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Abstract

Cosmology and particle physics are closer today than ever before, with several searches un-
derway at the interface between cosmology, particle physics, and field theory. The mystery
of dark matter (DM) is one of the greatest common unsolved problems between these fields.
It is established now based on many astrophysical and cosmological observations that only a
small fraction of the total matter content of the universe is made of baryonic matter, while
the vast majority is constituted by dark matter. However, the nature of such a component
is still unknown. One theoretically well-motivated approach to understanding the nature of
dark matter would be through looking for light pseudo-scalar candidates for dark matter
such as axions and axion-like particles (ALPs). Axions are hypothetical elementary particles
resulting from the Peccei-Quinn (PQ) solution to the strong CP (charge-parity) problem
in quantum chromodynamics (QCD). Furthermore, many theoretically well-motivated ex-
tensions to the standard model of particle physics (SMPP) predicted the existence of more
pseudo-scalar particles similar to the QCD axion and called ALPs. Axions and ALPs are
characterized by their coupling with two photons. While the coupling parameter for axions
is related to the axion mass, there is no direct relation between the coupling parameter and
the mass of ALPs. Nevertheless, it is expected that ALPs share the same phenomenology
of axions. In the past years, axions and ALPs regained popularity and slowly became one of
the most appealing candidates that possibly contribute to the dark matter density of the

universe.

In this thesis, we start by illustrating the current status of axions and ALPs as dark matter
candidates. One exciting aspect of axions and ALPs is that they can interact with pho-
tons very weakly. Therefore, we focus on studying the phenomenology of axions and ALPs

interactions with photons to constrain some of their properties.

In this context, we consider a homogeneous cosmic ALP background (CAB) analogous to
the cosmic microwave background (CMB) and motivated by many string theory models
of the early universe. The coupling between the CAB ALPs traveling in cosmic magnetic
fields and photons allows ALPs to oscillate into photons and vice versa. Using the M87 jet

environment, we test the CAB model that is put forward to explain the soft X-ray excess

v



in the Coma cluster due to CAB ALPs conversion into photons. Then we demonstrate
the potential of the active galactic nuclei (AGNs) jet environment to probe low-mass ALP
models and to potentially exclude the model proposed to explain the Coma cluster soft

X-ray excess.

Further, we adopt a scenario in which ALPs may form a Bose-Einstein condensate (BEC)
and, through their gravitational attraction and self-interactions, they can thermalize to spa-
tially localized clumps. The coupling between ALPs and photons allows the spontaneous
decay of ALPs into pairs of photons. For ALP condensates with very high occupation num-
bers, the stimulated decay of ALPs into photons is also possible, and thus the photon
occupation number can receive Bose enhancement and grows exponentially. We study the
evolution of the ALPs field due to their stimulated decays in the presence of an electro-
magnetic background, which exhibits an exponential increase in the photon occupation
number by taking into account the role of the cosmic plasma in modifying the photon
growth profile. In particular, we focus on quantifying the effect of the cosmic plasma on
the stimulated decay of ALPs as this may have consequences on the detectability of the
radio emissions produced from this process by the forthcoming radio telescopes such as
the Square Kilometer Array (SKA) telescopes with the intention of detecting the cold dark
matter (CDM) ALPs.

Finally, finding evidence for the presence of axions or axion-like particles would point to new
physics beyond the standard model (BSM). This should have implications in developing our

understanding of the nature of dark matter and the physics of the early universe evolution.

Keywords: dark matter, axions, axion-like particles, strong CP problem, Peccei-Quinn solu-
tion, ALP-photon coupling, cosmic ALP background, Coma cluster soft X-ray excess, Bose-
Einstein condensate, stimulated decay of ALPs, Square Kilometer Array, physics beyond the

standard model
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Chapter 1

Introduction and Motivation

The question of the fundamental origin of matter with explaining how nature works is one
that has interested philosophers and scientists since the dawn of history. The answer to this
question has been a subject of explanation in almost all civilizations and cultures until science
has been able to give a version of the facts. The magnificent progress made in this regard
particularly in the last few decades is undoubtedly one of the most important achievements
of the human species throughout the ages to realize the nature of our reality. In theoretical
physics, our present best understanding of the behavior of the universe is based upon
the extraordinary successes of the standard model of particle physics (SMPP) [5-7] which
describes the physics of the very small objects in terms of quantum mechanics (QM) [8],
together with the standard model of cosmology (SMC) [9,10] which describes the physics of
the very large objects in terms of the theory of general relativity (GR) [11,12]. According to
this investigation, we believe that the structure of the universe is explained in terms of a set
of elementary particles interacting with each other through four fundamental forces. Gravity,
electromagnetism, weak, and strong interactions are considered the four fundamental forces

in nature, all of which are described based on symmetry principles [13].

The SMC, and also called the ACDM model, is essentially based on Einstein's general
theory of relativity for the gravitational force, which improved upon Newton's theory of
gravity [14,15]. Indeed it is a purely classical theory, as long as it does not incorporate any
idea of quantum mechanics into the formulation. Today, general relativity is widely accepted
as our best description of the physics of the gravitational field, and it has many successes
in describing the structure of the universe on the macroscopic scale [16,17]. The SMPP,
on the other hand, is broadly accepted as the fundamental description of particle physics.
It successfully handles the interactions of the elementary particles due to the other three
fundamental forces, the electromagnetic, weak, and strong forces within the framework of

quantum mechanics at the microscopic scale [16,17].
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Despite the many successes and the strong empirical support of both the two standard mo-
dels (SM), at first sight, they appear to be incompatible since each of them is formulated
based on principles that are explicitly contradicted by the other model. This contradiction
leaves many foundational issues that are still poorly understood, and numerous basic ques-
tions remain active areas of current research. Although there is a lot of evidence to make
one quite confident that many steps have been taken on the way to understand the behavior
of matter and the structure of the universe, there are also many reasons to believe that
something very basic is missing and fundamental understanding of the nature of matter and
the current picture of the world is still incomplete. In the last few years, the connection bet-
ween cosmology and particle physics has been developing very rapidly. The potential now
exists to revolutionize our knowledge by looking for the possibility of new physics being
discovered and this definitely requires new theories that will have to be developed or that

existing theories will have to be amended to account for it.

1.1 Standard model of cosmology

The observed expansion of the universe is a natural result of any homogeneous and isotro-
pic cosmological model based on general relativity [18-20]. In 1915, Einstein developed the
general theory of relativity to improve Newton's theory of gravity in describing the gravita-
tional interactions between matter. A comprehensive introduction to general relativity can
be found in various textbooks, such as [21-25]. General relativity is a purely classical theory
and does not incorporate any idea of quantum mechanics into the formulation. The criti-
cal aspect of the general relativity is the dynamical nature of spacetime, and it essentially

depends upon the following two fundamental postulates:

— The principle of relativity, which states that all systems of reference are equivalent

with respect to the formulation of the fundamental laws of physics.

— The principle of equivalence, which states that in the vicinity of any point, a gravita-

tional field is equivalent to an accelerated frame of reference in gravity-free space.

The consequences of these principles lead to the fundamental insight of the general relativity
that is: gravity can not only be regarded as a conventional force but rather as a manifestation
of spacetime geometry. In other words, general relativity assumes that the gravitational force
is a result of the curvature of spacetime. This should change our ideas about mass that
came from Newtonian gravity, which implies that the mass is the source of gravity. In
general relativity, the mass turns out to be a part of a more general quantity called the
energy-momentum tensor (7),,) [26], which includes both energy and momentum densities
and encodes how matter is distributed in spacetime. It seems to be natural that the energy-

momentum tensor is involved in the field equations for the general gravity, as we will see
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later. Thus, the energy and matter content alters the geometry of the spacetime, and the
geometry of spacetime affects the motion of matter. Essentially as John Wheeler once said,

“matter tells spacetime how to curve, and spacetime tells matter how to move” [27].

Mathematically, general relativity is defined by two central equations. The first is a set
of ten equations that give the relationship between spacetime and matter, known as the

Einstein field equations [28]

TG

1
G;w = %uu - §mguu = 7 Tw/ ) (11)

where G, is the Einstein tensor, R, is the Ricci tensor [29] that encodes information
about the curvature of space-time given by the metric g,,, R is the Ricci scalar, T}, is the
energy-momentum tensor, G is the universal gravitational constant, and c¢ is the speed of

light. For an extensive review of tensors see [30].

The second is the equation of the geodesic path, which governs how the trajectories of
objects evolve in curved spacetime and it gives the equation of motion for freely falling
particles in a specified coordinate system. In practice, this equation represents four second-
order differential equations that determine x“(7), given initial position and 4-velocity, where
T is proper time measured along the path of particle:
d?z> [@dm”} 0
dr drt ’

dr? v

(1.2)

where I'} is known as a Christoffel symbol. One of the most spectacular successes of
the general relativity is its role that leads to the birth of the standard model of big bang
cosmology or simply the standard model of cosmology (SMC). For thorough reviews of this
topic, see for example [31-34]. The formulation of the SMC was based on general relativity,
and it has been very successful in explaining the observable properties of the cosmos [17].
In principle, general relativity provided a comprehensive and coherent description of space,
time, gravity, and matter at the large scales [35]. It was also capable of describing the
cosmology of any given distribution of matter using the Einstein field equation. Friedmann
simplified the Einstein field equations by assuming the universe is spatially homogeneous
and isotropic on large scales, and that is quite consistent with the recent observations [36].
Together, homogeneity and isotropy lead to the cosmological principle, stating that on
sufficiently large scales, the universe is homogeneous and isotropic, and essentially this
means that all spatial positions in the universe are equivalent. The cosmological principle
then restricts the metric to the Friedmann-Robertson-Walker (FRW) form [37-42]
dr?

1 — kr?

ds? = —dt® + R(t) +7°(d6” + sin® 6d¢?) | (1.3)

in which (7,6, ¢) are the comoving coordinates, and the dimensionless parameter R(t) =

R.(t)/R. is called the scale factor of the universe that characterizes the size of the universe
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and hence its evolution. Here R.(t) is the radius of curvature of the 3-dimensional space
at time t and , by convention, R. is the radius of curvature at the present time t,. If this
metric equation is rewritten in terms of the conformal time 7 instead of using the proper
cosmic time t as measured by a comoving observer, then it reduces to

2

d
dﬁzR@f—d¥+TJ%3+ﬁMW+$ﬁ&wﬂ. (1.4)
— RT

Here the dimensionless parameter k = r/ R, determines the curvature of the space, where
the number x is called the curvature constant, which takes only the discrete values;

+1,0,—1, and distinguishes between the following different spatial geometries,

— Kk = 41, corresponds to a finite universe with spatially closed geometries, positively

curved like a sphere.

— k = 0, corresponds to an infinite universe with spatially flat geometries, uncurved

like a plane.

— K = —1, corresponds to an infinite universe with spatially open geometries, negati-

vely curved like a hyperboloid.

By inserting the FRW metric into the Einstein field equations, we obtain a closed system

of Friedmann equations, which describe the evolution of the scale factor:

L\ 2
R 87G kc?
(E) 3R (13)

R 4G 3P
ﬁ—‘i—@+§)7 (16)

where p is the energy density, and P is the pressure of the universe. Most solutions to the
Friedmann equations predict an expanding or a contracting universe, depending on some
set of initial numbers, such as the total amount of matter in the universe. The solutions of

the expanding universe lead to Hubble's law [43]
v=Hd, (1.7)

where v is expanding velocity, d is the proper distance that is the distance to an object as
measured in a surface of constant time, and H is the rate of expansion of the universe,

which known as the Hubble function

H

R
= (1.8)

This allows establishing the age of the observable universe to be ~ 14 billion years. This
equation is really important since it relates the empirical parameter H discovered by Hubble
to the expansion parameter of the Friedmann equation. The recent value for the today

universe expansion rate is measured by the current value of the Hubble function and known
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as the Hubble constant H,. Hubble initially overestimated the numerical value of Hy and
thought it is 500 km s~ Mpc™'. The best current estimation of it, combining the results
of different research groups, gives a value around 70 +7 km s~! Mpc™' [44]. However, the
initial value for the Hubble constant was much bigger than the recent one, but in any case,
it was always big enough to make the Friedmann solution to the Einstein field equations
inconsistent with the belief at this time that the universe is static and positively curved. The
current value of the Hubble constant allows establishing the age of the observable universe
to be about 14.041.4 billion years. The discovery of the cosmic expansion then implies that
the age of the universe is not infinite. Note that since the energy density of the universe p
must be a positive number, then the Friedmann to the Einstein field equations leads to the
surprising result that the pressure of matter P is negative. Einstein corrected for this by
introducing the so-called cosmological constant A [45] into the original field equations and
forced it to escape the confusion with Friedmann solution for a static and positively curved
universe [46,47]. The modified field equations with the cosmological constant had a form

G +Aguw =R, — %?ﬁgw +Agu = 8:—4GT,W ) (1.9)
With the additional term of the cosmological constant to the Einstein field equations, the

Friedmann equations become

. 2
R 8@ kc? Ac?
- — _ 1.1
(R) 3 P TR0 T3 (1.10)
R 471G 3P Ac?
_= —— — —_— 1.11
R 3 < c? ) * 3 (111)

In addition, conservation of the energy-momentum tensor yields a third equation which

turns out to be dependent on the two Friedmann equations:

R P

)+ 3— +—=1]1=0. 1.12

ptig (p CQ> (1.12)

This is essentially the equation of state that relates the density p to the pressure P. In the
most common cases, the equation of state for the cosmological fluid is chosen to be of a

mixture of non-interacting ideal fluids that is given by the form
P, = w;p;c?, (1.13)

where P; is the partial pressure, and p; is the partial energy density for each part of the
cosmic fluid. While the factor wj is a constant whose value represents properties of different
kinds of fluid, for example, w = 0 gives a pressureless fluid, while w = 1/3 corresponds
to radiation, and it might take negative values to represent the negative pressure which
could be caused by some other form of a perfect fluid. Indeed, the additional term with the
cosmological constant A in the Einstein field equation should be the source of such a form

of matter, which is known as dark energy.
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As a final note on the Friedmann equations, dividing the first equation by factor H? gives

the sum of the energy densities of the various matter components of the universe

1=+ Qp + U, (1.14)
1@ —kc? Ac?
=gl %= ome =55 (1.15)

where €1 is the energy density divided by the critical density p. = %, the energy density

at which the universe is flat such as 2 = 1.

The general relativity and the relative SMC provide the most successful description of space,
time, and gravity. This is supported by a number of experimental confirmations that have
been found to agree with the theoretical predictions. The declaration in 2016 about the first
direct detection of the gravitational-waves signal generated due to the merger of black holes
has provided extraordinary evidence in support of the general relativity and the SMC [48].
In addition to the existence of gravitational waves, general relativity has been confirmed by
other tests include the observations of the gravitational deflection of light, the anomalous

advance in the perihelion of Mercury, and gravitational redshift [49].

1.2 Standard model of particle physics

The SMPP is a very successful theory that considered our best current description of the
known elementary particles of nature and their interactions. A wealth of canonical literature
is available, see for example [50-53]. The model is capable of providing a quantitative
description of three of the four fundamental interactions in nature, i.e. electromagnetic,
weak, and strong interaction. The electromagnetic and weak interactions are unified in
the electroweak theory interaction that is described by the model of Glashow, Salam, and
Weinberg (GSW), while the quantum chromodynamics (QCD) is the theory that describes
the strong interaction. The fourth fundamental interaction is gravity, which is best described
by the general relativity, as we already discussed in the previous section. The incorporation

of the gravitational force into the SMPP framework is still an unresolved challenge [54].

The SMPP classifies the elementary particles into two main categories, i.c. fermions and
bosons. In this context, the ordinary matter ! in the universe is basically made up of fermions
that are held together by the fundamental forces through the exchange of bosons that
mediate the forces between these fermions. The fermions are classified as particles with
half-integer spins that obey the Pauli exclusion principle. They can be further subdivided

into two basic classifications of elementary particles, i.e. quarks and leptons, depending

1. The terms ordinary matter and baryonic matter will be used to define the kind of matter described

by the standard model of particle physics.
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Fermions
Quarks Leptons
Generation || Name | Symbol | Charge [¢] | Mass [GeV] Name | Symbol | Charge [¢] | Mass [GeV]
» up u +2/3 | 2.2796 5103 || electron e —1 0.511 x 103
down d —1/3 | 47755 x 1073 || e-neutrino Ve 0 <2x107°
ond charm c +2/3 1.27£0.03 muon iz -1 0.106
strange s -1/3 967§ x 1073 || p-neutrino vy 0 <0.19 x 1073
31 top t +2/3 1742+ 1.4 tau T -1 1.777
bottom b —1/3 418 £0.04 || T-neutrino Uy 0 < 0.0182
Bosons
Name | Symbol | Charge [e] | Spin | Mass [GeV] Interactions Range | Interaction with
Photon v 0 +1 0 Electromagnetism 00 Charge
W-boson |  W#* +1 +1 80.4 weak isospin
Weak 10718
Z-boson Z° 0 +1 91.2 + hypercharge
Gluons | Giz1..8 0 +1 0 Strong 10718 color
Higgs H 0 0 125

Table 1.1: Overview over the standard model particles and some of their properties.

on which kind of interaction they are subjected to. Both classes consist of six particles,
grouped into three doublets, called families or generations. The three quark doublets are:
up (u) and down (d), charm (c¢) and strange (s), top (¢) and bottom (b). While the three
lepton doublets consist of electron (e), muon (x), tau (7), and an associated neutrino to
each of these leptons. Also, there are three additional doublets for each class, composed of
leptons and quarks antiparticles. The antiparticles have the same mass as their partners but
all quantum numbers opposite. On the other hand, bosons are classified as particles with
integer spins and do not obey the Pauli exclusion principle. The photon () is the gauge
boson that mediates the electromagnetic interactions, and there are three such bosons,
i.e. WT, W~, Z responsible for the weak interactions, while the strong interactions are
mediated by 8 gluons (G) [55]. In addition, there is the Higgs boson [56,57] that gives the
mass to all the standard model particles with which the field interacts through the Higgs
mechanism [58]. A list of all the standard model particles and some of their properties are

presented in table 1.1.

The six quarks in the standard model are classified by their so-called flavors. The quarks
three generations are ordered by increasing mass from the first to the third generation. The
up-type quark in each generation has an electric charge equal to +2/3, while each down-
type one carries an electric charge of —1/3. Quarks are the only fundamental particles that
experience all the four fundamental interactions. They participate in strong interactions
because of their color charges, which came in three kinds, i.e. red (r), green (g), blue (b)
charges. They have never been observed yet in nature as free states, but only confined

inbound states called hadrons [59].
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Leptons come as well in six different flavors, and their three generations similarly are ordered
by increasing mass. The electron type leptons carry —1 electric charge, while the associated
neutrinos are electrically neutral. Unlike quarks, leptons do not carry color charge and do not
participate in strong interactions. In turn, every generation has two chiral manifestations,
the left-handed and right-handed one. Only left-handed particles can participate in weak
interactions via W= bosons [60]. Both left-handed particles in a given quark or lepton
generation are assigned a so-called weak-isospin quantum number, identifying them as

partners of each other with respect to the weak interaction.

One important remark should be mention here, that only fermions from the first generation
built up the observable stable matter in the universe. In contrast, the particles of the other
two generations and compounds of them always decay into lighter particles from lower
generations. In fact, the role of these two last generations in describing the visible universe

is not clearly understood yet.

Mathematically, the SMPP can be defined as a renormalizable quantum field theory (QFT)

based on the following local gauge symmetry
Gsm =SUB)c @ SU2)L®@U(1)y . (1.16)

Each of these gauge groups is corresponding to model a different interaction of the three
fundamental forces, which are incorporated into the SM framework: the electromagnetic, the
weak, and the strong forces. The electromagnetic interaction of the standard model particles
is described by the theory of quantum electrodynamics (QED), which is a gauge theory
based on a U(1)em symmetry group. Then the electroweak theory has been formulated to
unify the electromagnetic and weak interactions between quarks and leptons to a single
framework that is able to describe both the two interactions based on the electroweak
gauge group SU(2), ® U(1)y. The SU(2), group refers to the weak isospin charge I,
while U(1)y to the weak hypercharge Y [61,62]. Then the description of the electroweak
interactions requires three massive gauge bosons W= and Z in addition to the photon ~.
In contrast, the theory of quantum chromodynamics describes the strong interaction based
on the gauge group of local SU(3)¢ transformations of the quark-color fields. The QCD
describes the strong interaction between quarks that arises from the exchange of the eight

massless gluons that couple to the color charge of the fermions G,—; . s.

For further convenience, the standard model Lagrangian can be formed as the sum of
four parts, which are the gauge interactions, fermions interactions, Higgs interaction, and
Yukawa interactions. Each of these four terms refers to one of the interaction mechanisms
between the particles of the standard model. Therefore, the most general Lagrangian density

of the standard model can be written as

.££S|\/| == -££Gauge + -££Dirac + -%Higgs + -££Yukawa . (117)
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The first term represents the kinetic terms for the gauge bosons and describes the interac-
tions between them

1 1 1

-%Gauge = G G/a“’ - Z Zl

oy W, Wi —
where G%(a = 1,...,8) are the gluons of the strong interactions, and W/ (i = 1,2,3)

B,,B"", (1.18)

and B, are the gauge bosons of the electroweak interactions. The covariant field strength

tensors are defined as follows

G, = 0,G% — 0,G — g [ GGs (1.19)
W, = 0.W, — 0,W, — ge"*WIW} | (1.20)
B,, =90,B, —0,B,, (1.21)

where g, is the strong interaction coupling strength, and the structure constant f®° is
defined as [7%, 7] = if%7¢, a,b,c run from 1 to 8 for 7@ which are the generator for the
SU(3)¢c group. In contrast, the weak interaction coupling strength is g, and the structure
constant is defined as €® is defined as [\?, \’] = i f2%°\¢, where \® are the group SU(2)r,

generators with a, b, ¢ run from 1 to 3.

The second term contains kinetic terms for the fermions, which describe the fermions

interactions with the gauge bosons as well as their interactions with each other

£Lbirac = Z“ﬁzm% + h.c.. (1.22)
f

The summation runs over all of the fermions, where v;, and v; describe the fermion field
and the conjugate field. The covariant derivative I) featuring all the gauge bosons without
self-interactions. The beauty of this term is that it contains the description of the electroma-
gnetic, weak, and strong interactions, while the covariant derivative distinguishes between

them. The h.c. term represents the “hermitian conjugate” of the Dirac interaction.
The third part of the Lagrangian is the Higgs part
Lriiggs = (Du0)'(Dyo) — V(9'9) , (1.23)
where ¢ represents the Higgs field and the Higgs potential is given by
V(916) = 12616 + S (616)" (129
This part contains only the Higgs bosons and the electroweak gauge bosons. The first term

describes how the gauge bosons couple to the Higgs field and forms its masses, while the

second term represents the potential of the Higgs field.

The last part describes the Yukawa interactions [63], and consist of the most general possible

couplings of the Higgs fields to the fermion fields:

Lyukawa = —Z/ij?/_JLﬂﬂRN5 + h.c., (1.25)
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where y;; is the dimensionless Yukawa coupling. This part describes how the fermions couple
to the Higgs field ¢ and thought to be responsible for giving fermions their masses when
electroweak symmetry breaking occurs [64—66]. The character of neutrino masses is not yet
known, and the h.c. term is the hermitian conjugate of the Yukawa interaction that gives

mass for antimatter particles.

Up to this point, we have constructed the standard model Lagrangian based on the mecha-
nism of interactions. Schematically, it may also be useful to divide our approach to study

the model Lagrangian into two sectors:
$S|\/| = Lew + gQCD . (1.26)
The first part is the electroweak sector of the standard model, which is the subset of terms

consisting of the SU(2), and U(1)y gauge fields as well as all the fermions with non-zero

charges under these groups. Then the EW Lagrangian is of the general form

1. , 1 Y = .
Lew = —ZWWW{‘ — BB + > 1 (iBew — my)ly (1.27)
!
The behavior of the electroweak Lagrangian is defined by the EW covariant derivative:
Y
Dew = 7" (0, + igA\" W + ig’EBu) , (1.28)

where W and B, the three gauge fields of the SU(2) group and the U(1)y group gauge
field, respectively. While ¢’ is another coupling constant and Y is called the hypercharge
operator that is the generator of the U(1)y group.

The strong interaction in the SMPP is described by the quantum chromodynamics sector,
that composed of the SU(3) gauge fields and non-singlet fields under this gauge group.
Consequently, the most general gauge-invariant Lagrangian of QCD reads

.%QCD —ZGZVG‘W-FZQJC s — My Qf+hC + %y . (1.29)

The summation runs over all the quark fields g5, where f is the quark flavor, and my is the
corresponding mass. The QCD sector is characterized by the QCD covariant derivative D,

that contains the coupling between the quarks and the gauge fields and defined as
D, =0, + igsTGY) (1.30)

with G, represent the 8 gluon fields of the strong interaction. As we discussed before, the
term h.c. is the hermitian conjugate to these sectors, and it is required to fix the gauge
kinetic term. Lastly, the QCD gauge invariance allows for one additional term, which we
have labeled the #-term [67]. This term has the following form

Lo=0 62;2 e lerls (1.31)
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Here e#v*# is the totally antisymmetric tensor in four dimensions. The f-term appears as
a consequence solution to the spontaneous breaking of the axial U(1)4 symmetry in the
QCD Lagrangian. Adding this term to the Lagrangian leads to another fundamental problem
called the problem of strong CP (charge-parity) violation [68,69]. The axion [70,71] is a
very promising solution to such a problem and, at the same time, a possible dark matter
candidate. We will discuss this problem with more details in chapter 3 to understand why
adding the #-term to the QCD Lagrangian is necessary and how axions can give rise to

solutions to both the strong CP problem and the dark matter problem as well.

The SMPP is currently well accepted as the best description of nature at microscopic scales.
Within the theoretical framework of the SMPP, a wide range of phenomena can be des-
cribed to an impressive degree of accuracy, and its predictions as well have been verified
experimentally to extraordinary accuracy. Perhaps the most significant success of the SMPP
is the theoretical prediction of the Higgs boson, over 50 years before its experimental detec-
tion in 2012 by the ATLAS and CMS collaborations at the LHC [56, 72]. Other successes
of the model include the prediction of the W and Z bosons, the gluon, and the top and

charm quark, also before they have even been observed.

1.3 Problems with the standard model

As a matter of fact, most of our information about the structure of our universe came based
on the SMPP together with the SMC, and for simplicity, let us call both of the two models
the standard model (SM). Despite all these successes and more, the standard model does
not provide a complete picture of nature, and it does not answer all questions. There is a
number of theoretical and experimental reasons that lead to the belief that the standard
model is not complete yet. Examples in this respect, a set of the major unsolved problems

which can not be addressed by the standard model, are listed downward in this section.

— Gravity puzzle. The SMPP is extremely successful in describing the electromagnetic,
weak, and strong interactions, while gravity; the last fundamental interaction, is only
treated classically by the general relativity and not yet incorporated in the SMPP.
However, there is a hypothesis that gravitational interactions are presumably mediated
by a massless spin-2 particle called graviton, but this particle has not yet been observed
due to the relative weakness of gravitation in comparison with the other fundamental
forces. The possibility of a theory for massive gravitons is commonly referred to as
Massive Gravity, but for the moment it can not be promoted into a renormalizable
quantum theory [73]. For these reasons, both gravity and graviton are not included

in the SMPP. Furthermore, there is is still a possibility that the general relativity
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does not hold precisely on very large scales or in very strong gravitational forces. In
any case, the general relativity breaks down at the big bang, where quantum gravity
effects became dominant. According to a naive interpretation of general relativity that
ignores quantum mechanics, the initial state of the universe, at the beginning of the
big bang, was a singularity. Seeking for reasonable explanations to these issues might

be good enough reason to look for new physics beyond the general relativity [16,17].

— The gauge hierarchy problem. The SMPP can not explain the large differences
in the coupling constants of forces at low energy scales. In particular, there is no
clarification of the mystery that why gravity is so much weaker than the other forces. In
the same context, the mass of the Higgs boson has been measured as 125 GeV [56,57],
while the theoretical value of this mass that is calculated from the standard model
is enormously larger than this experimental result. In a nutshell, the gauge hierarchy
problem is about the question of why the physical Higgs boson mass is so small. It
is possible to restore these values to the proper one through fine-tuning, but this
is considered to be unnatural. It leads many to believe that there must be a better

solution, but the problem is not yet settled [74,75].

— Origin of the mass. The Higgs Mechanism is introduced in the SMPP as the
mechanism that generates the particle masses through a Yukawa-type interaction.
The Higgs boson is the first scalar fundamental particle observed in nature. It gives
masses to the fermions, W, and Z bosons. However, the standard model does not
tell us why this happens. It is also still not clear whether this particle is fundamental

or composite, or if there are other Higgs bosons [76].

— Neutrino mass. The SMPP predicts neutrinos to be massless [77]. However, the
experimental observation of neutrino oscillations implies that neutrinos are massive
particles [78]. An extension of the standard model containing a massive right-handed,
sterile neutrino can solve this problem. In such a model, the standard model neutrinos
acquire mass, and the so-called seesaw mechanism [79-81] explains the smallness of

their masses [82)].

— Flavor problem. The flavor problem [83] is about the questions of why the SMPP
contains precisely three copies of the fermions, and why are the masses of these
fermions so hierarchical and are not in the same order. For example, it is not clear
why the mass of the electron is about 0.511 MeV, while the top quark has a mass of
around 173 GeV.

— Matter-antimatter asymmetry. According to the SMC, it is generally assumed
that equal amounts of matter and antimatter should have been created after the
big bang. However, the visible universe today appears to consist almost entirely of

matter rather than antimatter. One of the current challenges in physics is to figure
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out what happened to cause this asymmetry between matter and antimatter [44]. A
possible explanation could come from the study of CP-violation, which addresses a
very fundamental question, are the laws of physics the same for matter and antimatter,
or are matter and antimatter intrinsically different. The answer to this question may

hold the key to solving the mystery of the matter-dominated universe.

— The strong CP problem. At the end of the previous section, we just mentioned
that the strong CP problem results from the 6-term in the QCD Lagrangian. This
term contains the vacuum angle & with no apparent preferred value, while the current
experimental limit sets a strong limit on its value; that it must be § < 107'°. The
problem of why the value of 6 is so small is known as the strong CP problem. It seems
unlikely that the angle would be so close to zero by pure chance; there should be a

deeper explanation for this behavioral [68, 69].

— Inflation. In cosmology, the better possibility to explain the puzzles that are the
horizon problem, the flatness problem, and the origin of perturbations is to extend
the SMC with inflation theory [44]. The theory assumes that the first fraction of a
second of the big bang, the universe went through a stage of extremely rapid expansion
called inflation. The theory usually requires adding a new heavy particle to the SMPP,
provoking an acceleration of the universe expansion at its very early stages. This new
particle is called the inflaton and is supposed to fill the whole universe, driving the
dynamics of its expansion, before producing after a while the standard model particles
that our world is made of today. Indeed, finding the correct theoretical description
of inflation requires a new physics BSM, and it would not be easy to understand

otherwise.

— Dark matter and dark energy. Because of the unexpected discovery that the
acceleration of our universe expansion is not slowing down but instead speeding up,
it became clear that our universe contains about 4.9% of ordinary matter, 26.8% of
Dark Matter (DM), and 68.3% of Dark Energy (DE) [84]. However, the nature of
dark matter and dark energy, as well as the cause of the accelerated expansion of our
universe, are still unknown [85]. This problem represents one of the major unresolved

issues in contemporary physics.

The standard model is unable to solve such questions, and these problems remain an open
area for recent research, motivating us to continue looking for new physics beyond the
standard model. At the time of writing this thesis, no evidence has been found for physics
beyond the standard model. Nonetheless, the search for physics beyond the standard model
is still an important guideline to new ideas proposed to answer these questions. In the

following section, we discuss some of the approaches that are explored in this direction.
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1.4 Models beyond the standard model

Despite the described criticism above, the incredible accuracy of the SMPP and the SMC
leads to the suggestion that the standard model is simply incomplete rather than incorrect.
Perhaps these models are only different effective parts or phases of a bigger picture that
includes new physics hidden deep in the subatomic world or in the dark recesses of the
universe. This is why a first step to build a new model that could address some of the
problems is first to verify that it agrees with the predictions of the standard model. This is
why many new models aim to expand the standard model rather than to provide an entirely
new approach. Such models are typically called beyond standard model (BSM). There are

a plethora of models that address the standard model problems in many different ways.

Accordingly, there is a lot of effort paid now in theoretical physics to introduce some new
approaches beyond the standard model to solve some of its shortcomings. Hence we need
to find an extension that tackles some or maybe all of these issues mentioned above to

generalize the standard model. Some of them are enumerated below.

— Supersymmetric theories. One of the most popular extensions to the standard
model is supersymmetry, which is a fundamental symmetry between fermions and
bosons introducing a set of new superpartners with opposite spin statistics for each
standard model particle [86,87]. While the bosons have a positive contribution to the
total vacuum energy, the fermionic contribution is negative. In non-supersymmetric
theories, it is unreasonable that the fermions would exactly cancel the contributions
of the bosons to give this small number. In supersymmetry, it is posited that every
particle and its superpartner are degenerate in mass. Therefore, in addition to the usual
term from quantum corrections to the Higgs mass from standard model particles,
there would be a similar contribution to the Higgs mass with the opposite sign and
the same magnitude from the superpartners. These two terms exactly cancel in the
limit of exact supersymmetry, and there is thus no hierarchy problem. Breaking of
this symmetry at the electroweak scale could theoretically explain the small number.

So far, though, no such symmetry has been found in nature.

— Extra-dimensional theories. Another exciting possible way to extend the stan-
dard model is by adding extra spatial dimensions to the common four-dimensional
spacetime [88,89]. These theories often reside at high energies and will, therefore,
be manifest as effective theories at the low energy scale. From the common four-
dimensional point of view, particles that propagate through the extra dimensions will
effectively be perceived as towers of heavy particles. The extra dimensions can be

warped and provide an alternative solution to the hierarchy problem. In these mo-
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dels, the weak hierarchy is induced simply because the Planck scale is red-shifted to
the weak scale by the warp factor. In general, these models explain the weakness of
gravity by diluting gravity in a large bulk volume, or by localizing the graviton away

from the standard model.

— Grand unified theories. This proposal to extend the standard model is exquisite
because it attempts to unify the three gauge coupling of the standard model in one
single one, and correspondingly the strong and electroweak forces unify into a single
gauge theory [90]. This unification must necessarily take place at some high energy
scale of order 106 GeV, and called the grand unified scale, at which all the three
couplings become approximately equal. The central feature of these theories is that
above the grand unified scale, the three gauge symmetries of the standard model
tend to unify in one single gauge symmetry with a simple gauge group, and just
one coupling constant. Below the grand unified scale, the symmetry is spontaneously
broken to the standard model symmetries. Popular choices for the unifying group are
the special unitary group in five dimensions SU(5) and the special orthogonal group in
ten dimensions SO(10). Such theories leave unanswered most of the open questions
above, except for the fact that it reduces the number of independent parameters due
to the fact that there is only one gauge coupling at large energies. Unfortunately,
with our present precision understanding of the gauge couplings and spectrum of the
standard model, the running of the three gauge couplings does not unify at a single
coupling at higher energies, but they cross each other at different energies and further
model building is required [91]. In practice, further model building is required in order

to make this work.

— Theories of everything. The idea of unifying the various forces of nature is not limi-
ted to the unification of the strong interaction with the electroweak one but extends
to include gravity as well. Finding a theory of everything that thoroughly explains and
links together all known physical phenomena is presently considered one of the most
elusive goals of theoretical physics [92]. In practical terms, the immediate goal in this
regard is to develop a theory that reconciles quantum mechanics and gravity and to
build a quantum theory of gravity. Additional features, such as overcoming conceptual
flaws in either theory or accurate prediction of particle masses, would be desired. The
challenges in putting together such a theory are not just conceptual; they include the
experimental aspects of the very high energies needed to probe exotic realms. In the
attempts to unify different interactions, several ideas and principles were proposed
in this direction. String theory [93] is one such reinvention, and many theoretical
physicists think that such theories are the next theoretical step toward a true theory
of everything. Also, theories such as loop quantum gravity and others are thought by

some to be promising candidates to the mathematical unification of quantum mecha-
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nics and gravity, requiring less drastic changes to existing theories. However, recent
workplaces stringent limits on the putative effects of quantum gravity on the speed

of light, and disfavors some current models of quantum gravity [94].

1.5 Motivation for an axion dark matter search

At the present time, the dark matter mystery is one of the greatest common unsolved
problems between the SMPP and the SMC. About 85% of the universe's gravitating mat-
ter is nonluminous, and its nature and distribution are, for the most part, unknown [95].
Elucidating these issues is one of the most important problems in fundamental physics.
Beginning with the nature of dark matter, one possibility is that it is made of new funda-
mental particles [85]. We study dark matter scenarios in BSM physics and look for distinctive
dark matter signature in direct and indirect dark matter searches, using astrophysical and

cosmological probes.

A complete understanding of the nature of dark matter requires utilizing several branches of
physics and astronomy. The creation of dark matter during the hot and rapid expansion of
the early universe is understood through statistical mechanics and thermodynamics. Particle
physics is necessary to propose candidates for dark matter content and explore its possible
interactions with ordinary baryonic matter. General relativity, astrophysics, and cosmology
dictate how dark matter acts on large-scales and how the universe may be viewed as a
laboratory to study dark matter. Many other areas of physics come into play as well, making
the study of dark matter a diverse and interdisciplinary field. Furthermore, the profusion of
the ground and satellite-based measurements in recent years has rapidly advanced the field,

making it dynamic and timely; we are truly entering the era of precision cosmology [96].

In an attempt to explain the particle nature of the dark matter component, we study
models of very light dark matter candidates called axions and axion-like particles. Axions are
hypothetical elementary particles introduced by Peccei and Quinn to solve the CP problem
of the strong interactions in quantum chromodynamics. Furthermore, there are more other
particles that have similar properties to that of axions are postulated in many extensions
of the standard model of particle physics and known as axion-like particles. One exciting
aspect of axion and ALPs is that they might interact very weakly with the standard model
particles. This property makes axions and ALPs plausible candidates that might contribute
to the dark matter density of the universe. The capability of axions and ALPs to contribute
to the discovery of the dark matter composition, in addition, to solve other problems in the
standard model strongly encourages us to pursue researching for such interesting candidates

of dark matter.
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1.6 Overview and outline of the thesis

The standard model of particle physics, together with the standard model of cosmology,
provides the best understanding of the origin of matter and the most acceptable explanation
to the behavior of the universe. However, the shortcomings of the two standard models to
solve some problems within their framework are promoting the search for new physics beyond
the standard models. Dark matter is one of the highest motivating scenarios to go beyond
the standard models. In this thesis, we focus on understanding the nature of dark matter
through the study of the phenomenological aspects of axions and axion-like particles dark

matter candidates, in cosmology and astrophysics.

In chapter 2, we review the current status of the research of the dark matter. We briefly
explain the first hints that dark matter exists, elaborate on the strong evidence physicists
and astronomers have accumulated in the past years, discuss possible dark matter candi-
dates, and describe various detection methods used to probe the dark matter’'s mysterious

properties.

The theoretical backgrounds about the QCD axion, including the strong CP problem, the
Peccei-Quinn solution, and the phenomenological models of the axion, are described. Then,

the main properties of the invisible axions are briefly discussed in chapter 3.

The possible role that axions and ALPs can play to explain the mystery of dark matter is
the topic of chapter 4. To discuss whether they correctly explain the present abundance
of dark matter, we investigate their production mechanism in the early universe. After, we
discuss the recent astrophysical, cosmological, and laboratory bounds on the axion coupling

with the ordinary matter.

In chapter 5, we consider a homogeneous cosmic ALP background (CAB) analogous to
the cosmic microwave background (CMB) and motivated by many string theory models
of the early universe. The coupling between the CAB ALPs traveling in cosmic magnetic
fields and photons allows ALPs to oscillate into photons and vice versa. Using the M87 jet
environment, we test the CAB model that is put forward to explain the soft X-ray excess
in the Coma cluster due to CAB ALPs conversion into photons. Then we demonstrate
the potential of the active galactic nuclei (AGNs) jet environment to probe low-mass ALP
models and to potentially exclude the model proposed to explain the Coma cluster soft

X-ray excess.

We turn our attention in chapter 6 to consider a scenario in which ALPs may form Bose-
Einstein condensate (BEC), and through their gravitational attraction and self-interactions,

they can thermalize to spatially localized clumps. The coupling between ALPs and photons
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allows the spontaneous decay of ALPs into pairs of photons. For ALP condensates with very
high occupation numbers, the stimulated decay of ALPs into photons is possible, and thus
the photon occupation number can receive Bose enhancement and grows exponentially.
We study the evolution of the ALPs field due to their stimulated decays in the presence
of an electromagnetic background, which exhibits an exponential increase in the photon
occupation number with taking into account the role of the cosmic plasma in modifying
the photon growth profile. We focus on investigating the plasma effects in modifying the
early universe stability of ALPs, as this may have consequences for attempts to detect
their decay by the forthcoming radio telescopes such as the Square Kilometer Array (SKA)
telescopes in an attempt to detect the cold dark matter (CDM) ALPs.

Finally, chapter 7 is devoted to summarize our arguments and to draw our conclusions.
We point out that the research on axions and ALPs will be one of the main frontiers
in the near future since the discovery of these particles can solve some of the common
unresolved problems between particle physics and cosmology and take us a step forward
towards understanding nature. For completeness, some useful notations and conversion

relations are broadly outlined in the appendix.



Chapter 2

General Context and Overview of

Dark Matter

During the last century, the development of astrophysical and cosmological observations
have provided rich information that significantly improved our understanding of the universe.
One of the most astounding revelations is that ordinary baryonic matter is not the dominant
form of material in the universe, and instead, some strange invisible matter fills our universe
[96]. This new form of matter is known as the dark matter, and it is roughly five times
more abundant than ordinary baryonic matter [84]. Although this strange dark matter has
not been detected yet in the laboratory, there is a great deal of observational evidence that
points to the necessity of its existence. The purpose of this chapter is to present a brief
overview of the evidence for the existence of dark matter and study its properties, possible

candidates, and detection methods.

2.1 What is dark matter?

In principle, direct information on cosmology can be obtained by measuring the spectrum
of mass as it evolves with cosmic time, which could enable direct reconstruction of the
present mass density of the universe [97]. But each type of observational test encounters
degeneracies that can not be resolved without considering an additional sort of matter which
behaves differently and can not be observed by all observational techniques. Maybe this new
type of matter does not interact strongly enough with anything we can readily detect or see,
and therefore it is basically invisible to us and is referred to as “dark matter”. The name
dark matter is really just a label for the hole in our fundamental understanding of nature,

that something is missing and we do not know what it is. Precisely, it is called dark because

19
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it does not emit, reflect, or absorb light, and since it has no identifiable form, so it is called
by the most generic word, matter, as it behaves like matter. The only reason we believe
dark matter makes up bout 85% percent of the mass of the known universe is because of its
observable gravitational effects [98]. It is hardly the first time that scientists have invoked
unseen entities to account for phenomena that seemed inexplicable at the time. Eventually,

some such ghostly entities turned out to be real, and the rest were disproved [99].

2.2 Evidence of existence of dark matter

In this section, we review the observational and astrophysical evidence for the presence of
dark matter at a wide variety of scales from the scale of the smallest galaxies to clusters of

galaxies and cosmological scales.

2.2.1 The discovery of Neptune

Let us here consider a historical precedent that might be related to dark matter: the dis-
covery of planet Neptune. Early in the 19th century, astronomers noticed that the newly
discovered planet Uranus was not following the predicted orbit suggested by Newton's theory
of gravitation. Some speculated that an unseen world was tugging on it. In 1846, Le Verrier
assumed that this unseen world is an undiscovered planet, and accordingly, he calculated
its expected location in the sky based upon Newton's laws [100]. Then this hypothetical

planet was observed later in 1846 by Galle and is known now as planet Neptune [101].

We refer to this historical incident because it is similar to the current situation of the dark
matter. Before the discovery of Neptune, it was just a theoretical-hypothetical to represent
the unseen mass or “dark matter”. Of course, we know now that Neptune is not part of

dark matter, but the idea of discovering something missed or unseen should be the same.

2.2.2 Discovery of missing mass “dark matter”

The evidence for dark matter comes for the first time in 1933, when the Swiss astronomer
Fritz Zwicky studied the movement of galaxies in the nearby Coma cluster (99 Mpc away
from the Milky Way) [102,103]. The magnitudes of the velocities of galaxies with respect to
each other were found to be much faster than the expected values that would be consistent
with gravitational confinement based on the potential well arising from the visible matter
alone. The argument was based on estimating the Coma cluster dynamical mass using the

virial theorem [104, 105]. The theory provides a general equation relating the average total
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kinetic energy (K) with the average total potential energy (V') of a abound system in
equilibrium
2(K)+(V)=0. (2.1)

For the moment, if the Coma cluster consists of /N galaxies, then its average total kinetic

energy can be written as

N
1 1 Z 1
<K> = 5 E mﬂ)g = 57]2 m; = §MC/U2 ) (22)

where v is the average velocity of the whole galaxies, and M, is the total mass of the Coma
cluster. Then suppose that the Coma cluster is spherical, its average gravitational potential

energy is approximately

N

1 Gm;m,; 3GM?

V)y=—= E E —tl = < 2.3
1 >

where the sum is taken over all possible pairs of galaxies. Here R;; is the effective distance

between two galaxies and R, is the effective radius of the Coma cluster. Thus, we have

obtained an expression for the two terms in equation (2.1), that leads to read

3GM,
v = (2.4)
5 R
The last formula provides a method to estimate the total mass of the cluster in terms of its
average velocity. The unexpected observations based on the total luminosity mass of the

Coma cluster shows that the average velocity of the cluster galaxies was so high that

2 S
5 R

(2.5)

This implies that the Coma cluster may not obey the virial theorem, and the cluster is not
even a gravitationally bound system. In such a case, the system is dominated by kinetic
energy and individual galaxies should escape from the cluster and hence the cluster must
decay. But this situation is not consistent with observations. Another possible scenario
is that the system is in virial equilibrium, but it contains a more gravitational potential,
and accordingly, there is much more additional nonluminous matter. That said, the proof
of the existence of such a nonluminous matter may only come with its direct detection
[106]. Therefore, Zwicky concluded that there must be a large amount of invisible matter
within the cluster that he termed “dark matter”. Nevertheless, this being viewed as too

unconventional, so the idea was not taken seriously and was ignored at that time.

The possibility that this missing matter would be non-baryonic was unthinkable at this time;
this evidence was pointed out as the first hint for the existence of dark matter. Zwicky's
estimation of the discrepancy between the mean density of the Coma cluster obtained by

his observation and the mean density derived from luminous matter was about a factor
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400 or 100. Observations of X-ray emitting hot gas in the galaxy clusters reveal that most
of baryonic content is in the form of such hot gas and its mass easily exceeds by a factor
3—4 the mass of stars in the individual galaxies [107]. Going back to Zwicky, who did not
count on this hot gas, this means that a fraction of the missing matter was actually found.
Modern observations confirm this discrepancy but were reduced to a factor of 5-6. We
know that luminous stars make up only a tiny 1% of the total cluster mass. The additional
matter is 14% in the form of a baryonic hot intracluster medium, and the remaining 85%

in the form of dark matter [84].

2.2.3 Rotation curves of spiral galaxies

One of the most substantial evidence of the existence of dark matter has been found in
the 1970s, because of the significant contributions of the astronomers Rubin, Ford, and
Thonnard in studying the rotational motion of stars in spiral galaxies [108-110]. Once
again, explaining the results required the existence of vast amounts of invisible matter.
In their work, they were measuring the rotational velocities of spiral galaxies via redshifts
and used the data to calculate the corresponding mass distribution M (r). Then they were
comparing the results of the observations with the expected values that have been calculated
by applying Newton's law to a spherically symmetric distribution of mass. The comparison
should give

e GmM(r) _ mv?(r) | (26)

72 T

where v(r) is the rotational velocity, 7 represents the distance from the galactic center,
and M (r) is the mass enclosed within the distance r. The rotation curve is defined as the
plot of the rotational velocity as a function of r, and it can be described by the following
formula

o) =/ @)

r

Suppose the fact that spiral galaxies are composed of a central dense bulk and a thin disk
in the outer region is considered. Therefore the great amount of the mass is located in the
central bulk. If we assume a constant density of the bulk, so for r < R,, the mass increases
as the volume (oc %), while at large distances 7 > R. the mass should be independent of

7. Inserting this information into equation (2.7) gives us an expected rotation curve

T r<< R,
v(r) o (2.8)

r1/2 r> R,.
Thus, it is expected that the velocity should start increasing linearly with r until reaching
a maximum, and then it should fall off. But the general result does not agree with this

expectation. Instead of falling off at large r, the observed rotation curves remain flat with
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Figure 2.1: Rotation curve of a typical spiral galaxy, predicted and observed.

increasing r, at least to values of » comparable with the disk radius, see a typical example
in figure 2.1. To explain this unexpected flat behavior, one could assume a modified theory
of gravity or the existence of a more considerable amount of invisible mass, which only
interacts gravitationally, extending further beyond the limits of the visible galaxy. Thus the
dark matter explanation imposes itself as one of the most powerful solutions to the rotation

curves problem in the galactic scale.

2.2.4 Gravitational lensing

Another very solid evidence of the presence of dark matter comes from studying galaxy
clusters. The method is used to make direct measurements of the total mass of the cluster
based on the gravitational lensing effect [111,112]. In particular, this technique exploits the
main principle of general relativity that massive objectives cause curvature of spacetime.
Therefore if clusters were replete with more dark matter, then this additional mass ought
to produce a deeper divot in the fabric of spacetime, thereby a greater altering in the paths
of light rays in the universe. Accordingly, the cluster would act as a giant lens, distorting
the images of galaxies behind it. This phenomenon is known as strong gravitational lensing,

see figure 2.2. The angular separation between the different images is

dis
=4 /4G M 2.9
0=\ JacuE (29)

where M is the mass of the object acting as the lens, d| 5 is the distance from the lens to the

source and dy,, dg are the distances from the observer to the lens and the source, respectively.
Hence, the size and the distances involved in these images captured by telescopes are

directly linked to the mass of the lensing foreground cluster. When a large gravitational
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BACKGROUND GALAXY

Figure 2.2: An illustration of gravitational lensing. Light from a distant galaxy is bent by a
foreground galaxy, and when this light is observed on Earth, we see virtual images of the
distant galaxy at different sky positions. The light also gets magnified, and this is visible in
the top image, which is brighter than the lower image. The shape of the top images is also
altered compared to the original shape of the galaxy. Image credit: NASA/JPL-Caltech,
2010.

mass is located between a background source and the observer and leads to the bending of
light, this effect is very apparent and is called strong lensing. But if the source that causes
the bending of light is located exactly behind a massive circular object in the foreground,
a complete “Einstein ring” appears, in more complicated cases, like a background source
that is slightly offset or a lens with a complex shape, one can still observe arcs or multiple
images of the same source. The mass distribution of the lens can then be inferred by the
measurement of the “Einstein radius” or, more in general, by the positions and shapes of
the source objects. Once again, the total measured mass of the lens is not in agreement with
the evaluation of the luminosity mass. This leads once more to think that a large fraction
of the mass of the clusters is composed of dark matter. This technique has also been used
to create the first 3-dimensional maps of the dark matter distribution in the cosmic space
and provides evidence for the large-scale structure of matter in the universe and constraints

on cosmological parameters.

2.2.5 Bullet cluster

Dark matter existence could also be inferred from the comparison between the luminosity
mass of a cluster and the mass determined by the X-ray emission of its electron component;
for more detail about this method, see references [114, 115]. This allows inferring the

temperature of the gas, which in turn gives information about its mass through the equation
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Figure 2.3: Matter distribution in X-rays (colors) and using the gravitational lensing

(contours) of the Bullet cluster. Figure taken from reference [113].

of hydrostatic equilibrium. For a system with spherical symmetry, the equation of hydrostatic

equilibrium implies
dp — GM(r)p(r)
dr r2 ’

where P, M(r), and p respectively are the pressure, mass, and density of the gas at radius

(2.10)

r. In order to rewrite this formula in a more suitable form in terms of the temperature
T, we can use the equation of state for ideal gas, PV = NkgT', where V is the volume
of the gas, kp is the Boltzmann constant, and N is the total number of electrons, and
ionized nuclei in the gas, which can be expressed as N = M/mpu, where M is the total
mass of the gas, m,, is the proton mass and =~ 0.6 is the average molecular weight. Since
M/V = p, the equation of hydrostatic equilibrium for an ideal gas reads now

dlog p N dlogT"  Gum,M(r)

= 2.11
dlogr = dlogr kT (r)r (2.11)

The temperature of clusters is roughly constant outside their cores, and the density profile
of the observed gas at large radii roughly follows a power-law with an index between —2
and —1.5. Therefore, for the baryonic mass of a typical cluster, the temperature should

obey the relation

kT =~ (1.3 — 1.8) keV <1é\f4(§4)®) (1 '\fpc) . (2.12)

The disparity between the temperature obtained using this calculation, and the correspon-
ding observed temperature, kg1 ~ 10 keV, when M(r) is identified with the baryonic

mass, suggests the existence of a substantial amount of dark matter in clusters.

Based on this method, one of the most direct empirical evidence for the existence of
dark matter can be extracted from studying the Bullet cluster, which is a cluster formed
out of a collision of two smaller clusters [113]. When the two galaxy clusters pass each
other, the ordinary matter components collide and slow down, while on the other hand,

the dark matter components pass each other without interaction and slowing down. It
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seems that the collision between the two galaxy clusters has led to the separation of dark
matter and ordinary matter components of each cluster. This separation was detected by
comparing X-ray images of the luminous matter taken with the Chandra X-ray Observatory
with measurements of the cluster’s total mass from gravitational lensing observations, see
figure 2.3. This method not only gives evidence of the existence of dark matter but also
allows finding the locations of the dark matter and ordinary matter in the cluster and reveals
some differences between their behaviors. Although the two smaller clumps of ordinary
matter are moving away from the center of the collision with low speeds, the two large
clumps of dark matter are moving in front of them with higher speeds. This fact points
out the collisionless behavior of the dark matter components, and this implies that the
self-interactions of the dark matter components must be very weak. It seems interesting
that this evidence can be counted as direct evidence for dark matter, as it is independent

of the details of Newtonian gravitational laws.

2.2.6 Evidence on cosmological scales

The analysis of the cosmic microwave background [116-118] is another useful tool not
only for providing proof of dark matter but also for determining the total amount of dark
matter in the universe. The CMB is the thermal radiation relic leftover from the early
universe stages at redshift z ~ 1100 around 380, 000 years after the big bang. The CMB
consisted of photons emitted during the recombination era when the free electrons and
protons! combine into neutral hydrogen atoms, thus allowing photons to decouple from
matter and stream freely across the universe. In this way, the range of photons increases
immediately from very short length scales to very long length scales and is quickly followed
by their decoupling. The spectrum of the CMB is well described by a blackbody function
at a temperature different from matter due to this decoupling. The blackbody radiation at
the recombination temperature evolves into blackbody radiation in the present universe at
a lower temperature. Because the temperature is proportional to the mean photon energy,
which has redshifted with the expansion of the universe, the photons retain information
about the state of the universe at the recombination timescale, and thus carries remnant

information about the general properties of matter in the early universe.

At the present date, one can observe this CMB as a radiation with a perfect blackbody
spectrum at temperature Ty, = 2.725 K or energy kg1 = 2.35 x 10~* eV. Precision
measurement of the anisotropies in the angular distribution of temperatures of the CMB
sky map the presence of overdensities and under densities in the primordial plasma before

recombination, see the left panel of figure 2.4. For this reason, one can read information on

1. There is an approximation here that all baryons in the universe at this time are in the form of protons.
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Figure 2.4: Left panel: The full-sky map of the temperature anisotropies of the CMB as
observed by Planck satellite in 2015. Image credit: ESA and the Planck Collaboration. Right
panel: Planck 2015 temperature power spectrum data in blue and the best-fit base ACDM

theoretical spectrum in red. Image credit: ESA and the Planck Collaboration.

the baryon and matter distribution of the universe in the spectrum of CMB anisotropies.
The observed temperature of the CMB as a function of the angular position in the sky 6
only differs by a small amount from the mean, and therefore it represents anisotropies as a

temperature difference -
AT TO,9)—T
—(0)p) = T
= (0/0) = =2

Represent this temperature difference as a function of position using an equivalent Fourier

(2.13)

series in spherical coordinates, which are spherical harmonics, reads
?(‘97 ¢) = Zzlmz_g aémnm(ea ¢) 5 (214)

where Yy, (6, ¢) are spherical harmonics and ay, are the multipole moments. Taking into
account the fact that on large scales the sky is extremely uniform, the anisotropies are

extremely small: 67/T ~ 107°, then the variance C; of a given moment can be defined as

Cy = (lam|?)

‘
1
W1 > Jaml®. (2.15)

m=—/

On small sections of the sky, the universe is relatively flat, and therefore the spherical
harmonic analysis becomes ordinary Fourier analysis in two dimensions. In this limit, ¢ be-
comes the Fourier wavenumber. Since the angular wavelength is 6 = 27/¢, large multipole
moments correspond to small angular scales. From observations, it appears to be a reaso-
nable approximation that the temperature fluctuations are Gaussian, see the right panel of
figure 2.4. Consequently, the information from the CMB can be accurately represented as

a function of the multipole moment.

Now it is essential to understand the causes and meaning of the underlying anisotropies,

which give rise to the so-called acoustic peaks in the power spectrum in the right panel
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Figure 2.5: The contents of the universe, according to recent results from the Planck

Satellite. Image credit: ESA and the Planck Collaboration.

of figure 2.4. They are primarily the result of a competition between baryons and photons
from the time of the baryon-photon plasma. The pressure of the relativistic photons works
to erase temperature anisotropies, while the heavy non-relativistic baryons tend to form
dense halos of matter, thus creating sizable local anisotropies. The competition between
these two effects creates acoustic waves in the baryon-photon plasma and is responsible for

the observed acoustic oscillations.

Each peak of this distribution can be related to a cosmological parameter, thus providing a
means of constraining cosmology through measurements of the CMB. The most recent such
measurements come from the Plank Collaboration [84]. According to this observation, the
energy content of the universe is comprised of 68.3% dark energy, 26.8% dark matter, and
4.9% baryonic matter, see figure 2.5. This provides compelling evidence for the existence

of dark matter in large abundances throughout the universe.

2.3 The need for non-baryonic dark matter

For the moment, the evidence presented in the previous section already sufficient to conclude
that most of the matter in the universe is in the form of dark matter. The nature of this
dark matter, whether it is baryonic or non-baryonic, is not yet known. Although we are still
open to the possibility that at least a portion of the dark matter content is baryonic, there
are strong cosmological pieces of evidence that make us biased to the other hypothesis of

non-baryonic dark matter. In this section, based on [85,119-122] we clarify this issue.
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2.3.1 Big bang nucleosynthesis

The modeling of the early universe by the standard big bang model gives a scenario that led
to the present cosmic abundances of elements outside the stars. According to the theory, our
universe is thought to have begun as an infinitesimally small, infinitely hot, infinitely dense
singularity point around ~ 14 billion years ago. Some theories suggest that immediately
after the big bang, the universe was too hot for any matter to exist and filled with an
unstable form of energy whose nature is not yet known. Directly after, the universe starts
expanding and cooling down to the point where quarks could condense from the energy
until a sort of thermal equilibrium existed between matter and energy. Then things were
cool enough for quarks, leptons, and gauge bosons to associate with one another and form
protons and neutrons, and more familiar particles like electrons and photons begin to appear.
The temperature drops during the universe expansion until the neutrons and protons have
frozen out. Then about one minute after the big bang, when the universe has cooled enough,
the big bang nucleosynthesis (BBN) begins to create the light elements. A few hundred
thousand years later, the universe had cooled enough for electrons to be bound to nuclei,
forming atoms. This is known as the recombination era at which the universe first became
transparent to radiation. Before that, photons were scattered by the free electrons, making
the universe opaque. It is the radiation emitted during this recombination that makes up the
cosmic microwave background radiation that we can still detect today. As things continued,
the universe had cooled sufficiently that stars, galaxies, clusters, and superclusters have been

formed during a long period of dark ages.

What interests us here is that the production of the light nuclei 2H,3He,*He, and "Li
occurred exclusively during the first few minutes of the big bang, while the heavier elements
are thought to have their origins in the interiors of stars which formed much later in the
history of the universe. Consequently, no more light elements can be formed after the
BBN. Also, these elements can not be easily destroyed in stellar interiors. Therefore the
baryonic contribution to the total mass contained in the universe can be determined based
on the measurements of the present abundances of these light elements in cosmic rays. The
resulting elemental abundances depend only on the nuclear reaction rate and the baryon-to-
photon ration 7 at the time. The nuclear reaction rate can be calculated using theoretical
as well as laboratory analysis. While the parameter 7 is the present ratio 7 of the baryon
number density n; to the photon number density n.,. This quantity is directly related to
the value of Q,h? deduced by Planck as

n="% ~ 2738 x 1075 Qyh? = 6.11 £ 0.04 x 10717, (2.16)
Ny
where (), represents the baryon density of the universe, and h =~ Hy/100 km s™* Mpc™! =

0.672740.0066 is the dimensionless Hubble parameter. Matching the observed abundances
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Figure 2.6: BBN predictions for the abundances of light-elements as a function of the baryon

over photon ratio compared to observations. Figure is taken from reference [85].

of the light elements in today’s universe to the prediction by the BBN requires satisfying
the condition:
Qh? = 0.02225 + 0.00016 . (2.17)

The BBN predictions for the abundances of the light elements as a function of the baryon
over photon ratio compared to observations is shown in figure 2.6. This measurement
exemplifies the best-fit BBN prediction and gives a good agreement with the values inferred
from the CMB power spectrum that the baryon density is of €2, ~ 0.04. Combining this
with the total matter density inferred from the CMB observations, BBN not only confirms
the existence of dark matter but is also one more evidence for its non-baryonic nature.
The independent measurements of the total mass density of the universe from large-scale
structures provide that €2, ~ 0.29. This is directly implied that the remaining Qefiover ~
0.25 must be dark matter. Furthermore, we have another invaluable piece of information
about its nature: we see immediately that dark matter must be predominantly non-baryonic.
Being non-baryonic allows the possibility that the dark matter is not capable of interacting
with photons electromagnetically, which sits very well with the fact that it does indeed
appear dark. This is also consistent with the dark matter being dissipationless; were it able
to absorb and re-emit photons, it would obscure stars within distant halos, as well as radiate

away angular momentum and collapse with baryons to form stellar and galactic disks.
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2.3.2 Cosmic structure formation

The final cosmological argument for the need for dark matter arises from the growth of
cosmic structure from the nearly uniform distribution of baryonic matter imprinted on the
CMB to the wide variety of structures observed today. A perfectly homogeneous expanding
universe stays that way forever; there will be no structures. However, this is not the case
for our universe, as evident from the universe density map and galaxy redshift surveys. It
appears that the present-day distribution of matter is very non-homogeneous, at least on

scales up to about 100 Mpc.

The standard theory for the formation of structure assumes that the universe was initially
almost perfectly homogeneous, with a tiny modulation of its density field. The action of
gravity then works to enhance the density contrast as time goes on, leading to the formation
of galaxies or clusters when the self-gravity of an overdense region becomes large enough
to decouple itself from the overall Hubble expansion. In this sense, one can use the value

of the density fluctuations at the last scattering surface to estimate the recent value of it.

At a very early time, CMB indicates that the universe had a thermal distribution at the
recombination era with temperature fluctuations 67 /T ~ 107°. Because radiation and
baryons were coupled before recombination, the distribution of the baryon density should
also be with density fluctuations dp/p ~ 1075. Now let us look at how fluctuations in
density evolve with time. For simplicity, we consider a flat and matter-dominated universe
with ©,, = 1 as a good approximation for the early times. The Friedmann equation can be
written as 5 o2

H? — SnGp = —RQL@) . (2.18)
If now we look at a small area of this universe which has a little more matter than the rest.
Because of the excess matter, it evolves slightly differently as

kc?

CRA(D)

8
H?* — —7Gp =

. (2.19)

Subtracting one equation from the other, one easily gets the following expression for the

fractional overdensity of the region:

op _p—p 3kc?
o p  StGRp’

(2.20)

This implies that the fractional overdensity of the region depends on the evolving quantities

R and p, as follows:
op 1 1

o R2p  R2R3
Therefore as the universe gets bigger, the overdensity grows along with it. But since size

~R. (2.21)

and redshift are related R = (1+ 2)~!, we can calculate the ratio between the today value
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of the expansion parameter and its value after the last scattering surface. The CMB is a
picture of the universe at a redshift of z ~ 1100, while the present should have no redshift
z = 0. Thus,

Rtoday 3
Rise ~ 10°. (2.22)
If there is only baryon matter and since dp,/p, can not growth until the last scattering
surface. Therefore
(@> =10° x (@> ~ 1072, (2.23)
P/ today P/ Lss

This can not explain today's observations for the density fluctuation in the Milky way, for
example, which is about 10°. This implies that the density of a galaxy is much greater than
the density of the universe as a whole, and taking into account only the baryonic content
of matter in the universe can not explain the very large value of density fluctuations. The
existence of such non-linear structures today implies that the growth of fluctuations must
have been driven by the non-baryonic dark matter, which was not relativistic at recom-
bination. After recombination, baryons decouple and fall into these overdensities before
recombination, creating gravitational wells that the baryons can later collapse into after

recombination.

2.4 Basic properties of dark matter

Gradually it also becomes clear that dark matter is required not only to keep galaxies
and clusters stable but also to structure the entire universe. It provides the scaffolding
for the formation of stars, galaxies, and clusters. We strongly believe that the dynamic of
astrophysical and cosmological systems, ranging from the size of the galaxy to the whole
universe, can not be explained without assuming the existence of dark matter. At the same
time, the identity of dark matter has far-reaching implications also in particle physics. It
may lead to improve our understanding of the possible new physics beyond the standard
model of particle physics. Therefore we discuss in this section some of the main properties
that must characterize the identity of any possible dark matter candidate. The ideas in this

section were discussed in [123-125].

— Relic abundance. Astrophysical measurements indicate that the relic dark matter
density accounts for about 85% of the total matter density in the universe. It is
possible that the dark matter particles were produced during the very early stages
of the universe age after the big bang by either standard thermal production via
scattering interactions in the thermal bath or nonthermal mechanisms. Therefore a

good dark matter candidate must be able to be produced through such mechanisms
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under the early universe conditions with the correct abundance to account for this

relic density.

— Electrically neutral. Dark matter is not observed to shine, and can not be detected
by telescopes. For this reason, dark matter is considered to be optically dark. There-
fore, a successful dark matter candidate must be electrically neutral or at least have
very weak electromagnetic interactions. This required either the dark matter particle
has vanishing, or at least very small, electric charge and electric and magnetic dipole
moments, or the particles must be very heavy. The major consequence of this behavior
is that the dark matter does not couple too strongly to photons and consequently
can not cool by radiating photons. Thus, it will not collapse to the center of galaxies
as the baryons do by radiating their energy away electromagnetically, and this means

that the dark matter is very nearly dissipationless.

— Interaction strength. For the moment, all the astrophysical and cosmological obser-
vations indications for the presence on the dark matter is because of its gravitational
effects. Therefore, dark matter particles should not interact or at least have very
weak interactions with only photons and electrically charged particles, but must not
couple too strongly to other electrically neutral particles as well. The reason for this
is that all interactions between dark matter and baryons except gravity need to be
very weak during the recombination epoch; otherwise, there would be changes in the
CMB acoustic peaks and would allow the dark matter to radiatively cool and affect

the structure formation.

— Collisionless. Furthermore, as we just mentioned above, astrophysical and cosmo-
logical observations indicate that dark matter interacts through gravity only, and if
the dark matter particles possess any other interactions, they must be very weak.
In addition, the dark matter particles to be consistent with observations, they must
be nearly collisionless and has no self-interaction, or at least several astrophysical

constraints must be placed on their self-interactions.

— Temperature. Dark matter was probably non-relativistic ( “cold”) during the forma-
tion of large scale structures, as relativistic particles would cause the universe to be
less clumpy than it is today. As a result, one can conclude that relativistic particles
can not constitute the majority of the dark matter, instead, it should be dominated
by non-relativistic species. Moreover, cold dark matter is capable of explaining the
observed properties of galaxies quite well. However, this does not rule out totally the
possibility that a fraction of dark matter consists of nearly massless particles moving
at relativistic velocities ( “hot"). One more possibility is the modification of (“warm”)
dark matter particles. These particles were just relativistic at their decoupling tempe-

rature and cooled down to be non-relativistic at the time of matter-radiation equality.
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Another possibility can be a mixed dark matter composed of several distinct particle

species with different temperatures.

— Stability. Dark matter must be either very stable on cosmological timescales or at
least long-lived with lifetimes comparable to or longer than the present age of the
universe. This is to make sure that they can survive from the early universe stage until
now. Another possible scenario to make it stable is that its destruction and formation

must be in equilibrium.

— Non-baryonic nature. Another important conclusion derived from observations is
that the total contribution of the mutter content is about 29% of the total energy
density of the whole universe. In contrast, the results of the CMB, together with the
predictions from BBN, suggest that only about 4% of the total energy budget of the
universe is made out of the ordinary baryonic matter. This directly implies that at
least the majority of dark matter must be non-baryonic and constitutes about 2% of

the total energy-dense of the universe.

— Fluid. Dark matter must behave as a perfect fluid on large scales, which means that
the granularity of the dark matter is sufficiently fine not to have been directly detected

yet through various effects.

2.5 Dark matter candidates

Despite the overwhelming success of dark matter in explaining cosmic phenomena, we
do not know what particle or particles it is made of. There are a great number of dark
matter candidate particles, some of which are considered more promising than others.
Unfortunately, observations do not place stronger bounds on possible candidates. In this
section, we outline some of the most popular candidates for the dark matter particles. While
this list is by no means exhaustive, we will attempt to cover the range of possibilities that
have been considered at least qualitatively. We will proceed very roughly from the smallest

mass candidates at 10722 eV to the largest at 107 eV [126].

2.5.1 WIMPs

Weakly interacting massive particles (WIMPs) are suggested to be one of the very plausible
candidates for the CDM component in the universe [127,128]. They represent a catch-all
term for a bunch of particles that interact with a strength of the order of the weak-force
interaction. Therefore they are supposed to interact with the ordinary matter only through

their gravitational and the weak forces. In addition, it is suggested that they of large masses
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near the weak scale, that is between 10 GeV and a few TeV. This class of candidates is
particularly interesting because of the WIMP miracle. The miracle is that the total mass of
WIMPs has been independently predicted by a few different particle physics theories, and
it is approximately the same mass as that required to explain all the extra gravitational
force. It is also probably the largest class of dark matter particles, firstly, as it consists
of hundreds of suggested particles. Secondly, because its rest masses exceed those of the
baryons, therefore could account for lots of dark matter if, as most theories predict, they

are common in the universe.

2.5.2 Axions and axion-like particles

Axions arise in the Peccei-Quinn solution for the problem of CP violation in the theory of
strong interactions [129]. On the first hand, they represent an essential extension of the
standard model by offering solutions to its internal problems. On the other hand, they are
considered as a promising and well-motivated dark matter candidate. If axions do exist,
they meet all the requirements of a successful cold dark matter candidate. They interact
weakly with the baryons, leptons, and photons of the standard model. Also, they are non-
relativistic during the time when the structure begins to form. Moreover, they are capable
of providing some or even all of the CDM density. In addition, they are relatively light
and electrically neutral. Although the axion mass is arbitrary over the range 107° eV to
a few eV, the symmetry breaking occurs at a high energy scale and hence early in the
universe. Axion theories predict that the universe is filled with a very cold Bose-Einstein
condensate of primordial axions, which never comes into thermal equilibrium. The axions in
this condensate are always non-relativistic, and therefore are CDM candidate and not HDM

candidate as one would suppose according to their mass.

Furthermore, there are abundant theories beyond the standard model such as supersymme-
tric theories and string theory models that predict many other particles very similar to the
QCD axions and called axion-like particles. In general, the properties of the more general
class of ALPs are very similar to that of the QCD axions and are determined by their cou-
pling with two photons. The main difference between the two categories is that the mass
of the QCD axions is related to the coupling parameter, while this is not necessarily the
case for the APLs, making the corresponding parameter space larger. In addition to their
properties that make them very viable candidates for the dark matter, their ability to solve
other problems in physics from different theoretical origins makes the study of the pheno-
menology of axions and ALPs an extraordinary exciting subject for the current research.
More technical details about the theoretical origin and the characteristics of such particles

will be discussed in the following two chapters.
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2.5.3 Fuzzy dark matter

Fuzzy dark matter (FDM) [130], motivated by string theory, has recently become a hot
candidate for dark matter that may resolve some of the current small scale problems of the
cold dark matter model. It is also known as ultralight axions, ultralight scalar dark matter,
or wave dark matter. The main idea of such a model is that the dark matter particles are
made of ultra-light bosons in Bose-Einstein condensate state. The rest mass of FDM is
believed to be about 10722 eV, and the corresponding de Broglie wavelength is ~ 1 kpc.

Therefore, the quantum effect of FDM plays an important role in structure formation.

2.5.4 Sterile neutrinos

Dark matter could also be a special form of neutrino, which is tricky because neutrinos are
already special. As we know, the standard model neutrinos come in three different flavors,
electron, muon, and tau neutrinos. They can shift between flavors as they travel through
space [131]. Dark matter neutrinos, if they exist, they are predicted to interact with ordinary
matter only when they flip between flavors. What supports this hypothesis is that neutrinos
already fulfill a lot of the qualifications of a dark matter candidate. They have mass and
are weakly interacting. However, given their relic density, they are not massive enough to
contribute to the total amount of dark matter in the universe significantly. Furthermore,
their low rate of interaction and low mass corresponds to a long free streaming length,
meaning that they could not account for the structure formation on scales below ~ 40 Mpc.
Therefore the standard model neutrinos are excluded. However, sterile neutrinos, meaning
that they do not interact via the weak force, with a mass of at least ~ 10 keV, have been

proposed as a candidate.

2.5.5 Supersymmetric candidates

Supersymmetry is one of the most popular proposals for physics beyond the standard model
and is flexible enough to offer several dark matter candidates [127,132]. Supersymmetric
theories extend the symmetry properties of spacetime in ordinary quantum field theory
to provide a link between bosons and fermions, i.e. between particles with integer spins
and particles with half-integer spins. If supersymmetry exists in nature, then each standard
model particle should have a corresponding superpartner with the opposite spin-statistics.
So far, there has been no unbroken supersymmetry observed in nature, and it is thus obvious
that if nature is described by supersymmetry, it has to be broken at a certain high energy

scale. Indeed, if supersymmetry is realized at low energy world like the one in which we live,
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it must be broken. It is common in supersymmetric theories with conserved R-parity that
the supersymmetry breaking allows for a mass difference between the superpartners. In this
framework, the lightest superpartner (LSP) is absolutely stable and only weakly interacting,
and therefore it happens to be a very suitable dark matter candidate. The most studied

supersymmetric dark matter candidates are listed downward.

— Gravitinos. The first dark matter candidate has been proposed by supersymmetry was
the gravitino [133-135]. It is a spin 3/2 particle and the superpartner of the graviton
in local supersymmetry, i.e. supergravity. If the gravitino is the LSP in some models,
it is often quite light, 7.e. in order of keV, and would thus be considered to be a warm
dark matter candidate. The overproduction of gravitinos is somewhat problematic
in cosmology, though not insurmountably so. Noting that gravitinos should not be
sufficiently heavy as in this scenario, they decay during or after the BBN giving rise
to the famous “gravitino problem”. For these reasons, gravitinos can not account for

the entire relic density of the dark matter composition.

— Neutralinos. The lightest neutralino is the most favored supersymmetric dark matter
candidate. Several supersymmetric models contain four neutralinos characterized as
electroweakly interacting particles with spin 1/2 [136,137]. If the lightest neutralino
is the LSP, it is considered as a perfect dark matter candidate. The successes of such
models depend on the fact that the very light neutralinos are sufficiently suitable to

account for the proper relic abundance of the dark matter compositions.

— Sneutrinos. Another interesting possibility for supersymmetric dark matter candi-
dates is the partners of the neutrinos. However, this candidate is quite disfavored
because one can not explain a relic density consistent with the dark matter as the
sneutrinos annihilate very effectively, and this required their masses to be above
500 GeV. Giving their quite large elastic scattering cross sections on nuclei, they
would be easily detectable in current experiments, which is not the case for the dark
matter yet [138-140].

— Axinos. The axino is the supersymmetric partner of the axion and shares many of the
same properties. The theory does not predict the mass of the axino, and it could, in
principle, be the lightest supersymmetric particle rather than the neutralino. Axinos
may be produced in decays of heavier supersymmetric particles and thereby achieve
a relic density appropriate to a dark matter candidate. They might be either warm or

cold dark matter depending on the conditions in the early universe [141].

— Q-balls. Supersymmetric theories predict the existence of stable non-topological
solitons known as Q-balls. They are characterized by their relatively strong self-
interactions and can be absolutely stable if large enough. Therefore, they are suggested

as promising candidates for the collisional dark matter [142].
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— Split SUSY. It is argued recently that the successes of supersymmetric models hinge
on the fact that the gauginos have masses at the weak scale while having the scalar
superpartners at the weak scale is somewhat problematic. The null results of all
low energy supersymmetric searches lead to the development of Split SUSY models,
which are based only on gauge unification and dark matter as guiding principles.
If the Higgs fine-tuning problem is simply ignored, the scalar superpartners can be
made very heavy, keeping light gauginos and Higgsinos. This seems to be an exciting

scenario to new supersymmetric dark matter candidates [143, 144].

2.5.6 Lightest Kaluza-Klein particle

There are exotic dark matter candidates that arise in models with universal extra dimen-
sions. According to such models, our four-dimensional spacetime may be embedded in a
higher-dimensional space at high energy or short distance. This has some interesting theo-
retical ramifications such as the unification of forces, introduced as a concept by Kaluza
in 1921 when he unified electromagnetism and gravity in a 5-dimensional theory [145].
The additional spatial dimensions could be compactified, meaning that they are finite and
probably very small. The simplest case would be that a compactified dimension is in the
shape of a circle. In such a circle, the momentum traveling through it would be quantized.
In contrast, the standard model physics would exist in the lowest state, with no momen-
tum going in the direction of the compactified dimension, there would exist a possibility of
excitations, holding a ladder of excited Kaluza-Klein (KK) states [146]. This would corres-
pond to additional particles outside the standard model, and potentially more possible dark

matter candidates.

2.5.7 Chaplygin gas

One very exciting way was proposed in an attempt to unify dark energy and dark matter
in a class of a simple cosmological model based on the use of a peculiar perfect fluid
dubbed Chaplygin gas [147-149]. This perfect fluid is characterized by the following exotic
equation of state p = —A/p, where A is a positive real parameter. The pure Chaplygin gas
has been extended to the so-called generalized Chaplygin gas with the following equation
of state p = —A/p®, where « is another positive real parameter [150, 151]. This type of
fluid can arise in certain string-inspired models involving d-branes. The interesting feature
of this model is that it naturally provides a universe that undergoes a transition from the
decelerating phase driven by dust-like matter at a moderate redshift to the accelerating

universe at later stages of its evolution.



2.5. Dark matter candidates Page 39

2.5.8 Mirror matter

The concept of hidden sectors of matter is the modern version of the old idea of a mirror
copy of the world; see for review [152]. In this scenario, the dark matter could just be
ordinary matter in the mirror world and, thus, the universe consisting of our knowen world
and the mirror world. The matter in the mirror wold is constrained to interact with our world
only very weakly, and the only significant communication is gravitational. This scenario can
be constructed in a braneworld context, where our world and a mirror world are two branes

in a higher-dimensional space.

2.5.9 Branons

String theory naturally contains objects of many different dimensions, called branes [153].
These would naturally have fluctuations characterizable as particles, the so-called branons.
These branons are massive and weakly interacting particles that have been proposed to
explain the missing matter problem within the so-called brane-world models. In this frame-
work, these branons can be made into suitable cold dark matter candidates, both thermal

and non-thermal.

2.5.10 WIMPzillas

This scenario grounds on the presence of non-thermally produced superheavy particles called
WIMPzillas. These particles may be produced from gravitational interactions at the end of
inflation. For mass scales of 10'® GeV, if these particles are stable or at least longlived, they
may account for the dark matter [154,155]. In addition, such particles might decay with a
lifetime much longer than the age of the universe, providing a source of ultra high energy

cosmic rays; this is the so-called “top-down” scenario for UHECR production.

2.5.11 Primordial black holes

A viewable option to explain the nature of dark matter is that it is composed of small-mass
black holes called primordial black holes (PBHs), which might have been formed under the
right conditions in the very early universe [156]. The production of these PBHs is enhanced
during periods where the equation of state softens (p < p/3), such as during a first-order
phase transition. This is easy to understand as when the pressure support lessens, objects
collapse quickly and form the PBHs. The last such phase transition in the universe is the

quark-hadron phase transition, at a temperature 7' ~ 100 MeV. The mass contained in the
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horizon at this epoch is very roughly a solar mass. Since the PBHs are produced before
the BBN, they are considered non-baryonic, non-relativistic, and effectively collisionless and

thus could be a very promising candidate for the cold dark matter in the universe.

2.5.12 Self-interacting dark matter

This is an increasingly popular option, assuming that dark matter is not just one particle
but a collection of particles [157]. Just as the ordinary matter has a whole bunch of different
particles, so too could dark matter. But because ordinary particles and dark particles do not
interact much, we may never know. Perhaps the only way we could observe these particles

would be indirectly, through their gravitational effect on the evolution of the cosmos.

2.6 Dark matter searches

So far, we have presented the most popular possibilities for the dark matter candidates.
If dark matter exists, tremendous numbers of such dark matter particles are expected
to fill the entire universe and be moving around everywhere and could even be passing
through Earth each moment. Indeed, a given dark matter candidate must meet a bevy of
conditions to be consistent with astrophysical and cosmological observations; however, some
of these conditions might be relaxed in the context of a suitable scenario. Although such
observations constrain the measurement of impressive large scale quantities, they do not
allow for the precise determination of the properties of the dark matter particles. Therefore,
many experiments are currently working to detect the dark matter particles to probe their
properties and the fundamental theory or at least the existence of one of them. However,
because of their weak interactions with ordinary matter, they are very hard to detect. The
diagram used to group all possible interactions between dark matter and the standard
model particles is shown in figure 2.7. Based on the distinction interaction processes, there
are three different complementary ways to detect dark matter; direct detection, indirect
detection, and collider detection. These different categories are discussed in this section

based on materials elaborated in detail in references [158-160].

2.6.1 Direct detection

The direct detection is one of the most promising ways to search for dark matter particles.
Currently, there are numerous direct dark matter experiments are running around the world.

Cosmic rays that are constantly coming towards the Earth collide with the upper atmosphere
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Figure 2.7: Schematic diagram of different strategies to detect a dark matter particle based

on the distinction interaction processes.

and create a shower of particles reaching the surface of the Earth. Thus it is essential to
construct these dark matter detectors deep underground to avoid the background from

these cosmic rays.

The main idea for the direct detection experiments is to search for observable signals based
on the effects of galactic dark matter particles passing through the detector. These effects
may be in the form of elastic or inelastic scatters of the dark matter particles with atomic
nuclei, or with electrons in the detector material. The result of this type of interaction
could be the production of heat or light, which can be measured. Such interaction can be

represented as
DM + SM — DM + SM.. (2.24)

Especially of interest, there are some experiments that use different materials in their detec-
tors, and various detection techniques have claimed to found some hints for a dark matter
particle. However, their results are not entirely consistent with each other and also are in
disagreement with results from several different experiments that have not found any ob-
servable signal for dark matter. This makes these results still controversial and so must be

clarified by new experimental data.

2.6.2 Indirect detection

In parallel to the direct detection experiments, a wide range of indirect detection projects
have been developed to search for dark matter particles. The dark matter may annihilate
or decay under certain conditions to produce standard model products, including charged
particles, neutrinos, and photons. The detection of such products would constitute an

indirect detection of dark matter. This type of interaction is described by

DM + DM — SM + SM . (2.25)
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For example, the annihilation of two dark matter particles can produce gamma rays that
can be detected by space or ground-based gamma-ray telescopes. This example is of quite
an interest because gamma-ray photons can travel across long astrophysical distances and
would allow the identification of annihilation sources. Therefore, there is a wide array of
cosmic-ray and gamma-ray observatories searching for indirect dark matter signals from

astrophysical sources.

2.6.3 Collider detection

It may also be possible to produce dark matter particles and detect it in the laboratory. The
idea here is allowing the collision between ordinary standard model particles coming from
opposite directions at tremendous energies and very high speed in the hopes that heretofore
undiscovered particles will emerge from the collisions. The search on this case is based on

a possible process that is the inverse of the annihilation process
SM +SM — DM + DM . (2.26)

The famous example based on this technique is the experiments in the Large Hadron Collider
(LHC) at CERN that collides two beams of protons together at the highest energies and
then looks for dark matter signals. Unfortunately, none of these experiments have yet been
able to detect any effect attributed to dark matter. In addition, there is no guarantee that
any given particle observed at colliders is the astrophysical dark matter particle, even if it
has the same properties listed above. In order to resolve this issue, the particle properties
acquired from collider signals must be verified with those obtained from signals arising from

astrophysical sources.



Chapter 3

The Strong CP Problem and Axions

The discussion in this chapter provides an overview of the problem of CP violation in the
theory of strong interactions and its solution; for a thorough review of this topic, see, for
example, references [161-165]. We start by introducing the U(1) 4 problem and its solution,
which in turn begets the strong CP violation problem. After a brief look at other proposed
solutions, we will describe the generally preferred Peccei-Quinn solution to the strong CP
violation problem, and the resulting axion, together with some experimental considerations.
The ability of axions to solve the strong CP problem as well as their predicted properties

make them extraordinary exciting candidates for the CDM particle in the universe.

3.1 The chiral QCD symmetry and the U (1) 4 problem

As we discussed in section 1.2, the quantum chromodynamics sector is the gauge theory
that describes the strong interactions in the standard model of particle physics. The classical
QCD Lagrangian for Ny flavors reads [50]

1 .
Lacp = —=Go, G+ qp(ilDy — my)qy (3.1)
f

4

where gy are the quark fields with flavor f , which runs over all presently known six flavors;
u,d, s,c,b, and t, with the corresponding masses my, and I, is the covariant derivative

contains the coupling between the quarks and gauge fields, which is defined as
D, =~+"0, + igsT'G) (3.2)

where g, is the strong interaction coupling strength, 7 are the generators of the SU(3)¢
group, and G, represents the 8 gluon fields of the strong interaction. The classical QCD

Lagrangian possesses local SU(N,) color symmetry, with N. = 3. In the limit that all

43
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quark masses vanish, the left-handed and right-handed fermions decouple, and the model
shows a further exact global G = Up(Ny) ® Ur(Ny) chiral symmetry. More technically,
all transformations which treat left-handed and right-handed fields separately are chiral
transformations. We can then conclude that the global U(2) x U(2) flavor symmetry is an
exact symmetry of only the massless theory since the mass term breaks chiral symmetry
explicitly. Therefore, the left-handed and right-handed charges are decoupled and operate
separately. Each of them generates an SU(Ny) group of transformations. The whole chiral
group is then decomposed into the direct product of two SU(Ny) groups, which will be
labeled with the subscripts L and R, respectively. For example, if we consider the two flavor

theory with the u-quark and d-quark, the chiral symmetry implies

(Z) s (ULP, + UpPg) (Z) , (3.3)

where P, p = %(1:&75) are the usual Dirac projection operators that produce left and right
projections when operating on the Dirac spinors u and d. In this case, U i are unitary

two-by-two matrices, and v° are the gamma matrices.

Before going further in our argument, some important notes have to be mentioned. It
is possible that symmetry can be exact or approximate. If symmetry is clearly realized
in all states seen in nature, this is referred to as an exact symmetry. And if symmetry
is valid only under certain conditions, it is known as an approximate symmetry. Another
possibility is that symmetry may be spontaneously or explicitly broken. According to the
Goldstone theorem [166], the spontaneous breaking of an exact symmetry gives rise to
massless scalar bosons, known as Goldstone bosons or sometimes also as Nambu-Goldstone
bosons (NGBs). Moreover, the Goldstone theorem states that the number of massless
particles is equal to the number of generators of the spontaneously broken symmetry. In
contrast, the explicit breaking of an exact symmetry gives rise to a kind of pseudo-Nambu-
Goldstone bosons (PNGBs), which are massive but light. Equivalently the spontaneous

breaking of an approximate symmetry gives rise as well to PNGBs.

In fact, the assumption of massless quarks is very sensible if we only consider the two
lightest quarks; u-quark, and d-quark, because their masses are much smaller than the
typical QCD scale Aqcp. Even considering three flavors would be acceptable, nevertheless
worse, approximation, since the mass of the s-quark introduced in theory is comparable to

the AQCD-

We are now getting back to our main argument. The chiral QCD symmetry is exact in the
quarks massless limit and spontaneously broken by the vacuum to an approximate large
global symmetry U(Ny), ® U(N¢)4 when we consider their real values. The first part of
this symmetry [U(Ny), = SU(Ny)r ® U(1)g], represents a vectoral symmetry term that
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consists of isospin symmetry times the global baryonic symmetry respectively. Both of these
two symmetries have been realized in nature. The second part corresponds to the axial term
[U(Ng)a = SU(Ng)a®U(1) 4. Here, SU(Ny) 4 denotes the axial transformation symmetry,
which is spontaneously broken in nature. PNGBs arise as a consequence of this breaking
and are identified with the pions, the kaons, and the 17 meson. However, the exact axial
symmetry U(1)4 is also not realized in nature, and it is expected to be broken. But no

corresponding suitable PNGBs can be found yet.

To summarize, the classical QCD Lagrangian shows a U(1)4 symmetry; however, it has
never been observed in nature, and this implies that it merely has to be broken, but at the
same time, if such symmetry is broken, there must be a PNGB associated to the symmetry

breaking which has yet to be identified. This issue is known as the U(1) 4 problem [167,168].

3.2 The resolution of the U(1) 4 problem

The resolution of the U(1) 4 problem begins from an incredibly brief remark taken by Wein-
berg, that, somehow, U(1),4 is not a genuine symmetry of QCD, albeit, in the massless
quark limit, it seems to be present. Then 't Hooft [169] came up with a sufficiently reaso-
nable explanation to the problem. He realized that the QCD vacuum has a more complicated
structure, which in effect, makes U(1)4, not a true symmetry of the strong interactions,
even though it is an apparent symmetry of the QCD Lagrangian in the limit of vanishing
quark masses. Thus, this might appear to have explained the U(1)4 problem; there is no

mystery surrounding the missing PNGB.

Mathematically, to resolve the U(1) 4 problem, an extension to the classical QCD Lagrangian
has to be supplied. This extension is known as the QCD 6-term. Now let us explain how to

provide this term. If U(1)4 was indeed obeyed, the associated Noether current [170]
="y, (3.4)
q

where the sum is over light quarks and y* are the Dirac matrices, would be conserved, i.e.
0, JE = 0. However, it turns out that the divergence of the axial current J' gets quantum
corrections from the triangle graph, which connects it to two gluon fields with quarks going
around the loop. Therefore, as a consequence of this anomaly, the divergence of the axial
current obtains nonzero quantum corrections and fails to be conserved

92Ny
3272
where G is the gluon field strength and éfw = S€wapGeP is its dual. Here €04 is the

0, Jt = G Ge

pv

(3.5)

antisymmetric Levi-Civita symbol in four dimensions. Hence, in the limit of vanishing quark

masses, although formally QCD is invariant under a U(1) 4 transformation
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qr — em”sﬂqf , (3.6)

where « is an arbitral parameter, the chiral anomaly affected the action

55— o [ dtw o, = a% N [ gty G (3.7)
5 3972 a pv :

However, as it turns out, there is a further complication here. The pseudo-scalar density

entering in the anomaly can be shown to be a total derivative
GG, = 9. K", (3.8)
where K* is another current
K = 9 4, (G4 — % FareApsAc) | (3.9)

Here, A" are the gluon fields, and f.,. are the QCD structure constant. These identities
imply that 0.5 is a pure surface integral

§S = agi% /d4x 0, K" = a% /da“K“ . (3.10)
Of course, if the anomaly does not contribute to the action, the system will still be invariant
under U(1) 4, and we will have our problem back. In fact, this is the case when using the
naive boundary conditions that A# = 0 at spatial infinity, since it leads to a zero total
contribution to the action due to the vanishing term [ o, K* = 0. However, 't Hooft realized
that there are actually topologically non-trivial field configurations, called instantons, that
contribute to this operator, and thus it can not be neglected. Further, he showed that
A" = 0 is not the correct boundary condition to be used, and instead, the appropriate
choice is to take A* as a pure gauge field at spatial infinity, 7.e. this means A* should be
either zero or a gauge transformation of zero at spatial infinity. Hence, with these boundary
conditions, it turns out that there are gauge configurations for which [ o,K* # 0 and,
therefore, the system is not anymore invariant under U(1)4. Thus, U(1)4 is not a true

symmetry of QCD.

Let us now discuss some important details of how instantons give rise to non-trivial contri-
bution to the integral term in the action equation (3.10). Instantons (sometimes refer-
red to as pseudo-particles) are classical solutions to the equation of motion in Euclidean
spacetime rather than Minkowski spacetime, with finite non-zero action. Instantons are a
non-perturbative effect either in quantum mechanics or quantum field theory, which can
not be seen in perturbation theory. Instantons describe tunneling effects between different
vacua of a theory, which changes the structure of the quantum vacuum qualitatively. These

effects can lead to the dynamical breaking of U(1)4 symmetry in QCD.

For more clarification, let us consider that we have a Yang-Mills theory, and for simplicity,
we restrict ourselves with SU(2) QCD. In this gauge, there are only spatial gauge fields

A" Under a gauge transformation, these fields transform as
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) .
Soudl = A = QAT + Lot (3.11)
9

with o, and (2 represent here the Pauli matrices and an element of the gauge group SU(2),
respectively. This means that, the vacuum configuration either vanish or have the form
ig; ' VHQQ ™! In the A% = 0 gauge, these vacuum configurations can be classified by how

() goes to unitary as |z| — o0
Q, =™ as |r| s oo with n=0+1,42 ... . (3.12)

The quantum number n is known as winding number and define as follows

: 3
*9s /d?’x tr (e, AL AT ALY (3.13)

" nenen
The winding number n characterizes the homotopy class for the S3 — SU(2) mapping,
i.e. a mapping from the three-dimensional Euclidean space to the SU(2) space. It is an
integer for a pure gauge field. In contrast, for a field that vanishes at spatial infinity, it
can be expressed in terms of a non-zero surface integral. This implies a non-zero vacuum-
vacuum transition amplitude. Keeping in mind that each vacuum is characterized by a
distinct winding number, so we can refer to them as n-vacua, |n) that denotes the pure
gauge configurations. Furthermore, since the vacua are degenerate and instantons allow
transitions between them, the physical vacuum state must be written as a superposition of

these n-vacua. Therefore the true vacuum is known as the theta vacuum and written as
16) = Z e~ ™n) (3.14)
n

where 6 is an unknown, 27-periodic number referred to as the vacuum angle. We may note
here that the 6 vacuum is nothing but the Fourier transform of the n-vacua. Coupling this
note with the following important point that, a gauge transformation that transforms the
field configuration |n) — |n + 1) has a well-defined solution, and such a tunneling event
is called an instanton. The effect of these mutually distinct theta vacua is that effective
action gains an additional term. The path integral formulation of the vacuum to vacuum
transition amplitude involves an effective action which is dependent on the vacuum angle 6
2

Sur[A] = So[A] + 0 3;’;2 GrGe (3.15)

with So[A] being the usual QCD action. This means the QCD Lagrangian now has an

addition 0-term [162]
2

Ly = 933;2 GG, (3.16)

Since quarks are not massless, and if we consider the weak as well as the strong interactions,

then we have a general quarks mass term in the Lagrangian, which can be written as

.§£mass = (jl-RMl-jqu + h.c. (317)
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where M;; represents the complex quark mass matrix. Consequently, the U(1) 4 transforma-
tions lead to an additional phase when we diagonalize the mass matrix. Thus the vacuum
angle picks up contributions both from QCD and the electroweak sector. So in the full
theory, the value of the f-term gains an additional contribution equal to the argument of
the determinant of the matrix M;;, and is denoted as argdet M. Hence, the total physical
vacuum angle becomes [162]

0 =0+ argdet M (3.18)

This new vacuum term is called the effective vacuum angle, 6, and generally, it is non-zero.
Hence, the additional #-term to the QCD Lagrangian has to be rewritten in the following
form [162]

2 ~
Ly=0 3;’;2 G Ge (3.19)

By introducing this extra term in the QCD Lagrangian, we have successfully allowed for
non-vanishing contributions, by the anomalous current, to the action. Thus the U(1)4 is in
no way symmetry of QCD, and we no longer expect a thereto associated preserved Noether

current or Goldstone mode. The U(1) 4 problem has indeed been solved.

3.3 The strong CP problem

As we discussed above, the U(1) 4 problem can be explained due to the complex structure of
the QCD vacuum [171]. The mathematical resolution of the problem implies including the
O-term into the total QCD Lagrangian. However, solving the U(1) 4 problem leads to a new
fine-tuning problem referred to as the strong CP problem. The additional #-term violates
the PT (i.e. parity-time) symmetry, but conserve C (i.e. charge conjugation) symmetry.
This makes it a source of CP violation in the strong interaction. Although the total QCD
Lagrangian includes such a CP-violating term, there is no experimental indication of CP
violation in the strong interactions. For example, the electric dipole moments (EDM) for
the neutron is one of the most sensitive CP-violating observables to the value of 6. An
estimate the neutron EMD obtained within chiral perturbation theory can be conveniently

expressed in the form [172]

myMq ~,_. 5
d, =——2" g . 3.20
e— (qiv°q) (3.20)

Accordingly, the calculation obtained the following estimation
|d,| ~ (2.4 £1.0) x 10710 ¢ cm , (3.21)

where e is the electric charge. The current experimental bound is given by [67]

|d,| < 2.9 %107 e cm. (3.22)
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Such an experimental result implies that the parameter 6 is about of order |f] < 1071,
Thus we are tempted to think that 0 is zero. Nevertheless, there is no natural reason to
expect 6 to be this small. In principle, the § parameter is a free parameter, and it may take
a value anywhere in the range from 0 to 27. Further, CP violation occurs in the standard
model by allowing the quark masses to be complex, and thus the natural value of @ is
expected to be of order one. Thus it seems there is an unnatural cancellation between the
two parameters of equation (3.18) that are not related. In fact, we would like to understand
the reason why the sum of two contributions with very different physical origins is extremely

small, if not zero. This is the strong CP problem.

3.4 The resolution of the strong CP problem

As we saw in the previous section, the strong CP problem is clearly a very serious issue. There
are three scenarios to solve this problem. In this section, we briefly discuss these possible
solutions. Then in the next section, we discuss in detail the most preferable solution; the

axion solution.

— Massless quark solution. The first suggestion is to set the up quark mass to zero,
so the RHS of equation (3.20) vanishes. Thus the neutron EDM vanishes with no
constraints in this case. However, the massless quark solution is excluded, as seen
in reference [173]. The lattice QCD simulations suggest a non-zero up quark mass.
This is indeed experimentally supported by the other properties of the known mesons,

including pions, require all of the quarks to have some sort of bare mass.

— Solution with spontaneous CP breaking. The second possibility might be construc-
ted if CP is a symmetry of nature, which is spontaneously broken, and hence there
would be no strong CP problem at all [174,175]. Interestingly, even though we observe
CP violation in nature, we can make use of this fact if CP is truly a fundamental
symmetry of nature at high energies that have been spontaneously broken, such that
at low energies, we do not observe it to be a symmetry. In this way, one starts with
a theory that is CP invariant with # = 0 at the Lagrangian level. Then, CP is spon-
taneously broken by the vacuum expectation value (VEV) of a CP-odd scalar. The
interactions of this scalar may be engineered such that it can generate both the re-
quired CP-violating phase and # < 107!, Although several models exist where this
is successfully achieved, they require rather disturbing features, e.g. complex Higgs
VEVs, which cause further problems. Moreover, the biggest drawback for this possible
solution is that experimental data is in excellent agreement with the CKM Model,

which includes CP explicitly not spontaneously broken.
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— The axion solution. The Peccei-Quinn or the axion solution is the most widely
accepted solution to explain the smallness of the parameter § [129,176]. The model
is based on the idea of introducing an additional chiral symmetry to the standard
model Lagrangian, which effectively rotates the #-vacua away. In essence, this should
effectively allow the theory to be insensitive to any additional source of CP viola-
tion generated at higher energies and accordingly solve the strong CP problem. The

description of the mechanism of this solution is the subject of the next section.

3.5 The Peccei-Quinn mechanism

R. Peccei and H. Quinn proposed this theory in 1977 to solve the strong CP problem. They
assumed that the standard model Lagrangian has an additional global chiral U(1) symmetry,
which was named after them as the Peccei-Quinn (PQ) symmetry U(1)pq [129,176]. This
symmetry is necessarily spontaneously broken at some large energy scale f,, and this indeed
gives rise to a massless NGB, which is called the axion. The consequences of introducing
such symmetry into the theory are effectively promoting the vacuum angle from static CP-
violating constant to a dynamical CP-conserving field, which is the axion field. As we will
describe below, when the effective potential of the axion is minimized, the 0 dependence
cancels, and the CP problem is no more. Hence, when we add the axion field to the standard
model Lagrangian, and in order to make it invariant under the new U(1)pq symmetry, it

has to take the form

gtotal - '%SM + gé + ga

VI e e L O ) [0/ fo, ] + € 9 G
SM b v 9 W int a b 72

3272 fa 3272
1 n a 952, v b
= -%S]VI — iﬁuaa“a + .%;nt[a“a/fa, w] + (9 + f—a> %G's ij R (323)

where £, refers to the Lagrangian of the new axion field. It is easy once we look at the
previous equation to realize that the axion part of the Lagrangian contains the usual kinetic
and interaction terms in addition to another term which is required to ensure that the

Noether current associated to the new U(1)pq symmetry has a chiral anomaly

2 ~
Dulliq = E-2 GGl (3.24)

327 w
where £ is a coefficient. Since the axion field, a(z) is the NGB of the broken symmetry; it

is invariant under a U(1)pq transformation
a(z) = a(x) + af,, (3.25)

where « is the phase of the field, and f, represents here the order parameter associated with

the breaking of the U(1)pq symmetry. In such a way, we see that an axial transformation
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can shift a to make it able to remove the § dependence of the theory and thus provide a
dynamical solution to the strong CP problem. This is very important, as it means that the
physical vacuum angle is actually & + &(a)/ f., where (a) signifies the VEV of a, and f, is

now the scale of the spontaneous breaking of the U(1)pq symmetry.

Because of the complicated structure of the vacuum, the PQ symmetry must be explicitly
instead of spontaneously broken. Therefore, the axion becomes a PNGB and picks up a

small mass. This also means that the axion gains a nontrivial effective potential

a‘/eff _ 5 93 wy Avb
< da >— fa 3272 <Gb G’“’>

If we were to neglect the nontrivial vacuum structure, i.e. the instanton effects, the circle of

=0. 3.26
<(l>:—9_fa/5 ( )

minimal potential would be parallel to the plane, with degenerate ground states, and all the
values 0 < 5% < 27 are allowed. In this situation, the breaking of PQ symmetry remains
spontaneous. But in the case of a nontrivial vacuum structure, the instanton effects must
be taken into account, and then the circle of minimum potential becomes tilted. Hence
in this scenario, the PQ symmetry becomes explicitly broken, and an axion mass m, # 0
is generated. In this case, the mechanism through which the -term can be eliminated
from the theory is to allow the effective potential for the axion field to get its minimum.
This is known as Peccei-Quinn solution and occurs at (a) = —0f,/¢. To understand the
core of the solution, we may take a look at equation (3.23). Then, we easily can realize

that generating potential for the axion field that is periodic in the effective vacuum angle

0 + (a)¢/ f, requires

Vgt ~ cOS (é + 5@) : (3.27)

a

In order to minimize the potential Vg, Peccei and Quinn showed that taking the term
inside the brackets to be zero (and not ) is the correct choice. Hence, we get the following

condition

§+@:O & (a)z—éf,

Ja §

and as the axion field evolves, and the potential minimum is reached, the CP-violating

(3.28)

term from the Lagrangian (3.23) is removed. The strong CP problem is solved. What has
happened is that we have essentially switched the fixed-parameter for a dynamical variable
with a CP-conserving minimum, the axion field. As the field evolves, it effectively relaxes

the CP-violating term to zero.

Now, by defining the physical axion as aphys = a— (a), we can rewrite the Lagrangian (3.23)
in terms of aphys Which is now no longer has a CP-violating f-term. It obviously takes the

following form

2

1 9s VY
Lrowar = Lsw = 50,00"a + Liwl0"a/ fu, V] + 0525 GG, (3-29)
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3.6 The axion dynamics and models

As we discussed in the previous section, the presence of the QCD anomaly is necessary to
induce the axion potential whose minimum is located at . = 0. Expanding the effective

potential V. for the axion field at the minimum gives the axion a mass

0 Vst £ g2 0 >
2 _ € - _ > s v A
Ma < da? > f. 3212 <8aGb GW>

The estimation of standard axion mass has been calculated using several methods such as

x — . 3.30
(@)=—0fa/¢  fa (330)

current algebra techniques [177] and effective Lagrangian [178] approaches. We can easily
realize that these calculations imply that the axion mass and interactions are characterized
by the scale parameter f, of the spontaneous breaking of PQ symmetry. In the original
model, the U(1)pq symmetry breakdown coincided with that of electroweak breaking f, =
vr , with vp =~ 250 GeV. This identified the visible axion with a mass of order 100 keV
to 1 MeV, and the associated models then have become known as visible axion models. If
axions had this mass, then they would have couplings large enough to be experimentally
detected. As all the results were null, astrophysical, and experimental searches, have ruled

out this type of axions.

Nevertheless, the initial assumption that the value of the scale parameter f, is close to the
electroweak scale was not necessary. Indeed, the original realization of the axion has been
excluded experimentally, and now f, is thought to lie much higher. When f, > vp, then
the axion is very light, very weakly coupled, and very long-lived. Models, where this occurs,
have become known as invisible axion models. These invisible, light, and weakly interacting
axions are, therefore, very promising dark matter candidates. In this section, we will shortly
review the properties of the standard weak-scale axions and then generalize the discussion

to the invisible axion models.

3.6.1 The visible axion models

The original model of the axion was proposed by Weinberg and Wilczek [70, 71], based on
the idea of Peccei and Quinn [129,176]. This is called the Peccei-Quinn-Weinberg-Wilczek
(PQWW) model, or the visible axion model. Since the basic ingredient of the axion model
is a global chiral U(1)-symmetry of the standard model Lagrangian, it is clear that an
extension of the standard model Lagrangian is required. In principle, the axion is embedded
in the phase of the Higgs field in the usual standard model. But, one Higgs doublet is not
enough to give rise to the axion because the other three Goldstone modes are absorbed
by the longitudinal degrees of the standard model gauge bosons, and the remaining Higgs

boson has a potential. Therefore, the simplest extension that can make the standard model
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Lagrangian invariant under the U(1)pq symmetry is to consider a model with the Higgs
sector contains at least two scalar field doublets. This minimal model introduces exactly
two Higgs fields, ¢; and ¢-, to absorb independent chiral transformations of the quarks and
leptons. Hence, the presence of the Higgs doublets fields can allow the Lagrangian density

to be invariant under the desired chiral U(1)pq transformations

a—a+avp, ugr; —e “Tug;,
¢1 N e2a/x¢1 , de - e—m/dej , (331)
Po — €% o, Cpj — e /" p;

Then, the relevant parts of the Yukawa-sector of the standard model Lagrangian involving

the Higgs doublet fields can be defined as follows
Lyukawa = Yi5qLirjP1 + yz‘deLideng + y;;‘l_LigRjng + h.c. (3.32)

The usual Yukawa coupling between these Higgs scalars and the Fermions spontaneously
breaks the flavor symmetry and gives masses to the quarks and leptons. Because of this
spontaneous symmetry breaking, the two the Higgs doublets ¢; and ¢ develop the following

nonzero VEVs
(#7) =v1 and  (¢3) = vy, (3.33)

where ¢9 and ¢9 are the neutral components of ¢, and ¢, respectively. The VEVs of the
Higgs doublets break both the electroweak symmetry and the U(1)pq symmetry at a scale
fo = \/m In the simplest model, the scale of U(1)pq symmetry breaking scale is
taken to be the same as the electroweak symmetry breaking scale. Corresponding to the
two Higgs doublets, there are now four physical Higgs scalars and four Nambu-Goldstone
(NG) modes. Three of the NG modes will give masses to the W=, Z bosons, and the
remaining one becomes the axion field. The symmetries of the Lagrangian shows that we
have a U(1) phase for each Higgs doublet. The axion in this model is the common phase
field of the Higgs doublets ¢; and ¢ orthogonal to weak hypercharge. If the ratio of the
VEVs of the Higgs doublets is defined as © = vy /v, then it is easy to isolate the axion

content in ¢; and ¢, as

1\ . 0\ .
¢ = % (0) el and ¢ = % <1> e/l (3.34)

One of the two linear combinations of these phases is the electroweak hypercharge degree
of freedom, which is absorbed by the Z boson, and the other degree of freedom is then the
axion field

= fi(vl Im ¢ — vy Im ¢3) . (3.35)

Since the U(1)pq symmetry is spontaneously broken, the corresponding NGB, the axion,

a

will be massless. But the QCD gluon anomaly will break this symmetry explicitly, and hence,
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the axion will become a PNGB with a small mass. The mass for the standard axion was

estimated to be given by

TS T 1 u 1
et = Todn (o Ly Y opn b L Kev (3.36)
v T My + My T

where m is the mass of the pion meson, fr ~ 92 Mev is pion decay constant, and Ny is
the number of quark generators. The axion thus directly acquires its mass by mixing with
7Y, which occurs with the gluon coupling. The 7%-mixing then induces another coupling of

the axion to two photons. Writing the interaction Lagrangian describing this coupling as

«

Qphys VA
Layy = EKWW%GN Guv (3-37)
where K., is the axion-two-photon coupling constant of O(1) and is defined as
1 My,
Ku, = N, -)—. 3.38
Y o7+ Z e + iy ( )

Then, for all axion models, the mass of the axion and its m and 7 couplings, respectively,

can be characterized by

Ma = A (%) v Car = /\3% ; Sam = )\0% ; (3.39)

where \,,, A3, and Ao are model parameters of O(1). It seems to be important now to
mention that all axion models can be characterized by the model-dependent parameter
K~ together with parameters A,,, A3, and Ay, which are calculated for the PQ model and

written as
1 1 — My,
e (e D) o (o D) ] 540
€T X ) mg -+ my

3.6.2 The invisible axion models

In the visible axion models, when the axion mass is less than the electron mass, the axions
can decay into two photons obeying the interaction giving by equation (3.37) and hence,
the axion becomes long-lived. When the axion mass is more than the electron mass, it can

decay rapidly into two electrons and become short-lived

8 2,,2
T(a—ete) = UL . (3.41)

2,2 2 _ A2
mzvyy/ms — 4mz
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Unfortunately, both these possibilities have been ruled out experimentally. In addition, the
strongest constraints to rule out the existence of the visible axion came from the nonob-

servation of the K-decay to axion, which has been estimated to be
1
Br(Kt —at4+a) ~3x107°(x + —)?. (3.42)
z

This is well above the KEK bounds; however, the experimental constraints to the K-decay
implied
Br(K* — 7% 4 nothing) < 3.8 x 107% (3.43)

where “nothing” in the decay products includes the long-live axions, which would escape
detection. We conclude from this argument that the original PQ model with f, = vr and

its associated visible axion are ruled out by experimental results.

However, on the other hand, invisible axion models when f, > v are still viable. These
models avoided the problem of the original PQWW model by allowing the U(1)pq symmetry
breaking to occur at scale f, much higher than the electroweak scale since the coupling of
axions with other particles are suppressed by 1/f,. Therefore, the axion in such models is

characterized as very light, very weakly coupled, and very long-lived.

More technically, the essence of the invisible axion models is introducing a new complex
scalar field ¢, but SU(2), x U(1)y is a singlet. This field is called the Peccei-Quinn field,
carries only a PQ charge, and does not participate in the electroweak interactions. The
U(1)pq symmetry then must be broken by the VEV of this field, which has a scale much
larger than the one set by the electroweak interactions. Let us now define the change in

the PQ field ¢ under the U(1)pq transfiguration as
¢ — €. (3.44)
If we impose the potential for the PQ field ®
V(@) = (@ - 727, (3.45)

it acquires the VEV |(®)| = f, > vp. Then, instead of defining the axion to be the phase

direction of the standard model Higgs doublets in the visible axion models, the invisible
axion field is the, essentially, the phase of the PQ field ¢

Ja_jiass

= 2 e'a 3.46

¢ NG (3.46)

There are two main classes of such invisible axion models, depending on whether or not

they have a direct coupling to leptons. These two classifications are the Kim-Shifman-

Vainshtein-Zakharov (KSVZ)-type and the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)-type

models. We shall briefly review here both two types.
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The KSVZ model

The KSVZ model [179,180] suggests the existence of some new heavy quarks @ that carry
the PQ charge, while the ordinary quarks and leptons do not. Then, the QCD anomaly is
obtained via the Yukawa coupling between such heavy quarks ) and the PQ fields, which

can be written as
PLrsvz = —YoQroQr + h.c. (3.47)

Under the U(1)pq symmetry, the heavy quark ) transforms as
QL—€e“?Qr, Qr— e Qgr. (3.48)

Calculations analogous to the one of the PQWW model obtained the following axion cha-

racteristic parameters for the KSVZ

1mg — my 1
Apn=1, M3=———7"—7—, A=—, 3.49
3 2 Mg + My 0 2 (3.49)
and
dmg —m
Koy = 3¢5 — ———— | 3.50
Y dg 3(ma + my) ( )

where qq is the electrical charge of the heavy quarks Q.

The DFSZ model

The DFSZ model [181,182] is an extension of the PQWW model, and similarly, it realizes
the QCD anomaly without the need to introduce a heavy quark. As in the PQWW model,
both the quarks and leptons carry PQ charge, and hence two standard model Higgs doublets
¢1 and ¢ are still required. In addition, a complex scalar field ¢ is added. The trick now
is that the quarks and leptons directly couple to the Higgs doublets ¢; and ¢, through the
usual Yukawa terms (3.32), but do not couple to the PQ field ¢. However, the quarks and
leptons feel the effects of the axion through the interactions of the PQ filed ¢ with the two
Higgs doublets ¢; and ¢,. The PQ field couple the two Higgs doublets through the scalar
potential
V(61,02 6) = L (0lor — 1) + 2(0hér — 03 + P — 27 + (bl + bolo)loP
tc(f1 - ¢20” + hc) +dlgr - Gl + el (3.51)

The Lagrangian density is invariant under the U(1)pq symmetry transformation

o1 — e Py, UgRj; — €iaURj )
¢2 — €_ia¢2 , de — edej s (352)

(b — em¢ , gRj — €ia€Rj s
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The axion is then a linear combination of the phase of the three scalar fields ¢?, ¢9, and

¢. Defining X; = 203 /v? and X, = 2v?/v?, the contribution of the axion field a in ¢; and

¢o can be isolated as

v (1Y) x a/f va (0 ix a/f
0= — el and ¢y = — e 2l (3.53)
V2 \0 V2 \1

The axion characteristic parameters for the DFSZ axion model have been calculated and

obtained as follows

1X1—X2 mg — My, 1—N,
An=1, A== — ., Ao = 2 3.54
T2 2N,  mg+m, " 2N, (3:54)
and
3 4 ”
Ka'y'y - = _ Wg——l—m ) (3_55)

4 3(mg+my)

3.7 Properties of the invisible axion

As we discussed above in the previous section, the existence of the standard visible axion
has been ruled out experimentally; therefore, we will concentrate here in this section on
describing the properties of the invisible axions. In general, the axion is a neutral pseudo-
scalar particle, with a very light mass and very weak interactions with matter, since it has
not been detected yet. The most significant feature of the axion properties is that they
depend on the energy scale of the spontaneous breaking of the PQ symmetry f,. These
properties are the axion mass m,, and the coupling constant of the axion to other particles

denoted by ¢, both of them are inversely proportional to f,

1 q 1
Mg X — , and  gg X — .
Jfa fa

In principle, the axion interacts mainly with gluons and photons, and it could also interact

(3.56)

with fermions. The different axion models describe these interactions and to express their
coupling strengths as a function of f,. Some features of these interactions will be discussed

below, see references [183, 184] for a detailed discussion on these topics.

3.7.1 Coupling to gluons

The coupling of axions with gluons is described by the interaction term in the total Lagran-
gian density (3.29) and given by the expression
A

— a v
.%QG _87Tfa a G/WGQ s (357)

expressed as a function of the strong fine-structure constant «ay, and a refers to the axion

field. Figure 3.1 shows the Feynman diagrams for the axion-gluons interaction.
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Figure 3.1: Feynman diagram of the axion coupling with gluon.

3.7.2 Mass of axions

The coupling of axion with gluons makes possible the mixing with pions as well, and the

obtained axion mass can be then expressed as

w 1 12 \/
_ Mafn VI 676 0y ( 07 Ge ) , (3.58)

fa mu+md fa

with astrophysical and cosmological observations imply that f, ~ 109102 GeV, hence,

Mg

the axion has a very tiny mass m, ~ 107%-1073 eV.

3.7.3 Coupling to photons

The mixing of axions with pions, due to the coupling to gluons, permits the description
of the interactions of axions with photons by the Primakoff effect. Figure 3.2 shows the
Feynman diagrams for the axion-photon interaction for the two contributions from a triangle
loop through fermions carrying PQ and electric charges and axion-pion mixing producing
the generic coupling of axions to photons. The coupling of an axion to two photons and

the contribution of such interaction to the Lagrangian density is given by the expression

1 -
Loy = —19am @ FYEL, = goy E-Ba, (3.59)

where g, is the axion-two-photon coupling constant, /'*” is the photon field strength
tensor, FW denotes its dual, E is the electric field, and B is the magnetic field. The

magnitude of the coupling constant g, is parameterized by

«
Gayy = Ffaca'w ) (360)
where @ = 62/27'(' is the fine-structure constant, and C,, is a numerical coefficient given
by
E 244 Z
Copy = — — ———, 3.61
N 3147 ( )

where Z = m, /my gives the ratio between the up-quark and down-quark masses, and £/N
gives the ratio between the electromagnetic and color anomalies. The value of E/N is zero
in the KSVZ model, while it depends on the charge assignment of leptons in the DFSZ

model.



3.7. Properties of the invisible axion Page 59

g

Figure 3.2: Feynman diagrams of the axion-photon coupling: coupling of the axion to two
photons via a triangle loop through fermions carrying PQ and electric charges (left panel),

and axion-pion mixing producing the generic coupling of axions to photons (right panel).

3.7.4 Coupling to fermions

Fermions like electrons and quarks would show Yukawa coupling to axions if they carry the
PQ charge. The Feynman diagrams of axion direct coupling with electrons, higher-order
coupling of axion and electron, and axion-to-nucleon coupling, respectively, are shown in
figure 3.3. The coupling of axion to fermions contributes to the Lagrangian density with a

term equal to

Loy = anf (W y515) 0y @ (3.62)
mg

where )¢ is the fermion field, f,, is its mass, and g, represents the axion-fermion coupling

constant, that can be written as
_ Cymy

gaf — f

The dimensionless coefficient plays the role of a Yukawa coupling with an effective PQ

(3.63)

charge Cy and a fine-structure constant of the axion a.; = g2;/4m can be defined.

Some axion models calculated the interaction coefficient C, that describes the axion ef-
fective coupling with electrons at the tree level. In addition, and despite there are no free
quarks exists below the QCD scale Aqcp = 200 MeV, the coupling of axions to light quarks
at tree level and the mixing of axions with pions lead to calculate the interaction coefficient
of axions with proton ), and neutron (), and therefore derive the effective axion-to-nucleon

coupling.

3.7.5 Further processes

There are some other processes involving axioms quite relevant in the frame of astrophysics.
The predominant emission process of axion in stars would be the Primakoff effect v+ Ze —
Ze + a, in which a photon can be converted into an axion in the presence of strong
electromagnetic fields. This process is quite relevant in axion searches because axions could
be reconverted into photons (and detected) inside a strong magnetic field via the inverse

Primakoff effect.
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Figure 3.3: Feynman diagrams of axion direct coupling with electrons, higher-order coupling

of axion and electron, and axion-to-nucleon coupling, respectively.

Further processes in axion models with tree level coupling to electrons might dominate the
axion emission in white dwarfs and red giants. These processes are the Compton v+e¢~ —
e~ + a, and the Bremsstrahlung emission e~ + Ze — Ze + e~ 4 a. Also, the axion-nucleon

Bremsstrahlung N + N — N + N + a, could be relevant in supernova explosion [185].

3.7.6 Lifetime of axions

Due to the coupling with photons, the axion would decay into two photons with a decay

rate that can be expressed as follows

Fa—) - gg,y,ym:; = OCQ Ca m_g
i 64 25673 177 f2
102 GeV”°
~ 2.2 x 10751 (f—e> , (3.64)

where we used here the axion-to-photon coupling from (3.60), the axion mass from (3.58),
and C,y, = 1 for simplicity. This gives the axion a lifetime of 7, = T';L_ ~ 4.5 x 10 s.
This lifetime of the axion exceeds the age of the universe ~ 4.3 x 107 s for f, > 10° GeV.
Hence, the invisible axion is almost stable, which motivate us to consider it as the dark

matter of the universe.

3.8 Status of axion search

In the visible axion models, the PQ symmetry was broken along with the electroweak
symmetry and the axion couples to matter directly. This model had been ruled out by
laboratory limits shortly after their conception. The invisible axion models, on the other
hand, considered the scale of PQ symmetry breaking to be much higher than the electroweak

scale. Hence, these models predict a very light axion with very weak coupling to ordinary
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matter. Such weak coupling of the axion would allow it to evade existing experimental

searches, and hence, this invisible axion model is allowed by present experiments.

Although the invisible axions are very light, very weakly coupled, and have not yet been
discovered, they are not necessarily to be totally invisible. The allowed range of parame-
ters is highly constrained from astrophysical and cosmological considerations and also from
laboratory measurements. We will not discuss here how the invisible axions might affect as-
trophysics and cosmology, and instead, we will illustrate the astrophysical and cosmological

bounds on the invisible axions in the next chapter.



Chapter 4

Axion Dark Matter and Cosmology

We discussed in the previous chapter that the axion is a PNGB, which appears after the
spontaneous breaking of the PQ symmetry, which was proposed to solve the strong CP
violation problem. In this chapter, we will study the possible role that axion and axion-like
particles can play to explain the mystery of dark matter. Then, to discuss whether they
correctly explain the present abundance of the dark matter, we will investigate their pro-
duction mechanism in the early universe. Afterward, we will discuss the recent astrophysical,

cosmological, and laboratory bounds on the axion coupling with the ordinary matter.

4.1 Axion as a dark matter candidate

As mentioned in chapter 2, only a small fraction of the total matter content of the universe
is made of baryonic matter, while the vast majority is constituted by dark matter [84]. It
is usually assumed to consist of one or several new species of weakly interacting particles
[157]. It is characterized to be electrically neutral and interacting with ordinary matter
only through gravity [85]. In principle, interactions under the weak and strong forces can
be allowed, depending on the model. Dark matter can not be constituted by any large
fraction of baryonic matter, as the baryon density in the universe is tightly constrained
by, among other things, CMB measurements. If the QCD axions exist, they would be
considered a very promising and well-motivated candidate for dark matter, as they have
the main characteristics to be dark matter. They are nearly collisionless, electrically neutral,
very stable, non-baryonic, and weakly interacting with the standard model particles [186].
Depending on the production process, thermal or non-thermal, the axions could constitute
either hot dark matter or cold dark matter. We will explain this point as we progress during

this chapter.
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The non-baryonic forms of dark matter are usually subdivided into three classes; hot, warm,
and cold dark matter [187-189]. This pertains to objects or particles that have large,
intermediate, and small free-streaming lengths, respectively. The free-streaming length is
a characteristic length scale for dark matter particle and defines as the possible distance
of travel due to random velocities in the early universe, adjusted for the expansion of the
universe. Since the particles can propagate freely over this distance scale, any smaller fine-

scale structure is smoothed out.

— Hot dark matter (HDM). HDM requires nearly massless particles that they move
at relativistic velocities. This is achieved if the dark matter particle’s mass is satisfying
m < Ty, which means that they are still relativistic by the time of their decoupling.
In addition, HDM is defined as particles with m < 1 eV, which is the temperature at
which the universe energy density moves from being radiation dominated to matter-
dominated. HDM particles have long free-streaming lengths, = 1 Mpc. A couple of

examples of such candidates are neutrinos and HDM axions.

— Warm dark matter (WDM). WDM consists of particles with masses satisfying
m < Ty as for HDM but in this case m = 1 eV. Therefore, these particles were
relativistic at their decoupling temperature, but nonrelativistic at the time of matter-
radiation equality. The free-streaming size is of dwarf-galaxy scale, or ~ 1 Mpc.
There are no clear candidates for WDM, but non-thermally produced gravitinos,

sterile neutrinos, and light neutralinos could be viable ones.

— Cold dark matter (CDM). CDM refers to objects that are sufficiently massive and
moving at sub-relativistic velocities. This is achieved if the dark matter particle's mass
is much greater than the temperature at which it decouples from the cosmological
plasma, m 2 T,. Hence, early in time after the big bang at the point of decou-
pling, these particles become nonrelativistic, massive, and have a short free-streaming
length, < 1 Mpc. The major CDM candidate is WIMPs, gravitinos, MACHOs, CDM

axions particles.

4.1.1 Axion-like particles

The visible and invisible axion models are not the only extensions to the standard model
introducing new symmetries. In fact, there are plenty of theories have been proposed to
extend the standard model by introducing new symmetries and new particles, for example,
supersymmetric theories and string theory models [190]. If any of these new symmetries
is global and gets spontaneously broken, then a Goldstone boson or PNGB is obtained. If
this boson is a light scalar or pseudo-scalar, it can share qualitative properties with the

QCD axion. This means that, in addition to invisible QCD axions, there can be many other
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axion-like particles (ALPs). These ALPs are usually predicted by string theory-driven models
[191-193]. In particular, ALPs naturally arise from string theory due to the compactification
of extra dimensions [194,195].

In general, it is expected that ALPs couple to ordinary matter in the same way as the QCD
axions do. Thus, the coupling constants for the ALPs interactions with photons and fermions
would be similar to the ones in equations (3.60) and (3.63), respectively. To adapt those
equations to ALPs, one would remove the terms containing z, as they come from the mixing
between axions and mesons, and replace f, with the ALP decay constant. Another difference
is that, while axions had originally been proposed with the aim of solving the strong CP
problem, ALPs can be considered as pure predictions of theories beyond the standard model.
They are not needed for any specific purpose but can be considered potential candidates

for the particles of dark matter.

4.1.2 HDM axions

Axion, and more generally, ALPs may be copiously produced in the early universe, including
via thermal processes. Therefore, relic axions and ALPs constitute an HDM component.
Hadronic axions that do not couple directly to charged leptons would be produced by
Primakoff reactions with the quarks in the primordial quark-gluon plasma (QGP). After
the temperature of the universe drops below Aqcp and confinement occurs, the dominant

thermalization process is ™ + 7 <+ a + 7 [196)].

4.1.3 CDM axions

Since HDM, no matter what the constituents are, seemingly can not make up more than a
small part of the total dark matter density, CDM axions [197-200] are usually more seriously
considered. They are produced non-thermally in the early universe by the misalignment
mechanism and under certain circumstances, also via the decay of topological defects such
as axion strings and domain walls. We will discuss the contribution of each process to the

axion abundance in section 4.3.

4.2 Thermal production of axions

If the temperature of the primordial plasma is sufficiently high, axions are created and
annihilated during interactions among the standard model particles in the thermal bath of

the QCD plasma. The produced axions from such processes are known as thermal axions
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and described by the standard freeze-out scenario [201-203]. The number density n'(t) of
thermal axions obeys the Boltzmann equation

dnth

dt

where H is the Hubble parameter, and I' is the interaction rate at which axions are created

+3Hn =T (n —nth) | (4.1)

a a

and annihilated in the plasma
= an(aiv) : (4.2)

Here, the sum is over all processes involving axions a+t <+ 1+2, with 1, and 2 refer to other
particles species, n; is the number density of particles species ¢, and (o;v) indicates averaging
over the momentum distribution of the particles involved, with ¢; in the corresponding cross-
section, and v is the relative velocity between the particle i and the axion. The term ng
represents the number density of axions at thermal equilibrium, which is obtained by using

the Bose-Einstein distribution
nel = @T?’ : (4.3)

“ T
where ((3) = 1.202- - - is the Riemann zeta function of argument 3, and 7" is the tempe-

rature of the plasma. Using the conservation of the number density at equilibrium

dns
Zg Y 3HRS =0, (4.4)
we can rewrite equation (4.1) as follows,
d
R = nih)] = TRt — i), (45)

where R(t) is the scale factor of the universe. The solution of this equation implies that
the axion would be in thermal equilibrium as long as its interaction rate is faster than the
Hubble expansion, I'(T") > H(T'). Therefore, the thermal population of axions was produced
when this condition was satisfied for a few times at some point in the early universe until
the axions decouple from the plasma at the decoupling temperature Ty, which define with
['(Tin) = H(Tiw). The thermal population of axions thus established did not subsequently

get diluted away by inflation or some other cause of huge entropy release [204].

In the thermal bath, axions couple differently to fermions depending on the axion mo-
del, whereas their coupling with gluons is model-independent. The thermal average of the
interaction rate I' is calculated, including the following three elementary processes for ther-

malizing axions in the early universe
(@)a+q<g+q, (B)a+g<qg+q, and (c)a+g<g+g.

The Feynman diagrams of the processes which produce thermal axions in the early universe
are shown in figure 4.1. These processes have a cross-section of the order of oag, = a2/ f2,

and accordingly, the interaction rate becomes
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(a) (b)

Figure 4.1: Feynman diagrams of the processes which produce thermal axions in the early

universe.

al 10°
F(T) ~ FT?) ~ F ;

where o, = g?/4m?. Assuming that axions thermalize at temperature T}, their number

(4.6)

density today is obtained by assuming the conservation of the comoving number density,

n(Ty) = n(Tip) (c;((]%;))) =175 cm3;?(7TZ]5) : (4.7)

where ¢.(T") denotes the relativistic number of degrees of freedom at temperature 7. The

current abundance from thermal production can be then estimated to be

9+ Ja (4.8)

For f, ~ 102 GeV, the axion production from the thermal processes is not efficient. If f,

0 — 10-° (100) 10'2 GeV

is smaller, the coupling of the axion increases, and the axion decouples later, helping to get
more relic abundance. It is possible to get the correct relic abundance for f, ~ 10° GeV, but
this value is normally excluded by astrophysics bounds. However, the astrophysical bounds
do not apply if the axion has an anomalously small coupling to photons. In this scenario,
the axion forms a hot dark matter candidate, but bounds from Planck already exclude the
axion as hot dark matter. Therefore, taking into account that hot dark matter can not be
the dominant dark matter component can lead to putting an upper bound on the axion
mass. A recent study involving CMB anisotropy measurements, halo power spectrum data,
and Hubble constant measurements provides an approximate lower limit of the axion mass
mq ~ 0.7 eV [205].

4.3 Non-thermal production of axions

The most efficient mechanism for axion production is non-thermal, and there are three
types such processes, the misalignment mechanism [197, 198, 206], axion string decay, and
axion domain walls decay [207,208]. The abundance of the non-thermally produced axions
depends on two important scales. The first is the temperature at which the axion mass,

arising from non-perturbative QCD effects, becomes significant. The second scale is the
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temperature Tpq, at which the PQ phase transition occurs when the U(1)pq symmetry
spontaneously breaks. As we will see below, depending on whether this temperature Tpq is
greater or less than the inflationary reheating temperature Ty, the contribution of each of

the three production mechanisms to the cold axion population is determined.

At high temperatures, the QCD effects are not significant, and the axion mass is negligible.
Gradually the axion acquires its mass due to the non-perturbative QCD effect. At a critical
time, t1, when m,t; ~ 1, the axion mass becomes important and the corresponding tempe-
rature of the universe at ¢; is 77 ~ 1 GeV. The U(1)pq symmetry is then unbroken at early
times and temperatures greater than Tpq. At Tpq, it breaks spontaneously, and the axion
field, proportional to the phase of the complex scalar field acquiring a vacuum expectation
value, may have any value. The phase varies continuously, changing by order one from one

horizon to the next. At that time, axion strings may appear as topological defects.

Now we have to distinguish between two cases. The first one occurs if the reheating tem-
perature after inflation is below the PQ transition temperature Tpq > T. In this case, the
axion field is homogenized over vast distances, and the string density is diluted because
of inflation, to a point where it is extremely unlikely that our visible universe contains any
axion strings. When the axion mass turns on at t;, the axion field starts to oscillate. The
amplitude of this oscillation is determined by how far from zero the axion field is when
the axion mass turns on. The axion field oscillations do not dissipate into other forms of
energy and hence contribute to the cosmological energy density today. Such a contribution
is called the misalignment mechanism. Since the axion string density is diluted by inflation,
thus the misalignment mechanism is the only process that contributes significantly to the
density of cold axions. In this scenario, the non-thermal production of axions is then esti-
mated by investigating the evolution of the background filed. The equation of motion for

a homogeneous axion field in an FRW universe is described by
i+3Ha+m2a=0. (4.9)

When the axion mass is constant, at some time after the QCD phase transition, the ap-

proximate solution to this equation is

a ~ init cos(mgt) (4.10)

1
R3/2
where a;,;¢ is the initial axion value chosen arbitrarily between —7 and 7 at the moment of
the PQ phase transition. The energy density is then given by

1
p= §(a2 +m2a?) , (4.11)

scales with 1/R3 like non-relativistic matter. This leads us to expect the CDM axion energy

density to be [209]
£, T 07\?
Q, ~015( ——— — | 0 4.12
a0 5(1012GeV h) Ut (4.12)
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where 6; is the initial random value of the vacuum angle, the misalignment angle, and A is

the reduced Hubble parameter.

The other case occurs if Tpq < Tg, meaning the reheating temperature after inflation is
above the PQ transition temperature. In such a case, the axion field is not homogenized,
and strings radiate cold, massless axions until non-perturbative QCD effects become signi-
ficant at temperature 77. When the universe cools to 7}, the axion strings become the
boundaries of N domain walls. The network of the domain walls bounded by the axion
strings is unstable, and therefore it rapidly radiates cold axions and decay. Here, in addition
to the contribution of the vacuum realignment mechanism to the density of cold axions,
there are significant contributes from both the string decay and the wall decay. The three

contributions give a total CDM axion energy density [209]

f, 7/6 0.7\ 2
Qg ~ 0.7 ——— — | . 4.1
e (1012 GeV h (4.13)

Comparing this to the measured CDM density provides an approximate lower limit of the
axion mass m, ~ 10 peV. However, equations (4.12) and (4.13) are subject to many sources
of uncertainty, aside from the uncertainty about the contribution from string decay [209].
Consequently, it is not yet clear with sufficient precision how much of these axions are

produced.

4.4 Bounds on axion coupling

Axions and ALPs can be searched for in astrophysics, cosmology, and laboratory experi-
ments, based on the theoretical predictions discussed in the previous chapter. The inter-
action between axions and ordinary matter can be exploited, and bounds on the axion
couplings can be obtained as a result of both observations and simulations. In this sec-
tion, we present bounds on axion properties coming from observations and experiments,
see references [186, 199, 210, 211] for a thorough review. Note that recent research based
on both observations and experiments still aiming to improve the current limits on axions
and ALPs couplings. In this context, we show in chapter 5 some techniques in which dif-
ferent astrophysical environments are used to probe new limits on the coupling of ALPs

with photons.

4.4.1 Astrophysical axion bounds

The existence of the axions and ALPs would slightly affect physics related to the star's

evolution and well established physical processes. The axion properties can then be bounded
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by the discrepancies that some axion parameters would entail in deeply studied astrophysical
processes. The main argument resides in the fact that axions can be produced in hot and
dense environments like in stars and other galactic objects. The axion production, which
depends on f,, provides an additional energy loss channel for the source. In the following,

we summarize some of these astrophysical bounds.

Consequently, stars have been used to derive some constraints on the axions and ALPs
coupling parameters. Photons in the stellar interior would convert into axions or ALPs by
the Primakoff process. This would be a very efficient energy loss mechanism for the star.
The most obvious star that can be exploited to constrain axion parameters is our sun. The
energy loss by solar axion emission requires enhanced nuclear burning and increases the
solar 8B neutrino flux [210]. The observation of ®B neutrino flux gives a bound g,y <
7x107'% GeV~!. The solar neutrino flux constraint can also be applied to the axion-electron
coupling, giving gaee < 2.8 x 1071 GeV ™!, where gy = C.me/ f,, and m, is the electron

mass.

A more restrictive bound comes from the observations of globular clusters. The helium-
burning lifetimes of horizontal branch (HB) stars give a bound for axion-photon coupling
Jary S 0.6 x 10710 GeV™'. Moreover, the delay of helium ignition in red-giant branch
(RGB) stars due to the axion cooling gives gze. < 2.5 x 10713 GeV ™.

In addition, the energy loss rate of the supernova 1987A leads to another very strong
constraint on the axion-nucleon coupling. For a small value of the coupling, the mean free
path of axions becomes larger than the size of the supernova core (so-called the “free
streaming” regime). In this regime, the energy loss rate is proportional to the axion-nucleon
coupling squared, and one can obtain the limit f, > 4 x 10® GeV. On the other hand, for a
large value of the coupling, axions are “trapped” inside the supernova core. In this regime,
by requiring that the axion emission should not have a significant effect on the neutrino
burst, one can obtain another bound f, < O(1) x 10° GeV. However, in this “trapped”
regime, it was argued that the strongly-coupled axions with f, < O(1) x 10° GeV would

have produced an unacceptably large signal at the Kamiokande detector, and hence they

were ruled out [210].

Furthermore, the axion-electron coupling is constrained by the observation of white-dwarfs.
The cooling time of white-dwarfs due to the axion emission gives a bound g,.. < 4 X
10~ GeV™!. Recently, it is reported that the fitting of the luminosity function of white-
dwarfs is improved due to the axion cooling, which implies gsee ~ (0.6-1.7) x 10713 GeV ™.
Also, observed pulsation period of a ZZ Ceti star can be explained by means of the cooling
due to the axion emission, if ggee >~ (0.8 — 2.8) x 1013 GeV L. These observations might

imply the existence of the meV mass axion, but require further discussions.
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Additionally, the axion with mass m, ~ O(1) eV in galaxy clusters makes a line emission
due to the decay into two photons, whose wavelength is \, ~ 24800 A/[m,/1 eV]. This
line emission gives observable signature in telescopes. Such a line has not been observed in

any telescope searches, which excludes the mass range 3 eV < m, < 8 eV.

4.4.2 Cosmological axion bounds

According to the astrophysical axion bounds, the spontaneous breaking of the PQ symmetry
is expected to happen at a very high energy scale. As a consequence of this, axions start
playing quite a relevant role in cosmology. Axion cosmological effects depend on the value
of the PQ symmetry breaking scale f,, which is the value related to the potential dark

matter nature of axions.

In the previous section, we discussed the conditions for axions to be cold dark matter candi-
dates. This happens if axions are non-thermally produced via the misalignment mechanism
and the decay of topological strings and domain walls. The resulting cosmological energy
density is expressed as a function of f,. In order to obtain the energy densities observed in

the universe, if a cold dark matter axion population exists, then the energy scale has to be
fa ~ 1012 GeV.

The other possibility is to have hot dark matter axions, thermally produced in the early
universe via axion-pion conversion (7 + 7 <+ ™ + a). Massive thermal axions would have a
similar impact on cosmological observables as massive neutrinos. The cosmological bound
on the breaking energy scale, in this case, is f, < 102 GeV, while the most stringent limit on

the thermal axion mass has been placed using the Planck 2015 data, and is m, < 0.529 eV
[212].

The astrophysical and cosmological bounds on axion couplings narrow the parameter space
where axions could still exist. Moreover, these bounds drive the experimental searches aiming

at axion detection.

4.4.3 Laboratory axion bounds

We have mentioned that bounds on axion mass came from laboratory experiments at the
very early stage of axion history. When Weinberg and Wilczek proposed a 100 keV — 1 MeV
mass axion as a Peccei-Quinn boson, such a candidate was soon ruled out, as an axion
with a mass of this order would have had large enough couplings to be observed in several
laboratory experiments. This is the start of the invisible axions era. Since then, there have

been other axion searches in laboratory-based experiments. They are mainly magnetometry
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searches for spin-dependent forces mediated by axion exchange. The results were generally

weaker than the bounds set by both astrophysical and cosmological studies.

Another approach to axion-like particle detection is a microwave light shining through the
wall experiment, which exploits the Primakoff effect twice [213]. A photon source is fired
against a wall, and some of the photons are converted to axion-like particles by the Primakoff
effect. The wall blocks the unconverted photons but not the ALPs that reach a receiving
cavity where the reciprocal conversion takes place via the Primakoff effect. The photons

thus obtained can be detected.

Additionally, a very interesting recent publication searches for ultra low-mass axion dark
matter, based on the proposed interaction between an oscillating axion dark matter field
and gluons or fermions. Assuming that such an interaction would induce oscillating electric
dipole moments of nucleons and atoms, they set the first laboratory bound on the axion-
gluon coupling and also improved on previous laboratory constraints on the axion-nucleon

interaction.

In the next chapters, we will provide more information about the possible role of axions and
axion-like particles in cosmology and astrophysics. The interest of the scientific community
in this kind of search is growing fast, and their discovery would have a strong impact on

particle physics and beyond.



Chapter 5

Phenomenology of ALPs Coupling
with Photons in the Jets of AGNs

Interestingly there are many string theory models of the early universe that motivate the
existence of a homogeneous cosmic ALP background analogous to the cosmic microwave
background, arising via the decay of string theory moduli in the very early universe. In this
chapter, we study the phenomenology of the coupling between the CAB ALPs and photons
in the presence of an external electromagnetic field that allows the conversion between ALPs
and photons. Based on this scenario, we examine the detectability of signals produced by
ALP-photon coupling in the highly magnetized environment of the relativistic jets produced
by active galactic nuclei. Then, we test the cosmic ALP background model that is put
forward to explain the soft X-ray excess in the Coma cluster due to CAB ALPs conversion
into photons using the M87 jet environment. Moreover, we demonstrate the potential of
the active galactic nuclei jet environment to probe low-mass ALP models and to potentially

constrain the model proposed to better explain the Coma cluster soft X-ray excess.

5.1 Introduction

If ALPs really exist in nature, they are expected to couple with photons in the presence
of an external electric or magnetic field through the Primakoff effect with a two-photon
vertex [214]. This coupling gives rise to the mixing of ALPs with photons [215], which
leads to the conversion between ALPs and photons. This mechanism serves as the basis to
search for ALPs; in particular, it has been put forward to explain a number of astrophysical
phenomena, or to constrain ALP properties using observations. For example, over the last

few years, it has been realized that this phenomenon would allow searches for the ALPs in
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the observations of distant active galactic nuclei in radio galaxies [216,217]. Since photons
emitted by these sources can mix with ALPs during their propagation in the presence of an
external magnetic field and this might reduce photon absorption caused by extragalactic
background light [218]. This scenario might lead to a suitable explanation for the unexpected
behavior for the spectra of several AGNs [219]. Furthermore, because only photons with
polarization in the direction of the magnetic field can couple to ALPs, this coupling can lead
to change in the polarization state of photons. This effect can also be useful to search for
ALPs in the environment of AGNs by looking for changes in the linear degree of polarization

from the values predicted by the synchrotron self-Compton model of gamma ray emission.

Over the last few years, it has been realized that this phenomenon would allow searches for
the ALPs in the observations of distant AGNs in radio galaxies [216,217]. Since photons
emitted by these sources can mix with ALPs during their propagation in the presence of an
external magnetic field, and this might reduce photon absorption caused by extragalactic
background light [218]. Recent observations of blazars by the Fermi Gamma-Ray Space
Telescope [220] in the 0.1-300 GeV energy range show a break in their spectra in the 1-10
GeV range. In their paper [219,221], Mena, Razzaque, and Villaescusa-Navarro have mo-
deled this spectral feature for the flat-spectrum radio quasar 3C454.3 during its November
2010 outburst, assuming that a significant fraction of the gamma rays convert to ALPs in

the magnetic fields in and around the large scale jet of this blazar.

Furthermore, many galaxy clusters show a soft X-ray excess in their spectra below 1-2 keV
on top of the extrapolated high-energy power [222,223]. This soft excess was first discovered
in 1996 from the Coma and Virgo clusters, before being subsequently observed in many other
clusters [224-226]. However, the nature of this component is still unclear. There are two
astrophysical explanations for this soft X-ray excess phenomenon, for review, see [223,227].
The first is due to emission from a warm 7" =~ 0.1 keV gas. The second is based on
inverse-Compton scattering of 7 ~ 300-600 non-thermal electrons on the cosmic microwave
background. However, both of these two explanations face difficulties in clarifying the origin
of the soft X-ray excess [227]. Recent work [228] proposed that this soft excess is produced
by the conversion of a primordial cosmic ALP background with 0.1-1 keV energies into
photons in the magnetic field of galaxy clusters. The existence of such a background of
highly relativistic ALPs is theoretically well-motivated in models of the early universe arising
from compactifications of string theory to four dimensions. Also, the existence of this CAB
can be indirectly probed through its contribution to dark radiation, but this is beyond the
scope of this work and we confine ourselves here by highlighting how this can change the
ALP bounds.

The main aim of the work presented in this chapter is to follow the approach of [219] to

test the CAB model that is put forward in [227] to explain the soft X-ray excess in the
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Coma cluster based on the conversion between CAB ALPs and photons in the presence
of an external magnetic field using the astrophysical environment of the M87 jet. We aim
as well to demonstrate the potential of the AGNs jet environment to probe low-mass ALP
models and to potentially constrain the model proposed to explain the soft X-ray excess in

the Coma cluster better.

The structure of this chapter is as follows. In section 5.2, we review the theoretical mo-
del that describes the ALP-photon mixing phenomenon. In section 5.3, we describe some
aspects of the astrophysical environment of the active galactic nuclei and their jets where
these interactions may take place. In section 5.4, we study the effects of ALPs conversion
into photons to reproduce spectral curvature in the radio quasar 3C454.3 to constrain fun-
damental parameters of the ALP-photon conversion mechanism. In section 5.5, we briefly
discuss the motivation for the existence of the CAB. Then in section 5.6, we check whether
the soft X-ray excess in the environment of the M87 AGN jet can be explained due to
CAB ALPs conversion into photons in the jet magnetic field. In section 5.7, the results
of a numerical simulation of the ALP-photon coupling model are discussed and compared
with observed soft excess luminosities in observations. Finally, our conclusion is provided in

section 5.8.

5.2 ALP-photon coupling model

We first outline the theory of the conversion between ALPs and photons in an external
magnetic field within the environment of the jets of AGNs following [219, 221]. In the
presence of a background magnetic field, the coupling of an ALP with a photon is described
by the effective Lagrangian [214,215,229]

1 3
Uy = —ZQWFWF‘“’CL =0gsy E-Ba, (5.1)

where ¢, is the ALP-photon coupling parameter with dimension of inverse energy, F,,
and F* represent the electromagnetic field tensor and its dual respectively, and a do-
nates the ALP field. While E and B are the electric and magnetic fields, respectively.
Then, we consider a monochromatic and linearly polarized ALP-photon beam of energy
w propagating along the z-direction in the presence of an external and homogeneous ma-
gnetic field. The equation of motion for the ALP-photon system can be described by the
coupled Klein-Gordon and Maxwell equations arising from the Lagrangian equation (5.1).
For very relativistic ALPs when w > m,, the short-wavelength approximation can be ap-
plied successfully and accordingly, the beam propagation can be described by the following
Schrodinger-like form [215,216]
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p A (2)
(i@+w+/\/l) All(z) | =0, (5.2)

a(z)
where A, and A are the photon linear polarization amplitudes along the x and y axis,
respectively, and a(z) donates the ALP amplitude. Here, M represents the mixing matrix of
the ALP field with the photon polarization components. Since only photons with polarization
parallel to the magnetic field couple to ALP, so for simplicity, we restrict our attention to
the case of magnetic field transverse By to the beam direction (i.e. in the x-y plane).
Therefore, if we choose the y-axis along B, so that B, vanishes and the mixing matrix

can be written as

AL 0 0
M=|0 A A, (5.3)
0 Ay A,

As expressed in references [216,219, 221], the elements of M and their references values

are given as below:

ALE2AQED+ApI,

7
AH = 5 AQED + Ap| )
B 1 N 11 ga'Y BT -1
Aa'y = 5 gaﬂ/BT ~ 1.50 x 10 (10_10 Gev—l 106 G cm )
m2 w 1 m 2
Ll (- I T Ly 5.4
W 8 kev) \10-7ev/) .

The two terms Aqep and Ay, account for the QED vacuum polarization and the plasma

effects, and they are determined as

B 2 B 2
AQEDE%( T) ~1.34 x 10712 <i>( T) em™!

157 \ B, keV/) \ 10° G
A= Mo 34951072 ( ~ )1< e ) cm? (5.5)
T o T keV 108 cm—3 ' '

Here, o is the fine structure constant and B, = 4.414 G is the critical magnetic field.
In a plasma, the photons acquire an effective mass given in term of the plasma frequency

w§| = 4man,./m., where n. is the plasma electron density.

For a general case, when the transverse magnetic field By makes an angle &, (where

0 < ¢ < 2m), with the y-axis in a fixed coordinate system. A rotation of the mixing matrix

(equation (5.3)) in the x-y plane and the evolution equation of the ALP-photon system can

then be written as

2) Ajcos?E+ Apsin® € cosEsiné(A+AL) Ay siné (AL
[(2) | = — | cos€siné(Aj+A) Apsin®é+ Ajcos?E Ay, cosé | | A

a(z) Agysing Agy cosé A, a(z)
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As we can see from the model equations, the conversion proportionality between ALPs
and photons is very sensitive to the transverse magnetic field By and the plasma electron
density n. profiles. However, their configurations in the AGN jets are not fully clear yet. In
our work here, we adopted the following By and n. profiles

Br(r,R) = J,(r) - B. (}%) _lG, and n.(r, R) = J,(r)  ne.. (1%) . (57)

Where r is the distance from the jet axis, R is the distance along the jet axis from the
central supermassive black hole (SMBH), believed to be at the center of the AGN, and R,
represents a normalization radius. The function J,(r) is the exponentially scaled modified
Bessel function of the first kind of order zero [230,231], used to scale the magnetic field and
the electron density profiles with our choice here for the scale length to be three times the
Schwarzschild radius of the central supermassive black hole. The normalization parameters
B, and n., can be found in by fitting observational data for a given environment with the
suggested magnetic field and electron density profiles. The parameter s is model-dependent
and takes different values of s = 1, 2, and, 3. Note that in this work, we study two scenarios
related to distinguished environments. The first one is an attempt to explain the Fermi
spectrum of the radio quasar 3C454.3 based on ALPs conversions to photons. In contrast,
the other one uses independent measurements to constrain the contribution of the ALP-

photon concertions to the M87 emissions.

Using the set of parameters discussed above, the evolution equations (5.6) can be nume-
rically solved to find the two components of the photon linear politicization; A, and Aj.
If we consider the initial state is ALPs only, the initial condition is (4., Aj,a)" = (0,0,1)
at the distance R = R,j» where the ALPs enter the jet. Then the probability for an ALP
to convert into a photon after traveling a certain distance in the magnetic field inside the
AGN jet can be defined as [215,232]

Poor(E) = [AY(E)* +|AL(E)* . (5.8)

Notice here that we follow the authors of reference [219] in assuming the jet field to be
coherent along the studied scale, and ALP-photon conversion probability is independent of
the coherence length of the magnetic field. In addition, in [233], the authors find coherence
lengths in M87 in excess of longest scales studied here. We will discuss later how the
ALP-photon conversion probability is affected by the jet geometry and the direction of the
beam propagation inside the jet. Moreover, the observations can be compared with the
ALP-photon mixing model results by plotting the energy spectrum (vF, = E?dN/dE) as
a function of the energy of the photons with w = E(1 + z) where z is the AGN redshift.
The final photon spectrum is obtained by multiplying the photon production probability
P,_.(E) with the CAB Band spectrum S(£) [234]

dN

E?’— =
dE

Poy (E)-S(E). (5.9)
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Hence, the ALP-photon mixing for the AGN jet model includes six free parameters: the
normalization for the magnetic field B,, the normalization for the electron density n. .,
the ALP mass m,, the ALP-photon coupling parameter g,,, and two additional geometric

parameters 6 and ¢; we will discusses their role later in section 5.5.

5.3 The astrophysical environment of AGNs and their

jets

Before we go on with our discussion of the effects of ALP-photon conversion, we describe
in this section some aspects of the astrophysical environment of the active galactic nuclei
and their jets where these interactions may take place. AGNs are compact cores of a special
category of active galaxies that are characterized by being among the most massive and
luminous compact objects in the universe, see for review [235,236]. They are distinguished
also by emitting intense amounts of radiation at any range of the electromagnetic spectrum
due to the accretion onto the central supermassive black holes that are considered to be the
most likely engine of the activity in these sources. According to the accepted evolutionary
models, galaxies gather their masses through a sequence of accretion and merger phases.
As a result of the process, million-to-billion solar mass SMBHs formed at the center of
the massive galaxies. An accretion disk may form around the SMBH due to the non-zero
angular momentum of the infalling matter. As substantial energy is released in the accretion
disk due to its efficient mass-energy conversion, the compact center of the galaxy becomes
an AGN. The existence of the SMBH in the center of AGN explains not only the large
energy output based on the release of gravitational energy through accretion phenomena
but also the small size of the emitting regions and connected to it the short variability time
scales of AGN. General relativistic modeling of magnetized jets from accreting black hole
showed that provided the central spin is high enough, a pair of relativistic jets are launched
from the immediate vicinity of the black hole, composed mostly by electrons and positrons
(in light jets), or electrons and protons (in heavy jets). These jets could be powered either
by the rotational energy of the central SMBH or by the magnetized accretion disk wind

accelerated by magneto-centrifugal forces.

The presence of jets affects the spectrum of AGNs through the emission of synchrotron
radiation and Inverse Compton scattering of low energy photons, thus leading to a pro-
minent non-thermal spectrum, sometimes extending from radio frequencies all the way up
to ~-ray energies. Particles are accelerating on helical paths along the magnetic field lines,
emitting synchrotron radiation. In the Fourier transform of the continuum spectrum of the

synchrotron radiation, the most powerful frequency is the critical frequency. The electron
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energies and magnetic field strengths typical to AGN render the critical frequency into the
radio regime, so the collimated jets are observed as radio-loud AGN. Apart from the syn-
chrotron radiation in radio to optical (and in some cases X-ray) wavelengths, AGNs and
their jets emit energetic particles in the X-ray and v-ray bands due to the inverse Compton

scattering.

Observation of synchrotron radiation from the jets of AGNs implies that the material in the
jet is a magnetized plasma. The content of the plasma may be electrons and protons or
electrons and positrons or a mixture of them. In general, the emission spectra of the emitting
particles (mostly electrons) can be characterized by the power-law energy distribution. Since
the jet broadens with distance R from the core, the magnetic field B and the density number
of the emitting particles n decrease as B(R) oc R® and n(R) oc R~%, where the exponent
a and b are positive numbers [237]. It is well-established that galaxy clusters feature strong
magnetic fields with typical field strengths ranging from a few 0.1 uG up to several 10 uG
for the most massive one [238]. Such fields are extended over megaparsec distances and
have kiloparsec coherence scales. However, the values of the jet main physical parameters;
such as the matter density and composition inside the jets, are still very poorly understood
or even constrained and required more investigations in order to gain insight into the main
physical properties of the AGNs. In the current literature, the typical electron density within
the environment of the AGNs jets is estimated to be ranging from tens to a few thousands
cm—3 [239].

5.4 Signatures of ALP-photon coupling in the jets of
AGNs

The Fermi Large Area Telescope in the period from 2010 September 1st to December 13th,
reported observations of the radio quasar 3C454.3 at a redshift of z=0.895, constitutes
of four epochs [220]: (i) A pre-flare period, (ii) A 13 day long plateau period, (iii) A
5-day flare, and (iv) A post-flare period. The ALP-photon mixing model then has been
used in [219] to fit these observation data by plotting the ~-ray energy spectra (vF, =
E2?dN/dE) as a function of the energy of the photon E to get some constraints on the ALP
parameters. To validate the results in [219], we replicated the model analyses considering
the photons to be initially unpolarized, and the following initial condition has been applied:
(AY(E), AL(E),a(B)) = (&, .
fixed to be 7/4 during the whole calculations. The evolution equations (5.2) have been

0) at 2 = R = 10'® cm. Besides, the angel £ has been

solved numerically to produce the spectral feature of the blazar 3C454.3 in its four epochs

for three different cases of the electron profile density.
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Figure 5.1: The numerical simulation of the spectral energy fitting observations of blazar
3C454.3 for four different epochs produced using ALP-photon mixing model with electron
profile density: (a) n. o R~%, (b) n. oc R72 and (c) n. oc R73.

Figures 5.2 show the numerical simulation of the spectral energy fitting observations to
blazar 3C454.3 for four different epochs (flare, post-flare, plateau, and quiet) using the ALP-
photon mixing model with the three different electron density profiles with the following
values of the model-dependent parameter s = 1 (a), 2 (b), and 3 (c). The two spectral
parameters C' and I" have been varied from epoch to another as they affected by the -
ray emission region, while the other four parameters; ¢, 7, m,, and g,, have been kept
fixed. Comparing our results with the one published in [219], allows us to deduce that the
spectral energy obtained using the numerical solutions to the evolution equations (5.2)
show a good agreement with these published results. The best fitting of the ALP-photon
mixing model for the observation data of blazar jet has been achieved when the transition
between photons to ALPs take place over different radii, R ~ 10*® —10%' ¢cm for ¢ ~ 1072,
7~ 10% my, ~ 1077 eV, and go, ~ 10710 GeV ™.

So far, we have examined the ALP-photon model developed by Mena and Razzaque to
fit the spectral features of the flat-spectrum radio quasar 3C454.3 during its November
2010 outburst. This allowed the aforementioned authors to derive constraints on the ALP

parameters by assuming that a significant fraction of the gamma rays convert to ALPs in
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the presence of an external magnetic field in the large scale jet of this blazar. We reproduced
their results that have a very good agreement with the observation data for the 3C454.3
blazar. Indeed, this makes us very confident that our simulation is robust. As a step forward
in the following sections, we will discuss how to use the environment of the M87 AGN jet to
test whether the CAB ALP conversion to photons, which is proposed to explain the Coma
cluster X-ray excess, survives comparison with X-ray data in M87. Before moving on to the
discussion of the cosmic axion background in the next section, it is worth mentioning the
following two notes. Discussing the example of 3C454.3 blazar was to verify the parameters
used for the ALP-photon mixing model in reference [219] and to ensure that the simulation
is reproduced in the correct way. Then, we used the suitable parameters related to the
M87 environment and the soft X-ray excess CAB model for the Coma cluster, because our
next aim is to use the M87 environment to test the CAB Coma model. The motivation of
considering the M87 AGN is because it is the best characterized AGN in the literature and
the availability of information and data about it [240-242].

5.5 Cosmic axion background

In this section, we follow reference [228]; the authors motivate the existence of a homoge-
neous cosmic axion background with 0.1-1 keV energies arising via the decay of string theory
moduli in the very early universe. The origin of this idea came from the four-dimensional
effective theories arising from compactifications of string theory. A generic feature of these
effective theories is the presence of massive scalar particles called moduli, coming from
the compactification of massless fields. Theoretical arguments indicate that the existence
of such moduli should be responsible for the reheating of the standard model degrees of
freedom. Regardless of the details of the inflation model, moduli are usually displaced from
their final metastable minimum during inflation and begin to oscillate at the end of in-
flation. As they are characterized by their very weak, typically suppressed by Planck-mass
interactions, the moduli are long-lived. The oscillating moduli fields subsequently come to
dominate the energy density of the universe, which enters a modulus-dominated stage lasts
until the moduli decay into visible and hidden sector matter and radiation, thus leading to
reheating. The visible sector decays of the modulus rapidly thermalize and initiate the hot
big bang. The gravitational origin of the moduli implies that moduli can also decay to any
hidden sector massless particles with extremely weak interactions, such as ALPs. Two-body
decays of a modulus field ¢ into ALPs are induced by the Lagrangian coupling Mi;ﬁuaa“a,

resulting in ALPs with an initial energy E, = mg/2.

Considering these ALPs arising from moduli decays at the time of reheating are weakly

interacting, they do not thermalize, and the vast majority of ALPs propagate freely to the
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present day. This implies that they would linger today, forming a homogeneous and isotropic
CAB with a non-thermal spectrum determined by the expansion of the universe during the
time of moduli decay. Furthermore, because they are relativistic, they contribute to the
dark radiation energy density of the universe, but this is beyond the scope of this work.
For moduli masses mg =~ GeV the present energy of these axions is F, ~ 0.1-1 keV. The
suggestion being that the natural energy for such a background lies between 0.1 and 1
keV. Furthermore, in [243] it was shown that such CAB would have a quasi-thermal energy
spectrum with a peak dictated by the mass of the ALP. It is also worth noting here that
the ALP number density in the CAB and consequently their flux with energies between E
and F + dFE is directly related to the shape of the CAB energy spectrum which in general
depend on the mean ALP energy (E,) with some model-dependent constants that may
be measured by the CAB contribution to the number of neutrino species AN which is
directly related to the CAB energy density p, [244]. This CAB is also invoked in [227] to
explain the soft X-ray excess on the periphery of the Coma cluster with an ALP mass of

1.1 x 107'* eV and a coupling to the photon of g,, =2 x 10713 GeV~".

In this work, we will assume, for convenience, that the CAB has a thermal spectrum with
an average energy of (F,) = 0.15 keV. We then normalize the distribution to the typical
example quoted in [243]. We use the thermal distribution as an approximation, as the exact
shape of the distribution will not substantially affect the conclusions we draw. We can then
determine the fraction of CAB ALPs converted into photons within the environment of the
M87 AGN jet and use this to determine a resulting photon flux. Under these assumptions,
the predicted photon flux depends on the value of the CAB mean energy (E,). This flux can
be compared to X-ray measurements to see if such environments can constrain low-mass

ALPs and put limits on the ALP explanation of the X-ray excess.

5.6 The soft X-ray excess CAB in the environment of
M87 AGN jet

It is established that most of the baryonic mass of the galaxy clusters are composed of a
hot ionized intracluster medium (ICM) with temperatures about of 7'~ 10® K (correspon-
ding to w & 7 keV) and number densities in the range of n ~ 107'=1073 cm3. The ICM
generates diffuse X-ray emission through thermal bremsstrahlung. A thermal bremsstrah-
lung spectrum gives a good approximation of a constant emissivity per unit energy at low
energies. However, observations of many galaxy clusters show a soft X-ray excess in their
spectra at low energies around 1-2 keV, which is above that from the hot ICM, and the

origin of this component is still unclear. In this work, we have adopted the scenario that
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this soft X-ray excess is produced by the conversion of a primordial cosmic ALP background
into photons in the cluster magnetic field. The central M87 AGN of the Virgo cluster is the
best characterized AGN in the literature due to its proximity [240-242]. In this respect, we
numerically solve the ALP-photon mixing model that is described in section 5.2 and use
it to study the photon production probability from CAB ALPs in the environment of the
M87 AGN jet. Then, we test the model to reproduce the X-ray emission for the M87 AGN
from the ALP-photon conversion with very low ALP mass and very small ALP to photon

coupling.

The M87 AGN is a radio galaxy at a luminosity distance of 16.7 + 0.2 Mpc [245] and
a redshift of z = 0.00436. Based on its radio images and the modeling of its interaction
with the surrounding environment, it is suggested that the M87 jet is misaligned with
respect to the line of sight [246, 247]. Therefore, we consider the situation when there
is a misalignment between the ALP-photon beam propagation direction and the AGN jet
direction. Accordingly, we have to take into account the geometry of the jet of the AGN
and the direction of the ALP-photon beam propagation. In this case, two more parameters
may play an important role in the study of the ALP-photon conversion probability are the
misalignment angle § between the jet direction and the line of sight and the AGN jet opening
angle ¢, which define the jet geometry. When 6 = 0, the ALP-photon beam propagate
parallel to the R-direction, and we expect that the ALP-photon conversion probability is
not affected by the jet geometry represented by the jet opening angle ¢. However, when the
ALP-photon beam crosses the jet diagonally, making a misalignment with the R-direction,
the ALP-photon conversion probability may be affected by the misalignment angle 6 as well
as the jet opening angle ¢. The opening angle ¢ for the jet of the M87 AGN near the
base is less than about 5 degrees [247], and the misalignment angle 0 is less than about 19
degrees [248,249].

In this study, we make our choices such that the magnetic field and the electron den-
sity profiles used for M87 AGN are consistent with the obtained values in [250]. In this
perspective, we use an electron profile density profile n, oc R~ with the model-dependent
parameter s = 1 in equation (5.7). For our case of varying By and n. with R as in equation
(5.7), transition of ALPs to photons take place over different distances, R ~ 10'°-10'7 c¢m,
with normalization radius R, = 6 x 10%** cm. The environmental parameters are taken as
B, =14x107% G and n., = 0.3 cm~? at the distance R,. Note that as n. values are
only available at larger distances from the base [250], we assume that we can extrapolate
its values down to small radii. In addition, we set the ALP mass to be 1.1 x 10713 eV
and we start with ALP-photon coupling around g,, ~ 2 x 107 GeV~! in agreement with
the models derived in [227] to explain the soft X-ray excess on the periphery of the Coma

cluster.
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5.7 Probing low-mass ALP models within the jets of
AGNs

In this section, we discuss the results of the numerical simulation of the conversion proba-
bilities and present a description of the predictions of the scenario of CAB ALPs conversion
to photons for the M87 AGN soft X-ray excess. To obtain our results, we apply the ALP-
photon mixing model to study the probability of CAB ALPs to convert to photons in the
intergalactic magnetic field on the jet of M87 AGN with the initial state of ALPs only at
Rumin = 10% cm. Figure 5.2 shows the ALP-photon conversion probability P, .. (F) as a
function of energy for different values of the misalignment angle 6 and the jet opening angle
¢. The different curves on the left panel correspond to # = 5°,10°,15°, and 20° at fixed
¢ = 4°, while the different curves on the right panel correspond to ¢ = 4°,8° and 12°
at fixed # = 20°. It seems to be clear from the two graphs that the maximum conversion
probability occurs when the misalignment angle 6 is more close to the opening angle of ¢.
This might be explained due to the relation between the ALP-photon beam direction and
jet geometry. For the beam to cross the jet diagonally from one side to another, making
an arbitrary angle with the magnetic field between zero and 7, the condition for the beam
to make the longest path is that the misalignment angle 6 to be very close (but not equal)
to the opening angle ¢. We have to remark here that the longest path is less than the
maximum distance Ry« = 107 cm when there is no misalignment. The misalighment at a
given opening angle controls the point at which the ALP-photon beam would leave the jet
and, therefore, the total distance that the beam travels inside the jet. Since we selected an
electron density profile n, oc R~!, this defines the relationship between the misalignment
and the electron density profile that sets the critical energy at which stronger mixing starts
as shown by the plots where less misaligned cases have higher critical energies and thus less

overlap with the CAB spectrum.

At this stage, we are ready to present the output of the model and check to put some
new constants on the acceptable limit of the value of the ALP-photon coupling parameter
Jar- Figure 5.3 shows our results for the energy spectrum distributions obtained from the
numerical simulation for the ALPs conversion to photons in the intergalactic magnetic field
of the jet of M87 AGN. For these plots, we kept using plasma electron density profile
ne o< R™1 as taking the parameter s = 1 in equation (5.7) as well as using opening angle
¢ = 4° for the jet of M87 AGN. The different plots then represent the energy spectrum
distributions at different values of the misalignment angle that the ALP-photon beam makes
with the jet direction # = 0°,5°,10°,15°,20°, and 25°. For each case, we find the maximum

value for the ALP to Photon coupling g, such that we do not exceed the observed flux



5.8. Conclusion Page 84

R
wowowom
=)
AR

2 0 &
2R
3

Pasy(E)[1077]

10°

\J

100 100
E(KeV) E(KeV)

|

Figure 5.2: Plot of the ALP-photon conversion probability P,_,.(E). Left panel: The dif-
ferent curves correspond to # = 5°,10°,15°, and 20° at fixed ¢ = 4°. Right panel: The

different curves correspond to ¢ = 4°,8°, and 12° at fixed 6 = 20°.

~ 3.76 x 1072 erg cm™2 s™! from the M87 AGN between 0.3 and 8 keV [251]. Table 5.1
shows six different cases of § = 0°,5°,10°, 15°,20°, 25° at fixed ¢ = 4° and three different
cases of ¢ = 4°,8°,12° at fixed § = 20° with the corresponding constraints the model put on
the ALP to Photon coupling to produce the correct flux that is compatible with observations.
The summary of the results presented in the table shows that the model put constraints on
the value of ALP to photon coupling to be about ~ 7.50 x 10~'°=6.56 x 10~'* GeV ™" for
ALP masses m, < 10713 eV if there is a misalighment between the AGN jet direction and

the line of sight less than 20 degrees.

It is important to note that the bounds on g, we derive in this work are stronger than those
found in [233], which also simulates the effects of ALP-photon conversion in the environment
of M87. The advantage in terms of constraints comes because we specifically study a CAB,
whereas the authors in [233] consider the loss of photons to ALP interactions in general,
rather than the addition of photons from a cosmic ALP flux. The very large magnitude of
the background ALP flux is what allows us to achieve such strong constraints. Additionally,
we have to note that [233] derive more universal limits, as they do not require a CAB to

exist for their limits to be valid.

5.8 Conclusion

In this chapter, we studied the conversion between ALPs and photons in the presence
of external magnetic fields using the ALP-photon mixing model developed in [219, 221].
Then examined the detectability of signals produced by ALP-photon coupling in the highly
magnetized environment of the relativistic jets produced by active galactic nuclei. Further,

we tested the CAB model argued in [227] to explain the soft X-ray excess on the Coma
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Figure 5.3: The numerical simulation of the energy spectrum distributions from ALPs
conversion to photons in the intergalactic magnetic field on the jet of M87 AGN at fixed
opening angle ¢ = 4° and different values of the misalignment angle 6. Top left panel,
6 = 0°. Top right panel, # = 5°. Middle left panel, 8 = 10°. Middle right panel, § = 15°.
Bottom left panel, § = 20°. Bottom right panel, § = 25°.

cluster periphery. We did this by calculating the X-ray emission due to CAB propagation
in the jet of the M87 AGN. It is evident in these results that the overall X-ray emission
for the M87 AGN, between 0.3 and 8 keV, can be reproduced via the photons production
from CAB ALPs with coupling g, in the range of ~ 7.50 x 10719-6.56 x 107 GeV ™"
for ALP masses m, ~ 1.1 x 10713 eV if there is a misalignment between the AGN jet

direction and the line of sight less than 20 degrees, since the M87 jet has been found
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0(°), ¢ =4° Jary (GeVT') ¢ (°), 0 =20° Jary (GeV7)
0 <3.91 x 1013 4 < 6.56 x 1014
5 <9.17x 1071 8 <232 x 1074
10 < 7.50 x 1071 12 <7.99 x 1071
15 < 2.08 x 10714
20 < 6.56 x 10714
25 <1.98 x 10713

Table 5.1: The ALP to photon coupling g,, corresponds to different values of the misali-
gnment angle 6 and the jet opening angle ¢ for the M87 AGN at which we produce the

correct flux that is compatible with observations.
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Figure 5.4: The allowed regions of the ALP mass-coupling plane. The bands for the ALP-
photon coupling g,, where the conversion of CAB ALPs with m, < 107' eV to photons

can explain the soft X-ray excess of the Coma cluster are shown with the current limits and

the suggested new limits. This figure is extended from [252].

to be misaligned by less than 19 degrees in [248,249]. These values are up to an order
of magnitude smaller than the current best fit value on the ALP-photon coupling g, ~
2 x 10713 GeV ™' obtained in soft X-ray excess CAB model for the Coma cluster [227].
This casts doubt on the current limits of the largest allowed value of the ALP-photon
coupling as a universal background would need to be consistent with observations of any

given environment. Thus, our results exclude the current best fit value on the ALP-photon
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coupling for the Coma soft X-ray excess CAB model from [227] and instead place a new
constraint that g,, < 6.56 x 10714 GeV ™" when a CAB is considered. Figure 5.4 summarizes
the range of the allowed ALP-photon couplings together with other constraints on the ALP
parameter space. The green regions are the projected sensitivities of the light-shining-
through-wall experiment ALPS-II, of the helioscope IAXO, of the haloscopes ADMX and
ADMX-HF, and of the PIXIE or PRISM cosmic microwave background observatories. Axions
and ALPs with parameters in the regions surrounded by the red lines may constitute all
or a part of cold dark matter, explain the cosmic 7-ray transparency, and the soft X-ray
excess from Coma. Our results using the environment of the M87 AGN jet show that we
can exclude the area between the red line labeled “Soft X-Ray Excess from Coma (Current
limits)" and the other red line labeled “Soft X-Ray Excess from Coma (Suggested limits)”
from the allowed parameter space. This is a strong motivation to improve the sensitivity

of the current and future versions of the ALP searches in both observations and laboratory

experiments down to such a range of the ALP-photon coupling.



Chapter 6

Potential of SKA to Detect CDM
ALPs with Radio Astronomy

Recently, it has been pointed out that ALPs may form a Bose-Einstein condensate and,
through their gravitational attraction and self-interactions, they can thermalize to spatially
localized clumps. The coupling between ALPs and photons allows the spontaneous decay
of ALPs into pairs of photons. For ALP condensates with very high occupation numbers,
the stimulated decay of ALPs into photons is also possible, and thus the photon occupation
number can receive Bose enhancement and grows exponentially. In this chapter, we study
the evolution of the ALPs field due to their stimulated decays in the presence of an elec-
tromagnetic background, which exhibits an exponential increase in the photon occupation
number by taking into account the role of the cosmic plasma in modifying the photon
growth profile. In particular, we focus on quantifying the effect of the cosmic plasma on
the stimulated decay of ALPs as this may have consequences on the detectability of the
radio emissions produced from this process by the forthcoming radio telescopes such as the

Square Kilometer Array telescopes with the intention of detecting the CDM ALPs.

6.1 Introduction

As we discussed before, the coupling between ALPs and photons is possible due to the ALP-
two-photon interaction vertex [214]. This ALP-photon coupling allows for the Primakoff
conversion between ALPs and photons in the presence of an external electric or magnetic
field, as well as for the radiative decay of the ALPs into pairs of photons. These two processes
provide the theoretical basis for the majority of the recent mechanisms to search for ALPs

in both laboratory experiments and astrophysical environments. Interactions with photons,

88
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electrons, and hadrons are also possible in the literature for the QCD axion. However, the
main focus lies only on the effect of ALP-photon coupling because of two reasons. The first
is owing to the coupling with photons is the most common characteristic between the QCD
axion and the generic ALPs. The second is due to the fact that photon is the is only bosonic
standard model particle we know precisely that it is lighter than the generic dark matter
ALPs [253]. However, increasing the effects of other couplings such as the self-couplings
is doable through modifications to the standard ALPs. Although the effects of the ALPs
self-interactions remain very weak, they can become important in the thermal equilibrium

of ALPs condensate.

An essential consequence in the context of ALPs decay is the fact that ALPs are identical
bosons; their very low mass indicates that their density and occupation numbers can be very
high. Therefore it is suggested that ALPs may form a Bose-Einstein condensate with only
short-range order [254—-256]. This ALPs BEC can then thermalize through their gravitational
attraction and self-interactions to spatially localized clumps [254,257,258]. By clump, we
mean gravitationally bound structures composed of axions or ALPs, which may present in
the dark matter halos around many galaxies; for more detail about the properties of these
BEC clumps, see references [259,260]. Of particular importance here is that the system in
such high occupancy case is well described by a classical field [261]. Indeed, the spontaneous
decay rate of ALPs is very small as a result of both their very low mass and their very weak
coupling. However, the rapid expansion of the early universe would lead to an extremely
homogeneous and coherent initial state of the ALP field. Hence, all ALPs are in the same
state with very high occupation number. Therefore, the stimulated decay of ALPs a — vy
with a very high rate is very likely in the presence of an electromagnetic background with a
certain frequency. During this process, the electromagnetic wave will be greatly enhanced
and Bose enhancement effects seem plausible. In contrast, in a scenario of an empty and
non-expanding universe, the resulting stimulated emission would induce extremely rapid
decay of ALPs into photons, invalidating most of the interesting parameter space [253].
Nevertheless, the rapid expansion of the early universe and the plasma effects can disrupt this
extremely fast process. These effects are crucial as they modify the evolution of the ALPs
field that is resulting from their stimulated decays in the presence of an electromagnetic
background. Indeed, this is an exciting approach to look for dark matter ALPs using the

current and near-future experiments along with astrophysical observations.

In the past years, there have been many attempts to detect signals from dark matter
ALPs using radio telescopes, most of which were based on the Primakoff conversion of
ALPs into photons [262, 263]. Recently it was shown that the stimulated ALP decays in
the astrophysical environments may also generate radio signals comparable with that of the

Primakoff conversion [262,264]. In the work presented in this chapter, we study the evolution
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of the ALPs field due to their stimulated decays in the presence of an electromagnetic
background, which exhibits an exponential increase in the photon occupation number by
taking into account the role of the cosmic plasma in modifying the photon growth profile.
In particular, we attempt to focus on investigating the plasma effects in modifying the
detectability that results from the stimulated emissions from ALP clumps. Based on this
scenario, we explore the potential of the near future radio telescopes such as the Square
Kilometer Array [265] telescopes to detect an observational signature of ALPs decay into

photons in suitable astrophysical fields.

The outline of this chapter is as follows. The discussion in the previous paragraphs sets
the plan for the rest of this chapter. In the following section 6.2, we review the theoretical
basics for ALPs and their spontaneous and stimulated decay. In section 6.3, we used the
classical equation of motion to describe the evolution of the electromagnetic field in ALPs
background. In section 6.4, the corrections to the equation of motion due to plasma effects
are considered. In section 6.5, an approximate estimation of the plasma density distribution
in the universe is performed. In section 6.6, we discuss the effect of plasma density on
preventing the stimulated decay of ALPs based on the numerical solutions for the ALP-
photon decay. Then the possibility of detecting radio signature from the stimulated decay
of ALPs using the SKA radio telescopes is discussed in section 6.7. Finally, our conclusion

is provided in section 6.8.

6.2 Interactions between ALPs and photons

As we discussed before, most of the phenomenological implications of ALPs are due to
their feeble interactions with the standard model particles that take place through the
Lagrangian [214,215, 229]

by = %@a@“a —Vi(a) — %FWF‘“’ — igavaF,“,l:’“” i (6.1)
The specific form of the potential V'(a) is model dependent. For the QCD axion, it results
from non-perturbative QCD effects associated with instantons, which are non-trivial to
compute with accuracy. For a more simple and general case, the ALPs potential can be
written in terms of the ALP mass m, and the energy scale of PQ symmetry breaking f, in

the simple form

V(a) = m2f? [1 — €08 <fg)} . (6.2)
Since we shall only be interested in the non-relativistic regime for ALPs, we focus on very
small field configurations a < f,. For a high ALPs density when we can not neglect the

ALPs self-interactions. In this case, the potential can be expanded as a Taylor series with

the dominant terms
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V(a) = —mja® — ——2a" + ... . (6.3)
Note that the specific values of the ALPs mass m, and the energy scale f, are model
dependent. The coupling strength of ALP to two-photons can be given by the relation

a
1S, ¢

Gary (6.4)

where and C' is a dimensionless model-dependent coupling parameter, usually thought to

be of order unity.

6.2.1 Spontaneous decay rate of ALPs

The ALP-two-photon interaction vertex allows for the Primakoff conversion between ALPs
and photons in the presence of an external electric or magnetic field, as well as for the
radiative decay of the ALPs into pairs of photons. The majority of the ALPs searches in
both the laboratory experiments and in astrophysical environments are based on these two
processes. The spontaneous decay rate of an ALP with mass m, in vacuum into pair of
photons, each with a frequency w = m, /47, can be expressed from the usual perturbation
theory calculations in term of its mass and ALP-photon coupling g4, [266]. The lifetime of
ALPs can be given by the inverse of their decay rate as

I 64w

Ta = F = — .
pert 3.2
mag(w

(6.5)

However, this is the specific form for the QCD axions, not for the generic ALPs; we still
can use it as a reasonable estimation. For the typical QCD axions with mass m, ~ 107% eV
and coupling with photons g,, ~ 10712 GeV ™', one can insert these limits to equation
(6.4) and evaluate the perturbative decay time for general ALPs which found to be about
~ 2 x 10* s. This lifetime for ALPs is much larger than the present age of the universe
~ 4.3%x10'" s. Therefore ALPs seem to be super stable in the cosmic scale, and perhaps this
is the main reason for neglecting the ALPs decay in the literature. According to this scenario,
the spontaneous decay of ALPs can not be responsible for producing any observable signal

that can be detectable by the current or near-future radio telescopes.

6.2.2 Stimulated decay rate of ALPs

Up to this point, we ignored the fact that ALPs are bosons; their very low mass indicates
that their density and occupation numbers can be very high. Therefore it is suggested
that ALPs may form a Bose-Einstein condensate with only short-range order. Note that

the authors of [261] claimed that an ALP BEC of long-range correlations is unjustified, as
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it is driven by attractive interactions. This ALPs BEC can then thermalize through their
gravitational attraction and self-interactions to spatially localized clumps. These clumps are
gravitationally bound structures composed of axions or ALPs in the form of either solitons
or Bose stars and, they may present in the dark matter halos around many galaxies [261].
Indeed, if ALPs present during inflation, their field is expected to be totally homogenized
within the horizon. Therefore, all ALPs are expected to be in the same state that means

their occupation number is very huge

2 2
Pa w0 (&Y A Ma)?
fo mqH?3 10 (ma) <1011GeV> (H) ’ (6:6)

where m,, represents the mass of the ALP field, and A donates the typical field amplitude.

Such a very huge occupation number makes the effects of Bose enhancement seem to be
possible, as we now describe. However, this is not sufficient to lead to an enhanced decay
rate. Bose enhancement is ensured by enormous occupation numbers in the final state as
well. In this case, we are studying the population of photons, and the ALPs decay into
two-photons is a two-body decay that produces identical photons with the same energy.
Therefore, it is expected for these photons to quickly accumulate with an enormous occu-
pation number resulting in Bose enhancement to ensue. In this case, the system with such
a high occupancy case is well described by a classical field. The stimulated decay of ALPs
a — 77 with a very high rate is possible in the presence of an electromagnetic wave with a
certain frequency. During this process, the electromagnetic wave will be greatly enhanced.
Given the very low mass of the ALPs and their incredibly weak coupling, the stimulated
emission in an empty and non-expanding universe would induce ALPs to decay very rapidly
into photons, nullifying most of the interesting parameter space. The decay time obtained
in [253] from the equation of motion for ALPs condensates is just about ~ 10~ s, which
is dramatically small comparing to the perturbative decay time ~ 2 x 10** s. Indeed this
scenario is much problematic as it can not lead to ALPs stable enough to be accounted for

the dark matter content in the universe.

In a recent paper [253], the authors have looked for an explanation for the significant
divergence in the decay time of ALPs using the classical and the standard perturbative
calculations. At first glance, with taking Bose enhancement into account, the calculations
would lead to a dramatically small decay time of ALPs. Indeed this would be the scenario if
the stimulated decay occurs in an empty and non-expanding universe. However, it is argued
in [197-199] that there are two effects that can reduce the rate of the stimulated decay of
ALPs into photons. The rapid expansion of the early universe redshifts the target photon
population and therefore it can discourage enhanced decay rate of ALPs. In addition to the
expansion of the universe, the plasma effects also are crucial as it modifies the photon’s
propagation of and prevents the early decay of ALPs. Inside the plasma, photons have

an effective mass that kinematically forbids the decay of lighter particles, including ALPs
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or at least a portion of it. Consequently, the redshifting of the decay products due to the
expansion of the universe as well as the effective plasma mass of the photon can prevent the
extremely fast decay rate of ALPs into photons. Indeed, this is an exciting approach to look
for dark matter ALPs using the current and near-future experiments along with astrophysical
observations. Therefore in the following section, we used the classical equation of motion

to account for the Bose enhancement of ALPs in the cosmic plasma.

Let us now consider the enhancement of the ALP decay rate by a stimulation effect in the
presence of a photon background. The number density of ALPs n, obeys the Boltzmann

equation that could be written in the following form
7ia =~ _nal—‘pert(1 + 2f’y) I (67)

where f, indicates the photon occupation number. Therefore, we have an effective ALP
decay rate
Feff = Fpert(l + 2f’y) . (68)

The term between the brackets is the stimulation factor due to the background photon
radiation. It seems to be clear that only in the limits of very low photon occupation f, < 1,
the effective decay rate of ALP indicated from the previous formula should be identical to
the spontaneous decay rate I',ex given by equation (6.5). Otherwise, if the final state
photon modes have been significantly populated by previous decays, then ' can become
much larger by stimulated emission. Further, the number of photons generated of modes
with momentum around k = m, /2 are given by

4A72ay Ny

5 .
mgQGary Na

fy(k=m,/2) = (6.9)

Therefore, the required condition for the occupation number of photons f, to be greater
than unity and thus leading to a stimulated emission becomes

2
ga’Yma
472,

Ny - (6.10)

ney >
By using the spontaneous decay rate formula (2.5), the effective ALP decay rate reads

Legr = Jor g <1 + T 4o &> Ng - (6.11)

647 M2 Gary Na

Then, the Boltzmann equation for the photons number density can be written as

2,3 2
. Gar ™M 8 ag N
— e g = 202 (1 ) g, 6.12
Ty eff T 39 ( + g na) n (6.12)

If the condition in equation (6.34) is fulfilled, the previous Boltzmann equation has an

exponentially growing solution of the general form

n, = expljifIn, (0) (6.13)
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with growth rate
JaryMaa

4
We notice here that the stimulated decay leads to a growth rate increases exponentially with

= (6.14)
a factor of g, instead of a growth rate proportional to a factor of ggv in the spontaneous

decay.

6.3 Evolution of electromagnetic field in ALPs back-

ground

To investigate the stimulated decay of the ALP condensates, we study the growth of the
electromagnetic field using a simple model that the ALP background field is uniform, and
the density is time-independent. The stable ALP condensate solutions are non-relativistic,
with huge occupancy numbers [259,260]. In the non-relativistic regime it is useful to express
the real ALP field a(z,t) in terms of a complex Schrédinger field ¢(z,t) according to

1
2m,

a(x,t) = [e7 et (x,t) + et (w, t)] (6.15)

In general, such a homogeneous ALP background field is unstable due to gravitational and
self-interactions, which lead this configuration to collapse and form ALP condensate clumps.
For simplicity, we ignore this more realistic situation and restrict by treating the ALPs as
homogeneous and oscillating periodically in the classical field limit. This approximately

represents a harmonic oscillation for small field amplitudes
a(t) = ag cos(wot) , (6.16)

where the amplitude of oscillation is ag. For the non-relativistic limit for ALPs, the frequency
has an excellent approximation that wy ~ m,. We now assume that the amplitude ag is
independent of time and position. Then the dynamics of the ALP field is given by the

standard non-relativistic Hamiltonian
1 /9a\? 1 1
7 — 3. |1 [oa 1 2, 22,2 1
/da:[2 (815) +2(Va) + 5Mga (6.17)

From the Hamiltonian, one can derive the ALPs density that contributes to the total energy
density of the universe as

1
P = 57713@(2) . (6.18)

Thus, the equation of motion for the ALP field in the Friedmann-Lemaitre-Robertson-
Walker (FLRW) cosmological background takes the familiar form

2

. e —
a+3Ha 20

a+V'(a)=0. (6.19)
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Here, V! = dV/da. Since the equation of motion (6.4) is given by the dimensionless form,
the dynamics of the ALP does not depend on the values of m, and f,. For the homogeneous

case of the ALP field a, the equation of motion reduces to

a+3Ha+m2a=0. (6.20)

As we discussed above, the classical field equations are enough to describe the regime of
ALP condensates with a very high occupancy number. Therefore we consider a quantized
four-vector potential A* = (Ay, A) in a classical background given by the ALP field a.
We vary the above Lagrangian (6.1) with respect to A* to obtain the Heisenberg equation
of motion. Assuming a non-relativistic and homogeneous ALP field is given as in equation
(6.15), the space derivatives of the ALP field a can be neglected when compared with
Ja /Ot at least at the scale of the photon momentum and translational invariance. For the
electromagnetic field, we deal with the Lorenz gauge, @LA“ = 0, and use the remaining
gauge freedom to set Ay = 0. Then the resulting equations of motion for the ALP field a

propagating in the electromagnetic field A¥ are

~

i +m2a— g A- (VXA =0, (6.21)
A—V2A +g,.a(VxA)=0. (6.22)

Now we consider an incoming monochromatic electromagnetic wave with frequency w > 0.
We are assuming that the electromagnetic field is weak. Then we can choose that ay does
not change, and the ALP field can be regarded as a background field. Now because we
consider the ALP field to be time-dependent, it is useful to make a Fourier transform with
respect to the spatial coordinates only
A(t,5) = / ﬁe*i“[xk(w . (6.23)
(2m)?

~

Then we can neglect the term (V x A) in equations (6.21) and (6.22), by Fourier trans-

forming the vector potential as

Aty =Y [ak,mmsm(t) +a easiat)] (6.24)
A=+

where €\~ are the photon circular-polarization vectors and ay » and dL , are annihilation
and creation operators, respectively. Here sy ) correspond to the mode functions that have
to be solved. Whereas ik X € = kex ), the polarizations of the mode functions s »

decouple and the equations of motions (6.21) and (6.22) can rewritten as follows

a+ [k‘g + mi} a— GarkSk+Sk+ =0, (6.25)
Skt + [K TF gaykwoao sin(wot)] sgr =0 (6.26)
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The last equation takes the form of the well-known Mathieu equation that is one of the
equations that describe the parametric oscillators®. The Mathieu equation can be solved
analytically in particular cases or exactly using numerical methods. In general, it has a per-
iodic solution, and its parametric space characterizes by a band structure of stable regions
correspond to oscillatory solutions and unstable (resonant) regions correspond to expo-
nentially growing solutions. The term inside the square brackets represents the frequency
Wi(t) = wi(t+T), where T' = 2 /wy is the period of oscillations of the condensate. The
coupling between the mode functions s + and the ALPs field depends on k. In regimes of
ALPs background with low density and weak coupling (k/wo) >> (gay@0/2), the periodicity
of wi(t) leads to a spectrum of narrow resonant bands equally spaced at k? ~ (n/2)%w?
for positive integer numbers of n. The resonance solutions corresponds to the stimulated
decay process @ — v and lead to mode functions sj .+ grow exponentially with time. In
the limit of the small amplitude of the photon field, it is useful to expand the solution for

the mode functions s 1 as a harmonic expansion

Skt = Y Jur(t)e ™ (6.27)

w=—00
where f, 1 (t) are slowly varying functions, and sum runs only over integer multiplies of
wo/4. In vacuum, we take the dispersion relation w = k for electromagnetic waves. In the
first instability band, only the lowest frequencies w = +wy/2 are dominating. Inserting this

expansion (6.27) into the Mathieu equation (6.26) and dropping all fast varying terms we

obtain
; 1 2 2 Jaryaowok
ot T 5 (W = k) for F = (forwot = furwox) = 0. 6.28
furt 56 = 1) foe F IO (f s~ frrins) (6.28)
For the lowest frequency modes corresponds to w = +wy/2, we get
1wt Jar a0k B
f%ﬂ,iﬂLE(z—k )feo o F 5 foon =0, (6.29)
; 1 w(2) 2 Ya CLOI'C
fowo o — m(z R F TS S = 0. (6.30)

The last two equations represent the classical equations of motion for the electromagnetic
field in vacuum. At this stage, we have ignored in our analysis the fact that the universe is
permeated by an ionized plasma that has a severe impact on the propagation of photons.
Therefore, before we go further in discussing the possible solutions to the classical equations
of motion of the photon field, we want to consider the more realistic case that the universe is
full of plasma. In this scenario, the density of the cosmic plasma might have a significant role
in modifying the photon growth profile and their effect has to be determined to investigate
whether it is worth to be taken into account. For this reason, we will analyze in the next
section the corrections that can be made to the equations of motion of photons due to the

effect of the plasma.

1. Parametric system refers to a system at which the motion depends on a time-dependent parameter.
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6.4 Corrections due to plasma effects

This far, we discussed the equations of motion for the electromagnetic field in vacuum. In
this case, the photons have no mass. To be more realistic, we have to take into account
the effect of the plasma that fills the universe. Photons propagating in a plasma acquires

an effective mass equal to the plasma frequency according to [267]

4
W2 = e (6.31)

p Me

where m, and n. are the mass and number density of the free electrons, respectively.
The interactions between the ALPs and photons can be quite large if they have the same
effective mass. This explains the reason that the decay processes a — 7y are kinematically
forbidden in the very early universe. As the number density of the free electrons is so high
that the plasma frequency and, consequently, the effective mass of the photons are very high.
However, the number density of the free electrons decreases in the late universe, and the
process becomes easily kinematically allowed. Dark matter usually resides in galactic halos,
where the typical electron number density n. is about 0.03 cm™3 [268]. If one use equation
(6.31) and the giving value for the n,, it is found that the photon has an effective mass of
O(107'2) eV. Therefore, the plasma mass correction is small enough to consider its effect
as a small modification. The dispersion relation for the photon propagating in a plasma
modifies into w? = k2 + wgl. Consequently, the equation of motion for the electromagnetic

modes can be rewritten in the form
Sk + [k‘g + w]g F Gaykwoag sin(wot)} Setr=0. (6.32)

Dropping all higher-order terms and fast varying terms for the lowest frequency modes
w = twp/2, the modified equation of motions for the electromagnetic field under the

presence of plasma become

L wy 2 2 Yaryaok _
f‘*;o}i + m(z -k — wp)fwioyi + 5 f,t%oi =0, (633)
; 1wy 2 2 Jayaok
f*;o + iwo(z —k* — wp)ff;)od: + 20 f%o,j: =0. (6.34)

Note that for simplicity, we consider the plasma has a uniform density with stable frequency
wp. In this case, the resonance will not be stopped because, in astrophysical background, the
incoming wave has a continuous spectrum. However, the density of plasma is, in fact, not
uniform, and plasma frequency is a function of time w,(t). In this case, the above equations
are a good enough approximation for the equations of motion in a single area with almost

the same plasma frequency, and we have different resonant frequencies for each area.

For the QCD axion with mass m, ~ 107° eV and coupling with photon g,, ~ 6 X
107 GeV ™!, the authors of [268] found that the ratio w?/(ga,aok) is of O(107*). Accor-

dingly, they claimed to neglect the plasma effects and indicated that the massless photon
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approximation is reasonable to consider. But, for ALPs with lower masses m, ~ 10713 eV
and coupling ga, ~ 10712 GeV ™", the ratio w?/(gayaok) would be of O(10'). Besides, the
density of the cosmic plasma is a function of the cosmic time and we might have to take
its evolution into account as well. For these reasons, we can not ignore the plasma effects

in the such case for ALPs.

Solving equations (6.33) and (6.34) would lead to an instability associated with an expo-
nentially growing solutions f ~ exp(ut). The parameter y is called Floquet exponent and
gives the growth rate of the exponential function. Note that the resonance phenomenon

occurs only for real Floquet exponents. One explicitly finds

g2 ak(k? + w?) 1 w3 2
Mk:\/ e (e (6.35)

During the resonance, the electromagnetic wave grows exponentially. However, this growth

can not persist forever because the density of the axion field decreases as axions decay
to photons and dissatisfy the resonant condition. The maximum growth obtained for k =
wg — 4w?/2is

L _ Ga~yAoWo
max — — . -
4

The edges of the instability band are given by values of k£ at which = 0, as the resonance

(6.36)

occurs only for the real part of the Floquet exponent. The left and the right edges read as

g2 adwi w2 (oW
ugn = ||~ + 20 S0 (6.37)

and it is straightforward to find that the bandwidth is

_ YayWolo

A
g 2

(6.38)
The Mathieu equation (6.32) can be solved numerically to obtain the evolution of the
electromagnetic field due to the decay of the ALP field and the instability bands of resonant
enhancement. Among our calculations in order to obey the cosmological stability condition
as claimed in [253], we normalize the factor g,,ao to be less than unity. Figure 6.1, left
panel, describes the electromagnetic field enhancement released from the ALPs decay as a
function of the cosmic time when the wavenumber k& = wy/2. In contrast figure 6.1, right
panel, shows the instability bands by plotting the numerical solution |sg|? of the Mathieu
equation at a late time as a function of k at early time. This solution of the Mathieu
equation can be interpreted as a parametric resonance, occurring when k = wg/2 in the
absence of the plasma effect. The parametric resonance occurs at k =  /w? — 4%2,/2 when
the effect of plasma is taken into account. This growth rate can be compared with the

one found in equation (6.14), where we recall that n; ~ |sg|?. One realizes that the two
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Figure 6.1: Left panel: Numerical solution of the Mathieu equation (6.32) showing its
instability bands as function of cosmic time. Right panel: The first instability band of the

Mathieu equation as function of the wavenumber £ at early time.

rates agree apart from a numerical factor. This discrepancy can be explained due to the
overestimation of the stimulated decay discussed in subsection 6.2.2 that leads to producing
a larger photon growth rate. Thus, it is a better approximation to interpret the stimulated

decay as a narrow parametric resonance of the Mathieu equation, and vice-versa.

6.5 Plasma density evolution

Plasma density seems to be one of the important parameters that may play a crucial role in
characterizing the ALPs stimulated decay. Therefore, before discussing the effect of plasma
density on preventing the stimulated decay of ALPs, at least an approximate estimation
of the plasma density distribution in the universe must be performed. A useful reference
density is the typical density of plasma in the galactic halos, where dark matter usually
resides. The typical value of the electron number density n. in the galactic halos is about
0.03 cm™3 [268]. Generally, the electron number density in the universe can be described
by the formula [44]

ne = Ny Xe , (6.39)

where n = (6.1 £ 0.06) x 107! is the baryon-to-photon ratio, n, = 0.244 x (kT /hc)? is
the number density of photons, and X, ionized fraction of atoms [269]. The temperature
of the CMB at any redshift z is given as 7" = Ty(1 + z) with Ty = 2.725 K corresponds
to the CMB temperature in the present day. Hence, using equation (6.39) we can estimate
the plasma density evolution a function of redshift as shown in figure 6.2. It seems to be
clear from the graph that the electron number density gets to a minimum value of about
ne ~ 2 x 1077 cm™3, which expected to happen before the reionization era at redshift

2 ~ 15. The today electron number density expected to be about n, ~ 2.37 x 10~7 cm—3.
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Figure 6.2: Electron number density as a function of redshift as in equation (6.39).

6.6 Plasma density prevents the stimulated decay of
ALPs

Below in this section, we present the projected effect of the plasma density in preventing
the stimulated decay of ALPs. The effect of stimulated emission manifests in terms of the
stimulated emission factor 2f, in equation (6.8). Regardless of the astrophysical environ-
ment, we consider that the stimulated decay produces an enhancement of the ALPs decay
rate by factors arising only from the CMB as in reference [263]
1

fy.eme(me) = BT ] (6.40)
where E, = mq/2, kp is the Boltzmann constant, and T is the temperature of the CMB
on redshift z. Note that, the factor f, suppose to be a linear combination over all the
sources which contribute to the photon bath with the same energy as that produced in the
ALP decay. However, we only consider here the contribution from the CMB to extrapolate
/- corresponds to ALPs with low masses down to m, ~ 107'% eV. Figure 6.3 shows the
stimulated emission factor 2f, arising from the CMB at different redshifts z = 0, 1100, 2000,
and 3000. In table 6.1 we present the numerical values of the stimulated emission factor
2f,, on high redshift z ~ 1100 for a set of ALP masses, the perturbative decay time 7,, and
the stimulated correction to the decay time 7,. Then we discuss the required plasma density
that is able to significantly prevent this enhancement. Figure 6.5 illustrates the effect of
plasma on the stimulated decay of ALPs, assuming four different categories of their masses,

obtained from the numerical solutions of the Mathieu equation (6.32).
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Figure 6.3: The stimulated emission factor arising from the CMB and at different redshifts
as in equation (6.40).

ALP mass m, [eV] | Enhancement factor 2f. | Perturbative decay time 7, [s] | Stimulated correction 7, [s]
~1.00 x 107* ~ 1.03 x 10* ~2.01 x 108 ~ 1.95 x 10*
~ 1.00 x 1076 ~ 1.03 x 10° ~2.01 x 10" ~1.95 x 1038
~2.31x 107" ~ 4.46 x 10" ~ 1.61 x 107 ~ 3.59 x 10"
~7.10x 107" ~1.46 x 10" ~ 5.62 x 10% ~ 3.85 x 107

Table 6.1: A set of ALP masses and the corresponding stimulated emission factor arising

from the CMB, perturbative decay time, and stimulated correction to the decay time.

The first case (a) is when we assume ALPs with mass m, ~ 107* eV. For the plasma
in the galactic halos, the today value of its electron number density is about 0.03 cm~3
and using equation (6.31) this is corresponding to plasma frequency about 6.4 x 10712 eV.
Plasma with such frequency has no effect on the stimulated decay of ALPs in this case.
A significant effect of plasma in this scenario requires at least plasma with a frequency of
the order of 4.26 x 107> eV and this is corresponding to electron number density n, ~
1.32 x 10'2 cm™3 to effectively reduce the amplitude of the resonance. In our results, we
consider reducing the enhancement factor for the stimulated decay of ALPs to about 1%
of its maximum value. Note that reducing the amplitude in this way seems sufficient as
the plasma density required to vanishing the amplitude with more accuracy is not much
different from the values presented here. It seems to be clear from figure 6.2 that this very
high plasma density only exists at very high redshifts z > 1.77 x 10°. The second case

(b) is corresponding to ALPs with mass m, ~ 107% eV. The typical plasma in the galactic

halos has no significant effect on the ALPs stimulated decay in this case as well. However,
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plasma with a frequency of about ~ 3.65 x 10~" eV, which corresponds to a plasma density
of about n, ~ 9.66 x 107 cm~3 at redshifts z > 7.4 x 10%, is able to significantly prevent
the ALPs stimulated decay. Because these two cases are expected to be valid only in the
very early universe, this makes us rule out the possibility of any current significant plasma
effect on the stimulated decay of ALPs with these masses. However, one may worry that
such plasma density can be found at low redshifts in astrophysical environments with a very
high density. Indeed, this is highly unlikely, but this does not preclude that it is important
to look carefully at the astrophysical environment when considering the stimulated decay

of ALPs with this range of masses in the late universe eras.

In the third case (c) we consider ALPs with mass about m, ~ 2.31 x 107! eV. This
scenario is quite interesting since we look at the effect of plasma with number densities

comparable to the current typical value n, ~ 0.03 cm™3

in the galactic halos where dark
matter expected to be with a high amount. From figure 6.2 we might also note that the
cosmic plasma density at redshift z ~ 5.54 x 102 is equivalent to the current plasma
density in the galactic halos that is at redshift z ~ 0. Such type of plasma is only able to
prevent the stimulated decay of ALPs with masses m, < 2.31 x 107! eV. The fourth case
(d) is for low-mass ALPs at m, < 7.10 x 107 eV. We notice in this scenario that the
current cosmic plasma number density about n, ~ 2.37 x 10~7 cm~3, which correspond
to plasma frequency about ~ 1.81 x 1071* eV, is able to prevent the stimulated decay of
ALPs with such low-mass. Since this plasma with such density is prevalent in the universe
at present with redshift z ~ 0, we claim that at the current time the plasma should always
be able to prevent or at least significantly reduce the stimulated decay of ALPs with masses
me < 7.10 x 1071 eV. From figure 6.2, one can see that the cosmic plasma density
around the end of the recombination epoch at redshifts z < 16.25 is also comparable to

the current plasma density. This makes the stimulated decay of ALPs with this range of

masses is allowed at this epoch as well.

The summary of these results is presented in table 6.2 and shows a list of plasma frequencies
and their corresponding plasma densities that are required to protect the stimulated decay
of ALP with different ranges of masses. Hence, plasma with higher densities beyond these
values for each case does not automatically protect the ALPs from stimulated emission
cascades. This sets bounds on the mass ranges for the ALPs that can be a subject for
the search for observational signals based on their stimulated decay as we will discuss in
the following section. In table 6.2 we summarize as well the redshifts at which the plasma
density reached the required threshold values to suppressing the stimulated decay of ALPs
with each mass category. In addition, we provide the photon frequencies expected from the

decay of ALPs with the given masses.
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Figure 6.4: Effect of plasma on destroying the stimulated ALPs decay for different ALPs

masses, obtained from the numerical solutions of the Mathieu equation (6.32).

6.7 Detecting radio signature from the stimulated de-
cay of ALPs

In recent years, there is increasing interest in using radio telescopes to search for a radio
signal produced by cold dark matter. The SKA is considered to be the most sensitive radio
telescope ever [270]. This makes it the most aspirant radio telescope to unveil any expected
signature of dark matter. Therefore, we investigate in this section whether interesting to
take the stimulated decay of ALPs into account for searching for radio signals produced
using the SKA telescopes; other related work includes references [262, 263,271, 272]. In
this work, in particular, we clarify the role that the cosmic plasma plays in modifying the

detectability of radio emissions results from the stimulated decay of ALPs.

Based on the scenario of ALPs stimulated decay that we discussed in the previous sections,
we explore here the potential of the near future radio telescopes, in particular the SKA
telescopes, in an attempt to detect an observational signature of CDM ALPs decay into
photons in astrophysical fields. As shown in the previous section, regardless of the astro-

physical environment, by considering the enhancement of the stimulated decay produces
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ALP mass m, [eV] | Plasma frequency w, [eV] | Plasma density n. [cm™3] | Redshift [z] | Photon frequency [Hz]
~ 1.00 x 1074 <4.26 x 1075 < 1.32 x 1012 <177 x 108 ~1.21 x 101°
~1.00 x 1076 < 3.65 x 1077 < 9.66 x 107 < 7.40 x 10* ~1.21 x 10°
~ 231 x 1071 < 6.40 x 10712 <297 x 1072 < 5.54 x 102 ~ 2.80 x 10?
~7.10 x 1071 <1.81x 107 <2.37x 1077 < 16.25 ~ 8.52

Table 6.2: List of plasma frequencies and their corresponding plasma densities that are

required to protect the stimulated decay of ALP with different ranges of masses.

only by the CMB, our results imply the following. From figure 6.3, one can deduce that the
decay rate of ALPs with large enough masses m, = 10~* eV does not receive a remarkable
enhancement. Therefore, in this case, it is not expected that the stimulated decay has an
essential role, and we can not count on the spontaneous decay of ALPs for producing a
significant observational signal because of the low rate of this process. Consequently, this
can be considered as an upper limit for the ALP mass that can be accountable for any
significant radio signature produced from the stimulated decay of ALPs. For ALP masses
mge < 7.10 x 107 eV, the current cosmic plasma, which is prevalent in the universe, can
prevent or at least significantly reduce the stimulated decay of ALPs. In contrast, the typical
plasma at present time in the galactic halos where dark matter is expected to be with a
high amount can prevent the stimulated decay of ALP with masses m, < 2.31 x 101! eV.
This puts a lower bound on the ALP mass at which the stimulated decay of ALPs is allowed
by the plasma effects. Hence, with the today plasma density, the stimulated decay of ALP
in the 10~11=10~* eV mass range is allowed by the plasma effect. In principle, this makes it

possible to consider a radio emissions due to the stimulated decay of ALPs with this mass

range.

Within the allowed range by the plasma effects, the search for ALPs in the 1076-10"* eV
mass range seems to be the most exciting scenario. In this case we would expect some
form of low-frequency radio background due to the stimulated decay of ALPs peaked in
the frequency range about 120 MHz — 12 GHz. Fortunately, considering the upcoming
reach radio frequency range of the SKA telescopes from 50 MHz to 20 GHz, it would be
able to detect photons produced from the decay of ALPs with such range of masses. For
comparison, the results presented here are consistent with the results presented in [253]
that the current plasma frequency in the range of ~ 107!14=1071% eV sets a lower bound
on the ALP mass that can be subject to stimulated decay. Our results also agree with
the results presented in [263] that suggested the search for a radio signal based of the
stimulated decay of axion dark matter in the 10771072 eV mass range in the near-future
radio observations by SKA or using forthcoming axion search experiments, such as ALPS-II
and IAXO. Indeed, this process was not possible in the early universe eras because the

effective plasma mass of the photons was significantly higher than this range of masses
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for the ALPs and consequently it was able to prevent their stimulated decays as claimed
in [253].

Finally, the possible signature produced from the stimulated decay of ALPs is expected to
be a large flux of photons with a frequency close to half the ALP mass as shown in table 6.2.
This signal supposed to appear as a narrow spectral line, broadened by the ALPs velocity
dispersion as discussed in [263]. Since dark matter expected to exist with high amounts in the
halos around many galaxies, these structures offer an interesting astrophysical environment
for testing the CDM ALPs decay scenario. Under this hypothesis, the decay of an ALP will
produce two photons each with energy m, /2. Hence, the energy flux density, i.e. the power
per unit area per unit frequency, is given by

o maFefF
O Awd?

(6.41)

which accounts for luminosity distance d;, from observer to the halo at redshift z, and ['s is
the effective ALP decay rate as given in equation (6.7) at redshift z. Then, the total energy
flux density of the radio signal from a smooth ALPs background at an energy £ = m, /2

can be expressed as
Mgl ess

4ed

where n,. is the comoving number density of the ALPs in the dark matter halos and the

Sdecay = nacd‘/c ) (642)

term dV, is the comoving volume element per unit redshift. In figure 6.5 we estimate
using the last expression the total energy flux density Sgecay Of the radio signal arising
from the stimulated decay of ALPs as a function of the redshift for the same set of ALPs
masses that we examine in this study. These fluxes are significantly small comparing to the
energy flux density of the CMB Which can be well estimated at any redshift z using the
expression Scyg = 0.065(1 + 2) eV cm™2s™! [273,274]. However, the standard paradigm
of hierarchical structure formation predicts that small structures of CDM form first and
then merging into larger ones. This leads to a clumpy distribution of CDM inside the
galactic halos. Therefore, radio signals arising from the stimulated decay of ALPs in the
galactic halos are expected to be enhanced due to the substructures of the galactic halos.
This enhancement is known as the boost factor and should be about a few orders of
magnitude [275]. Including this boost factor, the radio signals arising from the stimulated
decay of ALPs in the galactic halos could be comparable to the CMB signal. Indeed, this
contribution should be taken into account in modifying the background radiation field and
hence offering an exciting scenario to the search for a possible signature from the CDM as

well as a viable explanation for the EDGES 21 ¢cm anomaly as claimed in [276, 277].

An interesting discussion on the sensitivity of the SKA radio telescopes to detect such
signals from some astrophysical targets can be found in [263,278]. It has been illustrated in

these works that with near-future radio observations by SKA, it will be possible to increase
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Figure 6.5: Estimating the radio flux arising from the stimulated decay of ALPs as in
equation (6.42).

sensitivity to the ALP-photon coupling by a few orders of magnitude. In our results here
we have shown that neither the current cosmic plasma nor the plasma in the galactic halos
can prevent the stimulated decay of ALP for the given range of masses. However, the
near-future SKA radio telescopes would be only able to reach sensitivities as low as the
10717 eV cm~2 s7! orders of magnitude [279]. This is a few orders of magnitude higher
than the most promising radio signal predicted in figure 6.5 from the stimulated decay of
ALPs, which puts more challenges on the way to detect any observable signal. Leaving this
aside, these results support the idea that the stimulated decay process can increase the
sensitivity of the SKA radio telescopes to detect the radio emissions produced by the decay
of ALPs, and indeed taking it into account is a big step forward towards achieving this goal

in future.

6.8 Conclusion

In this chapter, we studied the possibility of detecting an observable signature produced due
to the decay of CDM ALPs into photons at radio frequencies. For ALPs with masses and
coupling with photons allowed by astrophysical and laboratory constraints, the ALPs are
very stable on the cosmological scale, and their spontaneous decay can not be responsible
for producing any detectable radio signal. Since ALPs are identical bosons, they may form a
Bose-Einstein condensate with very high occupation numbers. The presence of an ambient

radiation field leads to a stimulated enhancement of the decay rate. Depending on the
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astrophysical environment and the ALP mass, the stimulated decay of ALPs BEC in an
expanding universe and under the plasma effects can be counted for producing observable

radio signals enhanced by several orders of magnitude.

We have examined that the stimulated decay of ALPs arising from the presence of the
ambient background of the CMB photons results in a large enhancement of the decay rate.
However, the decay rate of ALPs with large enough masses does not receive a remarkable
enhancement produces by the CMB. This puts an upper limit for the ALP mass that can
be accountable for any significant radio signature produced from the stimulated decay of
ALPs. Further, the cosmological stability of ALPs dark matter is ensured by a combination
of the expansion and the plasma effects and the latter is the most restrictive of the two.
In our results, we found the plasma densities that are required to suppress the stimulated
decay of ALP with different ranges of masses. This puts a lower bound on the ALP mass
at which the stimulated decay of ALPs is allowed by the plasma effects. The results sho-
wed as well at which redshift the plasma density reached the required threshold values to
suppressing the stimulated decay of ALPs with each mass category. This decides whether
the ALP abundance in the modern epoch would be sufficient for a detectable signal and/or
constituting all of dark matter. For ALPs in the 10~1'=10~ eV mass range in astrophysical
environments with large radio emission, this emission might potentially increase by a few
orders of magnitude, and neither the current cosmic plasma nor the plasma in the galactic
halos can prevent the stimulated decay of the ALPs with this range of masses. Interestingly,
the stimulated decay of ALPs in the 1075-10~* eV mass range can, in principle, lead to
a signal that can be detectable by the near-future radio telescopes such as the SKA. We
should be noted that this stimulated decay is only allowed at redshift window z < 10%, and
thus the ALPs can not decay efficiently at higher redshift due to the effects of the plasma.
Finding such a signal consistent with the predictions for the stimulated decay of the CDM
ALPs in such a very low mass range will make this technique the essential method to un-
derstanding the properties of dark matter, such as its spatial distribution and clustering in
cosmological structures. In addition, this might offer an exciting scenario to explain several
unexpected astrophysical observations, e.g. the EDGES 21 cm anomaly. Indeed, this should
depend on other parameters like astrophysical environments and radio telescopes sensitivity.

That is worth being a subject of intense future work.



Chapter 7

Summary and Conclusion

The standard model of particle physics, together with the standard model of cosmology,
provides the best understanding of the origin of matter and the most acceptable explanation
to the behavior of the universe. However, the shortcomings of the two standard models to
solve some problems within their framework are promoting the search for new physics
beyond the standard models. This is why, recently, there are several studies underway at
the interface between cosmology, particle physics, and field theory. In this context, the dark
matter searches remain elusive and pose one of the highest motivating scenarios to go

beyond the standard models.

The existence of stable cold dark matter is established based on many astrophysical and
cosmological observations such as the cosmic microwave background, the large scale struc-
ture, the galactic rotation curves, and beyond. In particular, the Planck 2018 data predicts
that the visible universe contains non-baryonic dark matter, which is estimated at more than
five times greater than the ordinary baryonic matter. However, the content and properties
of the dark matter remain one of the most pressing challenges in cosmology and particle
physics. Although there are many suggested candidates for the dark matter content, there
is currently no evidence of any of them. In this thesis, we focused on understanding the
nature of dark matter by studying the phenomenology of axions and axion-like particles,
highly viable dark matter candidates. The typical axions are identified in the Peccei-Quinn
mechanism as pseudo-Nambu-Goldstone bosons appear after the spontaneous breaking of
the PQ symmetry that is introduced to explain the absence of CP violation for the strong in-
teraction, which is theoretically obvious from the Lagrangian of quantum chromodynamics.
Furthermore, many extensions of the standard model of particle physics, including string
theory models, generalized this concept to predict more such axion-like particles, which may
arise as pseudo-scalar particles from the breaking of various global symmetries. The pheno-

menology of ALPs is the same as of QCD axions characterized by their coupling with two

108



Page 109

photons. The main difference between them is that the QCD axion coupling parameter is
determined by the axion mass; however, this is not necessarily the case for ALPs. Although
the masses of the generic ALPs are expected theoretically to be very tiny, nowadays they
are accounted for as the most leading candidates to compose a major part, if not all, of
the dark matter content of the universe. This is motivated by the theoretical predictions for
their properties that are determined by their low mass and very weak interactions with the
standard model particles. It is also worthwhile to mention that it is believed that the main
mechanisms to generate the dark matter ALPs in the early universe are the misalignment

mechanism and the decay of strings and domain walls.

In the first part of this thesis, we started by reviewing the current status of the searches for
the dark matter. In particular, we briefly explained the first hints that dark matter exists,
elaborated on the strong evidence physicists and astronomers have accumulated in the
past years, discussed possible dark matter candidates, and described the various detection
methods used to probe the dark matter's mysterious properties. Then, the theoretical back-
grounds about the QCD axion, including the strong CP problem, the Peccei-Quinn solution,
and the phenomenological models of the axion, were described. This was followed by a brief
discussion of the main properties of the invisible axions. After that, the topic of the possible
role that axions and ALPs can play in explaining the mystery of dark matter was illustrated.
Further, to look at the question of whether they correctly explain the present abundance of
the dark matter, we investigated their production mechanism in the early universe. Later,
we discussed the recent astrophysical, cosmological, and laboratory bounds on the axion

coupling with the ordinary matter.

In the second part of this thesis, we considered a homogeneous cosmic ALP background
analogous to the cosmic microwave background and motivated by many string theory models
of the early universe. The coupling between the CAB ALPs traveling in cosmic magnetic
fields and photons allows ALPs to oscillate into photons and vice versa. Using the M87 jet
environment, we tested the CAB model that is put forward to explain the soft X-ray excess
in the Coma cluster due to CAB ALPs conversion into photons. Then we demonstrated the
potential of the active galactic nuclei jet environment to probe low-mass ALP models and
to potentially exclude the model proposed to explain the Coma cluster soft X-ray excess. We
found that the overall X-ray emission for the M87 AGN requires an ALP-photon coupling
Jar in the range of ~ 7.50 x 1071°-6.56 x 10714 GeV ™" for ALP masses m, ~ 1.1x 10713 eV
as long as the M87 jet is misaligned by less than about 20 degrees from the line of sight.
These values are up to an order of magnitude smaller than the current best fit value on
Jay ~ 2 x 10713 GeV ™! obtained in soft X-ray excess CAB model for the Coma cluster.
The results presented in this part cast doubt on the current limits of the largest allowed

value of g, and suggest a new constraint that g,, < 6.56 x 1074 GeV~! when a CAB is
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assumed. This might bring into question whether the CAB explanation of the Coma X-ray

excess is even viable.

In the third part of this thesis, we turned our attention to consider a scenario in which
ALPs may form Bose-Einstein condensate, and through their gravitational attraction and
self-interactions, they can thermalize to spatially localized clumps. The coupling between
ALPs and photons allows the spontaneous decay of ALPs into pairs of photons. For ALP
condensates with very high occupation numbers, the stimulated decay of ALPs into pho-
tons is possible, and thus the photon occupation number can receive Bose enhancement
and grows exponentially. We studied the evolution of the ALPs field due to their stimulated
decays in the presence of an electromagnetic background, which exhibits an exponential
increase in the photon occupation number with taking into account the role of the cosmic
plasma in modifying the photon growth profile. In particular, we focus on quantifying the
effect of the cosmic plasma on the stimulated decay of ALPs as this may have consequences
on the detectability of the radio emissions produced from this process by the forthcoming
radio telescopes such as the Square Kilometer Array telescopes with the intention of de-
tecting the CDM ALPs. The results presented in this part argue that neither the current
cosmic plasma nor the plasma in the galactic halos can prevent the stimulated decay of
ALP with the 10711-10"% eV mass range. Interestingly, the radio signal produced via the
stimulated decay of ALPs in the range 107-10"* eV mass range is expected to be within
the reach of the next-generation of the SKA radio telescopes. It is worth noting that this
stimulated decay is only allowed at redshift window 2 < 10* and it is not efficient at higher
redshift due to the effects of the plasma. The detection of an indication related to this
technique might provide essential priors and predictions that are of paramount importance
to understanding the properties of dark matter and offer an exciting scenario to explain

several unexpected astrophysical observations.

Finally, in future work, it is worth extending the study of this PhD project to examine
whether ultra-light ALPs can solve the core-cusp problem and the capability of the CAB to
explain the EDGES 21 cm anomaly. Since there is still a lot of exciting theoretical aspects
about the nature of dark matter from different perspectives, the expected impact of studying
these topics would give rise to solve the mystery of dark matter. This, in addition, may
have a future role in the discovery of new physics beyond the standard model of particle

physics, and it possibly changes our main understanding of fundamental physics.

We can sum up that, with the work presented here, we point out that the research on
axions and ALPs will be one of the leading frontiers in the near future since the discovery of
these particles can solve some of the common unresolved problems between particle physics
and cosmology and take us a step forward towards understanding nature. For completeness,

some useful notations and conversion relations are broadly outlined in the appendix.



Appendix A

For convenience, we summarize in this appendix some useful units and conversion relations

that are often used in this thesis.

A.1 Fundamental constants

The explicit numerical values of some of the universal constants in nature are given down-

ward here:
— Electron rest mass m, = 9.109 x 1073 kg,
— Electron electric charge e = 1.6022 x 1071 C,
— Speed of light in free space ¢ = 2.9979 x 108 m s™! |
— Planck’s constant h = 6 = 6.626 x 1073% kg m?s7! |
— Reduced Planck’s constant i = h/27 = 1.0546 x 10734 kg m?s™! = 6.6 x 10 GeV s,
— Boltzmann's constant kz = 8.6 x 10'* GeV K™ |
— Permittivity of free space ¢y = 8.854 x 1072 F m~1 |
— Fine structure constant o = ¢2/(4meghc) = (137.04)71,

— Gravitational constant G' = 6.673 x 107" N m? kg™ 2.

A.2 Units and conventions

If not stated otherwise, through out this thesis we use the natural units system in which
¢ = h = kg = 1. In this system there is only one fundamental dimension the energy in
units of electron-volt eV. Note that the unit of mass, in which the relation £ = mc? is used
implicitly, therefore one has the important conversion 1 eV = 1.602 x 107! kg m? s72.
This implies the following conversion rules from the international system of units (SI) to

the natural system of units:

1s=152x10* GeV ', (A1)
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1 m=510x 10" Gev ™!, (A.2)
1 kg = 5.62 x 10%° GeV, (A.3)
1 K=2862x10"" GeV. (A.4)

Spatial distances in astrophysics and cosmology are often measured in parsec, abbreviated
with pc. In Sl units, it is
1pc=31x10"%m. (A.5)

In natural units, we can express a parsec via an inverse energy, and the following conversion
rule holds
1 Mpc = 1.55 x 10*® GeV ™', (A.6)

A handy measure for masses of astrophysical objects is the mass of our sun M. The solar
mass is about
Mg Mpc = 1.99 x 10*° kg , (A7)

or equivalently
My Mpc = 1.11 x 1057 GeV . (A.8)



Appendix B

In this appendix, we collect the basic notations and formulas that are often used in this

thesis.

B.1 Notations

A dot represents the time derivative, while a prime represents the spatial derivative, i.e.
f =dF/dt, and F' = dF/dzx.

A double dots represents the time derivative of second-order, while a double primes repre-
sents the spatial derivative of second-order, i.e. F' = d?F/dt?, and F" = d*F/dx?.

Partial derivative of F' with respect to y is given as 0,F = OF*.

In an inertial system, we set
x =z, x°:=y, x°:=2z T :=ct, (B.1)

where x,y, z are right-handed Cartesian coordinates, t is time, and c is the speed of light
in a vacuum. Generally,
— Latin indices run from 1 to 3 (e.g., i,7 = 1,2,3), and
— Greek indices run from 0 to 3 (e.g., u,v =0,1,2,3).
In particular, we use the Kronecker symbols
g , 1 ifi=jg,
0ij = 0" =05 = (B.2)
0 ifi#j,

and the Minkowski symbols

1 ifu=v=0,
Nw =1"1=4q -1 ifu=v=1,2,3, (B.3)
0 ifu #v.
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In the context where the cosmic expansion is taken into account, we work in spatially flat

Friedmann-Robertson-Walker (FRW) universe with a metric
ds® = g datda” = —dt* + R*(t)[d2® + dy® + d=7] (B.4)

where R(t) is the scale factor of the universe. We denote the cosmic time as ¢ and the

conformal time as 7, where dr = dt/ R(t).

B.2 Einstein’s summation convention

In the Minkowski space-time, we always sum over equal upper and lower Greek (resp. Latin)

indices from 0 to 3 (resp. from 1 to 3). For example, for the position vector, we have
3
X ::cjeijjej : (B.5)
j=1

where ey, e,, e3 are orthonormal basis vectors of a right-handed orthonormal system. Mo-
reover,
3
N’ = 2’e; Z N’ . (B.6)
v=0
Greek indices are lowered and lifted with the help of the Minkowski symbols. That is,

Ty = Nwr’, T = —2t, j=1,2,3. (B.7)

For the indices o, 3,7, = 0,1,2, 3, we introduce the antisymmetric symbol %7 which

is normalized by
12 .=1, (B.8)

and which changes sign if two indices are transposed. In particular, €*#7% = 0 if two indices

0213 _

coincide. For example, € —1 and €°3 = 0. Lowering of indices yields €, := —e**7°.

For example, €0123 — —1.
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