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Abstract

Up until today, Dark Matter is one of the most important problems yet to solve in physics and
there are several approaches to try and learn more about its nature and general properties.
We have focused our study on trying to delimit the parameter space that allows us to recreate
the data obtained up until today. In this master’s thesis, we consider a cosmological scenario
different than the one presented by ACDM to explore different possibilities to explain the
dark matter present in the universe in relation to its production mechanism and stability as
well as its interactions with other particles, within the standard model or the hidden sector.
We implemented a non-standard cosmology that considers the presence of an additional field
responsible to dominate the energy density of the universe prior to primordial nucleosynthesis.
We perform a detailed analysis of the effects of the presence of this field in relation to the
expansion of the universe and the dark matter relic density for different scenarios and apply
these effects to the known results of stability of dark matter candidates affected by resonant
decay processes. We analyze the decay of dark matter candidates in exponentially efficient
processes and define bounds that allow to explain the dark matter relic density on each model.
We present results that can account for the total dark matter density present today for a wide

parameter space of the coupling of the models and the mass of the dark matter candidates.

This manuscript is organized as follows, in the first chapter, we do an overview of cosmology
and general concepts necessary for this work. Then, we present the dark matter candidates
of interest and their production mechanisms. Also, we present the essentials of non-standard
cosmology and implement it to compare it with the stipulated by ACDM to show the crucial
differences in the expansion of the universe and the dark matter relic density for different
cosmological scenarios. Finally, we implement these results on two different models for dark
matter candidates and show the impact on the parameter space that allows to account for the
dark matter energy density at the present day in several cosmological cases in comparison to
the results obtained by ACDM.

Keywords: Cosmology, Dark Matter, Misalignment mechanism, Parametric resonance



Resumen

A dia de hoy, la Materia Oscura es uno de los problemas mas importantes en la fisica que se encuentra atin
por resolver y existen multiples angulos para tratar de aprender mas sobre su naturaleza y propiedades
generales. Hemos centrado nuestro estudio en intentar delimitar el espacio de pardmetros que nos permita
recrear los datos obtenidos al dia de hoy. En esta tesis de magister, consideramos un escenario cosmoldgico
diferente al presentado por ACDM para explorar diferentes posibilidades de explicar la materia oscura
presente en el universo en relacién a su mecanismo de produccion y estabilidad asi como sus interacciones
con otras particulas, dentro del modelo estandar o en el sector oscuro. Implementamos una cosmologia no
estandar que considera la presencia de un campo adicional responsable de dominar la densidad de energia
del universo previo a la nucleosintesis primordial. Realizamos un anélisis detallado de los efectos de la
presencia de este campo en relacién a la expansién del universo y la densidad de reliquia de la materia
oscura para diferentes escenarios y aplicamos estos efectos a resultados conocidos respecto a estabilidad de
candidatos a materia oscura afectados por procesos de decaimiento resonante. Analizamos el decaimiento
de candidatos a materia oscura en procesos exponencialmente eficientes y definimos restricciones que
permitan explicar la densidad de reliquia de materia oscura en cada modelo. Presentamos resultados
que pueden dar cuenta del total de materia oscura presente hoy para un amplio espacio de pardmetros

de el acoplo de los modelos y la masa de los candidatos a materia oscura.

Este escrito estd organizado de la siguiente manera, en el primer capitulo, realizamos una revisién de
cosmologia y conceptos generales necesarios para este trabajo. Luego, presentamos los candidatos a
materia oscura de interés y sus mecanismos de produccién. Ademaés, presentamos los puntos esenciales
de la cosmologia no estandar y lo implementamos para compararlo con lo estipulado por ACDM para
mostrar las diferencias cruciales en la expansion del universo y la densidad de reliquia de materia oscura
para diferentes escenarios cosmoldgicos. Finalmente, implementamos estos resultados en dos modelos
diferentes de candidatos a materia oscura y mostramos el impacto en el espacio de parametros que
permite dar cuenta de la densidad de materia oscura al dia de hoy en diferentes casos, en comparacion
a los resultados obtenidos por ACDM

Palabras clave: Cosmologia, Materia oscura, Resonancia paramétrica, Mecanismo de misalignment
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Chapter 1

Introduction

The Standard Model of Particle Physics (SM) is one of the most successful theories developed in the
last decades, with incredible precision and predictions related to how the universe works under three of
the fundamental interactions, corresponding to electromagnetic, weak, and strong forces, but it is still
an incomplete theory. The SM lacks a Dark Matter (DM) candidate who is stable, cold, and weakly
coupled, it also does not provide a clear way to explain the matter-anti-matter asymmetry and the big
structure formation [1, 2], among others. This motivates us to consider new physics beyond SM. In this

chapter, we will take a look at the theoretical concepts that allow us to dive into the DM problem.

1.1 Dark Matter

The DM problem is one of the most important questions in modern cosmology. It is responsible for

approximately 26% of the universe’s energy density [3] but its nature is still unknown.

One of the first indicators of the existence of the DM came from astronomical observations related to
the rotation curves of galaxies [4, 5]. It was shown that the predictions corresponding to the rotation
velocity of galaxies produced by their baryonic matter were much smaller than the measurements, as
we move away from their center. This, among other puzzling observations, lead to considering a matter
component different from the ordinary baryonic mass in the form of a halo of nonluminous unknown
matter, which was named Dark Matter. To explain the data, a galaxy’s total matter must consist of
more than 95% of DM, these results are shown if Fig. (1.1), where we can see that the DM consideration

gives us a good fit to the data [6].
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Figure 1.1: Data of the galactic rotation curve for NGC 6503 of the disk and gas contribution
plus DM halo needed to fit the data (from [6]).

Measurements of the Cosmic Microwave Background (CMB) provide outstandingly precise values of
several cosmological parameters and it also provides us with evidence for the existence of DM hidden
in its temperature anisotropies. The CMB is the remnant radiation from recombination era where the
first atoms were formed, therefore, contains information related to the early stages of the universe. As
the plasma collapsed inwards by gravitational effects, the photon pressure created a resistance. This
struggle between pressure and gravitation created a distinctive pattern of peaks in the CMB spectrum.
The study of those temperature fluctuations allowed us to estimate the amount of gravitational matter

present in the early universe, in fact, this alone provides enough evidence for the existence of DM [6].

Another way to confirm the existence of DM has been found in gravitational lensing, since gravitational
effects of energy density alter the light patterns, the data obtained from galaxies clusters [7] require the

existence of DM.

Besides the data that gives us reasons to study physics beyond SM, we have no certainty about the
nature of DM although there has been found several conditions that must be fulfilled to consider a viable
DM candidate.

In the next chapter, we will do a brief review of DM candidates and their important features related to

this work.

1.2 Overview of Cosmology

Our current understanding of the evolution of the universe is based on the Friedman-Robertson-Walker
(FRW) cosmological model. It is also known as Standard Cosmology or ACDM. Direct evidence sup-
porting its validity extends back to the epoch called Big-Bang Nucleosynthesis, about 102 s after the
Big-Bang. This model considers the matter and radiation distribution of the universe to be homogeneous

and isotropic at large scales.

The metric for a space with homogeneous and isotropic spatial sections is the maximally-symmetric FRW

metric, which can be written as
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1 — kr?

ds* = dt* — R*(t) ( + 1r2d6? + r? sin® 9d¢2) (1.1)

where ¢ is the physical time, R(t) is the cosmic scale parameter and k is the spatial curvature constant.

To further analyze the dynamics of the expanding universe, it is necessary to look at the scale factor

using Eintein’s equations

1
Ry — §Rgm/ = Gy = 87GT + Aguw, 12)

where G, is the Einstein tensor, 1), is the stress-energy tensor, and A is the cosmological constant. If
we look at Einstein’s equations and the fact that the stress-energy tensor 7),, takes into account all the
fields present, we see that to be consistent with the symmetries of the metric, 7}, must be diagonal, and
by isotropy, all the spatial component must be equal. Let us then consider a perfect fluid characterized

by p(t) as its energy density and p(t) its pressure, we obtain:

", = diag(p, —p, —p, —p)- (1.3)
Requiring the conservation of the stress energy-momentum tensor (I'*¥,, = 0) we obtain the continuity
equation for the u = 0 component

d(pR*) = —pd(R®). (1.4)

This allows us to obtain a simple relation between the energy density and the scale parameter. If we

consider the simple equation of state for a perfect fluid, p = wp, we obtain

p o R730Hw), (1.5)

Moreover, going back to the Einstein equations for the FWR metric we obtain the Friedmann equations.

k &G A
H2 4 & 222,02 1.
+ AL (1.6)
R 4G
=" 3p). 1.7
7 3 (p+ 3p) (1.7)

where we have introduced H = %, called the Hubble parameter and A is associated to the dark energy
density. Our study is focused on the early stages of the universe, thus we will set A = 0. Equations (1.6)
and (1.7) describe the evolution of the universe for any given energy content. We can rearrange eq. (1.6)

to express a few useful parameters by

k P
= —1=0-1 1.
H2R? ~ 3H2/87G (18)

where (2 is the density parameter defined as the ratio of the density to the critical density:

a=? _ 3H?
=0 g

we see clearly that the sign of k depends on this ratio, e.g. for p = pc we obtain a flat universe.
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It is important to notice that p and p are composed by all the fields’ contributions so we obtain a density

ratio for each field as well.

A few important parameters in the present universe are [3]
Hy ~100h km s~ Mpce™!,  pe =~ 3.44 x 10747 GeV 2. (1.10)

and related to the density parameter for dark energy, radiation, and matter respectively

Qa0 ~ 0.68, (1.11)
Q.0~ 1077, (1.12)
Q0 ~ 0.04, (1.13)
Qparo =~ 0.26, (1.14)

where b corresponds to the baryonic matter and the subindex 0 represents the value at the present time. It
is important to mention that Hy presents a very important challenge in modern physics due to the Hubble
tension, which corresponds to the disagreement found between the estimations of considering ACDM and

the measurements related to the luminosity distance and redshift of known standard candles[8, 9].
Due to the observational data, the universe is considered to be flat at large scales [1], then considering

Eq. (1.6) we obtain the relation

H? = %p. (1.15)

It is important to notice that Friedmann equations lead us to the continuity equation, via deriving Eq.
(1.6) and then replacing Eq. (1.7), which gives us the evolution of energy density in an expanding

universe, given by

p+3H(p+p)=0, (1.16)
and we notice that considering the equation of state and Eq. (1.15), this is consistent with Eq. (1.5),
which is related to the conservation of the stress-energy tensor.

1.3 Early Universe Thermodynamics

Before going on to discuss the early radiation-dominated epoch of the universe, it is useful to recall some
basic thermodynamical concepts, such as the number density n, energy density p, and pressure p of a

particle species, as functions of the phase space distribution function f(p):

n=okn / F@)dp, (1.17)

0= | E@@E (1.18)

— o | s, (119)
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where we consider a weakly-interacting gas of particles with g internal degrees of freedom and E? =
|p]? + m?. For a species in kinetic equilibrium, the phase distribution f is given by the well-known

Fermi-Dirac or Bose-Einstein distributions:

—1

f(0) = [exp{((E — p)/T)} £1] 7, (1.20)

where p is the chemical potential of the species, and here the plus and minus signs correspond to the
Fermi-Dirac and Bose-Einstein species, respectively.

We see that in the relativistic limit (7' > m) that the energy density satisfies p oc 7% then we can express

the energy density and pressure of all species in equilibrium in terms of the photon temperature T as

4
TN g [ (- a?) Pt
_ 4 L i 1.21
- i:al;pet?ies (T> 2m? ~/£DL eXp{(u - yl)} +£1 ( )
T 4 ; o 2 _ .2 3/2d
=T Y (F) s [T (122
T) 612 ), exp{(u—y)}+1

i=allspecies

where x; = m;/T,y; = p;/T, and T; correspond to the species temperature, which could be different
than that of the photons.

Since the energy density and pressure of a non-relativistic species are exponentially smaller than that
of a relativistic species, it is very convenient and a good approximation to include only the relativistic
species in Egs. (1.21) and (1.22), in which case we obtain:

7T2

= —g.T", 1.23
PR 309 ( )
2 4
PR =pr/3 = —g9.T", (1.24)
90
where g, counts the total number of effectively massless degrees of freedom. Its explicit expression is

given by

ge= > gi<?)4+; 3 gi<?>4. (1.25)

i=bosons i=fermions

We see then that g, is a function of T'. For instance, for T' < MeV, the only relativistic species are the
3 neutrino species and the photon so we have g. = 3.36, where we have considered that the neutrino
temperature is different from that of the photons. For T' = 300GeV, all the species in the standard
model should have been relativistic and we obtain g, = 106.75. We can see the dependence of g¢.(T")
upon T in Fig. (1.2).

Another important concept to study in the history of the universe is entropy. Looking at the early stages,
it is possible to consider that the reaction rates of particles in the thermal bath were much greater than
the expansion rate H, and local thermal equilibrium should have been maintained, in this case, the

entropy per comoving volume element should have remained constant, i.e.,

d(sR?*) = 0. (1.26)
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Figure 1.2: The evolution of g.(T") as a function of the temperature in the Standard Model [10].

Let us consider the second law of thermodynamics as well as the equilibrium expressions for the pressure

and energy density, then we obtain the relation

1 14
dS = dl(p+p)V] — = dp, (1.27)

this allows us to relate the energy density and pressure:

dp = PP

7dT. (1.28)

replacing this expression in Eq. (1.27) we obtain that the entropy per comoving volume is given by

S = R3(p+p)/T, and using the energy conservation d[(p + p)V] = Vdp, we obtain

(p+pV
d|————| = 1.2
[ T 0 (1.29)
which, defining the entropy density s as
S p+p
== =— L.
TV T T (1.30)

proves Eq. (1.26).
We see now that since the entropy density is dominated by the contribution of relativistic particles, we

could make the approximation

272
e T3, 1.31
S 45 9«8 ( )

where

Ges = m(?)3+; 3 m(?)é (1.32)

i=bosons i=fermions

Now, using Eq.(1.26) we can express the evolution of the temperature of the universe, in the form
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d
=+ 3Hs =0, (1.33)

which, written in terms of the scale factor R instead of time yields

dT T dg.s\ ' T
= =1 =, 1.34
R <+3g*sdT> R (1.34)

Finally, we can express Eq.(1.15) in terms of the temperature if we consider a universe dominated by
radiation, Eq. (1.23), as

m2g,(T) T*

where Mp is Planck’s mass given by M2 = 1/87G. We can see from the conservation of entropy (Eq.
(1.26)), that Eq. (1.31) allows us to relate the scale factor with the temperature at two different points,

in relation to their entropy.

1.4 Big-Bang Nucleosynthesis

Primordial nucleosynthesis or Big-Bang nucleosynthesis (BBN) is one of the strongest supports to ACDM,
in fact, is both the earliest and most stringent test of the theory, and an important probe of cosmology
and particle physics. Today, the agreement between theory and observation indicates that the standard
cosmology is a valid description of the Universe at least back to times as early as 102 s after the Big-
Bang with temperatures as high as 10 MeV, where the Universe was dominated by radiation. It gives
us numerous constraints on particle physics and cosmology, e.g., the abundance of light elements such
as “He, D, 3He in accordance with measures around 1% of precision. These predictions show great
consistency with the observational data for 4He and “Li, two isotopes whose abundance is barely affected
by chemical and stellar evolution [11]. Furthermore, these isotopes determine the value of the baryon-
to-photon ratio 7 to be of order 107!° which also coincides with the data [12]. This matching between
the data and the predictions, among other constraints [1], reveals that the universe had to be radiation
dominated at BBN, although BBN is the cornerstone of the cosmological model, prior to this epoch
stretches a period of cosmic history that is not completely constrained by observations. In the next

chapters, we will look at this point and the theories that allow us to study physics beyond SM.



Chapter 2

Dark Matter Candidates

As we have mentioned before, the DM problem is one of the most important questions yet to be solved
in modern physics. In this chapter, we will briefly discuss some of the most successful and promising
DM candidates, in relation to their consistency with the conditions required to be considered as DM,
their predictions with respect to the data obtained until today, and the mechanisms from which they are

created in the early universe.

A few decades ago, it seemed reasonable to consider that DM might consist of substellar objects or stellar
remnants, stars that simply were too faint to have yet been discovered. These candidates were named
massive compact halo objects or MACHOs. But a combination of theory and observations have ruled
them out to be able to solve de DM problem since, at best, they could be responsible for a small fraction
of the DM in de Milky Way [13].

This allows us if we suppose the DM to be a particle, to consider that it must be nonbaryonic, and
must have a good fit with the data associated with the CMB and BBN epoch. One of the most popular
candidates is the weakly interacting massive particles (WIMPs). They arise naturally in various theories
beyond SM, e.g., the neutralino in the minimal supersymmetric standard model [14], the Kaluza-Klein
particle in models of universal extra dimensions [15] and the lightest particle in Little Higgs models [16].
It is important to stress that none of these models was proposed to solve de DM problem, the candidates

come for free.

An important feature of WIMPs is that their mass range goes from 1 to 10° GeV [17]. The most out-
standing observation is that the thermal production of WIMPs leads to the correct relic DM abundance
(Eq. (1.14)) after their freeze-out from the thermal plasma, (if we assume they have weak-force interac-
tions with the SM) which is usually referred to as the ”WIMP miracle”, moreover, the result is almost
independent of the WIMP’s mass and serves to motivate the interest in WIMP DM further.

Another promising candidate comes from considering an extra U(1) symmetry kinetically mixed with the
electromagnetic U(1) of the SM. This corresponds to an extra photon-like particle, the so-called Hidden
Photon (HP). The name comes from the idea that the interaction between these new particles and those
of the SM is extremely weak, and their effects would simply be too feeble to have been observed yet,
referred to belong to a so-called hidden sector. This candidate has been studied in various systems [18,

19, 20] and we will focus on a possible model where it constitutes the DM.

And last, but considered to be one of the most famous DM candidates, we have the Axion, or Axion-
like Particles (ALPs). The first, initially proposed as a solution to the Strong-CP problem of Quantum

Chromodynamics [21, 22]. The Axion is a (pseudo) Nambu-Goldstone boson that arises as a consequence
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of the Peccei-Quinn mechanism.

The study of ALPs provides us with a better understanding of the production mechanisms and bounds

related to their couplings and masses.

2.1 Production Mechanisms

Here we will do a brief review of some light DM production mechanisms, which gives us a different
approach related to the relic abundance and the characteristic of the produced particles. First, we can
consider thermal production. In [23] they studied the rate for thermal production of axions via the
scattering of quarks and gluons and it is shown that the axion population can still be relativistic today.
The production of thermal axions can be described by the Boltzmann equation and the interaction rate
of all processes involving axions. It is found that the relic abundance depends on the thermal history of
the universe, in the standard freeze-out scenario [24] and the production of thermal axions is too small

and too hot to explain the DM in the typical scenario for the decay constant F, ~ 10°712 GeV [25].

There are also various studies related to DM production due to the decay of topological defects, formed
after a phase transition during the early universe [26, 27, 28]. For some scenarios, DM from topological
defects can account for the whole DM relic density, although those predictions are still under dispute
[29, 30].

For the study related to this thesis, we are particularly interested in non-thermal production mechanisms
due to the nature of the DM candidates. We will focus on bosonic candidates, who are susceptible to
Bose-Enhancement effects [31, 32]. Since the DM candidate is required to be stable, i.e., having an
average lifetime of at least the age of the universe (10'7 s), the spontaneous decay rate can be used to
set a restriction between their defining parameters, the mass and the coupling constant to other fields.
This means that if we consider a DM candidate, which has a very low mass and a coupling that allows it
to be sufficiently long-lived, we may require it to have enormous amounts of it to be able to deplete the
DM energy density. One important feature of non-thermal production is that it could generate particles

that are non-relativistic at the present time.

In the next section, we are going to present some very important features of the misalignment mechanism
and how it allows us to consider a field that oscillates on time and has a very well-defined frequency. It

is used in models related to axions and ALPs.

2.1.1 Misalignment Mechanism

Considering a simple Lagrangian density for a scalar field a, given by

1 1
L= iauaa“a - imiaQ, (2.1)

using the FRW metric we obtain the EoM to be

VQ
i+3Ha+m2a— e =0 (2.2)
Here we can interpret that the field evolves with an oscillatory behavior with the presence of a damping
term, which in certain regimes can give us an overdamped solution. We can now expand the field" a(z)

in its momentum modes

In the following and for the sake of clarity we will refer to this field as axion, even though our only assumption
has been is a scalar field, of a light mass.
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a(z) = /d?’keik‘wak, (2.3)

which gives us from Eq.(2.2)
k2
ay + 3Hay + (mi + R2> ay, = 0. (2.4)

Here it is important to consider two cases related to the momentum. For the modes outside the horizon,
ie., k/R < H, if we consider the regime where m, < H, the EoM gives

ar +3Hay, =0, (2.5)
and its solution is given by ax(t) = a3 +ast~ /2, which indicates that the dominant solution is a constant
value and the modes of low momentum are considered to be frozen.

Then considering the momentum modes inside the horizon (k/R > H) the general solution for the EoM

is given by

C t k
ay = cos at’ ) 2.6
=< ) (20
We see here that since we are considering the regime for relativistic axions (H,k/R > m,), the energy
density satisfies p,  a? o< R~*, this indicates us that these correspond to relativistic modes, where
axions dilute as radiation. Therefore, the above modes will just dilute with the expansion of the universe.
The first modes, very close to the zero mode, froze outside the horizon, and keep their energy intact.

These modes are the ones that can seed the dark matter particles.

We know that as the universe expands, H decreases so the frozen modes, i.e., the modes outside the
horizon, eventually can enter the horizon, this happens approximately at H ~ m,. In this case, we solve

the EoM using a WKB approximation. Let us consider

a(t) = A(t)e*®), (2.7)

which gives us from the EoM the equations for the Real and Imaginary parts to be

A o apA o

G BH L A mE =0, (2.8)

A+ i+§H A=0. (2.9)
20 2

With WKB we consider the solution to have an amplitude that varies slowly in time, i.e., (é, H %) < d)

so we can neglect the A derivative terms in Eq. (2.8) to obtain

B(t) = mqt + C4. (2.10)

Replacing in Eq. (2.9) we obtain

10



Chapter 2. Dark Matter Candidates 2.1. Production Mechanisms

C

so, finally, the solution for the field is given by

a(t) = cos mt, (2.12)

C
VR3m,

which as we expected, consists on an oscillatory field with a frequency equal to the mass of the field. If

1,2

we take a look at the energy density of the axion field we see that considering p, ~ 1m?2(a)? we obtain

a— 32
that p, o< R~3 which is the same behavior as ordinary matter. Furthermore, if the universe evolves
adiabatically, we obtained that since R oc T~!, we can relate the energy density with the temperature

like p, o< T3.

This mechanism also can give us the solution for the QCD axion, which has a temperature-dependent

mass. The general solution is given by

where T, is the temperature which satisfies 3H (Tps.) = mq(T,s) which corresponds to the point where

aQcep (t) = ag

the field starts to oscillate, and Rysc = R(Tysc). The energy density is given by

]. ]- ROSC 3
pu = @ > pra(To) = gadma(To)ma(Toe) (T2 (214)
0

Here we can use the expression for the entropy S = sR? which considering Eq. (1.31) gives us

_ 27g.5(T)

5 45

T3R3. (2.15)

We can now rearrange Eq. (2.14) to include the conservation of entropy given by

Rose\®  s(Tp) ges(To) (T \’
RS = sp5cR2,, =) = = Tose) 210
S0d1g Sosellose = < Ry ) S(Tosc) g*S(TOSC) Tose ( )

Replacing the above relation in Eq. (2.14), and using Eq. (1.35) in the relation 3H (Tpsc) = mq(Tose) to

express T,s., we obtain, if we consider a constant mass for simplicity

2 /m
o(To) = 0.13 x 10713 eV (L) Mo 7(7T,... 2.17

pa(T0) % VA Torgev) 1oy Fose) (2.17)
where F(Tose) = (9x(Tose)/3.36)%/%(3.91/gu5(Tpse) ~ 1 [33]. This study allows us to connect the field’s
energy density with the actual DM abundance given by Qpas0 = 0.26. Since we require the field to
start oscillating before the matter-radiation equality (T, ~ 1.3 eV), the mass is required to satisfy
mge > 3H(T.) = 1.8 x 10727 eV, which sets a bound to the model to obtain a result consistent with the

current data, given by

2
3.2 x 10715 eyt e (ﬂ) . 2.18

Pa0 < x ¢ 1eV \TeV ( )
This gives us a bound for the mass of the field.

We can also look at a more general form for the DM energy density, since we know that pg,, o< R~3, we

11



2.1. Production Mechanisms Chapter 2. Dark Matter Candidates

can use the relation between R and T for each cosmological epoch to express the DM energy density as
a function of temperature. This feature and the effects of considering a different cosmological history in
this relation are presented in the next chapter. For the DM energy density, considering the axion to be

responsible for all the DM energy density, using Eq. (2.12) we can express

Ro\’
Pa = pdm(R) = Pdm,0 f 3 (219)

where the subindex 0 indicates the value at the present time. This allows us to relate the DM energy
density with the temperature. As mentioned before, if we consider the universe to evolve adiabatically,
Eq. (1.31) gives us

3
g:5(T) ( T )
m(T) = pamo——=—| = | , 2.20
Pd ( ) Pd 709*S(T0) TO ( )
where the term 5:57(%)) accounts for the point where the DM is produced. If we consider g.,s to be

constant we can simplify this relation to

pam(T') = pam,o <TTO>3 (2.21)

It is relevant to mention that, since we have considered just a simple scalar field, this mechanism is valid

for any scalar field that acquires a mass, for example by an explicit symmetry breaking.

At last, going back to DM production, another important mechanism to mention corresponds to the
production of vector bosonic DM candidates, in [34, 35] they study vector DM production due to quantum
fluctuations during inflation as Cosmic Strings and claim that this mechanism can account for all the

DM density in the universe for some parameter space, in the form of a coherent oscillating condensate.

In the next chapter, we are going to present the possibility of considering a non-standard cosmological

(NSC) scenario, its fundamental concepts, and its effects on the DM abundance.

12



Chapter 3

Non-Standard Cosmology

As mentioned before, ACDM assumes that prior to BBN, the universe transitioned from the inflationary
epoch to an era dominated by radiation. Despite the great achievements of ACDM, there is scant evidence
that supports this statement. This motivates us to study the dynamical evolution of DM through a period
of non-standard cosmological (NSC) expansion, prior to BBN. The fact that to this day, the primordial
abundances of helium and deuterium are measured with a 1% precision, makes BBN a powerful barrier,
where the universe must transition into a radiation-dominated period. Despite this, we have motives to
consider physics beyond SM, such as the unknown nature of inflation, dark energy, neutrino masses, and
the DM, moreover, as the observations have become more precise, there have appeared some interesting
points of current interest such as the Hubble tension [36], the tension on the power spectrum of density
perturbations o, [37], among others. Those unsolved problems challenge the theory and motivate us to

look at other possibilities.

It is possible to consider the existence of one or more additional fields that eventually could have happened
to dominate the expansion of the universe. Some well-studied cases are Early Matter Domination (EMD)
[38, 39] and Kination, i.e., kinetic energy domination [40, 41]. In this thesis, we will consider the existence
of a field that potentially dominates the energy density of the universe in various scenarios. It is important

to summarize a few important parameters.

3.1 NSC parameters

We will call the extra field ¢ and its equation of state is given by

Py = W Po- (3.1)

As we mentioned before, is important to match the theory with BBN, i.e., we require the field not to
dominate the expansion of the universe after Tggy ~ 1 MeV ~ Tg,4, since ACDM indicates a radiation
dominated universe up to that point. The Boltzmann equations that govern the energy density of the
field and the SM entropy density s are [42]

dp

Tf +3(1 4+ we)Hpy = —Lypg, (3.2)
ds F¢
— Hs = —pg. .
7 +3Hs T Pe (3.3)

13



3.1. NSC parameters Chapter 3. Non-Standard Cosmology

where pg is the energy density of the ¢ field, I'y is the decay rate of the ¢ field and s is the SM entropy
density.

It is also important to recall that the Hubble parameter is given by

Ps+ PR+ pa
H= =" 4
Ve (3.4)

where pg, pr and p, are the energy densities of ¢, radiation and the axion field, respectively. Here we can
neglect the axion contribution since it is always subdominant. It is useful to identify the temperature
Tenq where the field ¢ no longer dominates the energy density, which is related to the decay rate of the
field and a temperature Teq > T¢,q in which the energy density of radiation and the field ¢ are equal,
i.e., the moment at which ¢ starts to dominate the energy density after a radiation dominated period.

This feature gives us the relation between the energy density and the scale factor as

PR(R) = peq (%’)4 » Po(R) = peq (Réq)ﬂ ; (3.5)

where 5 = 3(1 + wy) and R., = R(Te,). We have 2 possible scenarios; the first one is for 8 < 4, where
the field ¢ is required to mostly decay up until T¢,4 and the second, where 8 > 4, which means that the
field does not require to decay since it dilutes itself as the universe expands [43] and we can consider the

universe to be ¢-dominated up until T¢,q.

Now, to determine T¢,q we have, for 8 > 4, that py(Tend) = pr(Tend), and for a decaying field, this
temperature corresponds to the point at which the field has mostly decayed, i.e., H(T¢nq) = I'y. Using
Egs. (1.15) and (1.23) this leads us to

- 90

= —— M2, 3.6
end 7T2g*(Tend) P+ ¢ ( )

We need also to consider the point where the approximation I'y <« H(T') is no longer valid due to the
¢ decay, we define then R, which is the point where the decay of the field has an important impact in
the evolution of the temperature. This requires solving Egs. (3.2) and (3.3) considering H(T) ~ , /3’)7"’3,

which, following the results found in [10, 43], at first order in I',/H,, gives us
Ry )" _ 2Ty (Re)" (3.7)
R BHeg \ R ’ ’
Reg)'y 2 Lo (Feg)™ (3.8)
R 8—fHeqq \ R ’ ’

as mentioned before, around H., the first term on the RHS of Egs. (3.7) and (3.8) are the dominant
ones. Considering that at R, both terms in the RHS of Eq. (3.8) should be of the same order we obtain

the relation )
8—8) Ty \\ 7
R~ Req <( 5 ) (T qd> ) . (3.9)

Also looking at Eq. (3.7), since the decay of ¢ should stop by the point in which both terms on the RHS
become comparable, we obtain
B/T 2\ 2/8
eq
end = Ite >y . 1
Rena Rq<2 (Tend>> (3.10)
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Chapter 3. Non-Standard Cosmology 3.2. NSC effects on the expansion of the universe

then, we find the temperature 7T, to be of the form

2
2 Tend>2 e
T.~Ty | —— . 3.11
q (8 _ /6 ( Teq ( )
Finally from this analysis, we can extract that deep during the ¢ domination, the relation between

temperature and scale factor is

3 8
2 Tend 2 Req 8
v =, [ 2 ()] (%) o2

3.2 NSC effects on the expansion of the universe

As mentioned in the previous section, for a decaying field we have four different periods to consider in
NSC, which, relating the Hubble parameter with the temperature, Eq. (1.35), yields

Hg(T) for Teq < T,
B
Hg(T, (T)2 for T. < T < Toq,
H(T) ~ R( eq) Teq A c eq (3.13)
HR(Tend) (Tid) for Tena < T < T,
HR(T) for T <« Tppg.
10} —[=]
—[=
107 ]

&=l

S
T
S
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1000
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Figure 3.1: The evolution of the Hubble parameter normalized by the Radiation Hubble pa-
rameter (Hp) for different values of 3, considering T,, = 10% GeV and T,,q = 4 MeV.

It is important to notice that since the temperature increases from left to right on the graphs, the
cosmological history occurs from right to left since the temperature of the universe decreases in time.
Also it es clear from Fig.(3.1) that fixing T,y and T,,q and varying 5 we also change Tt.

Whilst for a f > 4 we only have two important periods for NSC, and the relation between the Hubble
parameter and the temperature is given by

8
HR(Tend) ( L ) for Tepng < T,

Tend

HR(T) for T < Tend'

H(T) ~ (3.14)
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3.2. NSC effects on the expansion of the universe Chapter 3. Non-Standard Cosmology

This indicates that the universe is ¢-dominated before T' = T, 4, where starts the radiation-dominated
period, this is shown in Fig. (3.2) for different values for § and T,,s = 4MeV.

108+ o
10
'_
£
E
T 100t
Tend
1
108 107 108 10° 100

T [eV]

Figure 3.2: The evolution of the Hubble parameter normalized by the Radiation Hubble pa-
rameter (Hp) for different values of 3, considering T¢,q = 0.4 GeV.

It is clear that for each value of 3, we will obtain a different cosmological scenario. In the next chapter,
we will analyze the effects of the variation of the expansion of the universe on the production of particles

in systems affected by parametric resonance.

3.2.1 NSC effects on the DM energy density

The above relation between the scale factor and the temperature during the decay period (Eq. (3.12))
generates a different scheme for the DM energy density as a function of the temperature. We can

understand it as follows, considering (2.19) and expressing explicitly the cosmological periods, we obtain

_ R037 Ro\* [ Ra \* [ Rena\® [ R\’
pdm(R)*pdm,O (R> = Pdm,0 <}%d> Ros R. f s (315)

where Ry corresponds to the scale factor at the time when the universe changes from radiation-dominated

to matter-dominated, and we recall that R,q corresponds to the time where the ¢ field no longer
dominates the energy density of the universe, and R, corresponds to the time where starts the injection

of entropy period. It is clear that for a SC regime, we have

pam(R) = pdm.o (2)3 (%)3. (3.16)

Thus, if we evaluate the DM energy density in NSC at some moment prior to the start of the decay of
the field, R, < R., using Eq. (2.16) we get

g*S(Tp)TE Send
9+5(T0)T§ Se

pam(Rp) = pam.o (3.17)
where we have used Sy = Sq = Senq and S; = Sp,. Therefore, the DM density evaluated at some moment
before the decay of ¢ has a higher abundance than it would have in a standard, radiation-dominated
expansion, due to the field’s entropy injection into the thermal bath Senq > S., therefore, the DM energy
density in NSC in the period prior to when ¢ have completely decayed is higher than the DM energy
density in SC at the corresponding point. We see from Eq. (3.16) that in fact, that’s the case since the
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Chapter 3. Non-Standard Cosmology 3.2. NSC effects on the expansion of the universe

entropy S is conserved throughout all epochs, the extra term Senq/S. cancels out and we simply obtain
Eq.(2.20).

It is important to mention that we are assuming that the DM density has been already set at this early
moment described by R, (and temperature T},) and therefore is thermally and chemically decoupled from

the primordial bath, thus does not share the entropy injection.

Another useful way to look at the DM density is as a function of the temperature, where we must include

the injection of entropy period. This gives us for § < 4

Pdm.,0 (%)3 for T <« Ty,
Pam,d (%)3 for Ty < T < Tona,
pam(T) = \ Pam.end (Tid)wg for Tena < T < T, (3.18)
Pdm,c (%)3 for T, « T < Tey,
Pdm,eq (qu )3 for T.q < T.

3 N N3 [ g \24/B
where Pdm,d = Pdm,0 (TZ) y Pdm,end = Pdm,0 ( %gd) y Pdm,c = Pdm,0 ( ;:(;d) (Tczd) s and Pdm,eq =

T \? (g \(2i-30)/8
pdm70 To Tend

R o T7! is not satisfied. For NSC with 3 > 4, it is clear that, since there is no injection of entropy to

. We see the non-adiabatic period has a different behavior since the relation

the system, we simply have
pam(T) o< T3, (3.19)

and this relation is satisfied at all cosmological times.

Summarizing, we are presented with two different scenarios. For § > 4 we have that the field ¢ simply
dilutes itself as the universe expands and it dominates the energy density up until 7,4 where we return
to ACDM. The other case occurs for 8 < 4 in which we have radiation domination up until T, where
begins the ¢-dominated period, at T, begins the period of ¢ decaying and the entropy injection to the
bath that ends up at T.,q, which indicates that we go back to a radiation dominated universe and we
connect with ACDM as well, these schemes are presented in Fig (3.1) and Fig. (3.2). In both cases, we
see that the NSC period is completely defined by fixing three parameters, Tenq, Teq, and f.
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Chapter 4

NSC effects on DM particle stability

In this section, we will look at the effects of considering a period of NSC before BBN in models where
parametric resonance could have taken place during that non-standard expansion. We will first study
a model where the DM particle is a hidden photon, coupled to an axion and a photon. Then, we will
comment on a model with an ALP as the DM candidate, coupled with two HPs. A very important feature
relies on the background field since in both cases we require its behavior to be that of an oscillatory field

with a well-defined frequency, which is the case of the DM when produced via misalignment mechanism.

Parametric resonance is one of the crucial features present in the models studied, it presents itself as an
effect produced by the interference of an external field, such as a background oscillatory field, which can
allow a decay process. Parametric resonance has been widely studied in several models regarding axions
(see [44, 45, 46, 47, 48]) and here we will look at some of the effects of considering a NSC history, related
to the stability, particle production, and relic density of DM for different expansion rates of the early

universe.

4.1 HP-DM coupled to axions and photons

Let us consider a Lagrangian invariant under the Z; symmetry and taking operators of at most mass
dimension 5 given by

L= _EF FHY _ EF/ P4 ﬁA' At 4 15 PpO*p — %¢2 + Mqﬂ? FBv (4‘1)
4 4 2 H 2k 2 2 w ’
where ¢ is the ALP field, g4+ is the HP-Axion-Photon coupling, F' is the electromagnetic field strength
of the SM, and F” is the corresponding one in the hidden sector. This model was studied in [20] to find
the parameter space where the HP is found to be a viable DM candidate. Following this line of study,
we will consider the HP field to constitute the DM, as a background field that decays into axions and
photons.

One important feature of the model relies on the decay rate for the spontaneous decay process. If we
consider the HP to be lighter than the axion (m., < my), conservation of energy prevents the decay and
the HP is considered stable. It is important to us when the HP can decay (m, > mg), but we require

the HP to be stable, i.e., its average lifetime must be at least as large as the age of the universe. For this
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model, it is given by

-3
m2 ’ -2 N\ 3
S T T (i L (1) (4.2)
Gy TV mZ, 106 GeV leV

Y

where in the last step, we have assumed mg < m.-. Then considering the age of the universe, this gives

9ovy 15 ( my )—3/ g
1 — . 4.
lev! <10 leV (4.3)

us

This will constitute one of the bounds of the system in later analysis.
The Lagrangian in Eq. (4.1) gives us the EoM, using Lorenz gauge and considering terms such as
o (;Sff’ , QSE to be small, for the photon and the ALP field

(02 = VA = —g4/ Vo X E' gym, (4.4)

(8? v + mi)gi) = —gqyy,ylﬁ/dm . é, (45)

where considering that the hidden DM electric field can be written as E' am = E{ cos My t€am and using
the rotating wave approximation (see Appendix A.1 for more details), focusing on the process v — v+ ¢

we obtain the equations for the photon and the axion to be
Oray, = Qk¢tk€_mt, (4.6)

3t¢1k = Qrage™, (4.7)

’
— ; k _ Yo' Fo
where ; = 7sinf vy = T

We = 4 /ké + mi. 0 corresponds to the angle between the background HP polarization and the photon
propagation. Here, since we focus on the decay process v/ — v + ¢ in the HP rest reference frame and

, K = My —w — wyg and the frequencies are given by w = &,

considering a massless axion we obtain k ~ m. /2.

We find the solutions for Eqgs. (4.6) and (4.7) to be given by

{ak(()) <cos st + ;—H sinh st) + ¢’r_k(0)% sinh st} , (4.8)
s s

ikt

¢T_k(t) =% {ngf_k(O) (cos st + % sinh st> + ak(())% sinh st} . (4.9)

where we have defined s = %\/4Qi — k2. Since the process we are interested in is the decay of one HP
into an axion and a photon, it is useful for us to look at the photon number density produced through

the decay. First, we must look at the occupation number of photons given by

Fr(t) = 3 el (Dax(0) 3. (410)

Integrating over phase space we obtain the photon number density

43k > K2 0 . V-
ny(t) = / @np [f%k(O) (cosh (st) + 12 sinh (st)> + f¢’_k(0)572 sinh” (st) 4+ 2 sinh” (st)| .
(4.11)
where f, 1(0) and fy i are the initial number of photons and axions respectively. Here it is crucial to
note that as long as s remains a positive real number, the number of photons produced due to the decay
of the DM particle is parametrically amplified. This condition is translated as —2Q < k < 2.
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We can identify the first and second term of Eq.(4.11) as photon production due to stimulated HP decay
triggered by an initial number of photons and axions respectively, while the third term corresponds to

photon production due to spontaneous Bose-enhancement decay.

We assume the process happens such that there are no initial axions in the medium. On the other hand,
we will see that this process is most important in the early universe, where the universe is filled with a
thermal bath of photons, therefore, we will assume the photons are described by a thermal distribution
given by

Fr0) = . (4.12)
In this framework, we can integrate Eq. (4.11) for the number density of photons produced by the decay
process, using a saddle point approximation (see Eq. (A.12) and that appendix for details) we find

2 2nt
mZ,m e 1
t) = —"1—— = 4.13
m (0 = T (vt ). (4.13)
Here, fmw, /2 is the initial occupation number of photons at energy k ~ m. /2. It is important to mention

that, since we are considering mg = 0, we can simplify the parameters Q; ~ nsinf and k = m.» — 2k.

As mentioned before, since we are particularly interested in the resonant process, here it is crucial to
look at the resonance window and its relation with the expansion of the universe (for a more detailed
review on parametric resonance see Appendix B). A photon of frequency w, which satisfies the resonance
condition, is affected by the expansion of the universe and will have its wavenumber red-shifted, moving
out the resonance window. The resonant decay of DM into axions and photons will happen if the DM
condensate is excited by photons within a range 0k, around the central value given by k ~ m.//2. We
found in Appendix B that the size of the resonance window is dk = 2n = 2Q;. Now we can relate the

resonance window for the momentum with the Hubble parameter through

m,y/ H(St

k:
o 5

(4.14)

which considering the resonance window gives us 0t = 4€Q/(m.,H) and since we are interested in solu-
tions exponentially increasing in time, we focus on the regime where the exponent 2ndt = 9357 v Pdm /(m~ H)
increases in time. Furthermore, using the approximation fmw, P 2T /m., relating the DM density to
the background amplitude by E) = v/2p4m, and taking the stability condition between the photon energy
density and the DM density, which indicates us that pg, must be greater than p, = n,m, /2 we are

able to find the bound for the coupling parameter to be

m~ H 647Tpdm
g;,y,yl < il In
Pdm \/2HmS, T

So far, we have assumed that the decay happens into massless photons, which is not true in the case of

(4.15)

an astrophysical environment, where the photon acquires an effective mass due to plasma effects. Since
the condition of Eq. (4.15) must be fulfilled at every cosmological epoch, we shall only consider hidden
photons with a mass higher than the photon’s mass, m., > m,. Thus, to obtain the limit we will set
M. = m~, considering the plasma mass data for the photons obtained in [49]. Evaluating the expression
(4.15), we obtain Figs. (4.1) and (4.2), where the region above the curve corresponds to unstable DM,
i.e., a rapidly decaying DM. We implemented NSC considering T.,q = 4 MeV, T, = 108 GeV, and
B =3, i.e., an early matter-dominated universe for Fig. (4.1), and 8 = 6 for Fig. (4.2). We will detail an
approximated scheme to interpret the space parameter for the model and compare the behavior of the
bound for SC and NSC. We also included the stability bound given by Eq. (4.3) as an orange dashed
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line in both cases.

Let us first analyze the bound results for SC. Considering Eq. (4.15) to be mainly governed by the factor
Moy H/ pam, using Eqgs. (1.35) and (2.21) we obtain that for a radiation-dominated period

9oy = my T (4.16)

which extends across all periods considered for NSC and will be present in every analysis for the next

sections.

4.1.1 NSC effects in the bound

It is very straightforward to take into account the effects of NSC, since as we mentioned in the previous
chapter, the presence of an additional field dominating the energy density of the universe affects the
Hubble parameter and the DM energy density in the early stages, which are both present in the bound
for the coupling.

Let us first analyze the case 8 < 4. Since Eq. (4.15) is mainly governed by the expression outside the
logarithm, we can focus on these terms. For example in the sector T, < T’ < T¢q, looking at the Hubble
parameter, we obtain from Eq. (3.13) that H(T) o< T%/2 whilst the DM energy density, considering Eq.
(3.18) we obtain pg, (T') oc T3, ultimately, and using the expression found in [50] for the relation between
the plasma mass with the temperature at early stages given by m. o< T', we obtain gg, o m(f /4,
This allows us to interpret the curve in Fig. (4.2) for the different periods of NSC. An approximated

scheme that contains a non-adiabatic period is given by

mg, for Toq < T,
Gy (1) m£ﬁ74)/4 for T, <K T K Teq, (4.17)
e mfﬁﬁ_ﬂ)/w for Topg < T < T, -
mg, for T < Teng.

We can see then that, for example in early matter domination (8 = 3), the curve for the bound is
expected to restrict a wider space of parameters since the dependence on the HP mass drops from an
exponent 0 in the radiation-dominated period to -1/4 in the non-adiabatic period of ¢-dominated period,
to then behave with exponent -5/2 up until the radiation-dominated epoch at the earlier time where it
goes back to a constant behavior if we neglect the logarithm term in the bound. It is important to
mention that since we are considering the plasma mass data displayed in [49], the results shown are

restricted by the data range for the plasma mass.

Considering this analysis we can see for § < 4 (Fig. 4.2) that in fact, these effects translate as a greater
bound for the coupling constant, i.e., it gives us a wider sector of prohibited values for g4,/ for greater
plasma masses. This tells us that to consider a viable HP-DM with masses over 10° eV in NSC we will
require a smaller coupling constant to avoid the unstable period of the system, although this mass value
interferes with the spontaneous decay requirement to consider a stable and long-lived DM of at least the
age of the universe which is a crucial requirement for the model. We will address this at the end of the

section.

On the other hand, since the Hubble parameter and the DM energy density have different expressions
in NSC with § > 4, we must do the corresponding analysis. Considering Eqgs. (3.14), (3.19) and again
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Figure 4.1: Exclusion plot for the coupling constant for NSC with 8 = 3. To the right of the
orange dashed line, the model is excluded by the perturbative decay rate presented in Eq.(4.3).

10—12 i i i

Unstable HP dark matter

— [
— [0

10 10* 107
my[eV]

Figure 4.2: Exclusion plot for the coupling constant for NSC with 8 = 6. To the right of the
orange dashed line, the model is excluded by the perturbative decay rate presented in Eq.(4.3).

the relation of the plasma mass with the temperature, we obtain

mﬁﬁ_4)/4 for Tepg < T,

Gy (Mmyr) o (4.18)

mg, for T < Tend~
This shows that for values of 8 > 4, the slope of the bound is positive in the NSC period, so it gives us

a wider parameter space for stable HP-DM, which is the opposite of the result obtained for the previous
analysis.

In consistency with this relation, we note that if we implement NSC with 5 > 4 (Fig. 4.2) we see that
the bound is less restricted, allowing bigger values for the coupling constant for higher values of plasma
mass, in correspondence with the scheme presented in Eq. (4.18) where we see for greater values of 3,
the prohibited parameter space gets smaller in the NSC period, although as mentioned before, bigger
masses for the HP could make it susceptible to decay spontaneously, ruining its stability.

We must then consider the bound related to the spontaneous decay rate, which relates the coupling
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constant and the DM particle mass to assure its stability. In Fig. 4.2 we see this bound in both scenarios
for 3 as the orange dashed line. We see that the NSC period occurs in the sector that provides unstable
particles, then, although the NSC effects are found and consistent with the analysis, they occur in a sector
where the model isn’t capable of solving the DM problem. We will then study where this restriction

related to the plasma mass is not an issue to implement a NSC.
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4.2 ALP decay to two hidden photons

As we have mentioned, there is a high motivation for the study of an ALP DM candidate coupled to
two photons in a great variety of systems. Here we will consider a similar scenario. Axions and ALPs
are one of the most popular DM candidates, which are very light and weakly coupled and they can in
principle decay. However, if both their couplings and mass are small, they contribute to the decay rate
being extremely small and thus may be of little concern. However, in general, we see that this set a
bound between the mass and the coupling constant. We will see from our analysis that since the mass
is an important parameter to express the bound that we must take into consideration this relation for
the DM stability.

Let us now consider a system that has a coupling of an ALP to two massless HP, whose Lagrangian

density is given by

9 1

1 _
- imigbz - ng/v’d)F/WFLw (4.19)

1
£ = 5(0u0)

where gg,/, is the coupling constant of the ALP to HPs, F'*" is the HP field strength and Z*:'l’ is its

LV

dual. The perturbative decay rate is given by

2 3
Gy Mo
647
Looking at its stability, we require that for ¢ to be stable that I'yer+ < Hp, where Hy is the present-day

(4.20)

Fpert =

Hubble parameter. This gives us the stability bound to be

. -3/2
% <5x (f’%) ” (4.21)
The perturbative decay rate is in fact really tiny in a great range of masses, but we still need to pay
attention to this decay process. The reason lies in the ALP DM production mechanism since as mentioned
before, the particles produced by misalignment are highly coherent, they are produced in the same state
and therefore their occupation number is enormous. This makes Bose enhancement effects plausible.
Considering the spontaneous decay of the ALPs, it is possible for Bose enhancement decay to occur.
Similar to the previous section, we will take into account the effect of the expansion of the universe on

the modes of the particles produced via decay and then we will analyze the effects on NSC scenarios.

Considering Eq. (4.19), the EoM for the HP in a homogeneous axion background can be written as
(02 = VA = —gyyy 8,0V x A, (4.22)

(83 + mi)d) = gmw/at/_f/ . 6 X /_1'/. (423)

In this case, we consider the HP as a plane and linearly-polarized electromagnetic wave of frequency
w, and the background axion field is taken to have the form ¢(t) = ¢gcosmgyt. We could also use the
rotating wave approximation (see Appendix A.2 for more details) and focus on the relevant process of
the system, which corresponds to the decay ¢ — v’ ++'. We obtain the equations for the polarizations
of the HPs to be

1 .

QAL = izgmwmwoemm’ihi? (4.24)
1 —1iK

ATy = g masoe A a2

Here, for simplicity, we will focus on the ” +” polarization (the following analysis is also valid for the 7 —”
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polarization), and we see that it is possible to compare these differential equations to Eqs. (4.6) and (4.7),
obtained in the previous section. We can identify Q) = $ggymgdo and {ax, gbik} — {45 4 A/jk#},
moreover, the energy conservation relation gives us kK = my — wy — w,. Therefore, Eqs. (4.25) and
(4.24) have the same form as the ones found in the previous model, and thus, their solution is formally

the same, meaning

int j Q
ra(t)=¢€z [ %+ (0) (cosh st+ % sinh st) + ?kAI_TkHr(O) sinh st] ) (4.26)
AT @)y =e=" | AT (0)(coshst— " sinh st | + L (0) sinh st (4.27)
—k,+ —k,+ %25 S k,+ )

where s = 1/4Q, — k% and A2,+(0),A/jk7+(0) are the initial conditions of the system. This solution
allows us again to define the number density, this time for the ” 4+ ”-polarized-HPs, using Eqgs. (A.28)
and (A.29). We want to consider the effect of parametric decay at every epoch, so we will make the
reasonable assumption that there is no initial population of hidden photons to trigger the enhanced
decay of the dark matter. Instead, we will be looking at the ’spontaneous process’, even though, once it
happens, HPs produced by the spontaneous decay will induce the stimulated decay due to the bosonic
nature of the particles. This allows us to consider an initial state with no initial occupation number of
axions or neither of the HP’s polarization, which left us with a density number composed only for the

Bose-enhancement term of the decay, which corresponds to

dk Q2 .,
ny :/(27)35—2 sinh” st, (4.28)

This gives us, considering the regime st > 1 and the saddle point approximation for the HP number

m?2 0
¢ Sk 2tQ)
t) = k 4.2
n(t) 1287 7rte ’ (4.29)

where we can recall 26t = giyv,pdm /m¢H. Similar to the previous model, we can relate the resonance

density to be

band for the system with the expansion of the universe using Eq. (4.14) to obtain the expression for the
bound of the system to be

m¢H In 1287Tpdm

2
g¢py/,-y/ <
Pdm \ HmG /T

In the following, we will take into consideration one very important feature of the model. We will work

(4.30)

under the assumption the ALP DM has been produced by the very well-known misalignment mechanism.
Therefore, in order to evaluate the bound, similar to the analysis realized in the previous model, we will

find an expression for the energy density as a function of the temperature.

4.2.1 NSC effects in the bound

Let us first focus on the term outside the logarithm in Eq. (4.30), with a constant value for the ALP
mass and taking into consideration the dependence of the Hubble parameter and the DM energy density.
We see that for NSC with g < 4

T-1 for ., < T,
H(T T(B-6)/2 for T, < T K Teyq,
@) a (4.31)
Pdm (T) TU6=240)/8  for Teona T < T,,
71 for T < Teng.

25



4.2. ALP decay to two hidden photons Chapter 4. NSC effects on DM particle stability

We can see clearly that the function is strictly decreasing as the temperature increases, this allows us to
simplify the analysis due to the fact that since we are looking at the biggest restriction for the coupling
that satisfies Eq.(4.30), we have to consider the lowest possible value for H/pg,,. This means that for
each mass, we must evaluate the bound in the highest value of temperature. Here we must include the
features of the production mechanism. We considered the misalignment mechanism to be responsible
for the background ALP field, then we need to look at the temperature at which the system starts to
oscillate and the relation between the Hubble parameter and the mass field. From Sec. 2.1.1 we see that

the system starts to oscillate at a temperature T,s. that satisfies
3H (Thsc) = my. (4.32)

then the highest possible value of T is given by T,s. and we can reparametrize the bound as a function
solely of the ALP mass, using the relation between the DM energy density and the Hubble parameter.
A general scheme for the coupling is given by

m;/ 4 for T,y < T,

m((bQ,B*G)/2B fOI' Tc < T < Teq7

Gy X B (4.33)
m mPOP for Towa < T < T,
m(l/4 for T <« Tepg-

Another important point to mention relies on the fact that we can interpret from the previous anal-
ysis that this process of resonant decay is more efficient at earlier times, then the NSC effect may be
particularly relevant.

We can now interpret the results in relation to the parameter space. We see that in the radiation-
dominated era, the bound is proportional to m}ﬁ/ 4, and in the ¢-dominated period, its exponent drops
depending on 3, but it is clear that the result always prohibits a wider space of parameters. One
important case to mention corresponds to early matter domination, where we see that the dominant
term on the bound does not depend on the ALP mass and behaves as a constant value. Also, as we
mentioned in the previous model, it is important to take into consideration the stability condition from
the spontaneous decay process given by Eq. (4.21). This relation between the ALP mass and the coupling

constant is illustrated in Figs. 4.3 and 4.4 as the orange dashed line.

Now looking at the cases with § > 4, we obtain the scheme to be

H(T TWB=29/8 " for Ty < T,
) T Lend (4.34)
Pam (T) T7-1 for T < Tena-

here we can notice that in the opposite of the previous case, for sufficiently large 8 the function H/pgm
can decrease as the temperature drops, but this sector is prohibited by the stability condition so we can
still rely on the highest value of temperature to find the greater bound. Now we can implement the
relation between the ALP mass and the Hubble parameter to express the coupling in terms of the ALP

mass. For this model, it is given by

m((;BfG)/w for Topg < T,
g(b,y/,yl X 1/4 (435)
my for T <« Teng-

where in this case we see that for 8 > 4 the exponent on the ¢-dominated period is greater than 1/4,

we expect then that the bound of the model will present a wider area of permitted coupling values for
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greater masses. Once again we must take into consideration the stability condition of the DM candidate

due to spontaneous decay and intersect both restrictions to obtain the allowed parameter space for the
model.

10718
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Figure 4.3: The parameter space for the coupling of an ALP to two HPs in SN and NSC for

B < 4. To the right of the orange dashed line, the model is excluded by the perturbative decay
rate presented in Eq.(4.21).

Let us now compare the result shown in Fig. 4.3 with the analysis previously mentioned. We see that in
the period of NSC for 5 < 4 that the bound is stronger than the one obtained from SC, giving a wider
sector for prohibited parameters, especially for smaller values of 3, we see that the case of EMD, i.e.,
NSC with g = 3 shows a particular behavior since the bound does not depend on the mass of the ALP.
In relation to the stability condition due to spontaneous decay, given by Eq. (4.21) and shown in Figs.
4.3 and 4.4 as the orange dashed line, we see that a certain area of NSC is ruled out, but we are still
presented with a viable parameter space, where NSC effects present a different scenario.
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Figure 4.4: The parameter space for the coupling of an ALP to two HPs in SN and NSC for

B > 4. To the right of the orange dashed line, the model is excluded by the perturbative decay
rate presented in Eq.(4.21).

On the other hand, if we look at Fig. (4.4), NSC gives us a weaker restriction for the coupling constant
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since the unstable sector is smaller for greater values of 8, which is consistent with the previous analysis.
Once again looking at the stability condition, we see that a certain area of NSC is ruled out but we are
still presented with a wide parameter space viable for the model and we can consider higher masses to

be stable in a wider range of the coupling constant if we consider NSC.
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4.3 Further models

This type of analysis allows us to consider future applications to other systems studied in the literature.
As we saw in both systems analyzed, we can take into consideration the particle production of systems
with parametric resonance to relate the expansion of the universe with the resonance window. This is
very useful since there are a great variety of physical systems that presents this feature and can show the
effects of considering a NSC period. One model of particular interest corresponds to the model studied

in [51] as a toy model with an interaction Lagrangian of the form
Lr = gox*. (4.36)

this is similar to the model of the ALP-2HPs but presents an alternative approach using Floquet theory
to analyze the resonant decay of the ¢ background, instead of using the rotating wave approximation as
we did.

There is also interest in the model in [52] where they look at the stability of millicharged light bosonic
DM with a Lagrangian of the form

L= —iFQ +(D,¢) D" — m2¢T . (4.37)

and its decay into photons.

There are also various models in (p)reheating related to inflation [53, 54, 55] or DM production [56],

among others, which can be interesting objects of study.
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Conclusions

In this thesis, we have studied the effects on the stability of DM candidates due to the implementation of
a NSC period prior to BBN. This means that instead of a simple extrapolation of the radiation-dominated
period that stipulates ACDM, we have considered a period in which the universe was dominated for a
new field ¢. This allowed us to study the effects that NSC produced on the expansion of the universe
as well as the DM energy density and its relic value. We have shown the difference between different
equations of state for the new field and we established the necessary parameters to describe the NSC

period.

We have found two important regimes, first for 5 < 4 we have that the additional field must decay
before BBN, thus the DM energy density must be higher in early times compared to SC to match the
data at the present day due to the fact that an additional field dominating the universe would dilute
the DM density. On the contrary, for 8 > 4 we have found that since the universe expands faster, the
DM density must be smaller in NSC. Then we implemented NSC to two different DM models affected
by parametric resonance. The first one consisted of a HP-DM coupled to an axion and a photon, we
solved the equations of motion in the resonance frame and we relate the expansion of the universe with
the resonance window of the system. Then we found the number density of photons produced by the
HP decay and determine the stable parameter space, capable of accounting for the total DM density but
the result showed that the NSC effects would occur for particles with masses that are prohibited by the

stability condition due to spontaneous decay of the candidate.

Then we implemented NSC in a model of an ALP-DM coupled to two massless HPs and again solved
the equations of motion for the resonant decay process to find the stability bound of the system taking
into account the production mechanism to obtain an exclusion plot where we found that NSC for 5 < 4,
we considered an early matter-dominated universe and obtained that this gives us a stronger bound for
the coupling, prohibiting a wider sector of masses whilst NSC for 5 > 4 we obtained that the exclusion
plot gives a smaller prohibited area of parameters, allowing a wider combination of coupling and ALP
mass to be able to describe the DM energy density. For this model, the results were compatible with the
stability condition due to spontaneous decay so we defined a viable space of parameters to consider this

model as a DM candidate.

It is important to mention that the models studied have several other restrictions related to observations,
astrophysical tests, and a wide variety of experiments, that were not mentioned in the discussion for the
sake of clarity in the study. Nevertheless, in light of the obtained results in this thesis, it seems useful
to consider the study of the parameter space of models with DM candidates under the supposition of a
period of non-standard expansion prior to BBN in a complete setup. This investigation seems interesting

as a future extension to this work.
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Appendix A

Rotating Wave Approximation

A.1 HP to Axion-Photon system

Taking into account the Eqgs. (4.4) and (4.5) and considering the axion field and the photon field given
by

3 1 e T
A(.T,t) :/ d’k |:ak(t>ez(k-z—wt) + ak(t)fe—z(k‘w—wt)} ’ (Al)

(1) :/ B3k 1 [st(t)ei(l_é.f—wd)t) +¢k(t)’re—i(l¥~f—w¢t)]7 (A.2)

(27‘()3 \/ QW¢

where wy = |/k? +m3, w = k. Moreover, we assume that the amplitudes ax(t) and ¢ (t) vary slowly in
time so we can neglect the second derivative term in the EoM, and they satisfy the commutation relations
given by [6x (1), oL, (1)] = [ax(t),al, (t)] = (27)36*(k — K’). Using the rotation wave approximation we
obtain the coupled system given by

. [ k NY iAot —ixt
Oray, = nsinb wigb (qbke At ore Ast 4 qbike f) , (A.3)

[k , _ .
Oy, = —nsinb w—(b (ake’Alt + ape’2t — af_ke*”“) , (A.4)

where we defined Ay = my +w — wg, Ay = My —w 4wy and kK = My —w — wy. It is important to
mention that 6 corresponds to the angle between the photon propagation and that of the HP background

polarization. This gives us, if we consider only the process m. — w + wg, the following set of equations

dray, = Q' e, (A.5)
0", = Qage™. (A.6)
Here we have defined Qj, = nsinf w% and we can see that x represent the energy conservation relation

of the resonant process. The solutions for Egs. (A.5) and (A.6) are given by
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ap(t) = e~ ixt/2 [ak(O) (cosh (st) + z% sinh (st)) + qSik(O)% sinh (st)] , (A7)
Qik(t) _ oint/2 {¢Tk(0) (cosh (st) — z% sinh (st)) + ak(O)% sinh (st)} . (A.8)

Here s = %«/49% — k2. This solution allows us to define the occupation number for ¢-particles and

a-particles.

1

fou(®) = 37 (il 6L OS(0) 1) (A.9)
Fon(t) :%m T ()an(t) |i) - (A.10)

which, after replacing Eq. (A.7) for the photon occupation number gives us

2 2

fy k() = fv.£(0) (cosh2 (st) + 4%2 sinh? (st)> + L)",ij,_k(())s(‘:—jC sinh? (st) + % sinh? (st). (A.11)

where f., 1(0) and fy _x(0) are the initial occupation number of photons and axions respectively. Finally,

we obtain the photon number density

3
ny (t) = / (5:)3 o (A.12)

A.2 ALP to two HPs system

99

Considering the field (for simplicity, we will drop the notation to identify the HP in this analysis) to

be linearly polarized, we can express it in the following form

1= dgk 1 A —i(wpt—k-Z T Ak i(wpt—k-Z
A(7,t) = / W\/Tjk /\;7 (ah)\(t)é‘k,,\e (wr ) + ak,,\(t)gk,ke (wy )) , (A.13)

=T

where ex 3=+ and [ag \s) az,’k(t)] = (27)36%(k — k’). Additionally, the basis satisfies the convention

kX épx = —iMkép. (A.14)
Also, since the ALP background consists of an oscillatory field, we can express it as

(b(t) _ % [eim¢t + e—im¢t] ) (A15)

Replacing these relations into Eqgs. (4.22) and (4.23) we obtain

(—inkdk7,\ék,)\€_z(wkt_km) + Ziwkdg)\é,t,)\el(wkt_km))

_ g¢7'7’2¢0m¢ (eim¢t _ e—imd,t) (ak,)\(E « ék’)\)e_i(wkt_g'f) + a;rf A(E % ézw/\)ei(wkt—l_c‘-f)> ) (A].G)
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where we have neglected the second derivative terms on the amplitudes since we consider them to vary

+iwpt

much more slowly than e , also, it is important to mention that we have a sum over A = £. Let us

first consider the equation for aj 4 which is given by

1~ m . . .
atak)\ — W ak7)\61m¢t o ak,)\efmwt + aT—k,Aei’“{t} ] (A.l?)
Once again, as we are interested in the process ¢ — +' + +' we focus on the last term, obtaining the

equation

Orap,+ = Qe "tal (A.18)

k,+:

where we have defined 2 = gy, mypo/4. For completeness, we see that the rest of the equations of the

system are given by

8ta_k7+ = Qemtak’Jr, (A.19)
Orag,— = —Qe_i”’taikﬁ, (A.20)
3taT_k,_ = fﬂemtak’_. (A.21)
The solutions for these differential equations are
L | (L Q 1 . ]
ak,+(t) =e 2 |ak,+(0)(cosh st + %5 sinh st) + —al ;. _ (0)sinhst|, (A.22)
s s M
L) =% [al,  (0)(coshst — 2 sinkist) + Lap. (0) sinh st] A.23
aly (t)=e _a_k,+( )(cosh st — 7, sinhs )+ ;ak7+( )sinh st | , (A.23)
Camt | ik, Q + . 1
ag,—(t) =e 2 |ak,—(0)(cosh st + 55 sinhst) — —a', _(0)sinhst]|, (A.24)
s s ="
1 int | T ik, Q . 1
al, (t)=ez |a’, (0)(coshst— 25 sinh st) — ;ak,_(O) sinh st| , (A.25)

where s = $1/402? — k2. We can then define the number operator N = a};’+ak7+ and we can obtain the

initial occupation number density from

1

Jrrk(t) = o (i N4 14) (A.26)

<~ <

fr(t) = = (i N- i) , (A.27)

which after replacing the solutions for aj  and a]t - gives us for the "+ polarization

K2 . 0z 02 .
P 0) = Fara0) (cosh () 4 5 0l (50)) + Ly 0(0) S i (5) 4 sl o). (4,29

Then the number density of HP produced by the decay process is found to be
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d3k
Mgy :/Wf+'y/,k'7 (A.29)

which considering no initial HP of either polarization, gives us the number density of the simple form

$Br 92,
Tog :/W? sinh” st. (A30)
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Appendix B

Parametric Resonance

Parametric resonance is a phenomenon that can be observed in a driven harmonic oscillatory move-
ment. It consists in a simple harmonic oscillator that is under a small external effect of a periodic force

proportional to the position. We can look at it in the simple form

i+ wiz = —af(t) (B.1)

where we consider f(t) to be the external force responsible for the driven motion. As a first approxima-

tion, for f(¢) = 0 we simply have a harmonic oscillator, whose solution is well-known to be

xo(t) = Acoswyt + B sinwpt. (B.2)

As we mentioned before, we require the perturbations of the simple harmonic oscillator to be periodic

and small, so we can consider them to be of the form

f(t) = wihcos (wt) (B.3)

where h < 1 and the term w? is put for convenience. Eq. (B.1) is then

i+ wiz = —wih cos (wt)x (B.4)

which is called Mathieu’s equation. Considering the solution for Eq. (B.4) to be a variation of Eq. (B.2),

we can replace it to obtain in the R.H.S., using trigonometric identities, the following terms

1
cos (wt) cos (wot) = 3 [cos ((w + wp)t) + cos ((w — wo)t)] (B.5)
. 1. .
cos (wt) sin (wot) = §[Sln ((w + wp)t) — sin ((w — wo)t)]. (B.6)
Here we see that if w = 2wq the last term in both equations gives a resonant term, i.e., a term with the
same frequency as the unperturbed solution, giving us the point of maximal resonance effect. Parametric

resonance also allows us to consider a resonance interval, which consists in a window around a maximal

resonance point, where we still observe the solution to have increasing amplitudes. To find this interval
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of resonance, let us define p = wy + €/2, where € < 1 is a small deviation from the natural frequency of

the system, this allows us now to consider the ansatz for the general solution to be

z(t) = A(t) cos (pt) + B(t) sin (pt), (B.7)
where the amplitudes vary slowly in time. Replacing this ansatz in Eq.(B.4) and neglecting the second-

order terms of € as well as the second derivative term of the amplitudes, we obtain the resonant terms
to be

[QA + (e + ;w0h> B] sin (pt) + {23 + (—e + ;woh) A} cos (pt) = 0, (B.8)

which, if we consider the amplitudes to be slowly varying in time, they can be expressed as {A, B} =
{Aq, Bo}e®t, then it gives us a system of equations for the amplitudes {A(t), B(t)} of the form

=

25A0 + (6 + %th) BO =

B.9
2sBo + (—e+ thwy) Ay = ()

e

Considering non-trivial solutions, this gives us a clear condition between the parameters of the system if

we want the solutions that increase exponentially in time, this is

. 1 hwo 2 9 hwo hwg
s=43 (2) —@ oy <e< 4 (B.10)

Generally, u = 2s is called the Floquet exponent, and it is used in several studies regarding Floquet
theory. The general solution with an increasing amplitude due to parametric resonance effects is then

given by

hwg

2(t) = 5V (552) = (0 cos (wo + €/2)t) + bo sin (wo + €/2)8)). (B.11)

where we have only considered the positive exponent for the solution since we are interested in the

solutions with increasing amplitudes.

We need now to implement these features in the models studied. The most important result of this
analysis is the interval of resonance. Taking into consideration the system of an ALP decaying to two
HPs, the energy conservation coincides with the requirement wp = w/2, which in the system is given by
mg = 2w, where m,, is the ALP mass (background frequency) and w in the HP frequency (unperturbed
system). Looking at the Floquet exponent, we express the solution as hyperbolic functions, but the
factor s remains the same for both this general analysis and for the physical model studied, we see then
that its form, given by s = %\/m can be related to the expression found, s = %\ / (%)2 — €2 s0

hwo
2

terms of the parameters of the system, given by

we can identify the relation (242) — 29 and ¢ — x. Finally, the resonance window is found to be, in

=20, < K < 2Q, (B.12)

this allows us to identify the resonance window for the system since ¢ — k and e is related to the resonance

window, we obtain in the system that the maximum value of momentum dispersion corresponds to 2§,
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and we can then say the condition for resonance in this analysis, coincides with the condition for s? > 0.
This then allows us to relate the resonance window with the dispersion of the momentum caused by
the expansion of the universe, which is a very useful tool to rapidly identify the space parameter that

indicates resonance and the time while it is present in each system.
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