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Abstract. In this thesis the possibilities to search for axions and
axion-like particles via the Pierre Auger Observatory are evaluated. Ax-
ions are postulated elementary particles which have not been detected
in experiments yet. If they do exist, they might be able to provide so-
lutions to several problems which are left unanswered by the Standard
Model of particle physics. Axions could potentially interact with photons
in external magnetic fields which leads to the assumption that they could
possibly be produced in stars, supernovae, binary neutron star mergers
and other events. The goal is to answer the question if there are sources
from which axions could possibly be detected and to give a guideline on
which sources to investigate in detail in future searches. An optimistic
guideline is provided for future axion searches via the Pierre Auger Ob-
servatory predicting that it is worthwhile to analyse signals from sources
similar to GW170817 up to luminosity distances at the gigaparsec scale
with the current setup of the Observatory.
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1 Introduction

1.1 The beginning of astrophysics

For thousands of years we as humans have been looking up into the sky with fasci-
nation. Ancient cultures have legends and myths about the creation of the universe
and the movement of stars and planets visible to us. The Milky Way has been seen
as a river by ancient Egyptians who believed the sun-god Ra sailed across every day
[1]. Some of the aboriginal peoples of Australia saw a river in the sky as well with
nebulae representing campfires, lit by their ancestors, or light from the spirits of the
dead [2]. Besides the Milky Way and shining stars the planets of our solar system
were noticed by ancient civilisations as well [2], [I]. It took centuries of studying
these planets to understand the movements visible on the night sky. One of the
most famous early systems of describing the dynamics of planets in the solar system
was proposed by Pythagoras around 500 BC. It described the earth and other celes-
tial bodies as spherical objects moving on circular paths around a central fire. This
model included the earth, moon and sun as well as the five planets visible by the
bare eye. The whole system was surrounded by a sphere of fire called Olympus. The
sun was assumed to made of a glass-like substance reflecting the light from Olympus
or the central fire. This model also included a counterearth, never directly visible
but a possible explanation for eclipses of the moon. Another model was proposed by
Anaxagoras. He proposed that the sun was a ’red hot mas’ illuminating the moon
which he assumed to be earth-like and not shining by its own light. But even though
parts of these models were correct and by coincidence provided an explanation for
eclipses, they still assumed the earth to be flat, supported by air in the center of the
universe. The heliocentric view was proposed at around 310-250 BC by Aristarchus
of Samos. He assumed that the earth moved around on a perfect circle around the
sun. This theory and similar approaches were rejected and the view of the geocentric
view persisted. In the 16th century the heliocentric view was proposed again by
Copernicus. At the end of the 16th century and the beginning of the 17th century
progress was made by Tycho Brahe and Galileo Galilei in the field of astronomy by
adding to the plausibility of the heliocentric model by observations of the phases of
Venus and the satellites of Jupiter through a refracting telescope. But even though
the heliocentric model provided a much better explanations for the observations of
orbital movements, it was not generally accepted. The observations of Brahe were
put to use again by Kepler. Instead of spherical movements of planets, he proposed
elliptical orbits. He also established the Kepler’s laws of planetary motion we know
today. This model gained acceptance during the 17th century and when Newtons
theory of gravitation and his three laws of motion offered an explanation for the
elliptical movement of planets the geocentric model became obsolete. These laws
still form the basis of Newtonian mechanics today. With the refracting telescopes
and later the reflecting telescope constructed by Newton, observations of many more
distant stars became possible. However, until the late 19th century it was believed
that astronomy only existed to explain the motion of stars. In the 19th century the
methods of ‘spectroscopy, photometry and photography’ were discovered and offered
new possibilities [I]. Theoretical physics also made advances during this time and
the idea of the sun being a gaseous body instead of a liquid or even solid one be-
came widely accepted. The new founded branch of astrophysics gained popularity
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fast. With that, large refracting telescopes were constructed especially in America
surpassing one another in size. The cataloguing of star spectra led to a major step
in the comprehension of stellar evolution [I]. Einsteins special and general theory
of relativity contributed to astrophysical research as well. In the early 20th century
cosmic radiation was discovered and extensive air showers produced by cosmic rays
interacting with earth's atmosphere where measured for the first time [3]. Pierre
Auger was one of the first physicists researching in this field. He can be considered
the ‘discoverer of giant airshowers’ which are generated by the interaction of cosmic
rays with particles in the earth's atmosphere [4].

1.2 Particle physics and the Standard Model

To understand the phenomenon of air showers we need to understand the basis of
particle physics first. The Standard Model of Elementary Particles (SM) offers an
explanation for a lot of phenomena observable in the realm of particle physics. It
contains twelve elementary particles as well as their interactions via the fundamental
forces. The particles of the SM are called fermions, they have a half-integer spin
and are grouped into quarks and leptons. The six leptons are split up into particles
where 3 of them are charged with an electric charge and three of them being neutral
particles. The charged particles are the widely known electron as well as the muon and
tauon which can be differentiated by their mass. For each of these charged particles
there is a corresponding neutrino which are neutral and are considered massless in
the SM. The 6 different types of leptons are also referred to as flavours. There are 6
quarks as well which are divided into 3 up-type- and 3 down-type-quarks called up,
charm and top and down, strange and bottom, respectively. These types are known
as quark-flavours. Up-type-quarks have an electrical charge of 2/3 while down-type
quarks have one of —1/3. Quarks also have an additional colour charge, which can
either be red, green or blue. Quarks are differentiated by their masses as well with
the up-quark being the lightest and the top-quark being the heaviest.

Additionally to these particles, the SM allows for anti-particles as well. Anti-
particles have the same mass as their corresponding particle but the electric charge
and colour charge are reversed.

The SM does not only describe the existence of particles and anti-particles but
also interactions between them. These fundamental interactions are called electro-
magnetic, strong, weak and gravitational. The SM only covers the first three of
these which seems counterintuitive as the gravitational force is the one most notice-
able in our everyday life but on a atomic scale the other forces are much stronger
than the gravitational force. The three interactions present in the SM are associ-
ated by the force carriers, also called gauge bosons. The electromagnetic and strong
interaction described by so called quantum-electrodynamics (QED) and quantum-
chromodynamics (QCD), respectively. They are mediated by the photon and gluon,
respectively, which are both massless and have no electrical charge. Photon has also
no colour-charge while gluons have a combination of two colour-charges. Particles
with an electric charge interact via the electromagnetic force and particles with colour
charge interact via the strong interaction. Gluons bind quarks together to compos-
ite particles forming a colour singlet where for each colour there is a corresponding
anticolour or where all colours are present in the same quantity resulting in a colour-
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singlet. The weak force has more than one mediator, the W*- and Z-boson where
the W-bosons have an electric charge of +1 while the Z-boson is electrically neutral.
They also do not have a colour charge but in contrast to the other gauge bosons they
are massive. All fermions can interact via the weak interaction. The weak and elec-
tromagnetic interaction are also referred to as the combined electroweak interactions
which are described by quantum-flavour dynamics (QFD). There is the additional
Higgs-boson in the SM, it is not a gauge boson and therefore not a force-carrier but
it is necessary for the breaking of the electroweak symmetry which then results in
the W- and Z-bosons being massive. An overview of the SM particles as well as the
interactions can be seen in Fig. [I]

Standard Model of Elementary Particles
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Figure 1: Standard Model of Particle Physics [5].

It is important to notice that the weak interaction is the only interaction that
allows for flavour changing interactions and it is the only interaction allowing the
breaking of the parity symmetry (P-symmetry) and the charge parity symmetry
(CP-symmetry). The conservation of P-symmetry in electromagnetic and strong
interactions means that interactions proceed in the same way even if the sign of one or
all spacial coordinates are flipped. Similarly if an interaction cannot be distinguished
from another interaction with a sign-change in one or all spacial coordinates and an
exchange from particles to anti-particles or vice versa, the CP-symmetry is conserved.

Besides mass and electric charge, particles can also be classified by their spin
which can be described as an intrinsic angular momentum. Bosons have an integer
spin while fermions have a half-integer spin.

From the elementary particles described above, composite particles called hadrons
can be formed by the strong interaction. Hadrons consisting of 2 quarks are called
mesons, they have an integer spin and are therefore classified as bosons. Composite
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particles containing 3 quarks are called baryons, they have a half-integer spin and
are therefore considered fermions.

Mathematically the SM can be described as a quantum field theory where particles
as well as force carriers are classified as quantum fields. All of the interactions
between such fields but also the motion of particles themselves can be expressed by
a Lagrangian density often called Lagrangian for short.

Theoretically the SM can also be viewed as a combination of symmetries. The
three forces described by the SM each contribute a local symmetry. There is the
SU(2) x U(1) electroweak symmetry and the SU(3) colour-symmetry associated with
the strong interaction. The combined SU(3) x SU(2) x U(1) symmetry is the the-
oretical foundation of the SM [6]. Besides these local symmetries there are several
global symmetries such as the conservation of the total number of baryons and the
conservation of energy and momentum.

The SM provides explanations for interactions between particles and particle decays
and makes accurate predictions in elementary particle physics below the energy of
the Fermi scale of weak interaction also referred to as electroweak scale which lies at
about 246 GeV [7]. But even though the SM describes fundamental particles and their
interactions, it can not be considered a full theory. As mentioned above, gravitational
forces are not acknowledged at all and there are other phenomena that cannot be
explained by only the SM. There is no candidate for the dark matter in our universe,
no explanation for dark energy and none of the SM particles are able to solve the
strong CP-problem. Theories beyond the SM are necessary to fully understand and
explain our universe. But before some of these problems are discussed in more detail,
we will move back to cosmic radiation.

1.3 Cosmic radiation and air showers

First direct evidence for cosmic radiation was discovered in the early 20th century by
Victor Hess who made measurements on the radiation in the atmosphere. Ionizing
radiation had been measured in the atmosphere and Hess was searching for a source
by taking an electroscope on a balloon and taking measurements over 5000 meters
above sea level. He found that the rate of ionisation was three times as high up in the
atmosphere which led to the conclusion that the radiation must be coming from above
and not from the rocks of the earth as it was assumed until then [§]. Pierre Auger
did research in the same field and concluded that the measurable electromagnetic
radiation resulted from exotic particles colliding with atmospheric nuclei. This results
in cascades of secondary particles containing electromagnetic radiation which are
referred to as air showers [9].

In air shower experiments several new particles, amongst them muons, pions and
kaons, were first discovered. The first antiparticle, the positron, was first seen in
air showers as well. The energies of the incoming particles span over a range of
11 magnitudes, from 1 GeV up to 10® TeV and in the beginning of the 20th century
cosmic rays were the only possible method to study particles of such high energies and
even today the energies of air shower still exceed the ones achievable in accelerator
experiments [9]. The number of cosmic rays detected at different energies, which
is referred to as flux, spans over 30 orders of magnitude while roughly following
d®/dE < E* where d®/dFE describes the flux per energy, E refers to the energy and
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a ~ —3 is referred to as the spectral index. The energy spectrum of cosmic rays can
be seen in Fig.
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Figure 2: The Cosmic Ray energy spectrum|[10].

The flux reaches from several thousand particles per square meter and second to less
than one particle per square kilometer and year. Due to this decrease of flux, direct
measurements of primary particles via satellites and balloons become more compli-
cated and expensive for high energy particles. Therefore not much data is available
from direct measurements above energies in the PeV-range. But with ground-based
detectors, searching for the secondary particles of air showers, measurements are pos-
sible even at high energies. With increasing energies, less and less particles reach the
earth and large detectors are needed. There are several experiments and observato-
ries utilizing direct and indirect methods to search for cosmic rays and air showers
but the focus here will be on the Pierre Auger Observatory which is currently the
largest cosmic ray observatory. It was named after Pierre Auger who was one of the
first researchers in the field of cosmic radiation.

1.4 The Pierre Auger Observatory

The Pierre Auger Observatory is located in Argentina near the city of Malargiie
and makes ground-based measurements of extensive air showers. It covers an area
of 3000 km? and is currently the largest and most precise detector for ultra-high-
energy air showers [11],[12]. It is based on two different methods of detection. The
first measurement technique is a surface detector consisting of 1660 water Cherenkov
detectors. The particle detection is based on Cherenkov radiation that occurs when
particles travel through water faster than the velocity of light in the water. This
Cherenkov light can be detected by photomultiplier tubes. One cosmic ray event can
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produce Cherenkov light in several tanks due to the width of an air shower and due
to minimal differences in detection time the trajectory of the initial particle can be
reconstructed [13].

The second element of the Pierre Auger Observatory are 27 Fluorescence detectors
at four different locations. Charged particles in an air shower interact with nitrogen
in the earth's atmosphere which results in ultraviolet fluorescence light. With this
part of the detector the development of an air shower can be tracked and if it occurs
in an area where it is visible from two or more of the locations, the trajectory can be
measured very precisely [13].

With measurements from both detection methods a lot of information about the
cosmic ray event can be extracted such as the shower depth and the total energy of
the shower and therefore of the primary particle as well as the particles trajectory.

1.4.1 Neutral particles in cosmic rays

Neutral particles like photons play an especially important role for researchers. Charged
particles propagating through galactic and intergalactic medium towards earth from
distant sources are deflected by magnetic fields of different strengths which are present
everywhere. For neutral particles this is not the case, they propagate in a straight line
directly from their origin. Reconstructing their trajectory can provide information
on the source of those particles. Therefore a differentiation between showers induced
by different kinds of particles is necessary. Such a distinction can be provided by
the Pierre Auger Observatory as showers induced by different particles have distinct
particle content and develop differently in the atmosphere [12].

Both neutral particles and charged particles contribute greatly to multimessenger
astronomy as they are created by different processes and propagate in different ways
and therefore contribute information about the universe, its content and its evolution.
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2 Axions and axion-like particles

As mentioned in chapter there are several phenomena observed in nature that
cannot be explained with our current theory, the SM. New theories and physics
beyond the SM are necessary to understand and explain the universe around us. Some
of these phenomena can be explained by assuming the existence of new particles.

2.1 The strong CP-problem

The first problem that will be discussed here is the strong CP-problem. Above it was
stated that the only interaction allowing for the breaking of the CP-symmetry is the
weak interaction, in strong- and electromagnetic interaction this symmetry appears
to be conserved. The first CP-violating interactions was observed in the 1960s which
led to the inclusion of this phenomenon in the theory. Different interactions conserve
different symmetries and on first glance it is reasonable to assume that there is a CP-
symmetry present in the strong but not in the weak interaction. But by including
a CP-breaking term in the Lagrangian of the weak sector of the SM, a CP-breaking
term occurs in the QCD sector as well [I4]. To illustrate the CP problem we will
focus on a simplified QCD model with only one quark [I5]. The Lagrangian can be
written as

1 Oos .~ - (- »
L=—1GuG" - 867: GG + 9 (iD= me? %) ¢ (1)

with the first and third term being the kinetic terms of the quark field and gauge field
which contain the gluon field strength tensor G, = 0, A, — 0, A, £ iAo A, Al
of the gluon field A, and its dual G, = € Gpx [16],[15]. These terms conserve
the CP-symmetry. The terms relevant for the problem at hand are the second and
fourth term containing the f-parameter and the chiral phase 6’ of the fermion mass
respectively. If 6 and 6’ are non-zero, the CP-symmetry is broken. By redefining
the quark fields ¢ = €'%5/2¢) and ¢ = e "%5/2 both the f-term and the chiral
phase are shifted to § — 6 + a and ¢’ — ¢ — « [I5]. By choosing o = €', the
chiral phase is eliminated and the problem only remains in the #-term where 6 is
replaced by § = 6 + #'. Tt is possible that 6 is extremely small making CP-violating
highly unlikely which could possibly explain why no CP-violating strong interaction
has been observed yet. This, however, leads to a fine-tuning problem as there is no
physical reason for a symmetry to be almost conserved [I4]. Another solution to
the problem is the introduction of an additional global U (1) symmetry known as the
Peccei-Quinn symmetry. The symmetry is chosen in such a way that it adds the term

& @
87 fa

to the Lagrangian where a refers to the axion field, f, to the symmetries energy

scale and ay to the strong coupling constant [I7]. Here the fraction % is chosen to

EPQ - G,u,uéw/ (2)

equal 0 resulting in Oefrective = 0 and therefore canceling the problematic second term
in equation [18]. As the strong theory itself, the Peccei-Quinn symmetry is not
exact but a pseudo symmetry which can be spontaneously broken at the scale f,
mentioned above. The spontaneous breaking of a symmetry generates an additional
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particle, a Goldstone boson which in this case is called the Peccei-Quinn axion, QCD
axion or simply axion [I4]. As all Goldstone bosons the Peccei-Quinn axions are
spinless and have an electric charge of zero. The term in equation added to the
Lagrangian allows for the interaction of axions with gluons as well as mesons, such
as neutral pions, and through these interactions the axion acquires a mass which is
related to the symmetry breaking scale via m, =~ mafr where m, and fr refer to the
mass and decay constant of the neutral pion respectaively [19]. Additionally to these
interactions there are more interaction terms that need to be added to the Lagrangian.
This research is focused on the interaction between axions and photons and therefore
other interactions will not be discussed in more detail. The axion-photon interaction
term is given by

Loy = T2 B, P (3)
where F),, = 0,A, — 0, A, denotes the field strength tensor of the magnetic field A,
and FW = %eu,,pAFpA refers to its dual [I7]. As well as the axion mass the coupling
strength g,,, sometimes also referred to as gqy,, is related to the energy scale via
Ja, = ﬁ [19]. Therefore the axion mass and coupling strength of the Peccei-Quinn
axion are related to each other. The given Lagrangian allows for the axion to decay
into two photons. For allowed values for the energy scale and therefore the coupling
strength, the lifetime of the Peccei-Quin axion is larger than the age of the universe,
therefore it can be considered stable for all practical purposes [17]. Another possible
axion-photon interaction is the conversion from axions into photons or vice versa in
the presence of an external magnetic field with a field component transversal to the
direction of propagation of the converting particle [I7], [7]. A Feynman diagram of
the Primakoff conversion from an axion into a photon is shown in Fig. [3] but both

a--»-

Bo

Figure 3: Feynman diagram of the Primakoff conversion of an axion into a photon
within an external magnetic field [21].

the conversion from axions to photons and from photons to axions are referred to as
Primakoff conversion. These interactions are only possible in an external magnetic
field due to the fact that axions are spinless while photons have a spin one. It is
worth noting that the oscillation of photons into axions leads to a change in the
polarisation state of a photon beam as only photons with a polarisation parallel to
the magnetic field convert into axions depleting this polarisation component [7].
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2.1.1 Axion-like particles

When discussing the interactions of axions and photons it is important to mention
axion-like particles (ALPs). As the initially introduced QCD axion, ALPs are Gold-
stone bosons resulting from the spontaneous breaking of symmetries similar to the
Peccei-Quinn symmetry at a high energy scale [I7]. They are predicted by different
theories such as supersymmetric models, string theories and Kaluza-Klein theories.
Peccei-Quinn axions and ALPs have a similar Lagrangian structure, they are both
spinless and have an electric charge of zero. While the mass and the coupling strength
to photons are related for the Peccei-Quinn axion, there is no such relation for ALPs,
their mass and coupling strength are independent parameters [7].

The focus in the following research will be mostly on ALPs due to the larger axion
mass-coupling strength parameter space but most of the discussion does not exclude
Peccei-Quinn axions. To avoid confusion, both ALPs as well as Peccei-Quinn axions
will be referred to as axions from now on. If one or the other is meant specifically
they will be referred to as Peccei-Quinn axions or ALPs, respectively.

2.1.2 Production of axions

As axions interact with several different particles of the SM there are different pro-
duction mechanisms but as mentioned above, the focus will be on the production
via the Primakoff conversion. This process can happen when photons are present
in an external magnetic field such as in the interior of stars, where there is a large
quantity of thermal photons and electrostatic fields of electrons or nuclei [I7]. The
number of photons is correlated to the temperature and therefore the production rate
is increased in hotter stars. In contrast the production rate decreases with increasing
density in the stellar interior due to high plasma frequencies resulting in non-zero
effective photon masses [22] which decrease the probability of photons converting
into axions. Therefore the axion production is most prominent in stars with a high
temperature and low density, which is the case for Helium burning stars, but axions
may be produced in other stars as well. Hydrogen and helium burning stars such as
our sun can be found on the main sequence and on the horizontal branch (HB) of the
Hertzsprung-Russell diagram respectively. The Hertzsprung-Russel diagram shows
the relation between the luminosity of a star and its effective temperature providing
a guideline for the classification of evolutionary stages of stars which can be seen in
Fig. [

Stars in the horizontal branch are on a stellar evolution stage right after the Red
Giant Branch (RGB) containing stars of low to intermediate mass with a helium core.
If the Primakoff effect takes place in HB stars, their evolution is speed up compared
to the ones in the RGB which is a possible explanation for the observed reduction
of the ratio R of the number of stars in the HB to the number of stars in the RGB.
The measurement of R or also called the R-factor leads to the strongest bound on
the axion-photon coupling strength [17].

A conversion process of thermal photons into axion can not only occur in helium-
and hydrogen burning stars but in events like supernovae, active galactic nuclei or
neutron star mergers as well as in other high energetic events where photons and
strong magnetic fields are present. Axions emitted from such high energetic events
may have been converted from high energetic photons and therefore have high ener-
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Figure 4: Hertzsprung-Russel diagram [23].

gies themselves making them relativistic. Such axions could possibly contribute to
hot dark matter.

There are two additional production mechanisms of axions which could have oc-
curred in the early stages of universe. Due to a population of thermal photons in
the early universe and magnetic fields, thermal axions could have been produced at
this time. Due to the high energy density of the universe at that point, these axions
would be relativistic as well. And as they do have a low coupling strength, they would
barely loose energy over time and they would still be relativistic today. Therefore
they could contribute to a hot dark matter population as well [I7].

Additionally to the production via Primakoff conversion there is another axion
production mechanism worth mentioning here. This mechanism is provided by the
initial theory itself and has the potential to provide a solution to one of the biggest
questions left open by current theories. In the early universe temperatures were
extremely high, they exceeded the breaking scale of the PQ-symmetry or similar
symmetries responsible for ALPs. During the expansion and therefore cooling of the
universe at one point the temperature crossed the breaking scale of the symmetry
leading to a spontaneous symmetry breaking. To understand how this process works,
we have to take a look at the Higgs-field ¢ and its potential and differentiate between
scenarios where the spontaneous symmetry breaking occurred before and after the
inflation period of the universe. In both scenarios the phase of the Higgs fields can
be interpreted as the axion. Its potential has a single minimum at zero. In the pre-
inflation scenario this potential transformed into one with a mexican-hat shape when
the temperature of the universe decreased below the CP-symmetry breaking scale.
The Higgs-field acquired a vacuum expectation value as the minimum of its potential
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now had non-zero values and its phase took a random value in the valley of the
potential. Therefore the PQ-symmetry, which can be seen as the rotational symmetry,
was spontaneously broken. As the temperature decreased further beyond the QCD
scale, QCD effects 'turned on’ and provided the axion with its mass. The QCD-
effects becoming relevant can be described as a tilting of the Higgs-field potential
which caused the potential to have a definite minimum. The axion ’rolled’” down
towards the minimum of the potential and oscillated around it which corresponds to
a coherent, non-relativistic axion population behaving like cold dark matter. Due
to the misalignment between the random initial phase and the phase at the new
minimum, this mechanism is known as vacuum realignment mechanism or axion
misalignment mechanism [17].

The post-inflation scenario is slightly different. After the exponential expansion
the universe became separated into several causally-disconnected areas or domains.
In each of those domains the phase acquired a different random initial value. The
axion still 'rolled” down towards the minimum of the potential after the temperature
decreased below the QCD scale which led to patches of different axion densities in
the universe that remain until today [I7]. However, the average dark matter density
can be calculated as the statistical average making this scenario highly predictable
[24]. Unfortunately, another effect contributes to the cold dark matter population
in the post-inflation scenario, it is referred to as the decay of topological effects.
Topological effects may have occurred during the time in which the temperature
fell below the PQ-symmetry breaking scale. The different areas or domains of the
universe, which were causally disconnected, were separated by so called domain walls
which topological cut off fields from the potential minimum. These domain walls
stopped the axion from ’rolling’ towards the global minimum which required a great
amount of energy. As these domain walls were not stable, they shrunk and decayed
later releasing the stored energy in the form of non-relativistic axions contributing to
the cold dark matter density. The resulting axion density is much less predictable.
Additionally the post-inflation scenario results in an axion population with a higher
velocity dispersion compared to the axions produced in the pre-inflation scenario
[I7]. But as stated before, both scenarios produce non-relativistic axions possibly
contributing to cold dark matter and therefore contributing to the solution of one of
the open questions of the universe, the nature of the large amounts of dark matter
that contribute to the overall energy-density of the universe.

2.2 The dark matter problem

Even though dark matter contributes the majority of the matter in our universe its
nature is still unknown and as it is ‘invisible’ its existence was unknown for a long
time as well.

The earliest evidence for dark matter came from the measurement of the rotational
curves of galaxies. The planets in our solar system are stable on their orbits because
of the balance of centrifugal and gravitational forces which results in an orbital speed
v o< r~1/2 where r is the distance to the center of rotation. These calculations were
made by Johannes Kepler based on the observations made by Tycho Brahe in the
16th century. Assuming that similarly to our solar system, the majority of a galaxy’s
mass was located in its center, as expected from the mass luminosity-relation, one
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would expect a similar relation. However, the rotational speed of stars in the galaxies
is almost constant even at great distances from the center [3]. The mass distribution
in galaxies has to be significantly different to explain this observation, there needs to
exist another mass component which does not emit light and is distributed over the
galactic plane. The difference in expected and measured rotational curves was first
observed by Fritz Zwicky in the 1930s who referred to this yet undetected matter as
dark matter distributed in a so called dark matter halo around a galaxy [25]. This
dark mass has still not been observed or visually detected in any direct way.

There is not only evidence for dark matter within the galaxies but in galaxy clusters
as well. The mass of galaxy clusters can be estimated similarly to the mass of galaxies
with a mass-luminosity relation but as with galaxies, an additional mass component is
required to explain other observations. The velocity of galaxies within the cluster can
be measured and it was discovered that these velocities exceed escape velocities which
were calculated based on the visible mass of a cluster. Galaxy clusters would not hold
together by gravitational force but gradually drift apart [25]. Dark matter existing
in intergalactic space in galaxy clusters adds to the mass of the cluster, increases
the gravitational force holding the cluster together and therefore potentially explains
why galaxy clusters do not drift apart.

As mentioned above, dark matter is classified into hot dark matter and cold
dark matter, referring to relativistic and non-relativistic particles. But only non-
relativistic particles can solve the dark matter problem mentioned above as the par-
ticles required for the solutions of these problems need to be gravitationally bound
to galaxies and clusters. Relativistic particles on the other hand have velocities ex-
ceeding the escape velocities and are therefore not gravitationally bound [3].

2.3 Dimming supernovae

Axions produced in supernovae might provide a solution to a different problem as well,
the dimming of supernovae. The universe is usually assumed to be accelerating to
explain why supernovae with a redshift of 0.3 < z < 1.7 have a lower luminosity than
expected [26]. From observations it is known that the universe is flat and only about
30% of the energy density in the universe is contributed by matter density, which
itself is dominated by dark matter [26]. The remaining 70% of the energy density is
compromised by a peculiar dark energy component. In current models describing an
accelerating universe this dark energy component has a ratio of pressure over density
or equation of state of 2 < —% which is responsible for the accelerated expansion[26].
Possible options for this dark energy component are a small cosmological constant or
a time-dependent quintessence energy but unfortunately, both of these options lead
to a fine-tuning problem where extremely small parameters are required to fit the
data [26]. There is, however, a different solution to the problem. For this model the
universe is still assumed to be flat with a matter density of 30% [26]. Furthermore, it
still contains a dark energy component contributing 70% to the energy density but the
equation of state is changed to % = —%, meaning the expansion of the universe is not
accelerated [26]. Additionally axions are introduced to the system. Photons emitted
by supernovae propagate through intergalactic medium as well as galactic medium
where magnetic fields of different strength and orientation are present causing the
photons to convert into axions via Primakoff conversion during their propagation.
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Similar to photons, axions are not deflected by magnetic fields and propagate mostly
unhindered due to their low coupling strength but for the same reason they are not
detected at earth [26]. This leads to a reduction in the detectable photon flux and
therefore those distant supernovae appear to be fainter than they actually are. Hence,
with axions the topic of cosmic acceleration may require some reconsideration.

2.4 Axions and cosmic rays

The last phenomenon that will be discussed here are cosmic rays, especially y-rays,
and their origin. Cosmic rays originate from a number of different sources, ranging
from sources close by like our sun, over sources outside of our solar system to dis-
tant sources beyond the Milky Way such as active galactic nuclei. Such sources emit
cosmic rays consisting of protons and atomic nuclei as well as photons with energies
distributed over a wide spectrum. While electrically charged particles are deflected
by magnetic fields during their propagation, photons propagate in a straight line
from their origin towards earth. Traversing high-energy photons interact with the
extragalactic background light (EBL) and cosmic microwave background (CMB) con-
sisting of lower energy photons, producing electron-positron pairs (y+7v — et +¢e7).
This reduces the photon flux.Therefore the cosmic microwave background (CMB) is
opaque for ultra-high energy and high energy photons. There is, however, a tension
between theory and experiment, as current EBL models predict a higher loss of pho-
tons than we detect with experiments measuring the spectra of active galactic nuclei
(AGN). This over-prediction is noticeable as a hardening in the AGN spectra [17].
A lower EBL density or anomalously hard spectra are possible but unlikely solutions
to the problem [24]. Axions are another possible explanation for these observations.
Due to high magnetic fields at the source, emitted photons may be converted into
axions via Primakoff-conversion, these axions then propagate mostly unhindered as
their coupling strength is extremely low. The flux of axions is therefore not reduced.
Axions are also not deflected by electromagnetic fields and propagate in a straight line
just like photons. During their propagation they traverse magnetic fields in the in-
tergalactic medium or galactic magnetic fields where they convert back into photons
via Primakoff-conversion resulting in axion-photon oscillations similar to neutrino
oscillations [I7]. The existence of axions would not only provide an explanation for
the tension between experiment and theory but would lead to and increase in the
optical depth of the universe compared to calculations based on classical physics [17].
Axions are neutral messenger particles for which the CMB is transparent, they could
therefore contribute greatly to multimessenger astronomy.
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3 Searching for axions

There are several different methods to search for axions. They can be classified into
direct and indirect searches. The indirect searches focus on effects and signatures that
could possibly be caused by axions, the direct searches focus on the direct detection of
axions in laboratories [I7]. A few detection methods will be introduced here focusing
on the ones based on interactions between axions and photons. This will be by no
means a complete list of experiments searching for the existence of axions but rather
a brief introduction to experimental searches.

3.1 Direct search for axions

Some of the different experimental methods aiming for the direct detection of axions
via the axion-photon Primakoff conversion will be introduced here. Such experiments
can provide bounds on the axion-photon coupling strength as well as the axion mass.
It can be further distinguished between two methods, purely laboratory experiments
producing and detecting axions and experiments aiming for the detection of naturally
present axions.

3.1.1 Axion production in laboratories

Experiments purely based on axions produced in laboratories have the advantage
of working without making assumptions about astrophysical processes. But they
therefore cannot benefit from the predicted enormous flux of solar or dark matter
axions. The ‘light shining through wall’ (LSW) experiments rely on bright sources of
photons, e.g. lasers which send photons through a strong magnetic field perpendicular
to the direction of propagation where Primakoff conversion is possible. The path is
then blocked by an optical barrier stopping photons but not axions. After passing
through the barrier the axions propagate through another magnetic field where a
reconversion into photons is possible. Those photons can be detected. Two notable
LSW experiments are the ALPs experiments at DESY and the OSQAR experiment
at CERN [17].

With a similar setup polarisation experiments can be performed as well. The
polarization component of the laser that is parallel to the magnetic field is affected
by the photon-axion oscillation leading to a depletion, due to photons converting into
axions, and a phase-delay, due to conversion from those axions back to photons [24].
The component perpendicular to the magnetic field is not altered. The strongest
constraints in this field have been provided by the PVLAS experiment in Ferrara
[17].

3.1.2 Search for solar axions

Axions could potentially be produced in the interior of the sun via the Primakoff
process from photons in the presence of magnetic fields of electrons, protons or other
ionised or partially ionised particles located in the plasma [24]. The axions produced
this way would inherit energies of ~ 3 keV from the photons and would therefore be
relativistic. These axions could escape the gravitational potential well of the sun and
would propagate unhindered through space. The axion flux could be rather large
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which makes this detection method more sensitive than the laboratory-only method
[17]. Axion Helioscopes which aim to detect solar axions work similarly to the LSW
experiments. They are based on a vacuum filled telescope pointed towards the sun
with a strong magnetic field of B = 9.0 T in the case of the CAST experiment at
CERN which is transverse to the direction of propagation through the telescope.
Axions that propagate through this magnetic field may convert into photons which
have the same energy as the incoming axions making them X-ray photons which can
be focused and detected [28)].

Helioscopes are sensitive to a specific coupling strength but a wide range of ax-
ion masses [I7]. At axion masses above ~ 1072 ¢V the coherence is lost and the
experiment looses sensitivity. By filling the telescope with a buffer gas, the photon
obtains an effective mass and if the axion mass matches the photon mass, coherence
is restored. By increasing the gas pressure, the effective photon mass is increased
which leads to an increase in sensitivity for higher axion masses [24]. Many groups
working on helioscope experiments have joined into one single community called the
TAXO collaboration which is working on a large scale helioscope as the successor of
the CAST experiment at CERN [17].

Another method to detect solar axions is a time projection chamber. It consists of
a large volume of magnetized gas with high photoabsorption [I7]. Additionally to the
magnetic field, an electric field is present. Axions are converted into photons due to
the magnetic field and these photons interact with the gas producing free electrons.
With the magnetic field, these are transported to one end of the detector where they
produce a measurable signal. For this kind of detector the direction from which an
axion is arriving is not important. Therefore the detection chamber does not need
to be moved in order to point it at the sun which is advantageous in comparison to
axion helioscopes [24]. For a conversion to happen there still needs to be a magnetic
field component perpendicular to the direction of propagation, due to the rotation of
the earth this perpendicular component varies leading to a daily modulation of the
signal reaching us from the sun. This kind of experiment is sensitive to higher axion
masses where measurements with the previously mentioned helioscopes starts to get
more and more difficult.

3.1.3 Search for axions in the dark matter halo

Like solar axions, dark matter axions could be abundant around us assuming that
dark matter is purely composed of axions. The velocity would stem from falling into
the gravitational potential well of the galaxy which would result in non-relativistic
axions [I7]. Most of the experiments searching for axions in the dark matter halo
are based on the Standard Halo Model, which is an idealised model where the halo is
assumed to be self-gravitating with a Gaussian velocity distribution [29]. Therefore
the axions are assumed to have a comparably low spread in velocity making them al-
most monochromatic [24]. Axion haloscopes aim to detect those axions via Primakoff
conversion inside a microwave cavity located in a magnetic field. If an axion would
convert into a photon in such a cavity and if the frequency of said photon matches
the resonant frequency of the cavity a measurable signal would be produced. As the
photons energy matches the one of the axion, the frequency of the converted photon
would be highly dependent on the mass of the axion. In order to probe a large range
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of possible axion masses, the resonant frequency of the cavity needs to be variable
which is achieved by changing the geometry of the cavity. One of the first groups to
work on axion haloscopes was the ADMX collaboration but recently there have been
a few more groups working towards a similar goal, for example there are plans for a
haloscope setup as part of the IAXO experiment [17].

Relatively high and low frequencies are both more complicated to realise in such
a setup. Lower frequencies demand cavities with larger volume and therefore larger
and more expensive magnets. Higher frequencies on the other hand require smaller
cavities which result in fewer signals [24]. Therefore different methods are used for
their detection for example a method utilizing a magnetized dish antenna consisting
of a dielectric interface and a magnetic field parallel to this surface. A present axion
field could lead to an emission of electromagnetic radiation perpendicular to the
dielectric surface. With a curved surface, this radiation could be be concentrated
into a small area where it can be detected. The advantage of this method is, that
it is sensitive to all axion masses. There is however no resonance involved with this
method, therefore large dielectric surfaces are needed. An alternative is a dielectric
haloscope where several dielectric slabs are stacked in front of a mirror. Through
constructive interference a present signal can be enhanced. By varying the distance
between the dielectric slabs, the frequency range in which the signal is enhanced, can
be modulated [17].

3.1.4 Search for axions in gamma rays

While the detection methods discussed above are more sensitive to low-energy axions,
there are also ways to search for higher energetic axions emitted e.g. from supernovae.
These axions could propagate towards earth and convert into photons during their
propagation resulting in measurable «-rays. No such event has been measured by
the satellite experiments searching for such signals like the Solar Maximum Mission
satellite [30]. The non-observation of such signals provides constraints on the coupling
strength at low axion masses [17].

3.1.5 Searching for axions with the Pierre Auger Observatory

Another experiment that could be utilized for the search for axions in ultra-high en-
ergy cosmic rays (UHECRs) is the Pierre Auger Observatory mentioned in chapter
which is able to detect photons with energies above ~ 10'7 eV. The photons con-
verted from axions collide with atmospheric particles which leads to electromagnetic
cascades containing among others electrons, positrons and more photons. These sec-
ondary particles can be detected and their energies as well as direction of propagation
can be reconstructed. As mentioned before it is also possible to distinguish photon
induced showers from showers induced by other particles. The potential measure-
ment of high-energetic photons without a close-by source would hint at the existence
of axions. Other experiments based on the production of Cherenkov-light are Tibet
AS~ [31] and HAWC [32] which are able to probe the energy range of 10 TeV—1 PeV.
Measurements of photons in this energy range or the lack of such could be utilized
to provide limits or constraints on axion parameters in the future.
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3.2 Indirect search for axions

Besides the experimental constraints there are theoretical ones as well but even more
important there are also hints for the existence of axions in specific parameter regions.

3.2.1 Effects on stellar evolution

Axions being produced in stellar interiors have effects on the stellar evolution due to
the additional energy drain compared to the one predicted by SM physics. If this ef-
fect is only present in a specific stage during a stars existence, the corresponding area
in the Hertzsprung-Russel diagram would contain fewer stars [17]. The axion produc-
tion rate is especially high in Helium burning stars on the HB of the Hertzsprung-
Russel diagram leading to an increased emission of energy. This results in more
effective cooling and therefore speeds up the evolution of stars in this stage [17], [33].
Comparing the number of stars in this phase with the number of stars in the preced-
ing phase, the RGB, provides an upper limit on the axion-photon coupling strength
of gary < 0.66-10710 GeV ™! at 95% confidence level known as the HB bound [I7]. The
ratio of stars in the horizontal branch to the stars in the RGB is slightly smaller than
expected hinting at a small coupling strength of g,, = (0.29 £ 0.18) - 10710 GeV ™!
referred to as the HB-hint [17].

3.2.2 Effects on photon propagation

The propagation of axions from distant sources and their possible conversion into
photons has been discussed in chapter To explain the observed effects of a
hardening of AGN spectra with axions, a axion mass in the range of m, ~ (10719 —
1077) eV and a coupling strength in the range of ggy ~ (10711 — 10710) GeV~! are
necessary. This parameter region is referred to as T-hint [24] as it is relevant for
energies in the TeV range.

3.2.3 White dwarf cooling hints

Another hint is provided by the mechanism of white-dwarf cooling [24]. White
dwarves are relatively light, they are at the end of their lifetime and as their energy
source is extinguished, there is no energy generated by fusion anymore. These stars
cool via the emission of photons and neutrinos which is well-understood. There are
however slight disagreements between theory and measurements regarding the white
dwarf luminosity function which could be explained by an additional cooling mech-
anism possibly via axions. Additionally single pulsating white dwarves have been
observed and it was discovered that their rate of change was larger than expected
which could be explained by axion cooling as well. These measurements mostly hint
at the existence of a non-zero coupling strength g,. between axions and electrons but
combined with the HB-hints a hinted region in the g,e-gq parameter space can be
extracted [17].

3.2.4 Dark matter bounds

The parameters of axionic dark matter can not only be constrained by experiments
but theoretical considerations might provide bounds as well. For these hints, axions



3 Searching for axions 19

produced by the symmetry breaking in the early universe are considered. Here we
have to differentiate between the pre- and post-inflation scenario. For pre-inflation
models the expected axion mass range is m, = (1076 — 107%) eV [17] but values
as high as 1072 eV and arbitrary low values are allowed as well. For post-inflation
models the range is a little more confined. Different axion mass ranges of m, =
(0.6 — 1.5) - 10~* eV and m, = (0.265 £ 0.034) - 10~* eV have been proposed but
more recent publications have considered higher axion masses of m, > 5-107% eV
and 35 - 10~* eV depending on the specific axion models [17].

3.2.5 Black holes

Another constraint on the axion mass range can be deduced from a phenomenon
called blackhole superradiance. For axions with very low masses, there are black
holes with a radius of the same magnitude as the axions Compton wavelengths. Such
black holes could loose angular momentum in the form of axions. The existence of
black holes with large angular momentum therefore provides constraints on the mass
of axions excluding the axion mass range 6 - 10713 eV < m, < 2-107! eV [17].

These are only a few examples of theoretical constraints and hints on the axions
parameter space but there are numerous more which will be not discussed here in
detail.

3.3 Constraints on axion parameters

The experiments and some of the theoretical considerations mentioned above provide
constraints on the mass and coupling strength of axions. The areas in the axion
mass-coupling strength parameter space already probed by experiments can be seen
in Fig. The most recent constraints provided by Tibet ASy and HAWC are not
displayed in the diagrams yet but can be found in [27]. For axions in the sub-PeV
range, these experiments have provided an upper limit on the coupling strength of
Jay < 2.1- 1071 GeV~! for axion masses m, < 1077 €V at a 95% confidence level
[27]. This limit is slightly lower than the one displayed in Fig.

The hints mentioned above are displayed in Fig. [6] together with constraints by
different experiments. It is noticeable that the most recent results by Tibet ASvy and
HAWC partially but not fully exclude the hinted regions.
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4 Calculating the axion-photon conversion probability

The calculations of the conversion probability will be explained in the following
chapter based on sources [7] and [37]. For all the calculations the natural Lorentz-
Heaviside units ¢ = h = kp = ¢p = 1 will be used as well as a = % ~ = [38].

The calculation of the conversion probability starts with the Lagrangian for the
photon-axion interaction. The full interaction Lagrangian can be written as

L= Ea'y + Ea + EEH (4)
where
1 n4
E(V/ = ZagﬂwFu (5)

describes the mixing of photons and axions discussed in chapter The mass and
kinetic term for the axion is

1
L, = 5(8’%8#@ —m?a?) (6)
and
Y TR U7 o 2 C B (F, F“")Q} (7)
£ 4= 90m2 v 4 \"H

is the QED Lagrangian for the photon which is also referred to as the Euler-Heisenberg
Lagrangian [20]. The second term of equation occurs due to the polarizability
of the vacuum and gives one-loop corrections, it is referred to as Euler-Heisenberg-
Weisskopf effective Lagrangian. Here F),, = 0,4, — 0,A, denotes the field strength
tensor of the magnetic field A, and F, w = %eu,,p,\F pa is its dual [39]. The constants
« and m, refer to the fine-structure constant and electron mass, respectively. The
pseudo-scalar axion field is described by a with the photon-axion coupling strength
Jay and the axion mass my.

From the Lagrangian density the beam propagation equation can be derived.
For now a monochromatic and unpolarised beam with a particle energy E is con-
sidered. It propagates through a cold medium which is magnetized and ionized.
Additionally the external magnetic field is assumed to be homogeneous [7]. With-
out loss of generality, it can further be assumed that the beam consists of axions
propagating along the z-direction.The beam propagation equation is then given by

d? 9
(sz +E“+ 2E/\/l0> U(z) =0 (8)
with the wave function
U(2) = (Au(2), Ay(2), a(2))" (9)

where A;(z) and Ay(z) describe the amplitudes of the photon field and a(z) the
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axion amplitude [7]. ¥(z) can also be rewritten as

U(z) = Az(2)[72) + Ay(2)7y) + a(2)]a) (10)

with the basis |vz), |Vy), |a) which can be defined as

lvz) = (1,0, 0)" (11)
) = (0,1, 0)" (12)
la) = (0, 0, 1) . (13)

The mixing matrix My is given by

Npw Dgy AL
M0: Ayx Ayy Ag'y (14)
AL AL A,

with A7 = = % referring to the mixing of photons and axions where
B, and B are the components of the magnetic field [7]. The kinetic axion term is
given by A, = —3 ; As the conversion from axion to photon or vice versa is only

possible with a magnetic field component transversal to the direction of propagation,
the z-component of the magnetic field is not considered here. Additionally, as the
magnetic field is assumed to be homogeneous, it can be chosen to be along the y-axis,
therefore B, = 0 and Az, = 0. The remaining magnetic field component B, will
now be referred to only as B, and AY, will be referred to as Agy = % gB. The entries
Ag4y and A, are given by the interaction Lagrangian, while the other entries result
from the medium the beam propagates through. The off-diagonal elements A, and
Ay, describe the mixing of the two photon polarisation states in a magnetic field
parallel to the direction of propagation which is called Faraday rotation [41]. This
effect can be neglected here,therefore A,, = Ay, = 0 can be omitted. The remaining
elements A,, and A,, contain several different terms which result from different
physical effects [37] and will be referred to as A; and Aj respectively. The terms
contained in A; and A are due to QED vacuum polarisation, plasma effects and
interactions of photons in the beam with photons of the CMB [42]. In the literature
some of these effects are neglected and there are different formulas given. For A
there are

Ap=0 [26] (15)
Ay=Ap (@3] (16)

7
A= Ap+ 5AqED [44] (17)

7
AH = Apl + §AQED + AcMmB [42]. (18)

2

The term Ay = % is due to the plasma the beam is propagating through where
wzl = 4”7‘; e i3 the plasma frequency with n. being the electron density in the plasma

and Me and e being the electron mass and elementary charge respectively [42]. The
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2
additional term Aqgp = % (BA> is the contribution from QED effects, it is related

2
to the effective mass squared of transversal photons m% = —éozE2 (%) .This mass

arises when electrons and photons interact with an external magnetic field of critical

2
field strength B.. = ng ~ 4.4 - 10" G.We can also rewrite %AQED = —% in a
o

2 :
lzgém‘é pcvBE with the
energy density of the CMB being pcvp = ’{—;T‘1 ~ 0.261 eVem ™2 where T = 2.726 K
is the temperature of the CMB [45]. The term A won’t be relevant for the final
conversion probability but for completeness it is given by A} = Ap+2Aqep +AcMmB
if all contributing terms are considered [42]. This reduces the mixing matrix to

form similar to Ay [44]. The last contribution is Acvp =

Ay 00
Mo=|0 A A,| B2 (19)
0 Auy Ag

For the calculation of the conversion probability we calculate the eigenvalues and
eigenvectors of this mixing matrix [7]. The eigenvalues are

A=A (20)
Ay = % (A” + Ag — Aosc> (21)
As = % (A + A0+ Acee) (22)
where
Aosc = /(A — Ag)? +4A2, (23)

is the wave number [37]. The eigenvectors are then given by

= (1,0,07 (24)
. 1
Ty = (0, Ay, 5(—A” 4+ Ag — Agse) T (25)
. 1
T3 = (O, Aa,y, 5(—A” + Ay + Aosc)T‘ (26)

The wave function is then given by

U(z) = 1@ €M) 4 op@p e (F770) 4 cgaigets(7%0) (27)

where zy can be referred to as a starting position. By writing ¥(zp) in the given
form, the exponentials are eliminated and the coefficients ¢1, ¢ and c3 can be calcu-
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lated.They are

c1 = Az(20) (28)
cy = Aisc (miv(_All + Ag + Aose) Ay(20) — a(20)> (29)
c3 = Aisc (mlwy(_All + Aa — Aose) Ay(20) + a(20)> (30)

Another representation of ¥(z) will be introduced shortly but first we return to
the beam propagation equation . As the photons and axions we are interested
in have a energy which is much higher than the axion mass, the short-wavelength
approximation can be used and the beam propagation equation can be rewritten as

d? d d d
—+E*|=(i—+E)(-i—+E)=2E(i—+F). 1
(d;;? + ) (Zdz * ) ( "=t ) (Zdz + > (31)
This transforms the second-order beam equation into a first-order one

(ijz +E+ M0> U(z) = 0. (32)

This is a Schrodinger-like equation and has a lot of similarity with a three-state
nonrelativistic quantum system with the three-dimensional wave function ¥(z) where
the z-component replaces the time-component [7]. With the Hamiltonian H = —(E+
M) this leads to id%\I/(z) = HU(z) which is solved by

U(z) = Up(z,20)¥(0) (33)
where Up(z, 20) is called transfer matrix. The transfer matrix can be rewritten as
Uo(z, 20) = ePE20)4y (2, 20) (34)

where Uy(z, z9) is the transfer matrix belonging to the reduced Schrédinger-like equa-
tion

(id, + Mo) ¥(z) = 0. (35)
This transfer matrix can be rewritten as
Uo(z, 20) = T1(0)e1E720) L Ty(0)e2(2720) 4 Ty5(0)er3(3720) (36)
and therefore
U(z) = T3 (0)e™ E720)W (20) + To(0)e2 200 (29) + T3(0)e™5 =)W (zq).  (37)

With the representation of the wave function and the constants (28430 the
matrices 17 — 13 can be calculated to be
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100

Ti=|0 0 of, (38)
000
0 0 0

=0 As = 4 Doy, (39)
0 - =APQAs =4 —(h—Ay)
0 0 0

T3=10 —(A2 =4y Aoy . (40)
0 —z-(e=APAs =4 A3 —Agy

To rewrite these in a simpler form the photon-axion mixing angle « is introduced. It
is given by

1 2,
a=g arctan (A” — A@) [7 (41)

The three matrices T7 — T3 written in terms of this angle are

100

Ti=10 0 01, (42)
0 00
0 0 0

To=10 sin?(a) —sin(a) cos(a) | , (43)
0 —sin(a)cos() cos?(ar)
0 0 0

T3=10 cos?(ar) sin(a) cos(av) (44)
0 sin(a) cos(a) sin?(a)

which can be used to express the transfer matrix Uy(y, yo) in the way presented in

equation [7.

The conversion probability for a photon polarized along the y-axis oscillating into
an axion after propagating the distance z through a constant, homogeneous magnetic
field is given by

Por—a(2) = [{alUo(z, 0)| ) (45)

With the states v,) and |a) are given in and , respectively, the probability
is

2

ei)\gz . 6“‘2'2) (46)

Por—sa(2) = ‘sin(a) cos(a) (

Using the double-angle formula sin(2a) = 2sin(a) cos(a) as well as rewriting the
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exponentials in form of a sine results in

N
Poy—alz) = Az Sin §ZAOSC . (47)

OSC

Depending on the different expressions for A which is contained in Agg. the exact
expression for the conversion probability varies.

Until now the photon beam was assumed to be polarised and the magnetic field to
be constant along the propagated distance. In reality the problem is slightly more
difficult to solve. There is no reason for the beam to be polarised as it was assumed
above, therefore an unpolarised beam has to be considered [7]. It is described by a
generalised polarisation density p(z) = ¥(2)¥(z)" which obeys the Von Neumann-like
equation id.p(z) = [p, Mo] which is solved by

p(z) = Uo(2, 20)p(20)Uo (2, 20)". (48)

The probability for a photon or axion converting from state p; to po after a distance
z is given by

Popy—3pa(2) = Tr ( pallo (2, 0)prlho (2, 0)) (49)

where we assume p; and ps to each have a trace of 1 [7].

Additionally the magnetic field might not be aligned with the y-axis [7]. Therefore
the total path length z will be divided into domains of equal length s in which the
strength of the magnetic field is constant but its orientation is assumed to be random
in each of the domains. The basis for this calculation can be found in [46]. The wave
function in the initial state W(0) is written in same form as in equation and can
be used to calculate the initial photon and axion fluxes which are given by

1,(0) ~ A2 (0)* + |44 (0) (50)
L4(0) ~ [a(0)[*. (51)

In the initial domain the magnetic field is assumed to be aligned with |~,), this is
not the case in a random domain n. As the only relevant component of the magnetic
field is the one perpendicular to |a), the direction of the perpendicular magnetic field
B, is rotated by an arbitrary angle ¢,, in the plane perpendicular to |a). The axes
are now rotated such that the axis |7|(|n)> and |’y(f)> are parallel and perpendicular to
B, respectively. They can be expressed through the initial axis |y,) and |y,) by

™) = cos(én) |7 + sin(n)7y) (52)
7Y = —sin(én)|7a) + cos(dn)lry)- (53)

The state in the n-th domain is then given by

V(zn) = Au(zn) (enlrz) + sulw)) + Ay(2n) (=snlre) + ealwy)) +alzn)la) - (54)

where ¢,, and s,, refer to cos(¢.) and sin(¢-) respectively. The distance z, = (n—1)s
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is the distance from the origin of the beam to the beginning of the n-th domain [46].
The fluxes at the beginning of the n-th domain can be written as

Ly(n) = | Au(20)[* + [ Ay (2n) (55)
Io(n) = la(za) . (56)

As photons convert into axions and axions into photons with the conversion prob-
ability Py given in equation , the fluxes at the end of the n-th domain or at the
beginning of the (n + 1)-th domain are

Ly(n+1) = (1= Pocy)|Au(zn)[* + (1 = Posp)| Ay (20) [* + Polalza) .. (57)
La(n+1) = Pocp| As(z0)|” + Posp| Ay (2n)[* + (1 = Ro)la(zn) ... (58)

The ellipsis refers to terms proportional to ¢, s, or ¢,s, which we now averaged
to zero. This is allowed because of randomness of magnetic field [46]. In the same
way c2 and s2 can be averaged to 1/2 which leads to

L(n+1) = (1= 1/2P) (JAs(za) * + |4y (z0)*) + Pola(z0)P (59)
Lo(n+1) = 1/2P (| Aa(zn) 2 + |Ay(20)2) + (1 = Po)laza) (60)

Utilizing equation the fluxes at the end of the n-th domain can be expressed

as
I,(n+1) _(1- 1/2P, Py I,(n) (61)
Ia(’l’b—l- 1) 1/2P0 1-F Ia(n)
(n+1)
_(1- 1/2P, Py 1,(0) (62)
1/2P, 1- P 1,(0) ) -
To calculate the exponential of the matrix, it can be rewritten as
1-12p R\ R (1 -2\ (63)
1/2P 1- P N 2 \—-1 2
(n+1)
- <1 _ ];OA) (64)

and as 1 and the matrix A commute, the binomial theorem can be used for ‘Icchis
calculation. For k > 1 the matrix exponential A* is given by AF = 3(k-1 4 = %A.
In total this leads to

L(n+1)\ 1 (2+(1-3/2R)"+D 2—2(1—3/2P)"+D .
(Ia(n + 1)) (1 - (1- 3/2P2)("+1) 1+2(1— 3/2Pg)(n+1)> [46]. (65)

3

Additionally as Py < 1 and the number of domains is large (1 — 3/2Py)"*1) can be
rewritten as exp (—%Pg(n + 1)) or rather exp (—%Pg§> where the ratio z/s gives the



28 4 Calculating the axion-photon conversion probability

number of domains crossed by the beam. Finally the fluxes can be rewritten to

I,(2) = 1,(0) - g (1 - 2R3 (1,(0) - 2L,(0)) (66)
= 1,(0) — Py—ya(I(0) — 21,(0)) (67)
() = 1a(0) + 5 (1 - e3P09)) (1,(0) — 21,(0) (68)
= 1,(0) + Py—sa(1,(0) — 21,(0)) (69)
where
Pyyq = % (1—e2%) (70)

is the probability for axion-photon conversion after propagation through N = % do-
mains of randomly oriented magnetic fields of equal strength referred to as magnetic
field domains [46].
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5 Analysis of the conversion probability

5.1 Parameters and current bounds

The conversion probability in equation depends on a total of seven parameters.
There are six physical parameters,

e axion mass my

» coupling strength g,

e axion energy F

e coupling strength B

e electron density n,

o distance of propagation z.

From now on the distance of propagation will be referred to as the luminosity distance
Dy. Additionally there is the unphysical parameter s referring to the length of
magnetic field domains. In each of the domains the angle between the magnetic field
and the axis of the x-polarisation of the photon-beam is chosen randomly between 0
and 27. To reduce the number of parameters to six while still providing a significant
sample size of random magnetic field orientations the number of domains is set to
N = % = 100. As the luminosity distance Dy is randomly generated, the domain
length s is varied as well. The remaining parameters need to be limited to relevant
ranges.

The magnetic field and electron density vary depending on the medium which the
particles propagate through from their source towards earth. If a source is located
in the Milky Way, particles only propagate through galactic medium where both
magnetic field strength and electron density are comparably high. Particles can also
originate from further distant sources located beyond the Milky Way. Such sources
might be located in the Local Group, the galaxy cluster containing the Milky Way;,
or the Virgo Supercluster, which is the supercluster containing the Local Group and
the Virgo Cluster. Particles from sources in these regions propagate mainly through
intracluster medium where both the magnetic field strength and the electron density
are slightly lower compared to the ones in the galactic medium. Particles from sources
even beyond these structures propagate mostly through empty space where magnetic
field strength and electron density are comparably low. Therefore it is reasonable to
perform calculations for three different categories of particle origin: the void, cluster
and Galaxy scenario. But even in galaxies there are differences especially in the
electron density. In the galactic disk the electron density can be considerably higher
than on the edges of a galaxy, therefore the Galaxy scenario is split into two scenarios,
one with high and one with low electron density resulting in a total of four categories.

Typical galaxies have diameters up to 10? kpc. The Milky Way is comparably
small and has a diameter of &~ 30kpc but for the following calculations the distance
range is set to 10° — 102 kpc to include sources located not in but close to the Milky
Way as well.

The electron density can reach up to ne = 0.015 cm™3 in the galactic disk [48] but
might be as low as n, = 10711 — 1078 em ™2 at the edges of the galaxy [49]. For the
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high and low electron density scenarios the parameter ranges n, = 1072 — 107! cm™3
and n, = 1071 — 1078 cm™3 will be used, respectively. Typical magnetic fields
in other spiral galaxies are B = 13.5 + 5.5 uG but might be around B ~ 6 uG for
galaxies with moderate star formation or up to B = 50—300 uG for starburst galaxies
[41]. The Milky Way is a spiral galaxy but with a generous estimate the range of the
magnetic field will be set to B = 10° — 10% G for both of the Galaxy scenarios.

For source candidates beyond the Milky Way but in the Local Group or the Virgo
Supercluster the distance range is set to 102 —10* kpc. Particles from sources in these
regions propagate mainly through intracluster medium (ICM) where the magnetic
field is of similar or weaker strength than in the galaxies themselves at around B =
0.2 — 10uG [50]. For the cluster scenario the parameter range will be set to B =
107" — 10?uG. As in the low electron density Galaxy scenario the electron density
will be set to ne = 107 — 1078 cm 3.

Sources located beyond a galactic void have distances above 10 kpc. The distance
range for the calculations will be set to 10* — 107 kpc, sources beyond 107 kpc will
not be considered here. Particles from sources in the void scenario propagate mostly
through empty space where the strength of magnetic fields is B ~ 10~°uG [51],
therefore the parameter range will be set to B = 1072 — 107 %uG. The electron
density again is assumed to be in the range n, = 107 — 1078 cm ™3 [49].

For the axion mass and coupling strength the parameter ranges are set to m =
10712 — 102 neV and g,y = (10719 — 10%) - 10711 GeV ! for all of the scenarios
mentioned above [52],[17],[26]. These are based on the current bounds on the axion
mass-coupling strength parameter space displayed in Fig. The parameter space
is chosen in a way to cover the mostly white area in the plot which has not been
investigated by experiments yet. The upper limits of the axion mass and coupling
strength are marked as red lines in Fig. [7}

1074
107°
10-8

Laboratory

|| (GeV )

y—rays

10-18 Haloscopes

10—18 I N S I Y N I I
10-% 107 1077 107® 107* 107! 10 103 10° 107 10°
mq(eV)

Figure 7: Current constraints on the axion mass-coupling strength parameter space
with marked parameter ranges for axion mass and coupling strength chosen
for the following calculation [24].
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The particles energy range is set to £ = 10° — 10'3 GeV for all of the scenarios to
cover a broad energy spectrum. For a better overview the parameter ranges for each
of the scenarios are displayed in Tab.

parameter void cluster galaxy (lc')w elec- | galaxy (h%gh elec-
ranges tron density) tron density)
distance [kpc] 10* — 107 10% — 107 10° — 103

clectron density || 11 _jp-s | 1911 _19-8 | 1011 _ 108 1073 — 10!
[cm ™

magnetic  field
strength [1G]
coupling
strength 10719 — 10!
(10~ GeV™]
axion mass —12_ qp12
V] 10 10

energy [GeV] 10° — 1053

1072 —-10"¢ | 107t — 102 10° — 103

Table 1: Parameter ranges chosen for the four different scenarios.

5.2 Calculating and modelling the photon-axion conversion

The parameters are now set to specific ranges but scanning the conversion probability
along all of these parameters is computationally intensive. Varying each parameter
independently in reasonably small steps leads to an unreasonably large number of
calculations. By choosing larger steps for the variation of the parameters, small-scale
features of the conversion probability could be missed. Instead of only varying one
parameter at a time, all of the parameters are varied simultaneously by choosing
each of them randomly in their respective interval. The conversion probability is
then calculated utilizing the gammaALPs python package [35]. For each of the
four scenarios mentioned in the previous chapter, 101101 random parameter sets
are generated and their corresponding conversion probabilities are calculated. The
results of the calculation can be displayed in individual 1D histograms for each of the
scenarios which are displayed in Fig. 8] In the plots the mean value, the root mean
square (RMS) and the median are marked.

As one might expect, all four diagrams look similar. In the plots for the two
Galaxy scenarios, there are no differences noticeable. The mean value, RMS and
median are at the same positions. Between the Galaxy scenarios and the cluster
scenario there are only slight differences. All three of the marked lines are shifted to
slightly higher values for the cluster scenario. For the void scenario the differences
are more noticeable. The overall shape of the envelop function is still similar but
the marked lines are all several orders of magnitude lower compared to the other
scenarios. This indicates that it is rather unlikely that axion-photon conversion takes
place in galactic voids. For particles propagating through galaxy or cluster medium,
a conversion is much more likely. The differences between the scenarios are due to
the different parameter ranges for distance and magnetic field strength.

To study the effects of each of the parameters on the conversion probability, 2D
histograms are helpful. They display one parameter against the conversion probabil-
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(d) Galaxy scenario with high electron density:
distance Dy = 10° — 10% kpc, magnetic
field B = 10° — 10% G, electron density
Ne =103 -10"'em™3

(c) Galaxy scenario: distance Dy = 10° —
10® kpc, magnetic field B = 10° — 103 G,
electron density n, = 10~ — 10~ 8cm—3

Figure 8: Histograms of the conversion probability for the different categories (from
top left to bottom right) void, cluster, Galaxy with low electron density
and Galaxy with high electron density.
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ity to evaluate the effect that each single parameter has on the result. The number
of data points is displayed on the colour-axis. The 2D histograms for the cluster
scenario are displayed in Fig. [9] the plots for the other scenarios can be found in[Ap]
Additionally profile plots are added to analyse the effect of the parameter
on the conversion probability in more detail.

Here the differences and similarities between the scenarios are noticeable as well.
The conversion probabilities for the void scenario accumulate at lower values than for
the other scenarios. It is again noticeable that there is no visible difference between
the plots for the two Galaxy scenarios which are only distinguished by the electron
density. The effect of the electron density on the resulting conversion probability
seems negligible and the Galaxy scenario with high electron density will be omitted
in further discussion. Not only does the electron density variation show no effect
between the two Galaxy scenarios but for the other scenarios the histograms for the
electron density show only a statistical distribution which is due to the variation of
the other parameters. The situation for the magnetic field and distance looks similar,
there seems to be mostly a statistical distribution. The profile plots for the distance
show an almost flat curve but it is important to notice here that the distance is varied
only over 1 — 3 magnitudes in each of the scenarios which could be the reason for the
barely noticeable effects. Additionally the distance only contributes in the sine term
of the conversion probability in equation due to setting N = £ = 100.

In the profile plot for the magnetic field strength shown in Fig. [9a] and in the
respective subfigures of Figs. [24 it is interesting to notice that the conversion
probability rises with the magnetic field strength in the void scenario while in the
cluster scenario the conversion probability increases up to B ~ 10°° uG and then
decreases again for higher magnetic field strengths which is visible in the histogram
for the cluster scenario and the Galaxy scenario. This effect is mostly likely due to the
contribution of the magnetic field strength in both the numerator and denominator

2
of the fraction 3 iy equation . In the term Ayg the magnetic field strength is

2
summand, it mﬁcﬂsﬁ be overpowered by some of the other summands for low values.
Therefore the numerator might provide the leading effect resulting in the increase
of the conversion probability for low values of the magnetic field strength. Above
B ~ 10%5 uG, the contribution of the magnetic field strength in the denominator
might increase to overpower the other summands making it the leading effect which
shows in the slight decrease of the coupling strength below this threshold.

The effects of the remaining parameters, the particle energy, axion mass and cou-
pling strength are the most noticeable. The logarithm of the conversion probability
grows linear with the logarithm of the coupling strength and decreases linearly with
the logarithm of the energy. This means the conversion probability increases and
decreases exponentially with coupling strength and energy, respectively. For low
axion masses the conversion probability seems to be unaffected by the variation of
the axion mass, the distribution seems statistical. For higher axions masses above a
certain threshold the conversion probability decreases exponentially. This behaviour
is due to the axion mass being part of a summand in the denominator of ?’AA;” in

osc

equation . For low values it is overpowered by other summands and only has a
contributing effect above a certain threshold. This threshold axion mass varies be-
tween the scenarios. For the void scenario it is mpreshord = 1042 neV, for the other
scenarios it is slightly lower at mpreshora = 10* neV for the Galaxy scenarios and




34 5 Analysis of the conversion probability

-10 100
-20

80
-30

60
-40
_=0 40
-60 20
-70

0

log(Pay)
log(Pay)

=0.5 0.0 0.5 1.0 15 6 7 8 9 10 11 12
log(magnetic field/uG) log(energy/GeV)
(a) 2D histogram displaying conversion proba-  (b) 2D histogram displaying conversion prob-
bility against magnetic field strength. ability against particle energy.

log(Pay)
log(Pay)

200
150
100
50
0

-17.5 -15.0 -12,5 -10.0 -7.5 -5.0 =25 0.0

30
25
20
15
10
5
0
-10 =5 0 5 10

log(coupling/(10~-*'GeV~1)) log(mass/neV)
(c) 2D histogram displaying conversion proba-  (d) 2D histogram displaying conversion prob-
bility against coupling strength. ability against axion mass.

30
25
20

= 15 =3

L °
10
5
0

-10.5 -10.0 -9.5 -9.0 -8.5 3.2 3.4 3.6 3.8
log(electron density/cm™~3) log(distance/kpc)
(e) 2D histogram displaying conversion proba-  (f) 2D histogram displaying conversion proba-
bility against electron density. bility against luminosity distance.

Figure 9: 2D histograms for a source located in a galaxy cluster plotting the con-
version probability against (from top left to bottom right) magnetic field
strength, axion energy, coupling strength, axion mass, electron density, dis-
tance.
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Myhreshold = 1039 neV for the cluster scenario.

5.3 Discussion of possible axion sources

For further discussion some specific axion source candidates are introduced. As men-
tioned above, possible axions sources are supernovae, AGNs or merger events. One
possible event is the neutron star merger observed on August 17th 2017 as the grav-
itational wave signal GW170817 and as the gamma ray burst GRB 170817. The
detection of this event can be considered an enormous breakthrough in the field of
multimessenger astronomy as it was the first gravitational wave signal confirmed by
the detection of electromagnetic signals. With a distance of Dy =~ 40 Mpc this event
is located in Hydra-Centaurus supercluster which is the closest neighbouring Super-
cluster of the Virgo Supercluster. Due to its proximity this event will be discussed in
the cluster scenario [53]. Additionally the supernova SN 1885A will be discussed in
the same scenario. This event was the first supernova detected from beyond the Milky
Way. It is located in the Andromeda galaxy and has a distance of Dy = 795 kpc
[54].

For a gamma-ray originating from a relatively close source in the Milky Way itself,
GRB 980425 can be considered which originated from a source at a distance of
Dy, =13 kpc [60]. Additionally a supernova event will be discussed here as well. The
supernova SN 1987A detected in 1987 occurred at a distance of Dy, = 50 kpc in the
Large Magellanic Cloud, a satellite galaxy of the Milky Way [62]. It is not located in
the Milky Way itself but because of its proximity it is placed in the Galaxy scenario.
Supernovae emit &~ 99% of their gravitational binding energy in the form of neutrinos
which led to the first observations of neutrinos from a supernova in 1987 when SN
1987A was discovered. Since then the branch of neutrino astronomy grew rapidly
contributing to multimessenger astronomy.

For the void scenario, events further outside of the Virgo Supercluster are consid-
ered. One possible candidate is the blazar TXS 05064056 which was first observed
in 1983. It originated at a distance of Dy, ~ 1.8 Gpc and was likely a source of high
energy neutrinos [57].

A gamma-ray burst originating from a great distance is GRB 970228 discovered
in 1997 which originated at a distance of Dy = 4.5 Gpc[58]. Additionally the grav-
itational wave event GW150914 resulting from the merging of two black holes at a
distance of Dy, = 0.4 Gpc [56] will be discussed. The detection of this event is known
as the first direct measurement of a gravitational wave signal and was the first ob-
served binary black hole merger. Together these three distant source candidates will
be grouped in the void scenario.

For further calculations not only the conversion probability is relevant but the
number of photons converted from axions reaching detectors at earth, especially the
Pierre Auger Observatory, is important as well. To calculate this number, the amount
of axions emitted at the source is required. Assuming all axions are emitted with a
fixed energy E, the number of axions emitted at the source is given by N, = %
where Fiot s is the total energy emitted in the form of axions at the source, which
will be referred to as axion emission energy. The axion emission energy of the sources
is unknown but the total emitted energy FEi.; is known for many sources, so to have
a reference value it will be assumed that the total energy emitted at the source Fiot
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stems solely from axions resulting in N, = % At a luminosity distance Dy a
number Ny o = Ny - P = % axions have converted into photons. Here P refers
to the calculated conversion probability given in equation ([70) which depends on the
luminosity distance among other parameters. It can be assumed that the number of
photons converted from axions is distributed homogeneously over a sphere of radius
Dy. For this study only the number of photons crossing an orthogonal area that
roughly corresponds to the aperture of the Pierre Auger Observatory is relevant.

The expected number of photons crossing this area is then given by

N Prota s P 3000 kan®
T E 4rD?

(71)

As the total emitted energy and instance are known for the discussed source can-
didates, the ratio % = E]‘VL:* . % can be calculated for each of them for a given
L
number of photons crossing the detector which is set to N, = 1 for now. The ratio

E 3000 km?
— =FEiota———5— 72
P tot,a 47TD% ( )

for the given source candidates can be found in tables For the source candidate
TXS 0506 +056 there is no information on the total emitted energy but from the
neutrino luminosity of 1.2 - 1047 erg s~! and the six month duration of a flare [57] a
total emitted energy during the flare of ~ 10°7 GeV can be estimated.

Events luminosity | total emitted en- | total emitted energy | ratio %
distance ergy Eior [GeV] | Eio [erg], form of en- | [GeV]
Dy, [kpc] ergy emission
GW150914 10°>%4 [56] | 3.5-10°7 [56] 5.61-10°>* (GW) 4.5- 10
TXS 0506+056 || 10525 [57] 10°7 from [57] 1.87-1057 (v) 7.9-10%
GRB 970228 10966 [58] | 3.2 - 10%4[59] 5.2-10% (v) 3.9-10%
Table 2: Source candidates, distances, total emitted energies and calculated E/P
ratio of axion source candidates in the void scenario.
Events luminosity total emitted en- | total emitted energy | ratio %
distance ergy Eior [GeV] | Eiot [erg], form of en- | [GeV]
Dy, [kpc] ergy emission
GRB 170817 39472 B3] | 2.6 - 10% [53] 4.17-10% (v) 4.2 -10°
GW170817 39472 B3] | 4.5-10% [56] 7.21-10°2 (GW) 72101
SN 1885A 795 [54] ~ 2-10° [55] 3.2-10%3 (Ni) 8.0-10%

Table 3: Source candidates, distances, total emitted energies and calculated E/P
ratio of axion source candidates in the cluster scenario.

Now a minimal energy of E = 10° GeV will be assumed. For this minimal energy
a conversion probability, for which the ratio is fulfilled, can be calculated for each of
the source candidates. These conversion probabilities necessary for N = 1 photon to
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Events luminosity | total emitted en- | total emitted energy | ratio %
distance ergy Fiot [GeV] | Eiot [erg], form of en- | [GeV]
Dy, [kpc] ergy emission
GRB 980425 13 [60] 6.2 -10° [61] 9.93-10°0 (v) 9.2-10%°
SN 1987A 50 [62] 1.5-10%6 [63], [62] | 2.40 - 1053 (v) 3.6 - 1022

Table 4: Source candidates, distances, total emitted energies and calculated E/P
ratio of axion source candidates in the Galaxy scenario.

transverse the detector plane of the Pierre Auger Observatory can be marked in the
1D histograms which can be seen in Fig.
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Figure 10: 1D histogram for the different scenarios with marked conversion proba-
bilities necessary for N = 1 photon to traverse the detector plane of the
Pierre Auger Observatory at E = 10° GeV.

For the source candidate GRB 970228 in the void scenario, the highest calculated
conversion probability is clearly below the marked threshold. For the source can-
didates TXS 0506+056 and GW150914 there are only few parameter combinations
above the marked thresholds for the respective sources. All of the other source can-
didates have marked conversion probabilities clearly below the maximum calculated
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conversion probabilities.

The lowest photon energy measurable at the Pierre Auger Observatory is F ~
108 GeV, it is therefore useful to calculate the conversion probabilities resulting in
N =1 photon at the detector for this energy as well [I1]. As before the results are
displayed in the 1D histogram which can be seen in Fig. [[1]
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Figure 11: 1D histogram for the different scenarios with marked conversion proba-
bilities necessary for N = 1 photon to traverse the detector plane of the
Pierre Auger Observatory at E = 10% GeV.

For all three source candidates in the void scenario the highest calculated conver-
sion probabilities are clearly below the threshold. Most of the source candidates in
the other scenarios have conversion probabilities resulting in N = 1 photon at the
detector for E = 108 GeV below the highest calculated conversion probabilities.

Additionally, the combinations of energy and conversion probability fulfilling the
calculated ratios can be marked in the 2D histograms plotting the conversion proba-
bility against the particle energy displayed in the previous chapter. This can be seen
in Fig.[12

On the lines marked in the diagram, the calculated ratios are exactly fulfilled and
in the areas above, the ratio E/P is lower than the calculated one. As N, %,
the number of photons N, estimated to cross the detection are of the Pierre Auger
Observatory is > 1 in these areas. They will be referred to as possible detection areas.
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Figure 12: 2D histogram plotting the conversion probability against the axion energy
with marked E/P ratios for possible axion source candidates in the three

scenarios.

It is also noticeable that above certain energy thresholds, there are no parameter
combinations resulting in F,, values in the possible detection area anymore. This
energy threshold is different for the different source candidates, they are displayed
in Tab. [f| Energies below these thresholds will be referred to as possible detection
energies. It is noticeable that there are no possible detection energies for the source
candidate GRB 970228 in the void scenario, it will be omitted in further discussions.

Events energy thresholdE [GeV]
GW150914 10°

TXS 0506+056 10°

GRB 170817 1079

GW170817 1095

SN 1885A 101t

GRB 980425 10110

SN 1987A 10115

Table 5: Energy thresholds for each of the source candidates.
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5.4 Conversion probabilities and photon numbers for specific source
candidates

Now conversion probabilities are calculated for each of the source candidates sepa-
rately. The magnetic field strength and the electron density will be set to represen-
tative values for each of the scenarios to reduce the number of parameters. The mag-
netic field strength will be set to B = 1076 4G [51], B = 1 G [41] and B = 15 pG
for the void, cluster and Galaxy scenarios respectively, the electron density will be
set to ne = 107 cm ™2 for all of the scenarios [49]. Additionally the luminosity dis-
tance of each of the source candidates will be used. Again the number of domains
is set to IV = £ = 100 but for better comparability the same set of random angles
is used for the calculation of each parameter set. Now the only variable parame-
ters are the axion mass and coupling strength as well as the energy. For each of
the source candidates three energy values are chosen between E = 10° GeV and the
energy thresholds given in Tab. [5| in order to probe the range of possible detection
energies. For the two source candidates in the void scenario an exception is made.
As the energy threshold is E = 10° GeV for GW150914 and TXS 05064056, there is
only one energy value. The axion mass and coupling strength are varied in the same
ranges as before but it is no longer necessary to generate random values for these two
parameters. Instead there are 100 x 100 equally distributed data points. For each
source candidates the conversion probability is calculated as a function of axion mass
and coupling strength. As there are three values chosen for the energy, this results
in three sets of conversion probabilities.

As there are now only two variable parameters left, it is also possible to display
these parameters on the x- and y-axis of a plot while displaying the conversion prob-
ability on the colour axis. Such plots can be seen in Fig. 13| for the source candidate
GW170817 and particle energies of E = 10° GeV and FE = 10 GeV. Compared to
the plots above, the y-axis is shifted to higher values of the coupling strength. The
conversion probability required for N, = 1 photon to cross the Pierre Auger Observa-
tory is marked. Parameter combinations in the top-left corner of the plot separated
by the contour lines result in conversion probabilities in the possible detection area
or in other words, for these parameter combinations IV, > 1 photons are expected at
the Pierre Auger Observatory.

The irregularities seen in Fig.[l3|occur due to the sine term in the conversion prob-
ability (equations [47|and which drops to zero for certain parameter combinations
of axion mass and coupling strength due to the argument of the sine approaching
multiples of 7.

These plots can be used to obtain threshold values for the axion mass and coupling
strength. For each energy value there is a threshold for the axion mass and coupling
strength above or below which the number of photons reaching the Pierre Auger
Observatory is N > 1. For the source candidate GW170817 and an energy of F =
10° GeV (Fig. , a coupling strength g,, > 1077 x 107'* GeV~! and an axion
mass m, < 10'° neV result in conversion probabilities in the possible detection
area. For the higher energy of E = 10%° GeV (Fig. a coupling strength of
Jay = 10~ GeV~! and a mass of m, < 10* neV are required for one photon to cross
the detector at the Pierre Auger Observatory. Similar plots can be made for each of
the source candidates, they can be found in The constraints on axion
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the colour axis for axion energy E = the colour axis for axion energy F =
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Figure 13: Conversion probability plotted on the colour axis against the coupling
strength and axion mass with marked probabilities required for N = 1
photons to cross the detector for the source candidate GW170817 assum-
ing Etot,a = Eiot-

mass and coupling strength for all of the source candidates extracted from the plots
are listed in Tab. [6l

Events energy range F | coupling strength | axion mass my,
[GeV] Gay (1071 GeV] [neV]
GW150914 10° > 1071 < 10!%
TXS 0506056 10° > 10° < 101°
GRB 170817 10° > 1074 < 10!°
1075 > 100 <103
GW170817 10° > 10" < 10!°
1092 > 109 <104
SN 1885A 10° > 1077 < 10%°
10t > 1005 < 108
GRB 980425 10° > 10775 < 10%°
1012 > 10! < 10%5
SN 1987A 10° > 1077 <10°
1011.5 > 100 < 106.5

Table 6: Axion mass and coupling strength required for N, > 1 photon to reach the
Pierre Auger Observatory at specific particle energies for the different source
candidates.

For further research the focus will be on the source candidate GW170817. So far
these calculations were made under the assumption that the total emitted energy of
a source candidate was emitted solely in the form of axions or in other words, the
axion emission energy was assumed to be 100% of the total emitted energy. This is of
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course highly unlikely. In Fig. @ the conversion probabilities resulting in N, > 1 at
the Pierre Auger Observatory are marked for the cases of the axion emission energy
FElot,a being 100%, 1% and 0.01% of the total emitted energy FEio. Here the axis
range has been shifted again to focus to the contour lines. As the effects of the sine
term impair the readability of this plot, the lines have been smoothed out by hand to
highlight the relevant regions. Additionally only 50 x 50 data points have been used
for the edited plot. The smoothed lines match the lowest contour line in the original
plot to include the full possible detection area in the region in the plot marked by
the smoothed contour lines. The result can be seen in Fig.

log(coupling/(10-*GeV~1))
log(coupling/(10-11GeV 1))

log(mass/neV) -10

log(mass/neV)

(a) Marked lines showing irregularities due to

the sine term in conversion probability. (b) Marked lines smoothed out per hand.

Figure 14: Conversion probability plotted on the colour axis against coupling strength
and axion mass for GW170817 with an axion energy F = 105 GeV with
multiple marked probabilities resulting in one photon crossing the detec-
tion area for the cases of the axion emission energy Eiqt . being 100%, 1%
and 0.01% of the total emitted energy Fio.

To discuss the number of photons crossing the detector, it is useful not to plot
the conversion probability and marking thresholds for certain photon numbers but
to instead plot the photon number directly against the axion mass and coupling
strength. The plots for a photon number calculated via equation can be seen
in Fig. for a particle energy E = 10%° GeV. The lines mark the parameter
combinations resulting in N, = 1072, 10°, 10% and 10* photons crossing the Pierre
Auger Observatory for an axion emission energy Fiota = Fiot. As before the effects
occurring due to the sine term impair the readability, therefore the contour lines have
been smoothed manually again. Again 50 x 50 data points have been used.

For this plot it was assumed again that 100% of the energy of a source candidate
is emitted in the form of axions. Again, this is highly unlikely. The problem of the
exact axion emission being unknown can be addressed by comparing the number of
axions emitted at the source to the number of neutrinos. It can be assumed that the
number of photons is similar to the number of neutrinos at the source as they both
result from the decay of pions. Additionally the magnetic field close to the source
candidate is most likely extremely high. For conversions of photons into axions close
to the source, a simplified version of equation can be used to calculate the
probability of conversion. The dependence on the magnetic field strength is different
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Figure 15: Number of photons crossing the Pierre Auger Observatory plotted on the
colour axis against coupling strength and axion mass for GW170817 with
an axion energy E = 10%° GeV with marked parameter combinations
resulting in IV, = 1072, 10%, 102 and 10* photons crossing the detector for
the case Fiot,a = Eiot-

to the one used for the calculations above and therefore high magnetic fields lead
to high conversion probabilities. Therefore it can be assumed that approximately
all photons convert into axions and therefore the number of axions is assumed to
be similar to the number of neutrinos at the source. For simplicity the total energy
emitted in the form of axions will be compared to the energy emitted in the form of
neutrinos.

Constraints on the energy emitted in the form of neutrinos from GW170817 can
be obtained from different experiments but as this research focuses on the search for
axions via the Pierre Auger Observatory, the constraints provided by this experiment
will be used. The neutrino spectral fluence was measured during a +500 s window
around the gravitational wave signal [64]. There are constraints from the Pierre
Auger Observatory above neutrino energies of E ~ 107 GeV. From the plot given in
reference [64] upper limits on the spectral fluence can be extracted. For energies in
the ranges F = 107 —10% GeV and E = 10'°—10"! GeV a limit on the spectral fluence
of < 10' GeV/cm? per neutrino flavour can be read off, for energies in the ranges
E =10% - 10° GeV and E = 10° — 10'° GeV the upper limit is < 10° GeV/cm? per
flavour. To make calculations more compact, a spectral fluence of < 10° GeV/cm?
will be used for further calculations. With three neutrino flavours, an upper limit
on the total spectral fluence of < 3 -10° GeV/cm? can be estimated. Additionally
it can be assumed that neutrinos are emitted homogeneously from the source which
leads to a uniform distribution over a sphere with a radius of 39472 kpc. This radius
corresponds to the distance between earth and the source of GW170817 [53]. From
this a total energy emitted in the form of neutrinos can be estimated to be Eiot, S
5.6 - 1053 GeV which corresponds to roughly 1.2% of the total emitted energy of the
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source. The axion emission energy will be rounded to Figa = 0.01E;; = 4.5 -
10°3 GeV. This value will be used for further calculations.

5.5 Discussing axions with energy spectra

Additionally to the energy of a source candidate being not emitted purely in the
form of axions, not all particles are emitted with one fixed energy but rather follow
an energy spectrum. For further calculations an E~2-spectrum will be assumed
which means dd%“ o« E~2 or rather dc% = NE~2 where dd%“ is the differential flux
of axions at energy E emitted at the source and N is a normalisation factor. It can
be calculated by rewriting N, = % and therefore e — %d%g’a = NE~2. From

dE
this

dN,
dEtot,a = EE dE (73)
=NE'dE (74)
and therefore
F1 -1
N = Eiota l E‘ldE] (75)
Eo

can be obtained. Here Eiy , is assumed to be known and Ey and E; are the lower
and upper ends of the energy spectrum which can be chosen freely. As all scales
including the energy scale have been set logarithmically in all calculations, £ will be
substituted with 10%ee». This results in

-1

log(E1)
N = Eioia l / 10~ Fear 10Fear 1n(10) dEm,] (76)
log(Eo)
Etot a
— ] 77
In(10) los(E1/Bo) 7

where log(z) is used for log;g(x). With the normalisation factor the number of
photons crossing the detector at the Pierre Auger Observatory can be calculated.
Equation [71] can be rewritten as

3000 km”
dN'y = Pa’y(Evga'yvma)dNa : W (78)
dN, 3000 km®
= Pyy(E, gary, ma) dEa TR dE. (79)
Then dd]% is replaced with NE—2 = M%E‘Q and the fraction % will

be referred to as q as it is constant for a specific source candidate. The number of
photons crossing the detector can then be rewritten as

Etot,a
n(10) log(E1/ By)

AN, (Esotn) = Par(E, Garys Ma) E~?qdE (80)
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from which

Etota'q /E1 —2
No(Eiota) = ’ Poi(E, Gy ma)E~2dE 2
’Y( tot, ) ln(lo) lOg(El/Eo) o ’Y( Gary, M ) (8 )

can be obtained.

Applying the same substitution as above results in

N, (Erot.0) Btota g /log(El) P, (10Fear )10~ Fer In(10) dE,
— ex , 7m ex n
~v\tot,a ln(10) log(El/Eo) log(Eo) ary Gay a exp
(83)
Etot,a - q /log(E1) E, —FE
= _—ota 2 P (10Fer | g, mg) 10~ Fesr dE, ). 84
log(El/Eo) log(Eo) a'y( YGary a) exp ( )

As gammaALPs can only provide conversion probabilities for specific energy values
and the integral of P,, cannot be easily solved analytically, it is approximated by a
Riemann sum resulting in

Eota 4
tota 1 ZPa’y(loEew’iaga%ma)lo_Eezp’iAEexp (85)

N, (Erota) = —ota 4
7(Biora) log(E1/Eo) =

with
N Eezp,l - Ee:cp,O _ log(El/EO)

Ag.,, = N i . (86)
This finally leads to
q K
N'y(Etot,a) = Etot,a E Z Pa,y(loEexp,i7ga7’ ma)lo_Eewp,i (87)
=1
q K
= Etot,a : N Z Pa'y(Eiygaw ma)Ez‘_l (88)
=1

where the F; are distributed on a logarithmic scale. For the following calculations
K =100 is chosen.

Taking into account the assumption that roughly 1% of the total energy is emit-
ted in the form of axions and considering particle energies distributed over a E~2-
spectrum, the photon number crossing the detector at the Pierre Observatory can
be calculated and plotted against axion mass and coupling strength again. This can
be seen in Fig. [I6] for the source candidate GW170817 and the energy spectrum
E =10° — 10'° GeV. Again, the range of the coupling strength has been shifted to
focus on the contour lines. The effects from the sine term are mostly washed out
here due to the energies being distributed over the spectrum.

Until now N, = 1 was used as a significant photon number but it might be more
sensible to use N, = 102 which corresponds to a 1% chance of one photon crossing
the Pierre Auger Observatory. A coupling strength of ggy min = 107931071 GeV!
is required for N, = 102 photons to cross the Pierre Auger Observatory for the
given energy range. It is noticeable that the axion mass has little effect on the
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Figure 16: Photon number calculated with equation plotted on the colour axis
against coupling strength and axion mass with contour lines marking N, =
0.01, 1 and 100 photons crossing the detector for the source candidate
GW170817 assuming Fiot o = 0.01Egor and E = 107 — 1010 GeV.

photon number below a certain axion mass threshold which is mg ¢, ~ 10% neV for
this specific parameter constellation. Similar plots can be produced for different

energy ranges, they can be found in The threshold axion mass and
minimum coupling strength for different energy ranges are displayed in Tab. [7] as

well as in Fig.

energy range F [GeV] | axion mass threshold mg¢, | minimum coupling strength
[neV] Jary,min [10~H GeV]

1019 — 10 <107 > 1012

109 — 1010 <108 > 10703

108 — 10 <10° >10"18

107 — 108 < 10* > 10732

108 — 107 <103 > 10747

Table 7: Axion mass thresholds below which conversion probability and photon num-
ber are constant and coupling strength required for the production of
Ny > 10~2 photons for specific energy ranges.

The shapes of the actual curves seen in Fig. [16] are simplified for Fig. It is
noticeable that for the highest energy range the parameter combinations resulting
in a significant amount of photons are already excluded by experiments. For lower
energy ranges the necessary coupling strength decreases.

As the axion mass has no effect on the photon number below an energy-dependent
threshold it is reasonable to keep it constant while varying the coupling strength
and energy range. As even for the lowest energy ranges discussed here the axion
mass threshold is at m, h = 103 neV the axion mass will be set to m = 10° neV for
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Figure 17: Coupling strength required to produce N, > 10~2 photons for the source
candidate GW170817 for different particle energy ranges.

the following calculations. The coupling strength for each energy interval resulting
in Ny = 10~2 — 10* photons is displayed in Fig. The energy Ey displayed on
the x-axis gives the lower end of the energy spectra which span over one magnitude
each. The slight irregularities seen in this plot again stem from the sine term in the
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Figure 18: coupling strength resulting in N, > 1072 —10* for specific energy intervals
for the source candidate GW170817 assuming Eiot.a = 0.01Ei; and m, =
10° neVv.

conversion probability given in equation @ The sudden increases of the slope of
the contour lines for N, = 10 and N, = 102 for energies of Ey ~ 10%? GeV and
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Ey ~ 1014 GeV, respectively, are most likely due to a term containing the coupling
strength overpowering an energy-dependent term. It is again noticeable that for lower
energies, a lower coupling strength is required for the production of the same number
of photons. In addition to studying the effects of the coupling strength and particle
energy, it is interesting to examine the effects of the distance of a source candidate
as well.

5.6 GW170817 at different distances

We will now discuss a binary neutron star merger event similar to GW170817 at
different luminosity distances from earth.

For the total energy emission of the source, Eio; = 4.5 - 10°° GeV will be used and
the axion emission energy will be set to Fiota = 0.01Eo; = 4.5- 10%3 GeV. The axion
mass is assumed to be constant at m, = 10° neV as the photon number is independent
of the axion mass below the threshold axion mass. The variable parameters are still
the coupling strength and the energy spectrum. The same calculations as above are
now performed for different luminosity distances varying between Dy = 500 kpc and
Dy, =107 kpc.

As above, the photon number is calculated and parameter combinations resulting
in an expected photon number are marked in Fig.

In Fig. it is noticeable that there is an upper bound on the coupling strength
which is roughly gy < 10978 .10~ GeV~! for the axion mass range mq ~ (10 —
10%) neV. Additionally it is important to notice that the Pierre Auger Observatory
is only sensitive to photons with energies above E = 0.2 - 108 eV ~ 1082 GeV [11].

Marking this energy and the lowest possible coupling strength not excluded by
other experiments in the plots of Fig. [I9 makes it clear that no significant number of
photons can reach the detector from sources with luminosity distances Dy, > 107 kpc
which is about a magnitude larger than the luminosity distance of the blazar TXS
0506+056.

The focus will now be on the energies in the range E = 10® — 10! GeV as these
are energies detectable at the Pierre Auger Observatory. This energy range will
be split into 3 different intervals £ = 10% — 10° GeV, E = 10° — 10'° GeV and
E =10'— 10" GeV.

For each of the energy intervals the number of photons can be calculated depending
on a varying coupling strength and luminosity distance. The results of the calculation
can be seen in Fig. Again, calculations were made with m = 10° neV. Addition-
ally to the threshold values for the photon number, the upper bound on the coupling
strength g, = 10978 .10~ GeV~! is marked with a blue horizontal line. The area
in the axion mass-coupling strength parameter space in which QCD axions can ex-
ist, is marked in yellow in Fig. For the threshold axion masses given in Tab.
[7] the coupling strengths allowing for a QCD axion are marked in yellow in Fig. 20]
as well. The ranges of coupling strength fulfilling the conditions for the QCD axion
are goy = (10724 —10737) . 1071 GeV ™, g4, = (10744 = 10727) . 1071 GeV~! and
gary = (10734 -10717). 1071 GeV ! for the axion masses m = 103 neV, m = 10* neV
and m = 10° neV respectively. Additionally the red band marks the HB-hint region
discussed in chapter The irregularities seen here are again most likely due to
the sine term dropping to zero.
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Figure 19: Parameter combinations of coupling strength and axion energy resulting
in a threshold number of photons for different luminosity distances for a
source similar to GW170817 assuming an axion emission energy of Eiot a =

Eiot,awi7os17-

One important observation from the plots displayed in Fig. [20] is that for lower
energy ranges it is more likely to detect a higher number of photons converted from
axions. For the energy range E = (101°—10%') GeV it is possible to detect Ny > 1072
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Figure 20: Parameter combinations of coupling strength and luminosity distances re-
sulting in a threshold number of photons for different energy ranges assum-
ing a source similar to GW170817 with Eiota = 0.01E, gwirosi7- The
horizontal lines and bars mark the upper limit on the coupling strength,
the HB-hint region and the QCD axion coupling range.

photons for distances of Dy < 10*! kpc which is similar to the distance of the
source of GW170817. For the energy ranges E = (10° — 101°) GeV and E = (10% —
10%) GeV the lowest luminosity distances where N, > 102 photons could still be
expected at the Pierre Auger Observatory are Dy, < 10°6 kpc and Dy, < 107! kpc
respectively which is considerably higher. The latter roughly corresponds to the
maximum distance determined in Fig. The maximum distances from which axions
in the HB-hint region could be detected are just about 0.1 — 0.2 magnitudes lower
than the maximum distances for detection of general axions. In comparison, the
distances from which QCD axions could be detected are significantly lower. For
the highest energy range E = (10'° — 10'!) GeV the distance for the detection of
QCD axions is Dy, < 10%7 kpc which corresponds to distances of sources just beyond
the Local Group. The distance for the energy ranges £ = (10° — 10'°) GeV and
E = (108 — 10%) GeV are Dy < 10%2 kpc and Dy < 10*9 kpc, respectively. The
latter is comparable to the distance of GW170817.

The same calculations can be performed for lower energies even though they are not
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accessible by the Pierre Auger Observatory yet. The plots are displayed in Fig. 2]

S
S
o K
g il o g
S . >

log(coupling/(10-11GeV~1))
?
'
=
W
5
log(coupling/(10-11GeV~1))
¥
°
'
z
%

—— lowest bound on coupling for m = 107 - 10° nev —— lowest bound on coupling for m = 102 - 10° neV
HB-hint region HB-hint region
QCD coupling strength range for m = 10* neV/ QCD coupling strength range for m = 10> neV/

=2 0 2 4 6 8 10 =2 0 2 4 6 8 10
log(distance/kpc) log(distance/kpc)

(a) E =107 — 10® GeV. (b) E =10% — 107 GeV.

Figure 21: Parameter combinations of coupling strength and luminosity distances re-
sulting in a threshold number of photons for different energy ranges assum-
ing a source similar to GW170817 with Eiota = 0.01Ei¢, gwirosi7- The
horizontal lines and bars mark the upper limit on the coupling strength,
the HB-hint region and the QCD axion coupling range.

Decreasing the energy range to E = 107 — 10% GeV could provide the means to
detect photons from sources as distant as Dy < 1089 kpc. Decreasing the energy
range even further to £ = 105 — 107 GeV could possibly lead to a chance to detect
photons converted from axions originating from sources with luminosity distances
Dy > 10%! kpc. These distances exceed the limits obtained from Fig. as the
minimum energy has been lowered. For such distances multiple remarks are necessary.
They exceed the distance of the CMB beyond which no observations can be made.
Therefore assumptions about sources beyond this distance are rather speculative.
Additionally, particles from such distances would have been emitted in the early
stages of the universe where the kind of sources discussed above might not have
existed yet. The values given here are meant to illustrate the functional behaviour
of the analysed parameters.

The distances below which the threshold coupling strength g,, < 10978.10- 1 GeV !
results in IV, > 1072 photons as well as distance below which axions with coupling
strength in the HB-hint region could be detected are listed in Tab. [§] for all of the
energy ranges discussed above.

The distances from which the detection of QCD axions are possible are given in
Tab. [9] The energy dependent axion mass thresholds first mentioned in table [7] are
listed as well together with their corresponding coupling strength ranges for which
the QCD axion conditions hold.

It is important to remember that the magnetic field strength was set to B =1 uG
which is a typical value for galaxy clusters. For luminosity distances Dy, > 10* kpc a
lower magnetic field strength and therefore a lower conversion probability are realistic.
The given results are therefore rather optimistic estimates meant to describe the
functional behaviour of the conversion probability and photon number. To take
variations of the magnetic field into consideration, a more detailed modelling of the
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energy range E | distance  threshold for | distances threshold for N, > 10~
[GeV] N, > 1072 [kpc] for axions in HB-hint region [kpc]
1010 — 10" < 10%! < 10
109 _ 1010 < 105.6 < 105.5
108 — 10° < 10"t <107
107 — 10° < 10%° < 108
106 _ 107 < 109.1 < 109.1

Table 8: Energy ranges and maximum luminosity distances required for the detection
of Ny > 10~2 photons as well as maximum luminosity distances required for
the detection of N, > 10~2 photons for axions with couplings in the HB-
hint region for photons in energy ranges detectable by the Pierre Auger
Observatory and for photons with lower energies.

energy range | axion mass | QCD coupling | distances threshold for
E [GeV] threshold mg | strength  range | N, > 1072 for axions in
[neV] Jary 1071 GeV] QCD range [kpc]
1010 _ 1011 < 107 10—1.4 _ 100.3 < 103.7
10% — 100 <109 10724 — 10797 < 10%2
108 — 107 < 10° 10734 — 10717 < 10%6
107 —10° <10* 10744 —10727 <10
10% — 107 <10° 10754 — 10737 < 10°5

Table 9: Energy ranges and axion mass threshold with corresponding QCD coupling
ranges and maximum luminosity distances required to detect N, > 1072
photons in this range for photons in energy ranges detectable by the Pierre
Auger Observatory and for photons with lower energies.

propagation scenario would be necessary. For this research these results will be
considered as final results. They are displayed more comprehensively in Fig. The
maximum distances for each energy range discussed above are marked here in blue.
Additionally the maximum distances for coupling strengths in the HB-hint region and
in the QCD region are marked in red and yellow, respectively. The horizontal green
line marks the lowest energy E ~ 1083 GeV currently detectable at the Pierre Auger
Observatory. The vertical line marks the luminosity distances Dy, > 10* kpc above
which these estimates become more optimistic due to the magnetic field strength
being lower beyond this distance.
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Figure 22: Energy ranges and their corresponding maximum distances for which
N, > 10~2 photons converted from axions, axions in the HB-hint region
and QCD axions are expected at the Pierre Auger Observatory. The source
is assumed to be similar to GW170817 with Eiota = 0.01 Etor, aw170817-
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6 Discussion of results

From Fig. the coupling strength required for a > 1% chance for N, > 1 photon
to cross the Pierre Auger detector at different distances and energies can be read off.
These can be marked in the limits plot which is shown in Fig. The lines mark
the parameter combinations resulting in a > 1% chance of N, = 1 photon crossing
the detector giving a guideline on the parameter ranges accessible for different source
distances.
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Figure 23: Maximum distances for a > 1% chance for one photon to reach the
Pierre Auger Observatory at different coupling thresholds for Eiot, o =
4.5 - 10° GeV and different energy intervals. Energy ranges: magenta:
1019 GeV < E3 < 10 GeV, cyan: 10° GeV < Ey < 109 GeV, yellow:
108 GeV < E; < 10° GeV. Coupling strength thresholds from lowest to
highest: g,, = 1071% GeV 1, Jay = 10713 Gev—H, Jay = 1071 Gev—L.

Additionally we can take a more detailed look at Fig.[22] which displays the energy
ranges and the corresponding maximum distance below which N, > 1 is expected
to cross the detector at the Pierre Auger Observatory with a > 1% chance. The
maximum distances for a > 1% chance for N, > 1 photon resulting from a QCD
axion or an axion in the HB-hint region to cross the detector are marked as well.
For the highest energy range 10'° GeV < E < 10! GeV the maximum distances of
Dy, = 10*! is in the range of the Virgo Supercluster, for 10° GeV < E < 10'° GeV
the maximum distance is Dy, = 10%% kpc which is similar to the luminosity distance
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of GW150914. For the lowest energy range 108 GeV < E < 10° GeV detectable by
the Pierre Auger Observatory, axions from sources beyond these distances may be
observed. As the maximum distance for the detection of axions in the HB-hint region
is only 0.1 — 0.2 magnitudes lower than the maximum distance for the detection of
axions, it is possible to detect axions in the HB-region as well. It is however less
likely but still not impossible to detect axions in the QCD range. For the highest
energy 10'° GeV < E < 10" GeV the maximum distance for QCD axions is Dy =
1037 kpc = 5 Mpc. For the lowest energy range currently measurable the maximum
distance is Dy, = 10%% kpc ~ 39.8 Mpc which is similar to the luminosity distance of
GW170817.

By lowering the measurable energy at the Pierre Auger Observatory, the maximum
detectable distance increases. Decreasing the detectable energy about one magnitude,
increases the maximum distance for the measurement of a QCD axion by 0.4 — 0.6
magnitudes depending on the specific energy range. For the measurement of an axion-
like particle an extension to lower energies theoretically provides benefits as well. By
lowering the energy by one magnitude, the maximum distance for the detection of
axions increases by &~ 1.5 magnitudes but as mentioned above, distances as high as
10° kpc are not relevant for the detection of axions anymore. But still, the plot
provides a rough guideline on which sources to investigate in more detail in future
searches.

6.1 Critical evaluation of results

As mentioned above, the plot becomes highly optimistic beyond the range of the
Virgo Supercluster which is Dy, ~ 10* kpc. For higher distances, the given estimates
are rather optimistic due to the assumption of the magnetic field strength being
B =1 puG which is a likely value for galaxy clusters but not for the medium beyond
such structures. Besides the high estimate for the magnetic field strength for distances
beyond distances of Dy, > 10* kpc, the estimated magnetic field strength might be too
low for lower distances due to the galactic magnetic field strength being considerably
higher than the one in cluster medium. Particles from galactic sources with distances
Dy, < 10! kpc propagate exclusively through galactic medium and even particles from
sources with distances Dy, > 10* kpc traverse galactic medium before arriving at the
detector. Both of these effects have not been considered in the calculations above. A
detailed analysis of magnetic fields for specific regions would potentially increase the
number of photons for sources at distances D7, < 10* kpc. For particles from sources
with distances Dy, > 10 kpc the discussed effect have contradicting influence on the
photon number. A more detailed analysis would be needed to investigate the overall
result on the photon number.

Another effect not discussed here is the interaction of photons with the CMB and
the universal radio background (URB) during their propagation. This effect is not
negligible especially for axions which converted into photons close to the source.
Through this effect the photon number is reduced for distant sources. For such
photons a reconversion into axions is possible as well even though it is less likely
than the interactions with the CMB and URB.

Additionally, the area of the Pierre Auger Observatory used for the calculations
is estimated to be 3000 km? for all energy ranges. This is an overestimation for low
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energies. The full detector array is sensitive to energies E > 10'® eV = 10° GeV while
the area which is sensitive to energies £ > 0.2 - 1018 eV ~ 1083 GeV is significantly
smaller with an area of ~ 27.5 km? [I1]. As the detector area for the lowest order
of magnitude is more than two magnitudes smaller than the full detector area, the
expected photon number is about two magnitudes lower as well.

Lastly, the in detail analysis is only performed for sources with the same luminos-
ity as GW170817. The total emitted energy of sources can assume values varying
over several magnitudes impacting the number of photons and therefore the distance
thresholds. For specific source candidates this variation has a specific and significant
contribution to the result.

These corrections have partially contradicting effects. A more detailed analysis for
individual source candidates would be needed to include areas of different magnetic
field strength, interactions of photons with the CMB and URB as well as a sources
specific luminosity in the calculation. The gammaALPs python package used here
might be able to aid in a further analysis as it is possible to include magnetic fields
and electron densities varying with the distance as well as the interaction of photons
with the EBL but for simplicity these effects have not been taken into account yet.
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7 Summary and outlook

In this thesis the possibilities to detect axions with the Pierre Auger Observatory have
been discussed. The analysis of conversion probabilities and numbers of converted
photons traversing the Pierre Auger Observatory indicates a detection is more likely
for closer sources but even sources with distances in the Mpc and low Gpc scale are
not out of the question.

One source candidate, GW170817, and similar sources with varying luminosity dis-
tances have been analysed in detail and the number of converted photons traversing
the detector area has been calculated for different ranges of particle energy. A guide-
line is provided to assess which sources are worthwhile to examine in detail in future
axion searches. It was clear that the probability of detection increases with decreas-
ing particle energies. With the current setup of the Pierre Auger Observatory, which
can measure energies above E ~ 2 -10% GeV, binary neutron star mergers similar to
GW170817 with distances up to the megaparsec and gigaparsec scale are worthwhile
to investigate in more detail. This estimation might be rather optimistic as there
are several effects not considered in this calculation but it does provide a guideline
for future searches. Further research is needed to take into account additionally con-
tributing effects discussed above. This would lead to more accurate estimations of
conversion probabilities, photon numbers and probabilities of detection.
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Figure 24: 2D histograms for a source located in a void plotting the conversion prob-
ability against (from top left to bottom right) magnetic field strength,
axion energy, coupling strength, axion mass, electron density, distance.
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Figure 25: 2D histograms for a source located in a galactic range assuming a low
electron density plotting the conversion probability against (from top left
to bottom right) magnetic field strength, axion energy, coupling strength,
axion mass, electron density, distance.
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Figure 26: 2D histograms for a source located in a galactic range assuming a high
electron density plotting the conversion probability against (from top left
to bottom right) magnetic field strength, axion energy, coupling strength,

axion mass, electron density, distance.
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Figure 27: Conversion probability plotted on the colour axis against the coupling
strength and axion mass with marked probabilities required for N = 1
photons to cross the detector for the source candidate GW150914 assum-
ing an axion energy E = 10° GeV and Eiota = Eot-
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Figure 28: Conversion probability plotted on the colour axis against the coupling
strength and axion mass with marked probabilities required for N = 1
photons to cross the detector for the source candidate TXS 0506+056
assuming an axion energy E = 10° GeV and Eiot,a = Eiot-
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Figure 29: Conversion probability plotted on the colour axis against the coupling
strength and axion mass with marked probabilities required for N = 1
photons to cross the detector for the source candidate GRB 170817 as-
Suming Etot,a = Fiot-
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(a) Coupling strength plotted against axion (b) Coupling strength plotted against axion

mass with the conversion probability on mass with the conversion probability on
the colour axis for axion energy E = the colour axis for axion energy E =
10° GeV. 101t GeVv.

Figure 30: Conversion probability plotted on the colour axis against the coupling
strength and axion mass with marked probabilities required for N = 1
photons to cross the detector for the source candidate SN 1885A assuming
Etot,a = FEjot.
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(a) Coupling strength plotted against axion (b) Coupling strength plotted against axion
mass with the conversion probability on mass with the conversion probability on
the colour axis for axion energy F = the colour axis for axion energy E =
105 GeV. 10115 GeV.

Figure 31: Conversion probability plotted on the colour axis against the coupling
strength and axion mass with marked probabilities required for N = 1
photons to cross the detector for the source candidate GRB 980425 as-
Suming Etot,a = Fiot.
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Figure 32: Conversion probability plotted on the colour axis against the coupling
strength and axion mass with marked probabilities required for N = 1
photons to cross the detector for the source candidate SN 1987A assuming
Etot,a = Ejot.
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Figure 33: Photon number calculated with equation plotted on the colour axis
against coupling strength and axion mass with contour lines marking N, =

0.01, 1 and 100 photons crossing the detector for the source candidate
GW170817 assuming Eiot,a = 0.01Eyo and E = 106 — 107 GeV.
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Figure 34: Photon number calculated with equation plotted on the colour axis
against coupling strength and axion mass with contour lines marking N, =
0.01, 1 and 100 photons crossing the detector for the source candidate
GW170817 assuming Fiota = 0.01 o and E = 107 — 108 GeV.
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Figure 35: Photon number calculated with equation (88) plotted on the colour axis
against coupling strength and axion mass with contour lines marking N, =
0.01, 1 and 100 photons crossing the detector for the source candidate
GW170817 assuming Eiot o = 0.01E¢ot and E = 10% — 10° GeV.
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Figure 36: Photon number calculated with equation plotted on the colour axis
against coupling strength and axion mass with contour lines marking N, =
0.01, 1 and 100 photons crossing the detector for the source candidate
GW170817 assuming Eiot,a = 0.01Eo and E = 100 — 101! GeV.
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