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Abstract

The axion is an hypothetical particle that has become a very serious candidate to
explain the nature of cold dark matter. So far, no signal of axions has been found.
Nonetheless, only few experiments have had the right sensitivity to probe the axion
parameter space where it could explain the whole dark matter observed today - the
so called axion window - and it is expected that a whole new generation will slowly
start to dive into the window. Thus, it is expected during the following years, that
either the axion is not found on that parameter space, or that a discovery is made.
In the first case, it could happen that that mechanism of production of axions in
the early universe is not well understood and new elements have to be considered.
In the second case, a discovery will certainly teach us a lot about the first moments
of the universe, allowing us to look before the epoch of nucleosynthesis. In this
master’s thesis we study the production of axion dark matter through the so-called
misalignment mechanism by considering that during that time, the universe was
dominated by a new kind of fluid, different than radiation. We perform a very
detailed analysis of the oscillation temperature and the relic density today, both
analytically and numerically. Our findings show that on the one hand, the oscillation
temperature is strongly influenced by the non-standard cosmology, affecting the
relic density, and on the other hand, the energy density of the axion gets diluted,
because the new fluid eventually decays, injecting entropy into the thermal bath. We
find the predicted parameter space of axion dark matter for different non-standard
cosmologies and we show its impact on the coupling of axions to two photons.

The manuscript is organized as follows, first, we review the standard cosmology
and the concepts that will be needed for this thesis. Then, we briefly present the
axion as a solution of the strong CP problem and show the non-thermal mechanism
of producing axions in the early universe. Then we introduce the non-standard cos-
mology to be considered in this work, and we proceed to compute the relic density
of axion dark matter assuming the oscillation of the field happens in the different
possible stages of the new fluid dominance. As a summary of our findings, we show
the impact of different non-standard cosmologies on the axion dark matter window
and we compare them with the one from standard cosmology.

Keywords: Cosmology, dark matter, axion, misalignmnet mechanism.



Resumen

El axion es una particula hipotética candidata a explicar la naturaleza de la mate-
ria oscura fria. Hasta ahora no se han encontrado senales del axion, no obstante,
solo unos pocos experimentos han tenido la sensibilidad adecuada para sondear el
espacio de parametros del axion capaz de explicar el total de materia oscura obser-
vada actualmente, también llamado axion window. Se espera que una generacion
nueva de experimentos comience a acceder lentamente a esta ventana. Por lo tanto,
durante los proximos anos es posible que el axion no se encuentre en ese espacio de
parametros, o que se logre descubrir. En el primer caso, podria suceder que el mecan-
ismo de produccion de axiones en el universo temprano no ha sido bien entendido y
nuevos elementos deben ser considerados. En el segundo caso, su descubrimiento nos
ensenara mucho sobre los primeros momentos del universo, permitiéndonos mirar
antes de la época de nucleosintesis. En esta tesis, estudiamos la produccion de mate-
ria oscura de tipo axion mediante el misalignment mechanism en un periodo en que
el universo estd dominado por un nuevo tipo de fluido, diferente a radiacion. Desar-
rollamos un detallado andlisis analitico y numérico, de la temperatura de oscilacion
y de la actual densidad reliquia. Nuestros hallazgos muestran que la temperatura
de oscilacién estd fuertemente influenciada por la cosmologia no estandar, afectando
la densidad reliquia, y ademas, la densidad de energia del axion se diluye, debido
a que el nuevo fluido eventualmente decae e inyecta entropia en el bano térmico.
Encontramos que el espacio de parametros de materia oscura de tipo axion para
diferentes cosmologias no estandar y mostramos su impacto en el acoplo de axiones
a dos fotones.

En el manuscrito primero revisamos la cosmologia estandar. Luego presentamos
al axion como una solucién del problema de strong CP y mostramos el mecanismo
no térmico de produccion de axiones en el universo temprano. A continuacién, in-
troducimos la cosmologia no estandar y calculamos la densidad reliquia de materia
oscura de tipo axion, asumiendo que las oscilaciones del campo suceden en difer-
entes posibles etapas del dominio del nuevo fluido. Para resumir nuestros resultados,
mostramos el impacto de diferentes cosmologias no estandar en la ventana de mate-
ria oscura de tipo axion y la comparamos con la obtenida en la cosmologia estandar.

Palabras claves: Cosmologia, materia oscura, axion, misalignmnet mechanism.
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Chapter 1

Introduction

1.1 Dark Matter

By astrophysical and cosmological observation we know that Dark Matter (DM)
currently corresponds about the 26% of the energy density of the universe [1] but
its nature is still unknown, resulting in one of the biggest open questions in modern
cosmology.

One of the first proofs on the DM existence came from the observation of the
rotation curves of galaxies, namely the graph of velocities of stars and gas as a
function of their distance from the galactic center. Data revealed that the ordinary
matter, also called baryonic matter, only accounts for a very small fraction of the
average mass that was expected to be measured, to explain it, galaxies must have
enormous dark halos made of nonluminous matter of unknown composition as it is
shown in fig. [I.1, where the velocity profile of galaxy NGC 6503 is displayed as a
function of radial distance from the galactic center. The baryonic matter in the gas
and disk cannot alone explain the galactic rotation curve. However, adding a DM
halo allows a good fit of the data [2].

Dark Matter is also needed to explain consistently the precise measurement
from the peaks in the temperature anisotropies of the cosmic microwave background
(CMB). The CMB is composed of photons which freely propagate to us since the
time when atoms were formed at recombination time, therefore encoding information
of early events in the universe, among them is the dynamics of the primordial plasma
made up of baryons and photons. As the plasma collapses inward by gravity effects,
it meets resistance from photon pressure, reversing the plasma direction, which is
called rarefaction. This cycle of compression and rarefaction triggered a distinctive
pattern of peaks in the temperature anisotropies of the CMB. By measuring the
height of these peaks, is possible to deduce the amount of gravitational matter
that was present in the early Universe. The measurements [3] showed that a large
extra component is required, that does not correspond to radiation pressure, but
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Figure 1.1: Galactic rotation curve for NGC 6503 (data from [2]|) showing disk and
gas contribution plus the dark matter halo contribution needed to match the data.

contributes to the gravitational wells and therefore further enhances the compression
peaks with respect to the rarefaction peaks. As is illustrated in fig. [I.2] a third peak
that is boosted to a height comparable to or exceeding the second peak is a sign of
a sizable dark matter component at the time of recombination [4].

Confirmation of the existence of dark matter has also been found in gravitational
lensing, since gravitational energy density can bend light rays sufficiently enough
such that a distorted image is obtained by the observer. Thus, data obtained from
galaxies clusters required the existence of dark matter to explain the observed light
patterns [5].

Regarding to the nature of dark matter, the structure formation in the universe
that we observe today, guide us to consider that the majority of the dark matter
observed has to be in the form of cold dark matter, which means that this component
has to be non-relativistic at the time of galaxy formation. In contrast, a large
amount of hot dark matter involves the fragmentation of structures, which is not
in agreement with observations of large-scale structures [6, 7]. Additionally, DM
has not been observed other than gravitationally, therefore, the interaction with the
ordinary matter has to be very weak or inexistent. Besides, the DM has to be stable
on cosmological times scales.

The fact that the Standard Model of particle physics (SM) is unable to to explain
the nature of dark matter drive us to consider new physics beyond SM. Several
models for DM have been proposed over the past few decades, we will briefly discuss
some of them below.

Primordial black holes (PBH) became attractive DM candidates in the last years,
thanks to the discovery of gravitational waves (GW) from the events of black holes
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Figure 1.2: Planck’s power spectrum of temperature fluctuations in the CMB. The
fluctuations are shown at different angular scales on the sky. Red dots with error bars

are the Planck data. The green curve represents the standard model of cosmology,
ACDM. (Figure from [3]).

with unexpected high masses [8]. Its most popular production mechanism assumes
that these compact objects are generated during the period of radiation dominance
(therefore does not correspond to baryonic matter), due to the collapse of high-
density perturbations that were formed in a stage of inflation in the very early
Universe. The mass of a PBH depends on the amplitude of the fluctuation from
which it forms [9]. Through cosmological and astrophysical observations over the
last few years, it has been possible to obtain a strict upper limit on PBH abundance
for a wide range of PBH masses [10], However, the total number of detected events is
quite small, therefore recent observations show that PBH can not explain the total
DM abundance, and at most they can constitute a fraction of dark matter [11].

Another potential dark matter candidate are Weakly Interacting Massive Parti-
cles (WIMPs). They arise naturally in different theories beyond the Standard Model,
some examples are the neutralino in supersymmetry, or the lightest Kaluza-Klein
particle in theories with extra spacetime dimensions or the Heavy Photon in Little
Higgs models. Most of WIMP models place them in the range of masses around 1
to 100 GeV and interaction cross sections from 10 — 51 cm?, Their detection cross
section is limited by direct DM search limits. The strongest of these come from the
XENON100 [12] experiment and LUX [13].
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WIMPs are a very well-motivated candidates for DM, since on the one hand,
they are stable thanks to the fact that they have a symmetry that prevents their
decay despite their high masses and on the other hand, since they are thermally
produced in the early universe, along with being massive and weakly interactive,
they decouple from the thermal plasma being non-relativistic and then, with the
expansion of the universe, they begin to move with non-relativistic velocities, this
naturally yields a CDM scenario. An interesting observation and big motivation to
consider WIMPs as DM, corresponds to the “WIMP miracle”, which consist in the
fact that a thermal production of WIMPs with a weak-scale cross section give us
the correct relic dark matter abundance of Qcpy ~0.26.

Finally, the QCD axion is a solid dark matter candidate almost since the time
of its proposal [14} |15} |16], where soon enough it was realised it can be efficiently
produced non-thermally in the early universe |17, [18]. Axions appear as a pseudo-
Nambu-Goldstone bosons when the so-called Peccei-Quinn symmetry (PQS) is spon-
taneously broken, at some energy f,. As the universe cools down, the axion potential
energy changes during the QCD phase transition epoch, because instanton effects
break explicitly the PQS, and it acquires a small mass. During this process, the
value of the axion field gets realigned (the process is known as the 'misalignment
mechanism’), changing from an arbitrary initial value to the true vacuum value of
the field. This process is of extreme relevance, if the axion exists, since on the one
hand, it solves the so-called strong CP problem of the QCD sector, and on the other
hand, in the process of vacuum realignment [18, (19, [20, 21| cold axion particles are
produced during the oscillation of the field around the minimum, that contribute to
the dark matter relic density of the universe.

Axion DM is the main focus of this thesis and chapter [3]is entirely devoted to
them. But first, in the next section we will do a brief review of standard cosmology,
focusing on general tools that we require to carry out this thesis.

1.2 Overview of Cosmology

Thermal history of the universe
The Friedmann-Lemaitre-Robertson-Walker (FLRW) metric describing a homoge-

neous, isotropic universe can we written as

dr?
1—kr?

ds* = dt* — R*(t) ( + 7r2df? + r* sin? 9d¢>2> : (1.1)
where ¢ is the physical time, R(t) is the scale factor that describes the relative ex-
pansion of the universe and the parenthesis term represents the spatial line element.
The parameter k£ describes the curvature of our universe.

Solving the Einstein equations with the FRLW metric and using the cosmological

principle, we obtain the Friedmann equations ([1.2)) and (1.3]), that describe the

4
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evolution of the universe for any given energy content.

k 1 A
H24+ = = — 1.2
TR’y 12)
R 1
o 3 1.3

where Mp = 2.4 x 10*® GeV is the reduced Planck mass, p and p describe the energy
density and the local pressure of the fluid, respectively. The A term is associated
to the dark energy density, since we are focused in the early universe, its role is
negligible and hence we set A =0. In eq. we have introduced the Hubble rate,
which is defined as )
H = E, (1.4)
R
here, R represent the temporal derivative of R.
In a realistic description of the early universe, there is more than one fluid present
in the theory, for that reason we define the total energy density p;; and the total
pressure p;o; of the system as

Ptot = me Ptot = sz; (15)

here, the subscript i labels the i-th fluid that we are considering. There are at least
three of such forms: radiation, non-relativistic matter and dark energy.

To have a full description of the system, we need a third equation in addition to
eq. (1.2) and eq. , linking the density and the pressure of each fluid, thus, we
introduce the equation of state

Pi = Wipi, (1.6)
where the parameter w characterizes the fluid, for instance, radiation has w=1/3,
while non relativistic matter is pressureless, i.e. w=0.

On the other hand, from the first Friedmann equation, we can see that the space
is flat (k = 0) if the density of the universe equals the critical density p. defined as

Now, we introduce the density parameter as the ratio of the total energy density for
some fluid p; to the critical energy density

Q=" =" =30, (1.8)

Pe Pe

There are important cosmological parameters characterizing the energy balance
in the present Universe. Their numerical values today are [1]

Hy ~ 100hkms™'Mpc™!, pe ~ 3.44 x 1077GeV ™, (1.9)
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and
Qa0 ~ 0.68, (1.10)
Q0 ~ 1077, (1.11)
Qo ~ 0.31, (1.12)

about €2,,, o, we know that non-relativistic matter consists of baryons and dark mat-
ter, the current contributions of each one is

Qo ~ 0.04, Qparo ~ 0.26, (1.13)

here and throughout this thesis, we indicate the values of parameters at the present
time with the index 0.

The current model of the universe predicts that it is critically flat at large scales
and is verified by various simulations and experiments [1], this leads eq. to

become )
H? = ——p. 1.14
s’ (1.14)
From the Friedmann equations, we can derive the continuity equation, which
give us the evolution of energy density in an expanding universe and is written as

p+3H(p+p) =0. (1.15)

By plugging eq. (1.6) and eq. (1.14]) into the continuity equation we can obtain
the evolution of the energy density as a function of the scale factor with constant

relativistic degrees of freedom,
R 3(14w)
=n(E) (1.16)

We now turn our attention to a thermal bath of particles. The energy density
of relativistic particles is defined as

w2 Tt

:*T 5
p g()30

(1.17)

where g, (T) counts the number of relativistic degrees of freedom. The number of
relativistic degrees of freedom at temperature T for species ¢ that decouple from the
thermal equilibrium at temperature 7T; can be defined as

g=>_ g (%)4+£ S <§)4 (1.18)

bosons fermions

Figl.3| illustrates the evolution of the relativistic degrees of freedom with the tem-
perature. For T' > 1 TeV all the Standard Model degrees of freedom are relativistic

6
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Figure 1.3: Evolution of the degrees of freedom in the Standard Model with the
temperature

and in equilibrium and g,s = 106.75. For T" < 1 MeV, the only relativistic species
are the photons and the three neutrinos, and g,s= 3.36.
For a radiation-dominated universe the expansion rate is

H(T) = \/ Tg.s(T) T (1.19)

30 3MZ

from eq. (1.16) and eq. (1.17) we realize that T oc R~ and we get the temporal

derivative of the Hubble parameter in this period as

dH dH
— =RH— = —2H". 1.20
dt dR (1.20)
On the other hand, at early times the universe evolves adiabatically so the comoving
entropy density S remains constant, we can write it as
d(sR*) =0, (1.21)
with s the entropy energy density, defined by

p+P 27

here, g, counts the number of relativistic degrees of freedom that contribute to the
entropy and are given by

gs= Y i (%)Z% > <§)3 (1.23)

i=bosons i=fermions
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We can rewrite eq. (1.21)) as eq. (1.24) to get the evolution of the temperature
in the universe

ds
— +3Hs=0. 1.24
o T3Hs (1.24)
The above equation can be cast in favour of the scale factor R instead of time
as
dT T dgs\ '/ T
— =1 —— 1.25
dR <+3g*SdT) <R)’ (1.25)

which gives us the relation 7' = T'(R).
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1.3 Big Bang Nucleosynthesis

One of the stringent validity test of the standard model of cosmology (ACDM)
corresponds to Big Bang Nucleosynthesis (BBN). This period occurs during the
radiation-dominant epoch, with a typical temperature scale of O(1) MeV. At that
scale, due to the cooling the universe generates by its expansion, radiation is not
energetic enough to significantly break the bonds in the strong sector, such that
hadrons started to participate in efficient fusion reactions giving way to the creation
of the first light nuclei, including deuterium (D), helium-3 (*He), and helium-4
(*He). This chemical element synthesis prediction is in agreement with the pri-
mordial abundances inferred from observational data acquired from, for instance,
the absorption lines of ionized hydrogen region in compact blue galaxies [22] and
the spectra of metal-poor main-sequence stars [23]. This matching with very high-
accuracy is taken as a standard cosmology model backup and therefore provides
powerful constraints on possible deviations from it. According to the above, BBN
corresponds to the earliest moment of the universe that we have direct evidence,
any prediction about previous history is still speculation.
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Axions

2.1 The strong CP problem

In quantum chromodynamics (QCD), the theory of strong interactions, the nontriv-
ial topological vacuum structure generates a CP-violating term, such that we can
include it in the QCD Lagrangian as

2
9s 5 SNy
Lacp+o = Laop + 35550 G G (2.1)

where G, corresponds to the gluon field strength tensor and G’W is its dual, g, is
the QCD gauge coupling constant and 6 is a combination of two parameters

é =0+ eweakv (22)

the parameter e, appears when the electroweak interactions are considered and
we can express it in terms of the quarks mass matrix M as

Oweax = arg (Det M) , (2.3)

while the term 6 comes from the non trivial description of the QCD vacuum.
The 6 term violates P and CP symmetries and gives rise to a non-vanishing
neutron electric dipole moment (NEDM)|[24]

dy =~ 4.5 x 107 fecm, (2.4)

here e is the electron charge. By no-observation of NEDM in experiments is possible
to constrain its value with a tight upper bound [25]

|d,| <2.9%x10%ecm  at 90% C.L. (2.5)
which translates into an upper bound for 6

0 <0.7x 107" (2.6)

10
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From eq. and eq. , we can derive that Oye. and € must to cancel with high
precision. That is of course not forbidden, but these two quantities have a physical
origin completely unrelated and there is no natural explanation for the extreme
cancellation of them. Consequently, the strong CP problem it is considered as a
fine-tuning problem.

2.2 Axions as a solution of the strong CP problem

Three main solutions were proposed to explain the strong CP problem: one simple
alternative is to consider a massless up-quark [26], another option is a spontaneous
breaks the CP symmetry that would allow to set # = 0, and the third is the Peccei
Quinn mechanism, which introduces a new particle, the axion. About the first
proposal, if the up-quark is massless (actually is the lightest quark) is possible
to make the term L£; disappear by a rotation of the quark fields, such that 0 is
unobservable. But by computing the topological mass distribution with Lattice
QCD, an inconsistency appears when considering a massless up quark [27]. On
the other hand, in a model which spontaneously breaks the CP symmetry, one can
set @ = 0 at the Lagrangian level. However, if CP is spontaneously broken  gets
induced back at the loop—level [28]. To get # < 10~ one needs, in general, to
insure that @ vanishes also at the 1-loop level. The major drawbacks of this solution
are that their models are quite complex [29, |30, in addition to the fact that the
experimental data is in excellent agreement with the CKM Model- a model where
CP is explicitly broken [2§].

The third and the most popular explanation of the smallness of § corresponds
to the PQ mechanism which involves an hypothetical particle called the axion |14,
15 16]. The main idea of the solution consists in promoting the 6 parameter to
a dynamical field and then via QCD non-perturbative effects (instantons) the new
field relaxes its expectation value towards zero.

The PQ mechanism is based on the introduction of an additional global U(1)
symmetry. This symmetry, called the Peccei-Quinn symmetry or U(1)pg, is spon-
taneously broken at some energy f, > vpw= 247 GeV. As a consequence of the
spontaneous breaking, the axion a(x) emerges as a Goldstone boson. In addition,
the U(1)pg is also explicitly broken by instanton effects, meaning that the axion
feld acquires the anomalous coupling to gluons and a residual U(1)pg symmetry
acts as a shift symmetry on the axion field a(z) — a(x) + « fa.

The Lagrangian of the theory has then the form

Locp = Locep + Lg+ L, (2.7)
=L + : 0G,,G" + . a G, G* 10 0Ma +

— 9s LGH 9s @ LGHY 2 . 2.8

@ep 3272 K 3272 f, K 2 u@ ( )

where dots account for other possible interaction terms.

11
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The effective potential for the axion field has a minimum at (a) = —f,0. Thus,
the @ CP violating term can be absorbed into the axion field, defining the physical
axion field a

aphys = — —|— 0 (29)
Ja

Therefore, the  parameter has been promoted to a dynamical field that evolves
to its CP-conserving minimum (appys) = 0.

For simplicity, we introduce a dimensionless field, the misalignment angle

0= R (2.10)

here we have rewritten apnys as a.

In spite of the fact that the axion appears as a Goldstone boson, it gets a non-
zero mass from the QCD anomaly. The axion mass is temperature dependent and
is inversely related with the decay constant f, by

x(7T)
2

Where x(7T) is the topological susceptibility in QCD, which has been evaluated in
the chiral limit [31, |32], next-to-next-to leading order in chiral perturbation theory
[33], and directly via QCD lattice simulations [34] and they all coincide in the central
limit of y

m2(T) =

(2.11)

9
me = 5.69M meV (2.12)
Ja
with a zero-temperature value of x(0) = xo = 0.0245 fm~*, in the symmetric isospin
case estimated from Lattice QCD simulations.

For our numerical calculations we will use the results of ref.[34] for the axion
mass, but for analytical estimations, we will use an approximate expression, which
has to be cut off by hand once the mass reaches the zero-temperature value, we can
summarize it that as [35]

7o\
amg ., T'>Agep
Agep

my, T < Agep

ma(T) = (2.13)

with Agep ~ 400 MeV, a = 0.02 and is related to the ratio of the topological
susceptibility at two different temperatures.

The axion mass is a free parameter in the QCD axion theory and in fig.
we show some astrophysical and cosmological constrains on a wide range of the
Peccei-Quinn axion mass in combination with experimental searches. Some of these
restrictions will be reviewed in section 2.5
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2.3 Axion couplings

The interaction between axion and photons is described by the term
Loy = g%raF“”FW — g, BB, (2.14)

where F* is the photon field strength, w 1s its dual field , E and B are the electric
and magnetic fields respectively, a is the axion field and g, is the axion-photon
coupling and is parametrized by [306]

o FE
Gay = ol <Z - 1.92> , (2.15)

here o = £~ is the fine structure constant, A is the color anomaly related to QCD,
while E is the electromagnetic anomaly. the ratio £//A is a model dependent factor
and the most popular models will be described in the next subsection.

The axion-photon coupling is generic to all the models and most of axion searches
strategies are based on this interaction. In general, a broad range of its values is
possible as indicated by the diagonal orange band in fig.

Depending on the model, axion also could have interactions with fermions, writ-
ing the interaction Lagrangian as

. Gaf = -
Lof = —idY G 7T a, 2.16
! Zme r¥ra (2.16)

where U ; is the fermion field, m the fermion mass and g, the axion-fermion couling
constant, given by
Cymy
gaf = f 9
a

(2.17)

here Cf is a model-dependent parameter that gives the PQ charge of the fermion f.

2.4 Axion models

2.4.1 KSVZ model

The KSVZ model was proposed by Kim [37] and by Shifman, Vainshtein and Za-
kharov [38], in this model, the axion does not couple with SM fermions at tree level,
implying Cy = 0 in eq. (2.17). Axion KSVZ has a coupling at tree level to gluons
and to an exotic heavy quark () being the unique particle which carries PQ charge
in the KSVZ model , while the interaction with other SM particles occurs at one
loop where the gluons and the new ) quark act as mediators. Depending on the
charge of @, the ratio E//N in eq. changes, The most common value used in
the model is E/N = 0 as long as the electric charge of the new heavy quark is taken
to vanish.

13



Chapter 2

2.4.2 DFSZ model

In the DSFZ model [39] the fundamental fermions carry PQ charge and no exotic
quark is needed. The DFSZ axion couples at tree level to SM photons and charged
leptons, besides nucleons. This model predicts E/N = 8/3 and the model also
establishes the value of the axion-electron coupling C, as

_cos® By

Ce :
3

(2.18)

with cot Sy the ratio of two Higgs vacuum expectation values from this model.

2.5 Astrophysical bounds and axion searches

2.5.1 Astrophysical bounds

Stars and other astrophysical objects represent an optimal environment for the pro-
duction of light and weakly-coupled particles such as axions. The presence of axions
would add new emission channels in the well-studied astrophysical processes and
therefore give us possible restrictions on the parameters of the axions. Some of
these restrictions in astrophysical environments will be briefly described below.

Axions from the Sun

In the solar plasma a photon can convert into an axion if it interacts with an
electromagnetic field generated by the charged particles in the plasma, this is the so
called Primakoff effect. A restrictive bound on g, is derived from the fact that the
emission of axions from the Sun implies an increment of the nuclear burning and,
consequently, a distribution of the solar temperature, leading to an increase in the
8B neutrino flux. In [40] has been used the neutrino flux measurements of the SNO
(Sudbury Neutrino Observatory) to obtain the limit g,, < 7 x 10712 GeV~'. Also,
the axion-electron coupling has been constrained to gqe < 2.5 x 10~ GeV ™! by the
Bremsstrahlung collisions.

Globular clusters

A globular cluster is a gravitationally-bound ensemble of stars which formed at
about the same epoch. Two different types of stars in globular clusters are especially
interesting for the axion bounds, the horizontal branch (HB) stars and the red giant
branch (RGB). When axions are included in the model, helium-burning stars may
consume helium faster than expected rate due to the new energy loss channel, which
is negligible for RGB stars. So the population of RGB stars should be relatively
larger than the population of HB stars inside the globular clusters. By computing
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the observed population of HB and RGB stars , the axion-photon coupling is
constrained to g,, < 1071°GeV 1, it translates, for instance, for the DFSZ model in
fa 2107 GeV or its equivalent my < 0.5 eV .
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Figure 2.1: Axions parameter space for the axion-photon coupling, the most sensi-
tive experiments are shown: laboratory experiments (ALPS), helioscopes (CAST),
haloscopes (ADMX) and telescopes. Also the most significant constrains from hor-
izontal branch (HB) stars are drawn. The yellow band represents the most favored
axion models. (Image from https://github.com/cajohare/AxionLimits!)

White dwarfs

White dwarfs (WD) are a remnant of initial low massive stars. A WD is very
hot when it is formed, but since it has no energy source it gradually cools down
due to neutrino emission and later by surface photon emission. The possible emis-
sion of axions by axion-Bremsstrahlung, could imply an increase in their cooling
rate. The axion emission can be constrained by comparing the observed cooling
speed with WD models. The most restrictive limit on the axion-electron coupling
iS goe < 10713 GeV 1 . Whereas the axion-photon coupling is constrained using
the amount of linear polarization in the radiation emerging from magnetic white
dwarfs. This method sets an upper limit on g, that depends on the axion mass m.
In ref. , they derived the bound g,, < 1071 GeV~! for my < 107* eV.
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2.5.2 Axion searches
Helioscopes

Several helioscopes, like CAST are used to detect the flux of solar axions. These
helioscopes are essentially vacuum pipes, where the principle of detection is the use
of a strong magnetic field to convert solar axions back into photons. The requirement
that the total luminosity of the axion be less than the known solar luminosity leads to
a limit for the axion—photon coupling and axion—electron coupling. CAST currently
gives the strongest constraint for g,, [44], which lead to an upper limit, g,, <
0.66 x 1071 GeV~! for axion mass values below my < 0.02 eV .

Haloscope

Haloscope technique consist in the detection of non relativistic axions by a resonant
cavity. In such cavity, a strong electromagnetic field is produced, with a frequency
related to the size of the cavity. There exists a narrow range of the axion mass for
which the axion would interact with the electromagnetic field and convert into a
light pulse which would be eventually detected. The most sensitive axion haloscope
currently is the Axion Dark Matter eXperiment (ADMX) [45], where the region
excluded so far is 1.9 ueV < my < 3.53 peV.

In figl2.1) we show the most sensitive experiments with the current limits on the
photon coupling of axions and the projected extension of these results with ongoing
upgrades within the next years. Also, the most relevant constrains and hints by
astrophysical observations are draw.
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Axions as Cold Dark Matter

Previously, we wrote that the spontaneous symmetry breaking (SSB) of the PQ sym-
metry occurs when the temperature falls below the critical temperature, Tpg ~ f,.
it is crucial to define whether the SSB occurs before or after inflation, because if the
SSB occurs in a post-inflation era, in addition to having the misalignment mecha-
nism (section , which happens at temperature Agep < f,, an extra production
of non-thermal axions appears.

Let us introduce the Gibbons-Hawking temperature Ty = Hp/2m [46], here
the expansion rate at the end of inflation H; has an upper bound by the WMAP
measurements [47]

H; <6 x 10" GeV, (3.1)

while a lower limit on H; comes from requiring the Universe to be radiation-
dominated at 7" ~ 4 MeV, so that primordial nucleosynthesis can take place [48].
This temperature constraints the smallest allowed reheating temperature by infla-
tion, such that

H; > 7.2 x 1072 GeV. (3.2)

Therefore, there are two scenarios that can be distinguished in the axion cosmo-
logical history

&)‘

e Scenario A: SSB occurs after inflation ends (f, < 52

e Scenario B: SSB occurs before/during inflation ends (f, > 21).

If the PQ symmetry breaks after inflation, the axion field is very inhomogeneous
such that the universe consists of many patches causally disconnected. Under this
condition, topological defects are present in the early universe, like axion strings,
and they are an important source of cold relic axions, produced by their decay. The
patches in the universe have different initial expectation values for the axion field,
and as an initial condition it is usual to take the average contribution over a Hubble
horizon, corresponding to 6; = 7/v/3. The preferred mass range for axion cold DM
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in this scenario, is 5 x 107%eV < mg < 1072eV [49, 50|, also referred as “classic
axion window”.

If the axion field is already present during inflation, it can produce isocurvature
fluctuations due to quantum effects. By the restrictions in this type of fluctuations
obtained from CMB observations along with WMAP-7 + BAO + SN data [51], we
can obtain a bound in the parameters of the axion related to the inflationary scale
H;. Considering that axions give the dominant contribution for cold dark matter
abundance (Qcpy = Q4), the bound corresponds to

H; < 4.3 x107°0;f,. (3.3)

On the other hand, in scenario B, if the PQ symmetry breaks before or during
inflation (and it is not restored afterwards), due the fast expansion, the axion field
becomes homogeneous, consequently, axionic strings are not present. In this sce-
nario, the initial expectation value of the field is arbitrary, with 6; € [—m, 7] and
gets homogenised during inflation, such that the observable universe has just one
value of #;. In sceneario B is usual to define the “anthropic axion window” with
fa > 10" GeV or the equivalent my < 5 x 107¢ eV [49, 50].

The contribution of axions produced by decays of topological defects is so far
still under discussion, where the main discrepancy comes from the rate at which the
axions are emitted from them. Due to these uncertainties, in this thesis we only
focus on studying the production of axions in a non-standard cosmology through
the misalignment mechanism. Even so, for the sake of completeness, in section [3.2]
we include a brief overview of axion production from topological string. For more
details about it, see [52, 53], |47] and in [54] the contribution from the decay of an
axionic string network was performed in a a scan of cosmological histories.

3.1 Axions from the misalighment mechanism

After the spontaneous breaking of the PQ symmetry, the axion field acquires a
residual potential with the form

V(a) = m2(T) f2 (1 - cosfg) : (3.4)
The axion Lagrangian density is given by
1 9 9 a
L= 5@@8“& —mg(t)fs (1 —cos ) (3.5)

It is convenient to work with the dimensionless field 0(x) = a(x)/f, introduced in
eq. (2.10) and the equation of motion considering a FRW metric corresponds to

1
R2(t)

6+ 3H(t)) — V20 +m2(T)sinf = 0. (3.6)
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Figure 3.1: Oscillation temperature vs axion mass. Black line is for the numerical
solution and dotted black line is for analytical solution The bend around mg ~
10~°ueV corresponds to the QCD transition. The gray area corresponds to scales
over the Planck scale.

Literature , has widely studied that the axion contribution to dark matter
comes from the zero momentum axion modes. For that reason, from now on we
consider VZa = 0 and the equation of motion become

0+ 3H(t)0 +m?(T)sinf = 0. (3.7)

In the early universe, when the temperature is 7" > Agcp, the axion mass is
negligible compared to the friction term from the Hubble expansion, so the solution
for eq. is 0 = 0;, with 0; a constant, referred as the initial misalignment angle.
When the temperature drops off and become T' ~ Agcp the axion mass term gets
important, such that 3H ~ m,. This misaligns the axion potential and the axion
begins to rolls toward the true minimum of the potential, corresponding to (f) = 0.

We introduce the oscillation temperature 7T,., which is defined as the tempera-
ture at which the oscillations start and is usually obtained through the relation

ma(Tosc) = 3H<TOSC)7 (38)

by considering the standard cosmology, the CDM axion oscillates in a radiation
dominated epoch, so by inserting the Hubble parameter written in eq. ((1.19) and

eq. (2.13) into eq. (3.8)), Tys takes the form

Tosc - ma(Tosc)Mp(g*(Tosc))_1/4a (39)
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From the previous expression it follows that depending on whether the temperature
effects are important for the mass of the axion or not, there are two expressions for
Tose given by

(
g* (TOSC>

1/6
) for  Tose > Agep,
1/2
(%) for  Tose < Agep.
\

T = (3.10)

g« (Tosc

The behaviour of Ty, is depicted in fig. |[3.1, where the change in the slope is
quite visible arounf the QCD transition, as expected. The mass of the axion at
which this intersection takes place can be easily computed to be

al?
QCD -5
m; = ~ 10 ueV. (3.11)
\ "oz

Finally, the solution for eq. (3.7)) is no longer trivial, we can find the evolution
of a(t) using WKB approximation

a(t) = ap (%) v cos(/ mg dt). (3.12)

For the numerical analysis, let us express the time dependence in terms of the
scale factor by replacing % =RH %. By doing this, we obtain the following evolu-
tion equation

4 H(R) ma(R)\* .
0" —+ | 0=0 3.13
* (R * H?(R)R) * (H(R)R S = (3:13)
where ¢ = df/dR and H in a radiation epoch is given by eq. (1.20). The numerical

solution is shown in fig.
Now, from the energy tensor considering a perfect fluid, we can write

1 1 1
Pa =50+ V(a) = §a2(t) + EmZ(T)a(t). (3.14)
For T" < T, we can take time average over the period of the oscillation and
obtain p ~ (a) = im2(a)®>. In spite of the energy density of the axion is not

conserved, since the mass varies with time (see fig. [3.3)), the comoving axion number
is conserved N, = n,R3, therefore, we can find the energy of axions today as p,(t) =
mana(t), and it gives

pa(T0) = pa(Tosc)m:gosc) (];O) : (3.15)

20



Chapter 3

1.00

0.751
(&
z
0.50 A~
0
0.251

—0.251

0.00 \/ v \/UVVVW"WW

05 1.0 1.5 2.0 25 3.0

Figure 3.2: Numerical evolution of the axion field with an initial misalignment angle
f;=1 and axion mass my = 1lpeV. The axion starts to feel the pull of its mass at
R,s., and evolves to its minimum at ¢ = 0, i.e. the misalignment mechanism solves
the strong CP problem.

where we have used that axion number is conserved from the oscillation time until
today as shown in figure . From eq. we can see that energy density behaves
as non-relativistic matter from the oscillations time onwards.

Since universe evolves adiabatically, the scale factor and the temperature are
related through the condition of entropy conservation and we can write (Ros./ R0)3 =
s(Ty)/s(Tosc), consequently we have an explicit expression for the present axion
energy density as a function of the temperature

mo s(To)
mg (Tosc) S(Tosc> 7

We can insert T obtained in eq. (3.10) into eq. (3.16]) to write down the current
relic density of axions, where the general expresion is

0 2 o fa 3/2
oo (775 (ke ) s1n

while for the two regimes we get

0.17 (f) (5 G V> mo > 107 peV,
Gue
Q, ~ H _3/ (3.18)

0; 2 mo
0.006 [ = < 10~°pueV.
(1) (5.6ueV) o = S He

Pa(T0) = pa(Tosc) (3.16)
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Figure 3.3: (blue) The axion energy density keeps varying due to the temperature-
dependent mass. (red) The comoving number of axions produced via misalignment
mechanism is conserved, although it is not immediately when the oscillations begin
at Rosc, this is still a good approximation.

The initial misalignment angle needed at the moment of oscillation varies from
0; € [—m; |, where values of 6; below O(1), are considered anthropic, meaning that
they seem to be unnatural. We can write down an analytical expression for the
oscillation angle, 6;,

Pe (Mp m0)3/2 .
20— — mo > 1072 eV,
xo ToF(T)
0?7 = (3.19)
e (M, mg)7/6 1/6
QQG%(TQT(O%) (a Azé?CD) / ;o My < 10_5Nevv
0
7r2 « (4L osc 3/4
here F(T) = 2o ( o (T >) .

Imposing that axions represent the total dark matter currently measured such
that 2, = Qcpy= 0.26 , we get a relation between the parameters mg and 6; .
Figl3.4 shows the analytic approximation of egs.(3) and (8) matches well with the
full numerical result, the differences at small angles come from the approximation for
the axion mass, since for our analytical computation we are taking an abrupt change
so that it evolves as a constant at low temperatures whereas the full numerical data
decreases slowly towards mg. Moreover, Also, for the region above the curve, we
have a combination of parameters that give us an overproduction of axions, while
below the curve, the axions cannot explain the total dark matter and it gives rise to
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Figure 3.4: Initial misalignment angle vs axion mass. Black line is for the numerical
solution and dotted line is the analytical solution obtained in eq. (3.19). The gray
area corresponds to scales over the Planck scale.

consider a second component. In fig. We have also included data from , which
were determined using lattice QCD that highlight the subtile variation in x (7).

3.1.1 Anharmonicities

As we have seen, the full cosine-potential of the axion makes the evolution equation
of # nonlinear, we have avoided this by considering a small § such that the potential
becomes approximately harmonic, namely V(a) = m2a?/2 as we wrote in eq. (3.14)).
However, for large initial displacements 6; ~ 7, anharmonic corrections caused by
axion self-interactions become important and the potential becomes flatter than
the used potential, resulting in the axion field oscillations starting in a R,,. delayed
increasing the relic abundance relative to the harmonic approximation.

The solution to taking account the anharmonicities effects and thus improve
the approximate computation obtained in fig. is to introduce an anharmonic
correction factor F(6;) whose function is to parameterize the anharmonicities, i.e.
0; — F(0;)0;. For small values of ; the function converges to one and diverges for
larger values. An analytic approximation to F(6;) for the cosine potential is

F(6:) = [m (#;/ﬂ)} " (3.20)
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3.2 Axions from string decays

Essentially, the dimensionless axion field # can be introduced to the theory as the
phase degree of freedom, of a new complex scalar field, the PQ field

Dy = |Dgyle®. (3.21)

The cosmological evolution of the PQ field is given by
1 A
£= 30,9 = 5 (18 - v?)?. (3.22)

The effective potential in eq. induces the PQ) phase transition such that the
scalar field a gets vacuum expectation value [(®)[* = v2 o< f2, and the global U(1)pg
symmetry is spontaneously broken, as a result, the axion, lies in the degenerate circle
of minima in the potential. Since the symmetry breaks in different regions of space,
there is a non-trivial winding around the false vacuum, which corresponds to the
formation of axion global strings.

It has been well studied that the string networks enter the so-called scaling
solution [58], where the large-scale structure scales with the horizon scale and we
expect about one long string per Hubble volume. During the radiation dominated
regime, the energy density of the long-string network is described by

Iis

here ¢! is a long-distance cutoff of order the horizon and pu, ~ 27 f2In(f,d) the
energy per unit lenght of the global string with d the characteristic distance between
strings.

When the universe expands and cosmic strings cross, they can form loops and
the scaling symmetry is maintained by the continuous emission of axions [56]. As
soon as the axion mass becomes important at T, these loops become unstable
and strings become the boundaries of so-called domain walls, as a consequence, the
emission of axion particles ceases [52].

In the literature there has been discussion about the shape of the energy spectrum
of the radiated axions w(7") |53 59] and numerical simulations of decay of axion
strings are required in order to determine it.

The total numberof axions produced by string decay in a comoving volume is
given by the integral [56, 60] from the time of the PQ phase transition at T = f,

up to Tosc
fa
ng L
Mo o7 B _ar 3.24

p / . w(T)M2 (3.24)

Axions produced by string decay are dominated by the low-frequency modes,
making them non-relativistic and contributing to CDM. We can write the relic en-
ergy density of axion radiated by strings compared with the misalignment production
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as
Qa,str = Oty Qa,mis~ (325>

Results in the classical literature for ag, are [61], 53, |59], with values ranging from
0.16 to 186.
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Axion CDM in a non-standard
cosmological scenario

4.1 Non-standard cosmology

In the following, we will develop - in a general way - the model that will give rise
to the non-standard cosmology (NSC) considered here E] The particular details of
the particle physics model have been considered elsewhere [63] |64, |65, [66]. For
us it suffices that the NSC is generated through the existence of one or a set of
heavy meta-stable particles that potentially come to dominate the energy density
of the early universe, with a general equation of state p, = wpy, such that their
(combined) energy density scales as pg oc R317%¢) [67] P In order to ensure the
successful period of nucleosynthesis, the field shall decay before the temperature
Tena ~ Teeny ~ 1 MeV is reached, with a a decay rate of I'y. Our assumption will
be that the decay is entirely to the light degrees of freedom of the Standard Model,
and that they are in local thermal equilibrium among themselves. The equations
that govern the evolution of the energy densities of the new field and radiation are
[68]

d

%+3(1+W)Hp¢:—F¢p¢, (41)
dS F¢>
— Hs=— 4.2

!'Non-standard cosmologies have received quite attention lately and a good review on the field
can be found in [62].
2We will denote the new field as ¢, but bearing in mind that could be a set of n metastable
. . n
fields whose energy density can be written as pg = >, pg,-
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Using eq. (1.22]) the latter equation above can be recast to find the relationship
between temperature and scale factor as

dT T dgs\ '[ T Typs
(1 Ly tebe | 4.3
dR ( HET™ dT> [ R 3HsR (4:3)

Recall also that now the Hubble parameter is given by

Py + PR+ Pa
H=,—"—F—"" 4.4

Nonetheless, the axion contribution is always subdominant, so we will ignore it.
Then, the evolution of the ¢-radiation system is decoupled form the DM evolution
and can be solved numerically.

We will assume there is certain initial condition at temperature 1" = T;, between
the radiation energy content pr and the one of the new field p,, such that

k=L (4.5)

PRi
That is, for k < 1 there is always initially a period of radiation domination, which
could be undertaken by the dominance of the new field, if w < 1/ iﬂ
It is customary to define the temperature at which the field has mostly decayed

away, Tena, as [68, [69] 00
4 2 2
end — 2 g*(TRH) MP F¢' (46)
As long as I'y < H(T), the entropy is separately conserved in the SM and
in the hidden sector of ¢, and thus, the temperature in the SM follows the usual
relation for a radiation dominated universe 7' o< R~*. Once the dominance of ¢ is
established, the universe will expand accordingly with the equation of state, such
that H oc T3(1+ws), During their decay, entropy is no longer conserved and is
transferred to the SM, therefore, the expansion of the universe changes as H oc T4,
no matter the equation of state [70] . The evolution of the energy densities pys and
Pr, as well as the evolution of the temperature as a function of the scale factor R
are shown in ﬁg.lﬂ. Different relevant stages of the evolution are: a) R.,: the
moment where both energy densities from fluid and radiation become equal (this
region is only present if kK < 1). b) R.: scale factor when the decays of ¢ start to
affect the temperature of the SM, and ¢) Renq: the scale factor at T = Tonq. We

3Depending on the value of x, even for w > 0.3 can happen that ¢ is not able to dominate over
radiation

4The green dotted line corresponds R,q, the numerical scale factor at which the entropy injection
to radiation has ceased and the evolution goes back to be adiabatic. In our analytical work we
consider a spontaneous decay, such the standard cosmology is recovered at Renq, we will see
throughout this work, that is a good approximation.
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Figure 4.1: Evolution of the energy densities for radiation (black) and ¢ field (red)
as a function of the scale factor R, for w = 0, T.,q = 4GeV, T; = 102 GeV and
k = 1073, The vertical lines are R.,/R; (solid blue), R./R; (blue dotted), Rena/R;
(solid green).

can find analytical expressions for these parameters by solving the evolution of the
energy densities egs. and . A more detailed derivation of these equation
in the different regimes of dominance is outlined in the appendix [A1] in here we
just highlight the most important results.

Before the decays of ¢ can affect the evolution of the temperature, meaning
I'y < H(T), can be easily seen from egs. and , that the energy densities

evolve as A 5
— pps : = pgi | — 4.7

Where R; is an arbitrary initial scale factor associated to the temperature T; and
we have defined § = 3(ws + 1). The point where both energy densities equate is
what we define as R = R.q, which can be written as

Req = Rik7 7, (4.8)

For 8 = 4 the relation is not well defined, since this value is not compatible with
k < 1. For k > 1 the two energies do not equate at this stage, but later, when ¢
field decays. In this period the relation 7" oc R™!, still holds, so we have

Toy =T, k75, (4.9)

We assume there will be a period of ¢ dominance, that in the case of K < 1 starts
from Re, on. At some moment, the decay of ¢ has an impact on the evolution of

28



Chapter 4

the SM temperature, this happens around the scale factor we have denoted as R..
Thus, we solve analytically egs. EI) and 1' with H(T') ~ [;,03\(4?' To first order
in ['y/H;, where H; = H(R;), we find]]

(R’ or, (R\"”
R) = . b RS Vo b A el
polR) = pan (R) " BHi(R)

B\ e e (R
R B8—F)H: \ R

For R < R, the first terms of the rhs of eqs. (4.10)) and (4.11]) are the dominant
ones. Eventually, as the decays of ¢ start to be important, the second terms of the
rhs can not be neglected. We find, by equating the first and second term of the rhs

of eq. (4.11)) that,

: (4.10)

pr(R) =~ pri (4.11)

(8- B) H \ ™

NI '
And by requiring the second and third term of the rhs of eq. (4.10|) are comparable,
we find an expression for when the decays start to be important, meaning R = Reyq,

R. <~ R; ( (4.12)

to be 25
B/k H;
Roa~ R | ————— . 4.13
a < o, (4.13)
And the corresponding temperatures can be obtained from
Ri ! F¢ TeQHd
ORi (E) ~ pr(Te), and I = ik (4.14)

to find

C(MENT (4 TN
fe = T"(Hi<8—ﬁ>) _T"(<8—6>2 T) | (4.15)

From this analysis it can be also extracted that deep during the ¢ domination, the
relation between temperature and scale factor is

1/4 8
T=T, 2v% T / £ B/. (4.16)
"18-p8 T? R

We emphasize the equation above, tells us that for smaller 5, the temperature
decreases more slowly with the universe expansion and therefore it implies that

SThese expressions are only valid for 3 > 0. The solution for the case 3 = 0 can be found in

the appendix
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the universe is bigger when reaching the temperature T,,q. Let us stress that the
range of equations — are only valid if the fluid dominates strongly over
radiation. There can be certain cosmologies where this is not the case - and still
have an impact on the axion relic density - and thus, the above referred expressions
have to be handle carefully.

We can differentiated 4 regions in a NSC (see fig. , these regions can be
characterised by the scale factor (or temperature) and they are :

i) Region 1, R < R, : dominance of radiation much before ¢ decay. This period
will be present only when x < 1 and R.q sets the moment when the energy of
radiation and ¢ equate.

ii) Region 2, R.q < R < R.: dominance of ¢, prior its decay becomes significant.
Again, R, is only present for k < 1. For x > 1 the lower bound of the region
has the be replaced by the initial condition R;.

iii) Region 3, R, < R < R.nq: dominance of ¢, which significantly decays into
radiation.

iv) Region 4, R > Reyq: dominance of radiation where still decays are significant
for the temperature of the universe.

As we will see in section axion oscillations can take place within these four
period and lead to a different relic density today than in the standard cosmology.

4.1.1 Effects of the NSC on the expansion of the universe

Different NSC scenarios will result in different cosmological histories for the Uni-
verse. The expansion of the universe, parametrised by the Hubble parameter, H is
affected according to eq. . In fig. we show the evolution of H/Hpg - where
Hp, is the Hubble parameter in a radiation dominated universe - as a function of the
temperafcureﬁ7 where we have defined

r=T/T. (4.17)

From the fig. [4.2] we can visualize Region 1 as the radiation domination period
from 7=1 until the curves begin to rise at the temperature 7. Then, Region 2
begins, here the field ¢ dominates over radiation, so we have an increase in the
expansion rate and the region ends when the curve reaches the peak at 7.. From
there it starts Region 3 until the temperature 7,4 (vertical line). Finally, we come
back to the period dominated by radiation, recovering the standard cosmology. We

6In this case we have chosen the temperature as a variable, because it allow us to place easily
the relevant temperatures Teqg, Tc, Tend, than using the scale factor as a variable.
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Figure 4.2: The evolution of the Hubble parameter as a function of temperature for
different NSC. In (a) we vary Tynq, in (b) we vary § , in (c¢) we change x and finally,
in (d) we vary T;. For the rest of parameters we are keeping 5 = 3 , T; = 10" GeV,
k=10"3 and T.,q = 0.4 GeV.

know that for the same 3, a lower T.,q implies a bigger universe leaving an increase
in the expansion rate during the domination of ¢ as shows fig. [4.2al While with a
higher T,q4, the field ¢ has a shorter period to dominate and decay, which results in
Region 2 and 3 being shortened.

On the other hand, fields with a smaller parameter w in their equation of state,
suffer less dilution by the expansion of the universe if we compare them with radi-
ation. So from fig. can be seen that a smaller 8 implies an early domination
of ¢, leaving a shortening of the Region 1. Since the temperature evolves slowly
with small 3, Region 2 finishes at higher temperatures and given that the universe
is bigger, a faster expansion of the universe is required to achieve Ty,q.

By changing « in fig. for the same 3, a smaller x means a less initial energy
density of the field ¢, so it takes longer to start to dominate the total energy density
of the universe, its delay leads to a short NSC period and a lower expansion rate.
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For k > 1, the field ¢ always starts dominating the energy density of the universe.
Finally, from fig. it can be seen that a higher initial temperature T; makes the
dominance of ¢ longer, thus, the NSC period is extended. We note that similar
effects can be obtained either changing T,,q or 7;.

4.2 Axion relic density in a NSC

In this new scenario, entropy is not generally conserved, since the decay of ¢ gives
an entropy injection that it is not shared by the axion, since the latter is thermally
decoupled from the bath. Therefore, we expect a dilution of the dark matter relic
density if the DM abundance is set during the period of ¢ dominance. In order
to compute the relic density today, we follow the same lines as the standard case,
except that we use axion number conservation from the oscillation time until the
scale factor corresponding to T' = Tg,q, which we call Re,q. From that period on,
entropy is again conservedm, until today. Therefore, we have

3
mo Rosc
o10) = pa(Tose , 4.18
() = pulTie) 0 () (415)
3
myo Rosc 3(T0>
= a Tosc . 4.19
P ( )ma(Tosc) (Rend) S(Tend) ( )
Expression eq. (4.19)) can be recast by writing the ratio Sf(TTOZ) as

s(To)  s(To)  s(Tosc)
S<Tend) B S(Tosc) % S<Tend). <420)

Plugging back into (4.19)), we find

mo S<TO) x Sosc
me (Tosc) S(TOSC) Send ‘

Comparing with eq. , we can see that the first part looks exactly like the one
found in the standard scenario, with the important difference that the oscillation
temperature will be in general different to the standard case, and there is also a
factor that takes into account the change in the total entropy from the time of
axion oscillation until the decay of ¢. This entropy dilution factor can be expressed
accordingly, in terms of the parameter of the NSC, depending on which stage of the
¢ dominance the axion starts to oscillate.

As we will see in the next subsection, we have found that the oscillation tem-
perature, Ty and the relic abundance are different than in the standard cosmology.

pa(T0> = pa<Tosc) (421)

"Numerically, we consider that the evolution goes back to be adiabatic at T,q, the temperature
corresponding to the scale factor R.q.
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Thus, it is expected that the axion prefered DM parameter space will have different
boundaries than in the SC, depending on the details of the NSC and its characteristic
parameters.

4.2.1 Axion oscillation

To start with, let us recognize what are the potential interesting scenarios for axion
cosmology. In order to have some impact on the relic abundance, the ¢ field needs
to at least inject entropy to the SM bath, otherwise, its existence will be ignored by
the dark matter relic density. For x < 1, it is quite clear that only for w < 1/3 this
is possible, so we will stick to consider cosmologies with those equations of state.

Following this line of thought, the oscillations of the axion field can take place
in the 3 periods mentioned above. First, is the high temperature period of Region
1, where T, is the same as in the SC. Therefore, if it is possible to get the right
abundance for those range of (high) masses, the relic density has to be well diluted.
Then, the oscillation temperature decreases, E] and according to eq. , a smaller
Tose will imply a higher energy density, but, oscillations in this region will also have
the same dilution as in the previous region. Thus, in here there will be the competing
of both effects. If the oscillation happens in Region 3, the temperature is lower than
in the previous region, but also the dilution from the decay of ¢. In fig. we
show the oscillation temperature T, vs the axion mass mg in a NSC scenario with
B = 1 and we have highlighted the boundaries of the 4 periods. Thus, it can be
seen that for every region the oscillation temperature has a change in its slope,
which in addition to the entropy injection to the thermal bath, could potentially
open the axion CDM window. In the next section we will focus on developing a
comprehensive analysis of how the evolution of the oscillation temperature and the
axion dilution in every regions lead to a different relic density today than in the
standard cosmology.

4.2.2 Region 1: Rysc K Req

In this region, the oscillations of the axion field occur at Ros. < Req, thus, in a period
of radiation domination, before the influence of ¢. Such period is only present in
cosmologies where k < 1 and it only differs from the standard cosmological scenario
in that there is entropy transfer to the SM, not to axions, causing a dilution of
the dark matter density. The oscillation temperature is the same as the standard
cosmological scenario, eq. . Since R, < R, in this region, the entropy is
conserved between these two scale factors, such that, S,s./S. = 1, where S, is
the total entropy at R = R.. Therefore, we can find an expression for the entropy

8Note that always the oscillation temperature in the NSC will be lower than in the SC for a
given mass, because the expansion rate H(T) in a non-standard cosmology is greater than in the
standard cosmology, such that equality with the axion mass occurs at lower temperatures.
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Figure 4.3: The oscillation temperature as a function of the axion mass for a non-
standard (red) and standard (black) cosmology. for the non-standard cosmology we
have used 8 =1, k = 1074, Toyq = 10 MeV, T; = 10° GeV. The vertical lines divide
the regions mentioned above and dotted line is for the analytical T,

dilution factor, valid when the fluid gets to dominate the expansion of the universeﬂ

as 3/p
k32 N\ 48|
DET e

Q, = tad,le. (423)

By inspecting ~yg, it can be found that it gets smaller as 8 decreases, meaning that
the dilution it is much more significant for those cosmologies. Thus, from the above
expression, it is quite clear that for axion masses such that in the standard cosmology
lead to an overproduction of DM, they will get much diluted if the oscillation of the
field takes place in region 1. And that - in principle, but we will discuss it below -
a lower § will widen the axion window much more dramatically.

There is, however, a condition for the oscillation of the axion field to occur during
this period, and is given by Rus. < Req (0r, equivalently, Toq < Tose)

SOSC
YR, = g q

So, in this regime,

T, k77 & The (4.24)

We can rewrite the requirement (4.24]) in terms of the axion mass, since the
oscillation temperature is defined as 3H (Tps.) = ma(Thsc). Thus replacing the ex-

9Meaning valid only when the chosen parameters 3, &, T; and Tunq lead to a solid fluid domi-
nation.
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pressions for Th., egs. (3.10]), we find for g =3

T 2
4 x 10_14 eV (m 1;5) < mgy, Mo 5 me,, (425)
_r Y
8 x 107 "eV m 10-5 < my, Mo 2 Mgy, (426)
and considering § = 2
LAY
0.8 MeV m 104 < mg, My z Mgy, (427)

Where mg, is the mass at which Tos. ~ Agep and marks the separation between
temperature effects on the axion mass. We see that for § = 3, the first window - for
masses satisfying mg < 107°ueV, such that temperature effects are not important
on the axion mass - it is required a rather low T}, which is potentially dangerous,
since even by choosing T.,q ~ TN, ¢ might not get to dominate over radiation
in such short-lived NSC. On the other hand, the second window for g = 3, where
temperature effects on the mass are important, could be achieved more naturally,
although a portion in the upper bound is already ruled out by astrophysics, since by
observations of SN1987A, the axions are required to be lighter than my < 1073 eV
[28,147]. On the other hand, for 5 = 2 - or smaller - we have found that it is quite
hard to make the oscillation happening when the mass does not get temperature
corrections, the reason is that for cosmologies with 5 < 2, the field ¢ starts to
dominate earlier such that the Region 1 ends earlier (high T,,). Thus, in order for
the oscillation to happen in region 1, we require high oscillation temperatures (see
also fig. ), which in turn implies high axion masses. That is the reason why
in eq. (4.27) we only show one condition on the axion mass - where temperature
effects are important - since for the other case, that requires mgy < mpg,, there is no
cosmology that could make an axion of such small mass to oscillate in that period.
We then conclude that for 5 < 2 is quite unlikely for an axion to oscillate in this
period.

Moving now to analyze the relic density of axion dark matter, we have seen that
in this region, the latter can be written as Q, = Qq7Vr,, then, defining 7 = T/T;,
it can be expressed as

mo —3/2 Tend 1072 9
0.21 (=) 62, mo < ma,
QRl - 10-13 eV <3 x 10712 g > o T (4 28)
e B () (o U R > |
. —_— i mo < MR,
10-7eV 106 & 0 f

Where, inspired in the discussion above we only write the case § = 3, corresponding
to an early matter domination. Since the relic density depends only on 7,4, and
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the mass windows for Region 1, given in egs. and , do not depend on
Tona, it is quite easy to fulfill the required 7.,q4 as a combination of 7;. For instance,
a Tena = 10712 can be obtained for T; > 10° Gev, and 7e,q = 107% can be achieved
by T; 2 103 GeV (by requiring Tynq = TseN)-

So, from eq., for the same mass than in a standard cosmology, in Region
1 we will have an underproduction of axions, due to they are highly diluted in the
universe. By this reason we expect that the axion band lie to lower masses than the
standard.

4.2.3 Region 2: Req K Rose K Re

In this regime, the axion oscillation happens during the domination of the new
field ¢, but their decays still do not affect the evolution of the temperature in the
SM sector, so T" o R~!. The Hubble parameter - assuming the field completely
dominates the expansion - in this case is given by

H(R) ~ p;’]fg), (4.29)

where the expression for p, to be considered is as in eq. . By equating 3H (Tys.) =
ma(Tose) we find the temperature at the moment of oscillation, which again can be
split in two, depending on whether temperature effects are important or not, mean-
ing Tose 2 Aqep and Tose S Aqep, respectively. Now the expression for the oscil-
lation temperatures are more involved, so the full analytical expressions are given
in in the Appendix. For the sake of clarity, let us write this temperature for
some benchmark NSC scenarios:

107 GeV\ /2 103\ Y10
— 92 TR — 026 GeV [ 0 > e, (4.30
5 ) 0sc € (1 meV ,—Tz K y Mo < MR, ( )

2/3 7 4N 1/3
10" GeV 10
0.01 GeV <10_Z/L—OV) (Te ) , Mo 5 MRy,
§=3; Th = pe e
LG V( mo )z/n 107 GeV 10~4\ /1! .
. e —_—
1meV ,IZL K ) mo < MRy,

(4.31)

where mpg, sets the axions mass above which the temperature effects start to be
important and their analytical expression can be found in (A.28). We write their
values for the cosmologies shown, below. Let us note that for the same reason as
the one invoked in region 1, we write only one condition, eq. for g = 2,
corresponding to Tose 2 Aqep. Namely, there are no cosmologies for 5 < 2, such
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< mpg, will oscillate in that range of (high) temperatures.
The intersection mass mpg,, marks the transition from temperatures higher than
Aqep (mo S mp,) and lower than Aqep (mo 2 mg,), and for the above mentioned
cosmologies takes the values

T Ko\ 1/2
i for B =2
o8 peV (107 Gev> <1of3> , for f=2,

L T, K 1/2 .
10 ueV mm s or 5 = 3.

an axion of mass my <

(4.32)

m32 =

As we can see, for cosmologies with equations of state smaller than radiation, the
QCD transition could be shifted to happen at higher axion masses (thus, higher tem-
peratures) than the standard cosmological scenario, where it happens at ~ 107° yeV.

The condition to assure that the oscillation of the axion field happens in this
period is Req < Rose < R.. Thus, in the same way we did for the previous region,
imposing their consistency leads to ranges for the axion mass, such that for them,
the oscillation can take place at Region 2. The analytical expressions are in the
Appendix [A.2.2 eqs. (A.29) and (A.30). We will write here the mass ranges for
B =2 and 8 = 3, respectively

( R >2 Tcnd > E !
103 MeV 107"GeV

2/3 6

<m <<1018Gev( r )3 I
0 10-3) \107GeV) ’

(4.33)

T\ Lwa\™” 7\
10_5peV( i ) ( d) <<m0<<103GeV( " ) .

17meV

1074 107GeV MeV 1074 107GeV
(4.34)
Let us immediately note that for § = 2, the whole mass range is above the
intersection mass mpg,, shown in eq. eq. , meaning that for axions in that mass
range oscillate at temperatures such that we must always take into account thermal
effects on the mass. The range could be lowered to smaller masses, but at the price of
choosing smaller (rather fine-tuned) values of T; and k, and paying special attention
that it might be that they will lead to cosmologies where ¢ never gets to dominate
over radiation, such that the above expressions are not longer valid. The situation
is better for § = 3, where the mass range for the oscillation to happen in this region
includes both, temperatures such that the mass receives thermal corrections and
where it does not. We also notice that for both § = 2 and 3, the upper part of the
mass range can be in conflict with the bound from SN1987a and the HB stars such
f, > 10° GeV, which translates to mg ~ meV.
Now we tackle the most important point: is it possible that the right DM abun-
dance is produced from the oscillation of the axion field inside Region 27 To find
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Figure 4.4: The axion abundance as a function of the axion mass for a non standard
with § = 3 and a standard cosmology (black band). The parameters for the NSC
are: Teng = 4 MeV (red band) and T,,4 = 40 MeV (blue band), the rest of parameter
correspond to k = 1075 and T; = 10° GeV. The vertical lines are the mass at which
Tose = Teq for each case, since the upper limit in Region 2 does not depend on T4,
they are overlapping. The bandwidth is obtained by considering 6; € [0.25,1]. The
dotted line corresponds to the analytical result for the relic obtained in appendix

eq. (A.31) and eq. (A.32)) with an initial angle ;= 1 which describes upper edge of
the each NSC band.

out, in Appendix (|A.2.2) we detail the whole calculation that leads to the expression
of the relic density, here we will write it down the main result:

( 2\ —3/8 2 g
—32 (B Tz, s
Qstd <Z) <m0]\;p) for mo 5 mpg,,

4-5
B K7/(4=B) 7 A+8
Qstz/ﬁfyRQ ( 4 - 7/6 fOI' mo Z mpg,.

wlw

(4.35)

\

Where vg, is the entropy dilution factor, and is the same as the one for region 1,
eq. , which, as we have previously discussed, is a coefficient always smaller than
1. From the above expression, we note that for masses my < mpg,, or temperatures <
Aqcp, the relic density only depends on 3 and T¢,4. Also, from the same expression,
seems clear that for a given axion mass, we could have cosmologies where the relic
density is lower, higher or the same as the SC scenario. Nonetheless, we have
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argued before that if the oscillation happens during this region of ¢ dominance, it
will be at rather high temperatures, making more likely to be in the case where the
axion mass receives thermal corrections. On the other hand, for the latter case, the
expression for the relic density is more involved, and depends on T,,q and 3 - as it
was expected - and also on both T; and . After a quick inspection of the coefficient
that multiplies at Q;Z/ 6, it can be seen that it gets smaller as [ decreases. Thus,
making more likely to open up the classical mass window to smaller masses for those
cosmologies. For a better insight, we have evaluated the dark matter relic density
using some benchmark values of the NSC, for a matter dominated period (5 = 3),
and we get

1073 eV > Tuna
A e g, <
. 0 ( mo ) MeV ) mo & MRy
“ meV\ ™ /107GeV 10~ \*| " Tl
0.01 S > .
( mo ) ( T; K ) 102 GeV o A Mk

Let us note that for both regimes, the dependence on my it is stronger in the
NSC than in the SC. Also, the dependence of the relic density on T,,q comes from
the entropy dilution from the decay of ¢. Thus, as expected, for smaller T¢,q tem-
peratures, the relic density gets more diluted. The latter is supported by figure
fig. |4.4) where we have chosen a low Tynq equal to 4 MeV (red band) to ensure a
high dilution rate compared to Ti,q4 equal to 40 MeV (blue band).

4.2.4 Region 3: R < Rosc < Rend

For this regime, oscillations of the axion field happen during the domination of ¢,
and its decays affect the temperature in the SM. The Hubble parameter is taken

to be H ~ ,/3’174; and T and R are related now by T oc R™7/8 see eq. (4.16)). Let

us also remind that during this period, due to the entropy injection, the expansion
of the universe follows the behaviour H o< T*. Following the analysis presented in
the previous section, we start by finding the expressions for the oscillation temper-
ature by using 3H (Typs.) = my(Tosc). The analytical expressions can be found in
appendix We notice that the dependence on S is very mild, thus, we can
consider it as valid for any equation of state:

Vi o 1/2
0.04 GeV (A> ( end ) moy S mp,

10~ peV 10MeV
Rs __
TR — L i (4.36)
1 GeV [ —2 Tend Mo > M
1 peV 10 GeV ~oE
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Figure 4.5: The oscillation temperature as a function of the axion mass for a
non-standard and standard (black) cosmology. The dotted line corresponds to ap-
pendix . For the non-stardad cosmology we have used f = 2, Kk = 1077,
Tona = 40 MeV, T; = 10° GeV. The intersection of mass happens at mg = 1079 eV
and the correct abundance for axion CDM is achieves with a mass 1.1 x 1079 eV.
For bigger masses there is an overproduction of axions. The gray area is the bound
for scales over the Planck scale.

The oscillation temperature in Region 3 is the lowest of the three regions analyzed

here. As can be seen from fig. after T' = T, the oscillation temperature departs
the most from the one of the SC, and then, as the decay of ¢ get more important,
starts to rise, this is also supported by fig. [£.3] Let us notice that the dependence
on myg is - in both cases - softer than in the SC, thus, varying more smoothly.
We can also add that the most important parameter in this region is Ti,q, and
considering high values will make Ty, to go up, as expected since the NSC gets
shorter. The intersection of the two regimes sets the moment where the axion
mass can be considered as temperature independent, which for Region 3 happens at
eq. (A.38))

4.37
Tend ( )

Thus, below mp, the temperature effects can be safely ignored, while above, they
have to be considered. In here the dependence on T4 is inversely proportional,
meaning that cosmologies with higher T.,q move the intersection mass to smaller
values, therefore, for those cosmologies is very likely that thermal effects on the mass

—92 2
mp, ~ 107% ueV (8 — ) <M> :
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have to be considered.

In order to find the mass range that sets the axion oscillation during this pe-
riod, we again require the consistency of the relation Req < Rose < Rend See ap-
pendix for details. For § = 2 and 8 = 3, respectively, we get

Tend 10 n s R 4 v
(102 GeV) (1010 Ge\/) <10*5> ’

Tena\’
1077 peV (—d) <K my K 2MeV

102 GeV
(4.38)
1/5
B T B 2 - T 4 22 T 8 K 8
1 8 en 1 5 en i
0 “ev(m?(;ev) < mo L 107eV (102Gev) oicev) (o) |
(4.39)

here, considering a low T.,q and a high 7; - thus, a long NSC - the upper limit
remains high, while the lower limit can reach very small masses, allowing Region 3
to include a wide range of masses. In this case, for both § = 2 and § = 3, the mass
range where oscillations of the axion happen in Region 3 can accommodate both
regimes: temperatures higher than Aqcp and smaller, but only if rather small T¢,4
temperatures are considered. Otherwise, the temperature of oscillation is too high,
and always the thermal effects on the mass have to be considered.

Our next step is to find the axion abundance that different cosmologies predict
in this region. Since the oscillation of the axion field happens already when decays
are important, it is not possible to use the dilution factor found in the previous
regions to compute the relic density of DM. But, it is still straightforward to find it,
since it is given by Sisc/Send, and with the aid of the expressions for Ry and Renq
in eq. (4.13), we obtain

4 6/8 /24783
m’:(ﬁ(S—ﬁ)) (T_> | .

here, for smaller (5, as expected, the dilution is more important. On the other hand,
since Tena/Tose is bigger than the ratio Ti,q/T; from the eq. , we obtain the
relation v3 > ;. We interpret it as, since in Region 3 the field ¢ is already decaying,
the entropy injection into the thermal bath is smaller than in the previous regions.
Then, the axion abundance is given by the following expression:

ONO/B /T2 N\ F(4-H
Q—3/2 = end f <
std 6 mOMP Oor mo S MR,
Qp, = 76 3/8-2/3 (4.41)
008 p) e [ ted fi > .
std ( /8) OZA%QCDTTL()MP or Mo <, Mp,
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Figure 4.6: The axion abundance as a function of the axion mass for three non
standard cosmologies. Black band is for standard cosmology, red band is for g = 3,
blue band for f = 2 and the green band is for § = 1. The rest of parameters
are: Tong = 0.3 GeV, k = 1072 and T; = 10° GeV. The bandwidth is given by
0; € [0.25,1]. The dotted line corresponds to analytical result for the relic obtained
in appendix with an initial angle #; = 1, which describes the upper edge of
the each NSC band. The vertical lines corresponds to the mass at which T,s. = Teng
for eachf.

From eq. we can see that again it is possible to write the relic density as
the standard cosmology one, times a factor related to the NSC, which in this case
corresponds only to T,q and 5. For the expression my < mp,, where the axion
mass can be considered as temperature independent, we can first see that in order
for the intersection mass mpg, not to get extremely small (recall that it is inversely
proportional to the scale f,, so it translates into a very high PQ scale), T¢,q shall be
considered to be < GeV. For those values of T,,,q and axion masses, the coefficient in
front of Qs_tz/ % is always smaller than 1, thus, in order to get the right abundance, we
have to consider masses smaller than we would have to in the SC. On the other hand,
in the mass range where temperature effects have to be considered, my 2 mp,, Tend
should also remain far from high, since in that case, again mpg, goes up, producing
a subproduction of axion dark matter.

By way of estimation, we compute the axion abundance for § = 2, as in the

previous regions, the abundance was computed by eq. (4.21]) for masses temperature
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independent and dependent.

1074 peV\? T.. 3
0.4 ( He ) ( d ) 0,2 formg < MR-
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102 GeV
Ry _ 1072”0 o, ° (4.42)
pne end 2
0.23 0.2 formg > mp..
< mo ) (2 GeV) OF o = MEs

In fig. we show the axion relic abundance when the axion oscillates in Region
3 for f =3 (red), B = 2 (blue) and § = 1 (green). We have offset the high mass range
by choosing a lower initial temperature T; = 10° GeV and a long NSC by Te,q = 0.3
GeV. Here, the 3 cosmologies belong to the regimen when the temperature effects are
important on the mass. We can see that after the mass at which T,s. = Tenq (vertical
line), each cosmology begins to converges to the standard cosmology (black band).
During Region 3, it is clear that the difference in slope between the 3 non-standard
cosmologies is attributed to dilution effects.

Another effect of the non-standard evolution of the temperature is that the relic
bandwidth is reduced because in Region 3, for small 3, the relic abundance has a
stronger dependence on the axion mass, which means that a variation in axion mass
generates a large change in its abundance, moving away from Qpys o = 0.26.

The mismatch in fig. between the analytic result regarding to the upper edge
in the numerical band is due to the fact that we considered the degrees of freedom
as a constant value.

4.2.5 Axion coupling to two photons

Now we would like to take what has been learned from the previous analysis into
the axion phenomenology. As we have mentioned in the introductory chapter, the
most exploited coupling to search for axions is the one to two photons. Thus, it
would be very useful to see how different NSC can change the scenario for axion
dark matter. In fig. and fig. [£.7h| we present the plot g,, vs. the axion mass,
the corresponding axion band for QCD axions and the dark matter windows for
cosmologies f = 1 (green, w, = —2/3), f = 2 (blue, w, = —1/3) and = 3 (red,
wy = 0) and the black band corresponds to the axion CDM window in the standard
cosmologym. We have considered a range of initial angles 6; € [0.5,1.8] for all of
them, to include both the inflationary and postinflationary scenarios. For fig.
we have considered the same parameters for all three non-standard cosmologies, with
Tena = 0.3 GeV. As we have seen in our previous analyses, smaller £ dilutes the relic
density much more, thus, allowing to reach smaller masses (higer f,). Our findings
support the conclusions found in |71] that cosmologies with higher w, can be tested

10As a standard window for axion cold dark matter we have considered masses such 1.5 x
107%eV < mg < 7 x 1075 eV, such that we include masses from the 2 scenarios described in

chapter
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experimentally first than cosmologies with smaller equations of state. We also notice
that the bandwidth of the dark matter region gets slimmer as wy decreases. This
effect is because for those cosmologies, the relic density depends much more strongly
on the axion mass, that is, the range of masses where we can satisfy the correct relic
abundance for the selected window of misalignment angles is smaller.

One of the goals and novelties of this thesis is to keep a careful track of the initial
condition for the energy densities of ¢ and radiation, parametrized by &, and the
initial temperature at that moment, parametrized by 7;. From the previous analysis
performed for the different regions, we have learned that if the oscillation of the axion
happens during the Region 3, there is not dependence of the relic density on x and
T;. We have seen that Region 3 is able to spawn a wide range in masses, thus, if
we would like k and T; to have an impact on the relic density, the oscillation of the
field should happen during what we have called Region 1 or 2. Nonetheless, these
two regions feature rather high temperatures, thus, they can be reached by (high)
axion masses that are in principle ruled out by astrophysics. Therefore, one way of
lowering the oscillation temperature - and therefore the axion mass - is considering
a low initial temperature and delaying the dominance of ¢. That is, consider a low
T; and a small k. With that aim in mind, we have produced fig. and following
the line of thought argued above, we kept To,q = 0.3 GeV, for all three cosmologies,
but we considered for f = 3, T; = 10" GeV and x = 1077, while for 3 = 2, we take
T; = 10> GeV and k = 107% and for B = 1 the parameters are T; = 10 GeV and
x = 10~*. With these values, the oscillation for 8 = 3 occurs in Region 2 as well as
for 8 = 2, while for § = 1 we move on to Region 1.

To achieve an overlap of the non-standard cosmologies with the axion window
from the standard cosmology (black area), it is difficult, because it is needed to
move to the right in the mass, which means high oscillation temperatures. We have
seen that one way of doing that is to lower 7; and decreasing x. The problem is
that for the range of masses of the standard axion window and above, the axion
is sub-produced in NSC, thus, the axion could only be a component of the dark
matter, but not the whole observed in the universe. Also, by lowering T; too much,
we shorten the period of ¢ dominance, making hard to find a NSC cosmology where
¢ gets to dominate the expansion of the universe after all.

On the other hand, it is possible to move the dark matter window further to
smaller masses by lowering the temperature of oscillation. In order to do that, we
can consider a low initial temperature at which the non-standard cosmology develops
or to lengthen the period of ¢ domination, ¢.e choosing a small T,,4.
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Figure 4.7: The axion parameter spaces for the axion-photon coupling in stan-
dard and non-standard cosmologies with the current experimental constraints. The
colored areas show the parameters where we can obtain the correct axion CDM
abundance for standard cosmology (black) and cosmologies with § = 3 (red area),
B = 2 (blue area) and 8 = 1 (gren area). The bandwidth is obtained by considering
the initial angle ; € [0.5,1.8] such to obtain the correct abundance Qpy o = 0.26
(a) For the upper plot we take the rest of parameter as Tpq = 0.3 GeV, T; = 10°
GeV and k= 1073. (b) We keep Tynq as 0.3 GeV but we consider a different T; and
x for every cosmology, such that for 3 =3 : T; = 10" GeV and x = 10—7, for 3 = 2:
T; = 10° GeV and kK = 107% and for 8 =1: T; = 10 GeV and k = 107%, 45



Conclusions

In this thesis we have studied the axion dark matter production due to the misalign-
ment mechanism, considering that prior to BBN, there was an alternative period
to radiation, set by the dominance of a new fluid, . We have firstly studied the
effects of a non-standard cosmology on the Hubble parameter and then we have
solved analytically the equations for the evolution of the energy densities, assuming
a dominance of the field ¢. Then, we have studied the impact on the axion relic
density, by keeping a careful track of the initial conditions. We have divided the
NSC into 3 periods: Region 1, Region 2 and Region 3 and we have studied the axion
relic abundance depending on which of those the oscillation took place.

Next, we have studied the impact of non-standard cosmology on the universe and
concerning to our results, we have found that during the period when ¢ dominates
the energy density with a small w, the size of the universe is bigger as well as
the expansion rate is faster. Then, when the thermal bath undergoes the entropy
injection, the temperature begins to drop more slowly than in a standard cosmology.

Then, we have moved to our main aim, to study how is affected the axion produc-
tion in anon-standard cosmology, we found that is possible obtain two effects that
potentially move the axion window. The first effect, is to change the temperature
at which the axion starts to oscillate. This effect can be obtained in Region 2 and
Region 3. In the former, it is because to the domination of ¢, the expansion rate
changes its dependence on the temperature, while in the later is due to the change
in the relation between the temperature and the scale factor. As we expected, we
obtained that at a lower decrease in temperature, the axion relic abundance is sup-
pressed due to high masses. The second effect is the dilution of the axions energy
density due to the entropy injection. We found that for Region 1 and 2, the dilution
is higher than in Region 3, being increased for a smaller 3, implying that the axion
window moves to lower masses.

Finally, we have presented the resulting parameter space in the coupling of axions
to two photons considering three different non-standard cosmologies. The non-
standard cosmologies shift to different extent, the axion CDM window to lower
axion masses. We have obtained that cosmologies with a higher wy can be tested
experimentally first than cosmologies with smaller equations of state.
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Appendix A

analytical calculations

A.1 Solutions for the ¢—radiation system

Let us start by solving the evolution egs. and during the dominance
of ¢, taking into account the decays. The Hubble parameter can be written as
H ~ \/py/(3M3%). By changing variables, from time to scale factor ¢ — R, and
defining u(r) = %’irﬁ, and r = R/R;, the evolution for the ¢ field now reads

du . Fd) ﬁ/2*1
Whose solution to first order in I'y/H; is
L, (R\"” r, O\
R) = pg; — = 1 ) A2
PelR) ”R“[ﬁﬂi (%) ( +Hi6>] 42

Replacing into eq. (4.2), using s = (p + p)/T’, we find

(1) i () e (1)

®) Y E_pH \ R CENAVE (A3)

PR(R) = PRi

When the decays of ¢ are unimportant, we can just retain the first terms in the
above equations. If Kk < 1, we will start with radiation domination, until a point
where the two energies become equal, and from then starts to dominate ¢ (if 5 < 4).
By equating the first terms we get an expression for the transition point between

radiation to ¢ domination
Req = Ryr!/ (B4 (A.4)

It is also possible to get an educated guess for R. and R.nq, by considering that
when the decays start to influence the radiation in the universe, both terms in pg
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should be of the same order, meaning
L)' 2R (BT (A.5)
R.) =~ (8-p)H;\R.) '

from here, we get
2

nen(S2 () a0

Similarly, the decays of ¢ will stop, when the two terms inside the brackets of eq. ()
become comparable, thus

B\’ ~ m_1/2—2r¢ L . (A7)
Rend ﬁ Hz Rend 7 .

2\ 2/8
L (BVE(T
Rend—RZ( : (Tend)> . (A.8)

The case 5 = 0 should be treated separately. In this case, we start with eq. (4.1))
and defining u = \/py/pg: and r = In(R/R;). Thus, the equation to solve is

from where we find

dr, (A.9)

whose solution is given by

ps(R) =~ po, <1+ HPf/E In (%)) (A.10)

By replacing into the radiation equation, we get the evolution is

pr(R) =~ Pm((%) +2¢—$>- (A.11)

Following the same steps used before we can find the scale factor when the two
energy densities are equals, this is given by

Req = Rix ™14, (A.12)

Also we can find the moment when the radiation energy density start to be influenced
by the ¢ field

S\ 1/4
RC == Rz ( 4HZ ) .
Lyv/k

Additionally the moment when the decays of the ¢ field are significant is represented

by
H;
Rena = R; X exp (— F\/E> ) (A.14)
]

(A.13)




A.2 Axion oscillations during fluid domination

A.2.1 Oscillations in Region I

To analyse this epoch, first we find the oscillation temperature, given by the con-
dition 3H (T,s.) = mqa(Tose). Since for this period it is assumed the universe is
radiation dominated, the Hubble parameter is H = \/pgr/(3M%), so the oscillation
temperature is the usual found for a QCD axion, depicted in fig. (3.1)). There are
two regimes for the oscillation temperature, depending on whether the effects of
temperature on the axion mass, eq. are important or not, and they are the
same as the standard cosmological scenario, namely

T (a mOMpAéCD)l/G, for mg > 107° peV
. (mg Mp)I/Q, for mo < 107° peV.

These two temperatures intersect at the QCD epoch, which can be expressed as
a particular mass of the axion, which is the same as the standard cosmological
scenario, but we re-write here, for completeness to be

[aAd
QCD
1 M]%

The condition for R, to occur in this regime can be re-written to be
1
Tosc > T’i/imy <A17)

and by using the expressions for T, we can write it as a condition for the axion

bare mass
T6 6/(4=B)
(W o ™o 2 may
mo > P QCD

T2 2/(4=5)
( Mp
where the first equation correspond to the limit of the axion mass in the case that the
temperature has significant effects in the mass of the axion (before QCD transition)
and the second is the limit after the QCD transition.

The relic abundance if the oscillation happens in this region, is given by ,(75) =
Q4(Ty)vR,, such that Q5% is the axion relic energy density today in the standard
cosmology, pa(10)/perito in the standard scenario, and yg, = Sosc/Send the entropy
dilution factor. To find the latter, we take

S S T.R. \’
_ osc _ c c{ilc A.19
T Send Send (Tend Rend ) ’ ( )

2 Tvz 4-p %
N <% (Tend) ) ’ (420

(A.15)

(A.18)

) ,  for mg < mpg,,




for the case of g = 0 following the same steps that we detailed before, we can find

(for B #0):

7\?
YR, p=0 = <T d> x exp (vKH;/Ty) (A.21)

Now, let us replace the dilution factor into eq. (4.21f), and we find

end

—3/2 /f52 e 12/8-3
Qstd T T, ) for mo 5 mp,
Qr, = (A.22)

-3
Q—7/6 /fﬁz /v 12/8-3 f >
std 4 T ) or mo L Mpe,-

end

Where we have defined the axion relic densities for a standard cosmology, when the
temperature effects on the mass are unimportant and important, respectively, as

0 = X gy (A23)
std - 2pc 0 0 P 1 .
_ T3

QstZl/G = é(; Z (moMp) ™% (ahqep) ¢ 62, (A.24)

A.2.2 Oscillations in Region 2
We start by writing the Hubble parameter as

P R\
H =~ ~ H | = A2
g m i () (A.25)

since T o< R™1, eq.(A.25)) can be written in terms of the temperature as

T \B
H@@:ﬁm(f), (A.26)

and equating 3H (Tys.) = my(Tose), we find the oscillation temperature for both
cases, where the temperatures effects on the mass are and are not important, as

([ 51 2/8
L Mpmo mo S mp
~Y 2
NG
Th = ¢ (A.27)
osc _2 :
T Mpm o
; P Mo
i \/E o A?QCD my Z meg,.




These two temperatures intersect at a mass of the axion given by

4p
VE (QA?QCD)/B/S T;®

T (A.28)

mR2 =

By requiring 7. < Tose < Toq we find the mass range of the axion in order to
have the oscillation happening in this era. There are two possibilities: either we are
interested in masses above mpg,, so in that case the oscillation happens before the
QCD transition and we only need to require T, < T(f;”iT <K Teq, or if we go to smaller

masses than mpg,, we have to require 7, < TOR;(?,O and TOR;éT < Tey, where we have
written the 0 subscript for the oscillation temperature when temperature effects on
the axion mass are unimportant and the subscript 7" when they are important. For

each case, respectively we obtain

d—B\ 525 2 55 Tnﬁ ’
L (e, \ ()
L e <L Mmyg KL ————, A.29
1 6
B —_
T? [ 2T? -5 (7}%44)
VAT, ( 28“‘1‘/%) <my € ~————. (A.30)

The axion abundance can be found by taking the expression for the energy
density in the NSC, eq. (4.21]), where Sys./Sena is the entropy dilution, which is the
same found in eq. (4.22)). By considering a temperature independent axion mass,

we get:
2\ —3/8 2 2(4-B)
T 28
Q0 — g2 (5 _Tend A31
Ro std 4 mo 7‘ {P ( )

Note that the dependence on k and T; has cancelled (and therefore, the DM
abundance is insensitive to it). The expression of the axion abundance, in the case
the mass of the axion receives important thermal contributions is

QT _9_7/6 B2"{ *3/5 Tend %(4*/3)
Ro = “%std T T'z

A.2.3 Oscillations in Region 3

IS
|
@

™

+38

7/ 4=B) T

(A.32)

(OJA%QCD moMp) 76

We will assume R is still far from Re.q, such that the Hubble parameter, for our
purposeses, can still be considered as

Po R\
H ~ = VkH, | = . A.
T = VR (R) (A.33)




Nonetheless, the decays of ¢ are affecting radiation, such that its energy density it

is better described as /2
25k (R
~ ppi _ A.34

PR PR (8—ﬁ)HZ-(R> (4.54)

Now we can equate the above expression with the energy density as a function of
the temperature, the well known pp = (72/30)g.(T)T*, such that we can obtain the
relation between scale factor and temperature in this region to be

RN"? (s-p\ T
(7) -Gr) 439

Replacing back into the Hubble parameter, we ﬁndﬂ

8§—p T
2 T2 T?

end— ¢

(A.36)

H(T) = H, (

As in the previous regions, we can find the oscillation temperature for temperature
independent masses of the axion, i.e. 3H (T},s.) = myg, and when the thermal effects
are important, meaning 3H (T,s.) = ma(Tose). For the first case, we find

9moMp T2\ M/
(m;—Pﬁend) for mo < ma,
"y for mo 2 mg,.

So for this region the dependence of T, on ( is quite mild, and on k nonexistent.
The intersection between these temperatures gives the moment of the QCD phase
transition, which can be used to obtain the mass of the axion at this point. We get

(8—0) « AéCD _6 GeV\?
= ~1 ) A.
MR, > M2, 07" eV T (A.38)

In this case it is easy to put them in a single expression for high and low tempera-
tures, as

, 1
m T.qa\> 1 \° ~ GeV\?
6.3 GeV a o fi 0 <107 eV
¢ ((/LGV) (Ge\/) 8—5) O e He (Tend)

m Toa\2 1 \° - GeV 2
1 a o f > 107 .
\ GeV ((ue\/) (Ge\/) g 5) , or mg 2 107" peV (Tend)

I'Dropping the degrees of freedom.

T2 —

OSsC




We now can write down the mass ranges expected for the oscillation of the axion
field to happen in Region 3. Here it is better to work with the stronger requirement
R. < RI3 < R.uq, but it can be easily translated into a temperature range by using

eq. (A.35). Firstly, let us assume the oscillation happens completely before QCD
transition, where temperature effects on the axion mass are important. In that case

T;G\/E 2 Te?nd\/E % (A 40)
Mpafbey \B-A)T2) |

On the other hand, it is possible to extend to smaller masses if we also include that
for the low temperature region by considering for the bounds R. < R <« Reng,

osc,0
such that the axion mass is temperature independent. The mass range is extended

as
B8
E—_ L L en ) A.41

By S0 T ((8—@7?) (A.41)

We remind that the lower bound of mg is only valid till mpg, is reached. Further,
has to be replaced by expression . Also note that the lower bound, in either
case, is independent on k.

As final step, we find the expression for the misalignment angles, in the low
temperature regime i.e. m,(T) = mg, and high temperature one. To do so, we look
into the energy density in this region, given by eq. . The entropy dilution
factor, Spsc/Send, is different than eq. , because the axion is produced in an
era where the SM entropy is increasing. We write

8Yﬁeﬁnd < <
m
(8 —8)B*Mp aAéCD "

S ToseRose \°
0OSscC — 0OSsC OSC A‘42
Send ( Tend Rend ) ( )

Inserting back into eq. (4.21)) we have
3
mo T()3 Rosc

a(10) ~ pa(Tosc , A.43
po(T0) % o) i (= (A.43)

where from eq. (A.35)) and (??) we can easily find the ratio Ros./Rena to be

Rosc o 4 (Tend ) !
Rend B ﬁ(8 - B) Tosc

Thus, the axion energy density today can be written as

2/p

(A.44)

. Mo Ty ’
(T = o (Tom) (T) Ty (A.45)



Where vg, is the entropy dilution factor, given by

4 6/8 Tond 24/8-3
= ——— e . A .46
w= () () (b0
Now the axion abundance is easily found by p,(15)/pe0, With p. (1) from eq. (A.45)
B o\ /B s T2 54-p)
0 32 [ 2 end f <
std <5) (mOMP Oor mo S MRy
Qr, = 3/8-2/3 (A.47)
977/6(8—6)%6 L for mg 2 m
std O‘A%QCDmOMP 0~ "'R3

Both expressions are independent on x and 7}, showing that for this region the main
parameters are T.,q and .



Appendix B

Numeric code

We develop our numeric work in Python. To solve the axion differential equation
we have used integrator doprib, corresponding to an explicit Runge-Kutta of order
4.

Throughout this thesis we introduce the degrees of freedom by hand. For the
case of standard cosmology we used that for Tys. < Tosc(m;), gx(Tosc) = 10.75 , while
for Tyse > Tose(my), gx(Thse) = 61.75. We compared our results with bibliography, in
fig. and fig. we include data obtained in [34].

To solve the Boltzmann equations we have used the well—known numerical
method Radau for solving stiff differential equations.
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Figure B.1: Check to the oscillation temperature as function on the axion mass.
Black line is for the numerical solution, dotted black line is for analytical solution
and red dots were obtained from . The bend around m, ~ 10~°ueV corresponds
to the QCD transition.
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Figure B.2: Check to the initial misalignment angle as function on the axion mass.
Black line is for the numerical solution and red dots were obtained from .
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