the propagation of cosmic rays and explain
the high deflections obtained for this particular case of study. A thorough analysis including several source
candidates using constrained cosmological simulations could verify if the results here obtained are due to
local features of the magnetic field, or if it occurs for other sources as well, which would answer the question
about the feasibility of UHECR astronomy in general.

The sources of UHECRs are unknown and so is the distance they are located. At energies above 10
EeV interaction horizons strongly limit the distance of sources that can be detected. However, for energies
< 1EeV, sources located at cosmological distances can significantly contribute to the observed flux. Usually
when simulating the propagation of UHECRSs sources are assumed to be local and cosmological effects are
neglected. The main difficulty in accounting for cosmological effects in three-dimensional simulations is the
computational time required, for it is impossible to know a priori the redshift of a particle, since it can be
deflected by intervening magnetic fields, changing the effective path length. The solution is to simulate
particles starting off at different redshifts and consider as detected only the ones which reach the observer
within a given time (or conversely redshift) interval. Some methods for accounting for cosmological effects
in three-dimensional simulations of the propagation of UHECRs were investigated.

One computationally efficient method was developed and can be applied to include cosmological effects
in simulations of the propagation of UHE protons. It consists in a lookup table containing the initial and final
energy of the cosmic rays, as well as the propagated distance in 3D and 1D simulations. A correction factor
defined as the ratio between the observed energy in 3D and 1D simulations can be extracted from the table
and applied to three-dimensional simulations, in order to account for cosmological effects. This correction
table is not universal and has to be calculated for different parameters. This method introduces an overall
average bias inferior to 10% in the energy range of 1017 eV and 102 eV. The treatment for heavy nuclei is not
straightforward, since photodisintegration can occur, and the original nuclei are not the same as the observed
ones. In this case, this method cannot be applied and other methods were sought. The “hybrid” approach is
one of them. It consists in the resimulation of an UHECR detected in a three-dimensional simulation in one
dimension using the trajectory lengths and energy from the former as input for the later simulation. This
method works well for protons and in some cases for nuclei, if the magnetic field strengths are relatively low
and if the average separation between sources is much smaller than the typical distances involved, which in

this case is the photodisintegration mean free path. However, as for the correction table, this method is
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still not general. The only general method, although it is not very efficient from the computational point
of view, is the complete four-dimensional propagation including the time dimension, feature which has been
implemented in CRPropa 3.

The second part of the work concerns the propagation of gamma rays in the universe, focusing on
their relation with cosmic magnetic fields. First, a Monte Carlo code for three-dimensional propagation of
gamma rays with energies between 1 GeV and 1 PeV was developed. The GRPropa code includes all relevant
interactions for this energy range, as well as cosmological effects.

Using GRPropa the formation of pair halos around the blazars 1ES 02294200 and 1ES 23444514
was studied. A dependence on the angular size of the halo for higher energies was observed, suggesting
that the size of halos can be used to constrain the maximal acceleration energy attainable by a source.
Furthermore, it was shown that halos tend to be formed if the strength of IGMFs is high enough. In this
work the typical strength that allows the formation of halos was found to be B 2 0.1 pG. Moreover, the
energy dependence of the extension of the halo was verified. It was found that halos are detectable for
B 2 0.1pG for energies = 1 TeV.
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This thesis comes to an end, but that does not mean that the work here started is concluded. As a
matter of fact, it has just started. Now powerful computational tools (CRPropa and GRPropa) are available
and many new studies which were not possible can now be done. The work of this thesis can be further
developed in many directions.

There are still many open issues in the fields of astroparticle physics and cosmology that require
further studies. The reader may ask how did the landscape of these fields, presented in the introductory
chapters, changed in light of the results obtained.

The origin and nature of the UHECRs remain an unsolved problem. There may be a problem with
the description of hadronic interactions, and therefore the composition might not be increasingly heavier,
as predicted by Auger, or purely protonic, as TA's results seem to suggest. How will these results change
with the new LHC data? How will the hadronic interaction models change? Is the muon deficit problem a
consequence of the poor knowledge of hadronic interactions at the highest energies or a hint of new physics?
These questions will hopefully be answered in the near future with the new run of LHC at higher energies,
which will allow the improvement of hadronic interaction models, and the foreseen upgrades for the Pierre
Auger Observatory, which will provide more accurate estimates of the mass composition.

The uncertainties related to hadronic interaction models can have even more profound implications.
Measurements suggest that at the highest energies are mostly heavy nuclei, then the observed flux suppres-
sion around 5x 10 eV is not the Greisen-Zatsepin-Kuz'min cutoff, but possibly a signature of the maximum
acceleration energy of the sources. Therefore at the current stage the existence of a cutoff has been firmly
established but no consensual interpretation has been reached.

Not much progress has been made in what concerns the sources of UHECRs. Today, perhaps the
most important result in this field is the observation of an intermediate scale hotspot by the Telescope Array
Collaboration. The main question is: will this signal perdure or will it fade away as did the AGN correlation
signal observed by Auger a few years ago? Also, what are the sources generating this excess?

A crucial question is related to the possibility of identifying individual sources of UHECRs. This
depends, naturally, on the nature of the highest energy cosmic rays and the strength of cosmic magnetic
fields. The strength of IGMFs may be such that cosmic rays are considerably deflected, hence spoiling all
prospect for UHECR astronomy. Moreover the power spectrum and strength of IGMFs are poorly known
and a huge source of uncertainties. In particular, in this thesis it was shown that the measured spectrum and
composition of UHECRs are significantly affected by different magnetic field configurations. Moreover, in
light of the results here obtained using magnetohydrodynamical simulations of the cosmic web, the prospects
for UHECR astronomy are, in general, not promising. New studies using constrained MHD simulations are
required and are currently underway, and may shed new light on these issues.

Nevertheless one should bear in mind that some UHECR sources may be nearby, as indicated by

results of the Pierre Auger Observatory, which observes a small excess toward the nearest AGN, Centaurus
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A. Even with the next generation of UHECR observatories UHECR astronomy may not be possible for the
whole sky, depending on the strength of IGMFs.

VHEGRs provide an interesting perspective on the strength of these fields, since only the short-living
charged component of the electromagnetic cascade is affected. The current lower limits on IGMFs suggest
that they are larger than 1071® G. Observation of halos around sources of TeV gamma rays may provide
better estimates for the strength of these fields, as discussed in this work, and may be, under certain
conditions, observed with the current generation of IACTs. With the next generation of IACTs it may be
possible to observe extended VHE emissions and exclude or confirm the existence of pair halos.

The non observation of pair halos, if confirmed in the future, may indicate that IGMFs have negligible
strength. Another interesting possibility is that gamma rays can oscillate into axion-like particles (ALPs),
which are dark matter candidates, decreasing the expected size of pair halos. If confirmed, systematic studies
can provide information about magnetogenic mechanisms that took place in the early universe.

This is an exciting moment for the field of astroparticle physics. There is still much to be done
both theoretically and experimentally. By combining information from multiple messengers such as gamma
rays, cosmic rays, neutrinos and gravitational waves, it is possible to study the universe with unprecedented
precision, addressing many open issues such as the origin and nature of UHECRs, existence of IGMFs, nature
of dark matter, baryonic asymmetry, among others. On a more fundamental level, it is possible to probe the
fundamental laws of physics and look for signatures of quantum gravity using complementary information

from multiple messengers.
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appendix

Diffusive cosmic ray spectrum

In an expanding universe

A.1 Diffusion equation in an expanding universe

In this section the diffusion equation in an expanding universe is derived, following Berezinsky and
Gazizov [418]. Throughout the calculations r is used to designate comoving and x(t) = a(t)r physical
coordinates, with scale factor given by a(z) = (1 + z)7L.

Let r be the radius of an expanding sphere at time t. In physical coordinates the diffusive flux through

this sphere is:
J=—D(X, t)V.n(X, t), (A1)

where D(X, t) is the diffusion coefficient at position X and time t, and the subscript x indicates that the
operator V is written in the basis x.
The continuity equation in its integral form is
d . -
s dvVn(X,t)=— ¢ j-dS, (A.2)
V(t) s(t)
where V/(t) is the volume of the sphere at time t and S(t) its surface. At this stage of the calculations it
is assumed that the number of particles is changing only due to diffusion.
Substituting the value of]’ in eq. A.2 by eq. A.1 and applying Gauss's divergence theorem, this

equation reduces to:

% dVn(%,t) = / AV, - [D(X, )¥ (%, )] (A3)
Vv(r) V()

The left-hand side is a time derivative of a volume integral of an expanding sphere. At a time t the volume

is V(t) and at a time t 4 §t the volume is V/(t) + 6V/(t). Let V = a=3(t)V/(t) be the comoving volume.

Calculating the left-hand side of equation A.3 one has

L avn b = / dVn(%, t) + n(%, t) [%(VJMW) _

av
dt

d
V(t) v(t) v(t)
Calculating the second term in the right-hand side of this equation, one obtains:

n(x, t)% (8V) = n(X, t)% (a3(t)6V) = 3n(x, t)H(t)a*(t)6V = 3H(t)n(%, t)sV, (A.5)
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with H(t) designating the time-dependent Hubble constant. The substitution of this equation in eq. A.3
yields:
/ dVn(z, t) + 3H(t)n(X, t)6V = / dVV, - [D(X, t)Vn(%, t)] . (A.6)
v(t) V()

The right-hand side term can be explicitly written, in comoving coordinates, as:

Vi [D(X t)Ven(F, t)] = ViD(X,t) - Vin(X, t) + D(X, t)V2n(X, t) Ao

= a%(t)ﬁ,D(ri t)-V,n(7 t)+ a%(t)D(F, t)V2n(F, t). (A7)

A reasonable assumption is that D(F, t)V2n(F, t) > VD(F,t) - Vn(F,t), i. e., the diffusion coefficient is

position independent. This first approximation can be deemed valid if the convection velocity (VD(X, t))

is much smaller than the speed of light. In other words, D/¢p < c everywhere, where £p is the scale on

which D varies. If the magnetic field is such that cosmic rays are not confined around the source, then the

average source distance will be of the order of a sizable fraction of the Hubble radius (Ry), implying that

convective effects will only be relevant for sources with distances less than D/cfp, which is much smaller
than 1. Furthermore, the contribution of these sources to the total flux is small.

Substituting eq. A.7 in eq. A.6, and writing it in comoving coordinates, one obtains the explicit form

of the (incomplete) diffusion equation

on(r, t)
ot

1
a(t)

+3H(t)n(F, t) = V,D(F,t) - V,n(F, t) + D(F, t)V2n(F, t). (A.8)

The particle density due to the injection of cosmic rays by the source. Hence a source term
(Q(E, t)a3(t)63(F — F,)) has to be added, together with another one that accounts for the energy losses
(6% [n(E, 7, t)b(E, t)]), as shown below:

%”(E’m)—%[H(E,F,t)b(E,t)]+3H(t)n(E,F,t)—ﬁD(E,F,t)
o o DEFD o QED) 5 (A-9)
-Vn(E, T, t)—Tt)V n(E, 7 t)= =00 S(F—17).

Henceforth we will use the subscript ‘g’ to refer to the corresponding quantities at generation time, i. e.,
when the particles were first emitted by the source. In this case the source has comoving coordinates
ry = I — I, where 7 is the position vector with respect to the observer. b(E, t) = —% describes the total
energy losses, both collisional and due to the adiabatic expansion of the universe.

A.2 The diffusive cosmic ray spectrum

The convection-like term from equation A.9 (VD(F, t)-Vn(F, t)) can be taken as zero, for the reasons
previously discussed. This equation will now be solved following again Berezinsky and Gazizov [418].

The diffusion equation can be rewritten in Fourier space by calculating the Fourier transform of each
term individually. Let f(E, t) be the Fourier transform of n(7, t, E). Then

. 1 e R
n(F,E, t) = W/dkf(E, t) exp (/k-(r—rg)) , (A.10)
and the Fourier representation of the Dirac delta function is
S 1 > PR
B (r—r) = W/dkexp </k-(r—rg)) . (A.11)
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In Fourier space the laplacian operator applied on n(F, t, E) will have eigenvalue —k2. The Fourier transform
will have no effect on the time derivatives whatsoever. Therefore, with f = f(E, t) and b = b(E, t) the
diffusion equation reads:

of ob D(E, t) Fo Q(E, t)

of
— — b(E, t)ﬁ + |3H(t) — == + k2

ot E T2 | 1T (A-12)

By definition b(E,t) = —dE/dt is defined as the total energy losses. Because f depends on E and t, its

total derivative can be expressed as

_Of(Et) o OF(ED)

FE
df(E. 1) ot ot

(A.13)
Dividing this equation by dt, the partial differential equation from eq. A.12 can be written as a first order
linear and inhomogeneous differential equation, as follows:

ab D(E, t) Q(E, t)

df 5
9t + {3H(t) 3 + k 200) f= 200 (A.14)
The solution of the homogeneous equation is
t
Ob(E(t'), t) SD(E(t), t)
. _ / / _
f(E(t), t) = exp /dt [3H(t) OE(T) + k 2(t) (A.15)

t

where the notation E(t) is explicitly written to indicate that the cosmic ray generated with energy Eg4 at

time t has energy E(t). Multiplying eq. A.12 by eq. A.15 one can show that

Q(E, t)fy(E, t).

It [f(E, t)fh(E, )] = 200 (A.16)
The general solution of this equation is
f(E, t)= /dt’ [f(E(tg), tg)0(t' — tg) + W]
to (A.17)
exp —/dt” {3H(t") - ab(;ézt,),')t ) + k2 D(;(Et%t )}
The quantity
N(E, 1) E/df//D(ig(EQ;tﬁ) (A.18)

t

is similar to the the solution obtained in ref. [421]. Henceforth this variable will be called Syrovatskii variable!
It is now possible to calculate the integral inside the exponential term, which results in
1+z(t)\?
1+ z(t)

IThe definition used here differs from Syrovatskii's by a square. In its original work [421] Syrovatskii defined the left side of
equation A.18 simply as X. The same was done by Berezinsky and Gazizov [418].

In + K2X2(E(t), t)) — B(t, t), (A.19)
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with a(t) = 1+ z(t) and

B(t, t') = /dt”w. (A.20)

t/

The number density can be obtained from f through a Fourier transform, yielding

¢ / / 3(+
(7 t, E) = (27103 dr/Q(l;((tt,))'t) 23((1;)) exp(B(t, t’))/dk‘exp{//?.(r— %) —k2>\2(E(t’),t’)}

(A.21)
Analyzing the integral in the power of the exponential, one can complete squares to transform it into
a gaussian integral, whose result yields a factor (v/7/X)3 exp{— (7 — 7y)?/4X?}.
Therefore, the solution to the diffusion equation in Fourier space is

n(F.t,E) = ™ [ QUE(t). t') exp(B(t, t')) exp{ (F—15)° } (A.22)

-~ (2m)3 a3(t)  N(E(t). t) CAN(E(t), t)

Rewriting this equation as a function of the redshift using the relation from eq. 1.21 and dEy/dE, as

presented in ref. [420], one has

Zg (F—Fg 2
. B dt| dEg eXp{*M?(E,z)}
n(r, t, E)—/dz’dz ﬁQ(Eg(E'Z)’Z)W' (A.23)

where dEg4/dE is given by [420]

dt’

dz’

o /
aiEgb,m_-(Eg,Z ) ) (A24)

z

dEg ,

E—(l—l—z)exp /dz
0

with b, designating the energy losses due to interactions. Notice that in the limit where there are no
interactions, and the only energy loss process is the adiabatic expansion of the universe, this result reduces
to to the well-known result E = E4/(1 + z).
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appendix

Magnetic suppression: best fit

parameters

In this appendix the tables for the best fit parameters obtained by fitting the suppression factor (eq.
4.14 with the equation 4.15 are shown. For the sake of clarity eq. 4.15 is transcribed below:

G(x) = exp [—%} . (B.1)

Even though the fit parameters are not sensitive to the maximum acceleration energy of the source
(Emax) nor the spectral index (y), they are sensitive to the evolution parameter m. Here the complete tables

for the parameters m =0, m =1 and m = 2 are shown.
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