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Prologue

The work presented in this Thesis characterizes the properties of cosmic defects and explores
their observational effects. The different projects that give rise to this Thesis are done in collab-
oration with my supervisor Jon Urrestilla and our collaborators: A. Achtcarro, A. Avgoustidis,
B. Hartmann, M. Hindmarsh, A.M.M. Leite, J. Lizarraga, C.J.A.P. Martins, A.S. Nunes and K.
Sousa.

The cosmological standard model and the standard model for particle physics are the main
theories to understand the Universe. The standard model for particle physics gives us the high
energy description of the universe, while the cosmological standard model provides a successful
description for many of the cosmological observations we have nowadays. Nevertheless the con-
nection between these two theories still has some unanswered questions. That is, the physics
governing several processes taking place at the early universe which lie in this connection are un-
known. Cosmic defects are one of the most promising candidates to answer those questions. They
are predicted in many high energy theories and they could be formed in cosmological symmetry
breakings that took place in the early universe. They could also survive the cosmological evolution
and/or have observational consequences nowadays. Thus the analysis of the properties and obser-
vational consequences of cosmic defects would provide the connection between the cosmological
standard model and the standard model for particle physics.

This Thesis is divided in two parts: Introduction and Results. In the Introduction (Part [l
the theoretical background is given. We will start by describing in Chapter [I] the cosmological
evolution of the universe and pointing out the physical processes where cosmic defects could form.
Then, in Chapter [2] we will describe in detail the cosmic defects. To do so, we will take the most
analysed cosmic defect type, the local cosmic string, and we will describe its main characteristics.
Then, we will turn to the defect models that we will analyse through this Thesis. These two
Chapters are based on previous articles, reviews and books in the literature.

The original research performed during the PhD is presented in Part [[l, where each Chapter
contains the following:

Chapter

The work of this Chapter is centered on the survival of the zero modes present on some defect
models after coupling them to gravity. Some defect models have a uniparametric family of
solutions with the same energy which is associated with a zero mode. Although, the total energy
of each of these configurations is the same, the energy density could change. So, taking in mind
that gravity is a local property, we analyse if those models preserve the zero mode after coupling
them minimally to gravity. The procedure and results of this Chapter are published in the following
paper:

e Gravitating cosmic strings with flat directions

vii



B. Hartmann, A. Lopez-Eiguren, K. Sousa and J. Urrestilla, JHEP 1303 (2013) 152.
arXiv:1212.6502.

Chapter @

This Chapter analyses the numerical simulations of global monopoles in order to measure their
velocities. Global monopoles have some interesting properties, for example, the force between
a well separated monopole and an antimonopole is independent of their distance. This example
shows offbeat dynamics. For this and other reasons the analysis of them could be of great interest.
We perform the biggest and most accurate field theory simulations of global monopoles to date and
we extract relevant information. Using this information and a new method to measure velocities,
firstly presented here, we give the most accurate values for the global monopole velocities. We
also use the information obtained from the simulations to calibrate the analytical models for global
monopole evolution. This Chapter is based on the following article:

e Measuring Global Monopole Velocities, one by one
A. Lopez-Eiguren, J. Urrestilla and A. Achicarro, JCAP01(2017)020. arXiv:1611.09628.

Chapter @

In this Chapter we characterize the networks of Semilocal strings. Although Semilocal strings share
many properties with ordinary local strings, they are not purely topological and will therefore have
different properties. For example, this kind of strings can have ends, which behave as global
monopoles. Using the biggest and most accurate field theory simulations of semilocal strings
to date we characterize and extract detailed information of their properties. In the analysis of
these properties the pioneering method to measure monopole velocities, which will be presented
in Chapter [4} is also used. The data obtained will be used to calibrate the analytical models of
the evolution of semilocal string networks in a future work. The work done in this Chapter can
be found in the following two papers:

e Evolution of semilocal string networks: Large-scale properties

A. Achdcarro, A. Avgoustidis, A.M.M. Leite, A. Lopez-Eiguren, C.J.A.P. Martins, A.S.
Nunes and J. Urrestilla, Phys. Rev. D89 (2014) no.6, 063503. arXiv:1312.2123.

e Evolution of semilocal string networks: Il. Velocity estimators

A. Lopez-Eiguren, J. Urrestilla, A. Achdcarro, A. Avgoustidis and C.J.A.P. Martins,
arXiv:1704.00991, Submitted to Phys. Rev. D

Chapter @

This Chapter presents the energy-momentum correlators and the CMB power spectra for global
strings and global monopoles. We perform field theoretical simulations to obtain the energy-
momentum correlators and then those are evolved in radiation dominated era, in matter dominated
era and across the radiation matter cosmological transition to get the source functions required
for the CMB power spectra calculations. Finally the CMB power spectra predictions and the
parameter constraints obtained using parameter fitting are shown. The procedure and results of
this Chapter are shown in the following paper:

e Cosmic Microwave Background constraints for global strings and global monopoles

A. Lopez-Eiguren, J. Lizarraga, M. Hindmarsh, and J. Urrestilla, In preparation
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Chapter

Finally, in Chapter [7| we present the general conclusions obtained from the work we carried out
during this Thesis.
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Cosmological Evolution

1.1. Introduction

In this first Chapter of the Thesis we will described the Hot Big bang model [48] [113], which
describes the evolution of the universe from its initial stages until nowadays. The model is so well
tested that now it has become the standard cosmology.

The initial stage from where the model starts its description is not very clear. In the literature
several definitions for the Big Bang can be found, but from the point of view of this Thesis the
precise initial point of the description is not a crucial aspect. However, the evolution described
by the model is of great interest for the analysis of the cosmic defects, because although they are
created in the symmetry breakings that take place at early universe, they can last until nowadays.

Therefore, in this Chapter we will start giving some historical precedents of the Hot Big Bang
model. Then, we will analyse the dynamics of the universe given by the theory, investigating also
some problems that the theory had and how they were solved. Once we will have described the
evolution we will give information about the most important events on the history of the universe.
Finally, we will study the most used observational tool to analyse the early universe, the Cosmic
Microwave background (CMB). The description of the standard cosmological model that we will
give in this Chapter will be centered on the information that will be useful for the analysis of the
cosmic defects that we will make throughout this Thesis. We will refer the reader interested in
other aspects to the detailed analysis in the literature.

1.2. Historical Precedents

Most of the civilisation that has lived in this world has tried to understand the cosmos and give
a logical explanation to events related with it. Most early civilisations interpreted the cosmos in
an anthropomorphic way, using human characteristics to explain events. For some of them the
physical world was animated by wilful beings who could help or obstruct mankind, for others the
physical world itself was inanimate but could be manipulated by gods.

The Greeks had their own gods and myths. But they started to identify the causes and
effects of events and also to give a description and an explanation to observed phenomena using
mathematical or geometrical terms. The identification of cause and effect is still an essential
component of scientific theories.

Much of the knowledge acquired by the Greeks was lost to Christian culture during the dark
ages, but the restriction of cosmological thinking during the Middle Ages in Europe did not freeze
the construction of the mathematical structure of Cosmology. People like Nicolaus Copernicus,
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Johannes Kepler and Tycho Brahe gave the indispensable pieces to Isaac Newton, who provided
the first theories with the mathematical structure which successfully predict the dynamics of
celestial bodies and their orbits.

With the publication of Einstein's general theory of relativity in 1915, cosmology entered a new
era. The consistent mathematical description of the entire Universe given by Einstein's theory
opened the doors to the study of the Universe as an entity. Cosmology was provided with the
ideal mathematical framework to develop a predictable and reliable model for the description of
the Universe.

Moreover, in 1929 Edwin P. Hubble discovered that distant galaxies were all moving away from
the Milky Way. Not only that, the farther away he observed, the faster the galaxies were receding
as it is shown in Fig. [I.I] He found the relationship that shows that the universe is expanding,
which is now known as Hubble's law [77]: the recessional velocity of a galaxy is proportional to
its distance from us. The equation looks like this:

v = Hd, (1.1)

where d is the physical distance to the galaxy and H is the Hubble's parameter. At the time that
Hubble made this discovery he thought that the proportionality factor H was constant but the
precise analysis of the evolution equations of the universe showed that it depends on time, as we
will see.

5000

VELOCITY

DISTANCE.
o o* pARSECS 110" PARSECS

FIGURE 1

Figure 1.1.: This figure shows the diagram that Hubble used to explain his discovery, where in the x-axis
the distance to the galaxies are displayed and the velocities of those galaxies in the y-axis.

If the Universe has been expanding it must have been smaller in the past. Consequently, if we
extrapolate late enough we will arrive to a very important conclusion: the Universe must have
initiated from a singular state, the big bang singularity. The Hot Big Bang model assumes that
the current evolution of the Universe started from a very energetic region and evolved and cooled
down due to the expansion. This evolution shows an expanding and cooling universe and it is
realistic to think that symmetry breakings could have happened during this cooling stages. These
symmetry breakings could have given rise to cosmic defects. Therefore, the analysis of the defects
could help to reveal the high energy physics of the early universe.

The Hot Big Bang model is based upon a simple assumption, known as the cosmological
principle, which says that our large-scale Universe possesses two important properties, isotropy
and homogeneity:

e Isotropy: The Universe looks the same in all directions; it has rotational invariance and all
directions are equivalent. There are no privileged directions.
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Figure 1.2.: In this figure we can see two images showing isotropy and homogeneity. The image in the left
pane shows isotropy: every direction looks the same from the center. The right pane shows
homogeneity: there is translational invariance, all points are equivalent.

e Homogeneity: The Universe looks the same at each point, this means, it has translational
invariance and thus all points are equivalent. There are no privileged points in the Universe

These do not automatically imply each another. For example, a Universe with a uniform
magnetic field is homogeneous, as all points are the same, but it fails to be isotropic because di-
rections along the field lines can be distinguished from those perpendicular to them. Alternatively,
a spherically-symmetric distribution, viewed from its central point, is isotropic but not necessarily
homogeneous. However, if we require that a distribution is isotropic about every point, then that
does enforce homogeneity as well. In Fig. we show homogeneity and isotropy in a more visual
way, as well as the issue that one does not imply the other.

As we have indicated above homogeneity and isotropy are characteristics of the large-scale
Universe. This principle does not hold locally and must be considered as a global feature of
the Universe at very large scales. Therefore, it is desirable to define our Universe as isotropic
and homogeneous except for local irregularities. A very robust evidence of the isotropy and
homogeneity of the Universe is given by the Cosmic Microwave Background (CMB), which we
will analyse later.

1.3. Dynamics of the Universe

In order to analyse the dynamics of the Universe we have to solve the field equations given by
Einstein in his general theory of relativity. These equations describe a geometrical theory, where
the space-time is perturbed by the matter content of it, but at the same time the space-time
dictates how matter has to move. The Einstein equations are:

1
Guu = R/J,I/ - ing/ = 87TGT/U/7 (12)

where G is the Newton's constant and g, is the metric of the space-time. G/, is the Einstein
tensor, I is the Ricci scalar and R, the Ricci tensor, these quantities are calculated using the
metric of the space-time. T}, is the energy-momentum tensor of the constituents of the Universe.
We will start by analysing the metric describing the Universe with the properties we have described
above. Then we will consider energy-momentum tensors, T}, that will typically be encountered
in cosmology.

A metric is the basic ingredient of the space-time sector of general relativity, which dictates
how distances have to be measured. In relativistic cosmology the most general space-time metric
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consistent with homogeneity, isotropy and expansion is the Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric. The line element in FLRW metric reads,

dr?

2 32, 2
ds® = ~dt* + (1) | ;7o

+ 72 (d02 + sin? 9d¢2)} : (1.3)
where we have used spherical polar coordinates (r, 6, ¢), since spatial isotropy implies spherical
symmetry about every point in each time slice. Note that the signature chosen is (—, 4+, +, +),
which will be used throughout all this Thesis. These coordinates are comoving, which means that
distances in these coordinates do not change in time due to the expansion of space. The function
a(t) is called the scale factor, which rescales the comoving spacial slices at constant cosmic time
of the metric and it is directly related with the expansion. The time coordinate ¢ is the cosmic
time measured by a comoving observer, the one at constant spatial coordinates. During this thesis
we will also use the conformal time 7, which is obtained by the transformation dt? = dr%/a?(7).
Using conformal time the comoving distance that light has travel in time 7 is simply 7. The
metric with conformal time reads,

dr?

2 _ 2 2
dS =a (T){—dT +m

+ 72 (d92 + sin? 6d¢2)} . (1.4)
The parameter K describes the curvature of the spatial slices at constant cosmic time, see
Fig[L.3t
e K < 0 Hiperbolic space or open Universe
e K =0 Flat space

e K > 0 Spherical or closed Universe

K<1 K=1 K>1
Figure 1.3.: The different spatial curvatures depending on the value of K.

For the analysis of the matter content of the Universe we will consider the energy-momentum
tensors T}, of the species that will be typically encountered in cosmology. In order to describe
those species the perfect fluid form for the energy-momentum tensor is the most useful one
because it is consistent with our previous hypothesis. This form is

Ty = (p+p)U Uy + pguv (1.5)

where U* is the fluid four vector, p is the energy density in the rest frame of the fluid and p is the
pressure in that same frame. The pressure is necessarily isotropic, for consistency with isotropy
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and homogeneity. Similarly, fluid elements will be comoving in the cosmological rest frame, so
the normalized four-velocity in the coordinates of (|1.3) will be
U* =(1,0,0,0). (1.6)

The energy-momentum tensor thus takes the form

)
)
)

—p
0 gup O 0

, 1.7
0 0 gwop O (17)
0 0

0  gssp

where g;; represents the spatial metric components including the factor of a?.
Armed with this description of matter and the FLRW metric (1.3)), we are now ready to apply

Einstein's equations (1.2)) to cosmology. Using (|1.3]) and (|1.5]), one obtains two equations. The
first one is known as the Friedmann equation,

H2E<%)2:¥ i Pi—%, (1.8)

where the dot denotes a derivative with respect to cosmic time t and H is the Hubble parameter,
which, as we anticipated, generally depends on time. The subindex i refers to all different possible
types of energy in the Universe. Using the Hubble parameter one can define the comoving Hubble
radius, (aH )™, which is the characteristic length scale of the universe and it can be understood
as the distance to galaxies that are receding from as at the speed of light. This equation relates
the rate of increase of the scale factor, as encoded by the Hubble parameter, to the total energy
density of all matter in the Universe. The second equation, which is an evolution equation, is

a  1/a\2 K
54‘5(5) :_4WG;pi_@' (19)

At this point it is convenient to define, at any given time, a critical energy density,

3H?
= 1.10
Pc 87TG’ ( )
and the dimensionless energy densities
Pi
Q;, = —, 1.11
= (1.11)

which are defined in terms of the critical energy density. These definitions lead us to write the

Friedmann equation as
K

(aH)?

where ;a1 counts for all the energy densities. Nowadays it is robustly confirmed by observations
that Qyorq1 is certainly within three orders of magnitude of one, so K = 0 and the spacial slices at
constant cosmic time are flat. In the rest of this Thesis, unless stated otherwise, K will be zero.

Energy conservation is expressed in general relativity by the vanishing of the covariant divergence
of the energy-momentum tensor,

Qiotal — 1 = (1.12)

v, T = 0. (1.13)
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Applying this to the FLRW metric (1.3) and the energy-momentum tensor ([1.5)) we can obtain a
single energy conservation equation,

p+3H(p+p) =0. (1.14)

This equation implies that the expansion of the Universe can lead to local changes in the en-
ergy density. Note that there is no notion of conservation of "total energy”, as energy can be
interchanged between matter and the space-time geometry.

Most of the relevant fluids in cosmology obey the barotropic equation of state: p = wp. A
constant w leads to a great simplification in solving our equations, where the energy density and
the scale factor evolve as:

p o a 30Fw) (1.15)

2
a o< 3F) (1.16)

The ordinary matter content of the Universe is composed by ultra-relativistic particles or radi-
ation and non-relativistic particles. One can prove that for ultra-relativistic particles w = 1/3, so
(L.15]) and (1.16]) take the form

pro<at (1.17)
ar x tY? 7. (1.18)

For the non-relativistic matter, the pressure is negligible comparing to the density, and thus
w ~ 0. Therefore,
Pm X a3, (1.19)

am x 1213 o 72 (1.20)

Equations and show that the radiation dominates over other species at early times,
while non-relativistic matter becomes more important at latter times.

The evolution equations show a Universe that initially was very hot and dense, which then
expanded and cooled during its evolution. This picture opens the door to connect the ideas
from particle physics and cosmology, which is the main objective behind our research. Matter in
the early universe would be described by a unified theory based on a continuous group G. As
a result of the extreme temperatures of the early universe, the vacuum state would respect the
full symmetry of the Lagrangian. But as the universe cooled the gauged theory would undergo a
series of spontaneous symmetry breakings, which schematically can be represented by

G—H—..-SUB)xSU2)xU((1)—=SU@B3)xU(Q). (1.21)

The group G is known as the grand unified gauge group and the initial breaking G — H is
expected to have taken place at 10'9GeV. The U(1) describes the electromagnetism and its
unification with the weak nuclear force gives the electroweak theory which is described by the
group SU(2) x U(1). The strong nuclear force is associated with the group SU(3) and the
mathematical theory describing these interactions is known as quantum chromodynamics (QCD).
A direct consequence of these symmetry breakings are cosmic defects, which could be created
at those symmetry breakings. Their properties are directly related to the characteristics of the
symmetry breaking where they are formed and they evolve, in the cosmological background, until
today. Therefore the analysis of their properties will give specific information about symmetry
breakings that took place in the early Universe and also about the evolution of the Universe.
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1.4. Problems and Solutions

The equations that we have analysed in the previous section describe the evolution of the Universe
very well. However, this description leaves a range of crucial questions unanswered. In this section
we will describe some of those questions and we will analyse the solutions proposed to solve them.

1.4.1. The concordance model: ACDM

Until the mid nineties, the accepted scientific understanding of the Universe said that the cosmos
was in a non-accelerated or decelerated expansion. But, in 1998 two independent groups of cos-
mologists, the Supernova Cosmology Project [112] and the High-Z Supernova Search Team [119],
made a startling finding. The Universe is not only expanding, its expansion is also accelerated.
They measured the luminosity of distant type la supernovas and they found that they were dimmer
than predicted by a non-accelerated or decelerated expansion. Nowadays several experiments have
confirmed the accelerated expansion; supernovae experiments [58, [63] 68| [126], measurement of
cluster properties |21}, 22} 53], [134], anisotropies of the CMB [11}, 12, [75], cosmic shear measured
by weak lensing [116], [132] and Lyman-« forest absorptions [40, [100].

In order to account for the accelerated expansion shown by the measurements, the theory had
to be extended because acceleration cannot be explained using ordinary species of the standard
model. The most accepted extension of the theory can be done by adding a new ingredient
known as dark energy, an energy component with negative pressure that would counteract the
gravitational attraction and drive the accelerated expansion.

Dark energy can be simply described adding a term to the Einstein equations. This term (A)
is known as the cosmological constant and it describes a perfect fluid with w = —1. The Einstein
equations with the cosmological constant read

1
R, — igw,R =87GT + Aguw, (1.22)

and consequently the modified Friedmann equations look like

a2 8 A

(5) =3 i Pi+§7 (1.23)
i 1pay2 A
5+§(&) :—47rG§i pity (1.24)

Using the dimensionless energy densities ((1.11]) we can rewrite (1.23)) as
(Qn + Q + Q) — 1 =0, (1.25)

where Q) = A/(3H?) and Q,,, = Qp + Q. is the sum of the baryonic and dark matter energy
densities. Baryonic matter counts for ordinary matter that can interact electromagnetically. Dark
matter, on the other hand, was hypothesized to account for discrepancies between the motion
of large astronomical objects and theoretical predictions based on ordinary matter composition.
Nowadays it is indispensable for the standard model and would account for most of the non-
relativistic matter of the Universe, though the fundamental physics behind it is still unknown.
During the last years several dark matter candidates were proposed [60, 80, [140]: the weakly
interacting massive particle (WIMP), which would be completely different from the type of matter
we know and would only interact gravitationally; the axion, a particle with a very low mass which
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does not have charge and only interacts via weak interaction or gravitationally with other matter;
the massive astrophysical compact halo object (MACHO), which is composed by ordinary matter
but it emits very little to no light and it can be a neutron star, a brown or white dwarf, ... Among
the dark matter candidates one can also find cosmic defects |71}, [72, [81]. It is worth noting that
although the main objective of this thesis is not the characterization of dark matter the analysis
and characterization of defects could lead to the understanding of the properties of dark matter.

1.4.2. Inflation

Many of the unanswered questions come under the heading of initial condition problems and
require a more complete description of the sources of energy density in the Universe. One of the
most severe of these problems eventually led to a radical new picture of the physics of the early
Universe: cosmological inflation [61] 93].

The fundamental idea behind inflation is that the Universe undergoes a period of accelerated
expansion, defined as a period when & > 0, at early times. This can also be understood as
d(H™!/a)/dt < 0, which says that the Hubble radius, as measured in comoving coordinates,
decreases during inflation. At any other time, the comoving Hubble radius increases. Now we will
describe shortly the problems arising from the Hot Big Bang model and how inflation can solve
them:

e The flatness problem

Using the definition of the density parameter, the Friedmann equation for any value of K

can be written as,
K

2-1=

(1.26)

During the standard big bang evolution, (aH )? is decreasing, and so {2 moves away from one.
For example, in radiation domination | — 1| o ¢ and in matter domination | — 1| o £2/3.
So Q2 = 1 is an unstable critical point. Since we know that today (2 is certainly within three
orders of magnitude of one it must have been much closer in the past. Using the appropriate
behaviours of matter and radiation eras one can see that at nucleosynthesis (¢ ~ 1 sec)
| — 1| < O(10719) or at electro-weak scale (t ~ 107! sec) |2 — 1| < O(10727).

Inflation solves the flatness problem more or less by definition. This means, if we assume
that the early Universe was dominated by the inflaton field, which can be define as a fluid
with negative pressure or w = —1/3, equation (|1.23)) can be written as,

H? ~ — (1.27)

and solving it we have that,

a(t) = exp (\/5) < Q-1 o<exp<—\/?). (1.28)

Therefore with the above expression there is no need to fine tune the initial conditions.
Regardless of the initial value of the curvature, inflation forces it to be very small.

e The Horizon problem

Photons emitted from opposite sides of the sky appear to be in thermal equilibrium. The
most natural explanation for this is that the Universe has indeed reached a state of thermal
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equilibrium, through interactions between the different regions. But unfortunately in the
Hot Big Bang model this is not possible. There was no time for those regions to interact
before photons were emitted because they were far from each other.

The way to view how inflation solves this problem is to remember that inflation corresponds
to a decreasing comoving Hubble length. The Hubble length is ordinarily a good measure of
how far things can travel in the Universe; what is telling us that the region of the Universe
we can see after inflation is much smaller than the region which would have been visible
before inflation started. Hence, casual physics was perfectly capable of producing a large
smooth thermalized region.

e The relics problem

In the initial stages of the universe some objects that are diluted by expansion slower than
radiation, as a2 instead of a—*, could form and they could become the dominant material
of the Universe, in contradiction to observations.

The fast expansion of the inflationary stage rapidly dilutes the objects that could dominate
the Universe, because the energy density during inflation falls off slower, as a=2 or slower,
than the density of those objects. Very quickly their density becomes negligible.

Some cosmic defect types, such as, magnetic monopoles or domain walls, can show this
behaviour at the early stages of the universe and they c