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Abstract

Although cosmic strings arise naturally in both unifying theories and string theory
inspired inflation models, no observational evidence of their existence has been found so
far, implying that their study must rely on field theory numerical simulations. Since these
simulations are still computationally demanding, alternative approaches based on analytical
models that are able to characterise the evolution of the network based on a reduced
number of macroscopic parameters are often used, with particular relevance for the velocity-
dependent one scale model (VOS). Originally developed to explain the evolution of the
simplest networks, its canonical version has already been extended to allow for strings with
additional degrees of freedom, as small scale structure or charges and currents. In this
work, its generalised version for current carrying strings is analysed and the compatible
scaling solutions characterised. In particular, the expansion rates that allow for different
qualitative behaviour of the strings charge and/or current are identified, as well as the
impact on this evolution of the existence of energy and/or charge loss mechanisms, here
included as model parameters. The identified solutions indicate that both charges and
currents are more easily preserved for slower expansion rates, but full scaling can occur
for specific values of the expansion rate. Finally, the analytical solutions predictions are
compared with numerical simulations for different expansion rates. Although the qualitative
behaviour is compatible with the analytical expectations, it was found that the details are
not. In particular, the numerical simulations seem to suggest that the networks are loosing
charge faster then expected and/or the strings velocity is higher than anticipated. It is left
for future works to understand if this is due to a poor behaviour of some of the estimators
associated with the numerical simulations, or if some more fundamental assumption of the

analytical model is not valid for current-carrying strings.
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Resumo

Apesar de cordas cosmicas serem uma previsao de vérias teorias de unificacdo ou modelos
inflacionarios baseados em teoria das cordas, nao foram detetadas até hoje, pelo que o seu
estudo depende de simulagbes numéricas avangadas. Sendo estas simula¢oes computacio-
nalmente exigentes, modelos analiticos em que a evolugao da rede é caracterizada a partir
de um numero reduzido de pardmetros macroscopicos sao comummente utilizados, e em
particular o modelo Velocity-dependent one scale (VOS). Apesar de ter sido originalmente
desenvolvido para estudar a evolugao dos casos de redes de cordas mais simples. a sua
versao canoénica foi, entretanto, estendida para acomodar modelos de cordas com graus
de liberdade adicionais, como estrutura de pequena escala ou cargas e correntes. Neste
trabalho, é analisada a versao deste modelo desenvolvida para cordas com cargas genera-
lizadas e as solugoes em que as diferentes quantidades evoluem de acordo com leis bem
definidas (scaling) caracterizadas. Em particular, as taxas de expansao que permitem di-
ferentes comportamentos de um ponto vista qualitativo da carga e/ou corrente nas cordas
sao identificados. bem como o impacto da possivel existéncia de mecanismos adicionais de
perda de energia e/ou carga, aqui contemplados como parametros do modelo. As solugoes
encontradas sugerem que tanto cargas como correntes sao mais facilmente conservadas para
taxas de expansao mais baixas, apesar de regimes de scaling serem possiveis para valores
especificos desta quantidade. Finalmente, as solugoes analiticas sdo comparadas com os
resultados de simula¢Ges numéricas para diferentes taxas de expansdo. Apesar do com-
portamento ser qualitativamente semelhante as previsoes analiticas, os seus detalhes nao
0 sao. Em particular, as simulagoes estudadas sugerem que as redes perdem carga mais
rapidamente do que antecipado e/ou a velocidade caracteristica das cordas ¢ maior do que
esperado. E deixado para trabalhos futuros perceber se estas diferencas se devem aos esti-
madores utilizados nas simulagbes numéricas, ou se alguma hipo6tese mais fundamental do

modelo analitico nao é véilida para cordas coésmicas com cargas.

Palavras-chave: Cordas cosmicas, defeitos topologicos, solugoes analiticas, Cosmologia
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Chapter 1

Introduction

1.1 Modern Cosmology: the theoretical minimum

In the XX century the physicist Lev Landau developed an exam based on everything a
student was supposed to know in order to work with him called The Theoretical Minimum.
Although the definition was slightly relaxed, this concept led to a series of courses, from
Classical Mechanics to General Relativity and Quantum Mechanics, lectured by Stanford’s
Professor Leonard Susskind. In his idea, the theoretical minimum was "just what you need
to know in order to proceed to the next level" [1]. Following the latter interpretation, our
current understanding of the universe evolution in the context of modern Cosmology is

*

mostly based on Einstein field equations, that can be expressed as:
1
Gu = Ryy — EgWR = 8nGTy, (1.1)

where R, and R are the Ricci tensor and scalar (or scalar curvature) and can be computed
for the metric tensor and its derivatives alone, here taken to be the Friedmann-Lemaitre-

Robertson-Walker (FLRW) metric, that may be written in spatial spherical coordinates as:

1
1—kr?
1
1—kr?

ds? = —df? + a(t)? [ dr? + 12 <d92 + sin? qubzﬂ -

= a(1)? [—de + dr? + 12 (d92 + sin? 9d¢2>]

*Here, for convenience, it has been set ¢ = 1.
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where Ty, is the energy momentum tensor®, a is the scale factor, and t and T are the cosmic

and conformal time, respectively, that are related by:
dt = adt (1.3)

The curvature parameter, k, defines the nature of the space-time structure as flat (k = 0),
hyperbolic/open (k = —1) or spherical/closed (k = +1).
Under this metric choice, the non vanishing components of the Einstein tensor can now

be obtained as T:

. . -2 k -2 k
Gy = 37 +3 g_’_a ;L — 3 —; (1.4a)
a a a a
i a*+k
Gij = — (2 + s (Zz’yij (1.4b)
a a
where 7;; is defined from the metric as:
dxidy = — - dr? 11 (62 + sin? 6dg? 15
%]xx—l_krzrnLr( + sin qb) (1.5)

Making now use of the metric tensor for a perfect fluid (Too = T = p and Tij = pgij =

pazfyi]-), the time component of the Einstein equation and any of the spatial ones provide:

i’ +k a2 +k 8mGp+ A
3T =8nGp+ A — = Tk (1.6a)
i a4k
—2- ———— =81Gp—A (1.6b)

where the cosmological constant as been made explicit and that are known as the Friedmann
equations. Multiplying Equation 1.6b by 3 and adding Equation 1.6a, the Raychaudhury

equation is finally obtained:

i

—6° = 87G -3p —2A +87Gp — 3% — A —47G (p+3p) (1.7)

It should be noted that the relation between pressure (p) and density (p) can be written
as an equation of state that differs for different components (non relativistic, relativistic or

dark energy), but that may generally be written as:

p = wu = wp (1.8)

“For convenience, the energy momentum tensor includes the effect of a cosmological constant or any
other form of dark energy.

*The dot represents derivatives with respect to the physical time #, while the prime will represent deriva-
tives with respect to conformal time 7.
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where u is the energy density of the fluid. Assuming an adiabatic expansion of the universe,

the first law of thermodynamics imply that:

au av
du = —dW — = —p— 1.9
A T P 19
or, expressing the function from the scale factor, the fluid equation finally emerges:
d (a3(t)p> o (a3(t)) o
a P a -

Substituting the equation of state in the form presented in Equation 1.8, and assuming w

to be constant, results in the well known conservation law:
a3(1+w)p = po (1.11)
where the equality follows from setting a9 = a(t = 0) = 1. It should be noted that:

1. For non-relativistic matter (p < p), w = 0 and the familiar mass conservation

equation a’p = pp is recovered, or p x a~S.

2. For photons, as p = u/3, w = 1/3 and so a*p = pg or, equivalently, p o a=*

3. For the cosmological constant, and expressing po = A/ (8mG) = pap = constant,

the equation of state is equivalent to py = —pp, or w = —1.

The contribution of different components to the right hand side of the Einstein equation
can be explicitly written as the total pressure and densities p = ) ps and p = ) ps where
the index s identifies the different types of particles, each with its own equation of state.
Finally, it is particularly useful to introduce the Hubble parameter, defined as H = d/a,
and the density parameter ()5 = ps/p., being p. the critical density associated to a flat

universe. Here, the Friedmann equation can be alternatively expressed as:

2
H (Zt) = ¥ Qupa(t) 30+ (1.12)
H; 5

where the index 0 stands for the value of the quantities evaluated today. The properties
expressed above combined imply that for very early times (small scale factor) radiation

dominates leading to the so called radiation era, meaning:

Hxa? —Saxt?«t (1.13)
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On the other end, for a sufficiently large scale factor, the dark energy will inevitably dom-

inate, as it already does, leading to the A era:

H & /O (1.14)

and the universe expands exponentially. Finally, and in between these two scenarios, non
relativistic matter (both baryonic and dark) will govern the expansion of the universe during

the matter era, in which case:
Hxa¥? — g 23 o« 12 (1.15)

Although the theoretical framework of General Relativity applied to the universe evo-
lution just described provides an unmatched level of understanding, there are still relevant
aspects that are not fully understood.

Firstly, recent observations of high redshift have found that the universe is accelerating
its expansion, implying that the cosmological constant must be positive and recent data
from the Planck mission [2] constrain it to be such that Q0 = 0.691 4 0.006. Interestingly
enough, this constant was not only firstly introduced by Einstein itself in order to make
the universe stable, but later removed and considered as its "greatest mistake". However,
the last word is always reserved for Nature itself and currently a non-vanishing value is
accepted, in what is commonly referred to as dark energy.

On the other hand, observations of the rotation curve of galaxies reveal that the outer
bodies exhibit higher velocities than the ones that could be foreseen from the observed
matter in the galaxy. In order to keep the framework of General Relativity, it has been
suggested that an important part of non-relativistic matter is in the form of what is com-
monly referred to, in the absence of a better name, as dark matter, as it hardly interacts, if
at all, with the remaining forms of matter, expect for its gravitational influence. Recently
additional evidences for this proposal have been found, in particular in the bullet cluster,
where the mass distribution based on gravitational lensing and X-ray emissions can be seen
to present different distributions [3, 4], as represented in Figure 1.1.

Finally, the Friedmann equation can be alternatively written as:

HZ[l_ P _A]u2:H2[1_p+87TAG

3H2  3H2 32 a* = —k (1.16)
8nG 8nG

where our claim that the cosmological constant can be included in the stree-energy tensor

becomes evident by defining the equivalent mass density for the cosmological constant as
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FIGURE 1.1: Identification of matter distribution in the bullet cluster from different

sources. On the left panel, the X-ray emission associated with hot gas is superimposed
on the visible matter. On the centre panel, the same X-ray emission is presented in pink,
with the mass distribution based on gravitational lensing is coloured in blue. On the right
panel, the visible matter is superimpose on the gravitational lensing estimates
(Source: Chandra X-Ray Observatory: 1E 0657-56)

oA = 3%, in which case the expression above can be written as:

H? [1—‘”’3A P2 = H2[1 = Qp — Qpla® = [1 = Qp — Q] % = —k (1.17)

Pc

where the critical density p. has been defined and the density parameter (); introduced as
the ratio between the equivalent density and the critical density. From the expression above,
it becomes clear that for a total density equal to the critical value, the universe if flat (k = 0).
More importantly, since the right hand side is constant, so must be the left hand side.
This apparently innocuous claim implies that to the universe being almost flat today (with
maximum deviations at the percent level), it must have been much more so in the very early
times. If this is not clear, it should be noted that for either a radiation or matter dominated
expanding universe, a(t) scales as t*, with A < 1, implying that, for very early times, 4 > 1
and the deviation from flatness (the term 1 — (), — Qx on the left) must be very small.
This is what is commonly identified as the Flatness problem. Additionally, the cosmic
microwave background homogeneity at distances greater than allowed by causality is also
not compatible with an universe that has been dominated by matter, and radiation before
it, leading to the Horizon problem. These issues lead to the proposal of the inflationary
cosmology scenario, where the universe experiences an exponential growth at the very early
stages, before the onset of the radiation dominated epoch. It should be noted that a
cosmological constant type of evolution can not be used to explain such epoch, although
it also predicts an exponential expansion, since in this case it would not come to a stop.
Although the details of inflation will not be addressed here, it should be mentioned that
is also solves the so-called Monopole problem, by wiping out any traces of the magnetic

monopoles that soon would come to dominate the universe expansion, which is strongly


https://chandra.harvard.edu/photo/2006/1e0657/more.html]
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contradicted by observations. Magnetic monopoles are the first example of a topological
defect, although not the one of interest, introduced here and would have formed in many
Grand Unified Theories (GUT). As will become clear, the formation of topological defects
is a general prediction of any GUT where the universe experiences a phase transition,

although no observational evidence exists so far.

1.2 Thesis objectives

Cosmic strings arise naturally in both unifying theories and superstring inspired inflation
models. In the latter case, fundamental superstrings produced in the very early universe
may have stretched to macroscopic scales, in which case they are known as cosmic super-
strings. To better understand the underlying physical mechanisms and eventually constrain
high-resolution experimental data defect fingerprints, analytical developments are needed.
In this work, we have studied the asymptotic solutions of the generalised velocity-dependent
one-scale model for current-carrying strings. This analysis, and the interpretation of the
physical mechanisms that govern the evolution of such networks, also reveal the expansion
rates that are compatible with each solution branch, namely under which conditions it
would be possible to have charge and current solutions that are not erased through the
universe expansion. Additionally, it is also important to understand, if a detection is made,
what are the particular aspects of current carrying objects with respect to the remaining

ones.

1.3 Organisation of the thesis

To answer the objectives above, this thesis is organised as follows. In Chapter 2 is discussed
the theoretical background that justifies the quest for topological defects, in general, and
strings, in particular, in a cosmological context. The discussion starts with some toy models
that illustrate the formation of such elements and how they may arise in an expanding
universe. Once this formation is properly understood, their evolution is studied, firstly
from a microscopical point of view, where the field equations evolution are derived, and
then characterised as a function of some macroscopic properties of the full network, namely
energy, velocity, charge and current. Although this last step does simplify the problem at

hand, the system of equations obtained is still mostly intractable for analytical purposes.
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To solve this issue, Chapter 2 ends with the introduction of the scaling solutions, that will
be characterised for the remaining of the work.

Having introduced the needed concepts, the solutions to the full system of equations,
constrained to the power law behaviour discussed in Chapter 2, are presented. It should be
noted, however, that not every single solution to the equations, from a mathematical point
of view, is expected to be realisable due to additional, physics motivated, constraints (for
instance, solutions where the network velocity equals the speed of light may be possible
in purely mathematical grounds, but are clearly excluded as possible scaling solutions in
the physical universe as we understand it today). To clearly separate between the two
types of solutions, firstly the physical ones are presented in Chapter 3, while the purely
mathematical ones are listed in Appendix A, with considerable less detail and discussion
than their physical counterparts.

Having the solutions identified in analytical terms, it was considered relevant to make
some preliminary comparison with full field numerical simulations. In Chapter 4 different
approaches are used to try to quantify the evolution of the simulated network and use the
constrained values to identify the branch of the analytical solutions that best explains this
data. In particular, some introductory aspects related to Bayesian inference and Monte
Carlo Markov Chain (MCMC) methods is provided.

Finally, Chapter 5 summarises the key findings of this work, as well as identifies some
relevant limitations, proposing some research features to be further developed in future

works.






Chapter 2

Topological defects

2.1 Introduction

Before proceeding to the possible evolutionary regimes of cosmic strings networks, it is
fundamental to understand how these entities may have formed in a cosmological context
and what equations govern their evolution. For that purpose, this Chapter starts by in-
troducing some toy models where topological defects are formed spontaneously, that are
then reinterpreted as oversimplifications of the actual scenario encountered in a cosmo-
logical framework. Here, also the observational implications of such a network are briefly
presented.

After that, the equations that govern the simplest strings network evolution are derived
and then extended to the more general cases, in particular to the current-carrying cosmic
strings. This Chapter ends with the definition of the scaling solutions that this thesis aims
at characterising, and that will be further explored in Chapter 3 and Appendix A.

2.2 Defects formation

2.2.1 Spontaneous symmetry breaking

The formation of topological defects is well established in condensed matter systems and
clearly associated with some symmetry breaking transition that originates a non-trivial
set of degenerate ground states, that may differ between different regions of the system.
Although they are purely hypothetical in a cosmological context, it is thought that the
different phase transitions that are expected in the framework of the current cosmological

evolutionary model will also lead to formation of these type of structures. To gain some
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additional insight into these processes, a simple toy model is useful, and in particular the

one firstly studied by Goldstone [5], defined for a real field by the classical Lagrangian

density:
1 2 1 5 2\ 2
e=1 o) () =
The Euler-Lagrange equations for ¢ can be obtained by simple variational principles and
read:
oL oL
S | = | = 9@ e+ A (42 —n?) =0 (2.2)
¢ 2 (9:9)

The model just described can be used to better understand the formation of topological
defects. From Equation 2.1, it is clear that true vacuum of the theory is associated with
|¢| = 1, but there is another, unstable, equilibrium position for # = 0. It should be noted
that the Lagrangian symmetry of the latter does not exist on the former. Expanding the

potential around the ¢ = 0 state leads to:
1 2 2)? Loso o 4
V(p=0+09) = A (69* —1?)" ~ —5Adg%% +C + O(59") 23)

where C is a constant and the negative mass term is compatible with the previous identified
instability of this state. On the other hand, to study the behaviour around the true vacuum
state, it is convenient to extend the model above to allow for a complex scalar field, while

still writing the perturbed state around a purely real state ¢ = #:

=1+ é (¢1+i¢n) (2.4)

Expanding the potential around it, now leads to:
1 . 21
V(g =1+059) = A (99" —17)" = A1} + Vi (25)

where we can see that ¢; can be interpreted as a massive particle with mas m = \/XW,
while ¢, is associated with a massless one. The physical meaning of such perturbations,
and the corresponding mass/massless dichotomy can be made more clear by representing
the potential in the plane defined by the real and imaginary parts of ¢, as in Figure 2.1.
Here, it becomes clear that ¢ is associated with radial oscillations, and hence the positive
mass term, while ¢, is associated with oscillations over the phase angle.

Let now the field configuration at a given time be such that this unstable condition holds
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FIGURE 2.1: Typical mexican hat potential from the Goldstone model.

0. 05 10
(2
n

FIGURE 2.2: Time evolution of the field starting from the unstable condition for a single
perturbation (on the left) or two independent perturbations (on the right).

and recover the real scalar field model. If a single point in spacetime is then perturbed,
it will evolve towards its stable, true vacuum expected value ¢ = 7¢® = 45, and this
transition is then propagated to the all field, and no defect is formed. However, there
is something in the reasoning above that makes us pause: what would be the effect of
perturbations at different regions in space? In fact, the different regions will, in a sense,
make an arbitrary choice of the field phase 8, each propagating with a finite speed. When
the different regions meet, the only possibility to restore the field continuity is to have a
point where ¢ = 0, and the unstable, symmetric, state is recovered, with the associated
energy density that is now trapped and a topological defect is formed. An example of the
field evolution for a non stationary initial configuration obtained from a simple numerical
evaluation of the field equation of motion is presented in Figure 2.2, while the overall field

value as a function of time and position is represented in Figure 2.3.
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Field value (¢) Potential value (V(¢))

Position

Time Time

FIGURE 2.3: Full evolutionary portrait of the field value and corresponding potential for
the case where a topological defect is formed.

2.2.2 Current carrying strings

If in the previous section attention was given to local symmetry breaking models, here
local, gauge symmetries will be briefly analysed based on the abelian-Higgs model [6], since
they are at the core of current carrying and superconducting strings. Following the same
symmetry breaking arguments above, another 2-scalar complex field can be shown to give
rise to superconducting solutions. Let now the Lagrangian be given by [7]:

T 2 1 1
£::‘Dy¢‘—+’DVU‘

where DH =0y — ig/iy and D, = 9, —ieA, are associated with the complex scalar fields

¢ and o, respectively, and the potential takes the form:

1 2 1 2
V(9,0) = 20 (|61 =13) + 370 (IoF = 12) "+ Blof |of 2.7)

A representation of this potential for different values of B is plotted in Figure 2.4. It can be
seen that, depending on the values of the coupling term B, both symmetries may, or may
not, be broken simultaneously. In the case where the ¢ field symmetry is broken, this field
will acquire its true vacuum value outside the string, and the ¢ field remains a symmetry
of the theory. Inside the string, however, things are drastically different, since here ¢ = 0

and the potential reduces to:

1 1 2
V(¢ =0) = ;Agp+ Ao (Iof” —12) 2.8)
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FIGURE 2.4: Potential and its derivative with respect to the field value characterisation
for different values of B.
which reaches a minimum for |o| = |¢| # 0 and the ¢ field can condensate on the string

core. For this field there is a locally conserved current given by:
Ty = ey = 2eS [(7* (E)y — ieAy) (7] =ie (U*Dyo — an,a*) (2.9)

Since outside the string core ¢ — 0, then its current is confined to the string itself. In

particular, and taking an ansatz for the field configuration as o = nge_i"‘, where « is now

an internal degree of freedom of the broken symmetry state, the total current can be easily

identified as:

Ty = 2en? (awx + eAy) (2.10)
while the corresponding charge may now be obtained as:

Q= / dx> T (2.11)

Let now, for convenience, the string lay along the z axis. Since the field vanishes at scales
larger than the condensate width, we must have « = a(z) and the current above can be

integrated across the string cross section to yield:

J= /szxdy = 2¢ (0;x +eA;) /quxdy (2.12)

In particular, it should be noted that if eA, dominates the expression above, the current

evolution is given by:

0] =~ 9;A, <2€2/17§dxdy> (2.13)
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which can be seen to be the London equations for the relation between a superconductor
current and the external electric fields [8]. In fact, and taking derivatives in both sides and

making use of Maxwell equations leads to:
0t] =~ E, (2.14)

For a constant external electric the current grows linearly, which although is the expected
behaviour for a superconductor [9], it is drastically different from the one encountered in a

typical conducting wire, where Ohm’s law would dictate:
J < E, (2.15)

In particular, it should be noted that Equation 2.14 allows for the onset of persistent

currents, even in the absence of any applied external fields.

2.2.3 Phase transitions in Cosmology

If in the last section a reasonable mechanism to generate topological defects based on spon-
taneous symmetry breaking processes has been presented, its existence in a cosmological
context is still unclear. In fact, the discussions above have implicitly relied on two major
assumptions or conditions: if on one hand it has been required of the potential to have a
configuration that would allow for non symmetric stable states, it has also been assumed
that the field configuration had somehow started from the unstable symmetric configura-
tion, and this may be easily questionable as a valid premise. The question that should be
answered is whether cosmological evolution would be able to replicate these conditions.
To see how this may happen, its simpler to consider once more the Goldstone model
previously introduced to illustrate the formation of defects. In this case, it can be shown

that the effective potential at high temperatures is given by [10]:

A+ 3e?
12

2
T2 |g|* - %T‘* (2.16)

Vesr(¢, T) = V(¢) + *|¢|” - %ﬂ = V(g)+

with e = 0 and where V(¢) is the mexican hat potential for a single field represented in

Figure 2.1. The expression above may be conveniently rewritten as:

A A
Ver(¢, T) = 15 (Tz - 6172) "+ Lo +C(TiAn) (2.17)

m2(T;A17)
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¢

FIGURE 2.5: The effective potential evolution for different values of temperature.

where a temperature-dependent mass term has been defined as m?(T) and all the terms
that do not depend on ¢ have been encapsulated in the constant C. The shape of this
potential is presented in Figure 2.5 for different values of T. As can be seen, there is
a critical temperature,obtained for T = T, = \/317 (the black dashed lines on both plots)
above which the potential minimum is found for ¢ = 0. For T < T, however, a ground state
with non-vanishing expected value is favoured and the symmetry is broken. The evident
similarities between the plots in Figure 2.5 and in Figure 2.4 make the transposition of
the discussion regarding topological defects formation there straightforward and hence a
viable mechanism for the formation of these type of structures in a cosmological context is

obtained.
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2.3 Strings evolution

If in the previous section attention was dedicated to present the fundamental equations for
cosmological evolution, strings themselves have not yet been properly considered. Here,
this discussion will be made under the assumption that the string thickness is much smaller
than its length, allowing to effectively treat the defect as a one-dimensional object whose

motion can be written as:
xt = xt(o") (2.18)

where x* are the spacetime coordinates of the worldsheet while ¢ for a = {0, 1} define the
parameterisation on the worldsheet. The invariant spacetime interval may now be written

as:
ds? = gudxtdx? = gwéax’*abxvdaadab = gwxfflxlvbdo”’dab = 'yabo“‘dab (2.19)

where the last equality defines the induced metric on the worldsheet.
As a point-like object trajectory over an arbitrary space-time is usually referred to as

its wordline, a string sweeps a worldsheet, leading to an action of the form:

S = / Ly/—ydo? (2.20)

where 7 is the determinant of the induced metric. Noting that the Lagrangian, £, has units
of mass squared, it may expanded in terms of the string curvature, «, as:
2
Ez—y+o¢x+ﬁﬁ+... (2.21)
where a and B are two numerical coefficients. Assuming the string curvature radius to be
much larger than its thickness, which is equivalent to take the first term alone from the

expansion presented in Equation 2.21, the Nambu-Goto action is recovered:

S=—u / J=7do? (2.22)

Having the Nambu-Goto action presented, the equations of motion follow directly by making
it stationary against arbitrary variations of its coordinates:
1

V=

Xl 4+ Ty xl G, = 92 (\/—'y'y”bxfg) + Ty a2, = 0 (2.23)
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2.3.1 Flat spacetime

The general equation of motion expressed in Equation 2.23 when applied to flat spacetime is
significantly simplified, by the replacements g, — 7,y and 'Yy = 0. There is however still
significant freedom in them, due to the action reparameterisation invariance that may be
removed by making a particular identification of the worldsheet variables with the spacetime
ones or, alternatively, by two gauge conditions. A particular convenient choice is to describe
the string motion as a 3-vector, x = x(#,{), being t time and { a space like parameter, which

can be made by using the conditions:

x-x'=0 (2.24a)
Xt =1 (2.24b)
x—x"=0 (2.24¢)

This particular choice is usually referred to as the transverse gauge, since as may become
clear from Equation 2.24a, X can now be interpreted as the transverse velocity as it is

orthogonal to the string itself. On the other hand, Equation 2.24b can be used to write:

dc |dx| (2.25)

1
V1%
It may now be seen that, under this particular gauge choice, the spacetime parameter that

parameterises the string worldsheet can be understood as proportional to the energy per

unit length of the string.

2.3.2 Curved spacetime

In a curved spacetime and considering an expanding universe described by the FLRW
metric a particular convenient gauge choice, and perhaps the most natural one could make,
is to identify the string spacetime parameter with the conformal time 7. Keeping the same

spirit as before, a transversal velocity can still be identified by requiring:
x-x'=0 (2.26)

where now dot and prime are derivatives with respect to conformal time and the spacelike

parameter {. The equations of motion now read [11]:

Coaf . 1 (1,
x+2a<1—x)X—€8C(ex) (2.27)
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where € can still be identified as an energy per unit length of the string defined as:

x'?

1—x2

o
Il

(2.28)

Note that from the evolution in a flat spacetime, the quantity above is unity. Combined with
the gauge condition expressed by Equation 2.26, it can be shown that the time evolution

of € is governed by:
¢ = —2Hex? (2.29)

where the conformal Hubble parameter H = d/a has been introduced. The string total

energy is given by:

E= a(r)y/edg (2.30)

and its evolution dictated by:

E= o’zy/edé—i— ay/edg = HE — 2Hay/ex2dg = HE (1 ) <02>) (2.31)

where the root mean square velocity that will play an important roll in the analytical
models to be described has been introduced as:
) [ex?dg
<v > ~real (2.32)
From the definition above, it may be seen that the characteristic velocity value is nothing
more than an weighted expected value, where the string energy has been used as weighting

function. This concept may be generalised right away to any other quantity as:

JeOdg
Jedg

2.3.3 VOS model

(0) = (2.33)

In the previous section the equations of motion of a string in an expanding universe have
been derived, but if they are to be solvable analytically, further simplifications are needed.
From now on whenever the velocity squared is mentioned it should be taken as the expected
value as defined in Equation 2.32.

The Velocity-dependent One Scale model tries to provide this framework by providing
differential equations for the evolution of the relevant macroscopic variables of a string

network. In this sense, the evolution of the network total energy, if no additional degrees
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of freedom are considered, coincides with the bare string one, can be obtained by assuming
the network to be Brownian, meaning that inside an arbitrary volume with dimensions &3,
the average length of the strings is also ¢ [12], hence motivating the name One-Scale. This

is equivalent to defining the average energy density of the string network as:

_r_E
0= 2=z (2.34)
The evolution equation of the energy density can now be used to write:
. 3 -
¢ a d (E E 2
F_2 2 ([ Z)=Z2_34=-2 1 2.35
p Edr <u3) E " 7 ( to ) (2:39)

It can be easily seen that the Brownian network assumption allows to express the energy
evolution of the network as a function of the correlation length, as is typically presented in

the VOS model:

_ﬁ _ zg — 2 (147) (2.36)

The expression above constitutes the first fundamental equation of the VOS model, but it
should be noted that by treating all the strings as infinite strings, it fails to properly account
for the energy that is confined into smaller loops and for any energy loss mechanism. Under
the VOS model framework, the former is considered by adding a term proportional to the
network density and velocity and parameterised by the chop efficiency €, that essentially
quantifies the energy fraction that is lost to loops®. On the other hand, external energy loss
mechanisms may be accounted for by including a damping term, that in its most simple
form may be taken as proportional to the velocity. With this additional phenomenological

terms, the full equation for the characteristic length scale evolution now reads:

22:2%(1%2)#:22

The reasonable extensive derivation above was given to illustrate how the VOS model is

+ &vg (2.37)

able to provide overall differential equations for the evolution of characteristic macroscopic
quantities, but also to make it explicit that in this process some information is inherently
lost. In fact, and by averaging over the full network, one needs to add new phenomenological
parameters that try to capture some of the details that a full network simulation would

provide. Following a similar reasoning, and here the reader is referred to the detailed

“Note that while the energy lost to loops is positive, the network must lose energy, which is compatible
with an additional increment of the characteristic length.
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analysis conducted by Martins [13], the velocity equation can be written as:
dv k 1
—=01-v)|z-v[2H+ = 2.
T (1—07) z v ( + £f> (2.38)

where the momentum parameter k has been introduced which quantifies the effect of small
scale structure and may be taken as dependent on the velocity alone, the derivative has
been made explicit since it is here with respect to cosmic time, and H is the Hubble
parameter defined as da/adt. As a final remark, it should be mentioned that an additional
assumption has been made to keep the One-Scale philosophy by taking the curvature radius
to be well approximated by ¢. The velocity evolution equation can be written with respect

to conformal time as:

(1) | K 1
0= (1-0%) Z/a v<2H+€f/a> (2.39)

It should be still mentioned that the equations above have been presented in the usual
form for the VOS model, but alternative representations may be used. One in particular
that will be useful for the extended model that will be analysed is to express the energy

equation from the comoving correlation length defined as:

¢ = age (2.40)

With this new definition, the VOS equations are now written as:

z 2
2% — 09?1 5V 4 ey (2.41a)
éC gfc
. o |k 1
v=(1-0)|——v|2H+ — (2.41Db)
Cc Efc

where the friction length scale has also been redefined to its comoving counterpart.

2.3.4 Generalised VOS

The canonical VOS model just described can be seen to not be applicable when the strings
network increases in complexity and possesses additional degrees of freedom, either in the
form of small scale structure, commonly known as wiggles, or by the presence of charges
and currents.

By simple qualitative analysis, it is clear that a single length scale representing both

the network correlation length and the network energy can no longer be applied, since the
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additional degrees of freedom can contribute themselves for the energy balance and the
VOS equations must be generalised. A common approach is to keep the definition of the
correlation length scale as the typical string separation, and hence related to the so-called
bare string energy, while defining an additional length scale, L, that relates to the total
energy of the network. If the wiggly case has already been explored by Almeida and Martins
[14, 15| and calibrated with numerical simulations conducted by Correia and Martins [16],
the current carrying case has only been explored in the chiral limit by Oliveira et al.
[17]. Since this work aims at exploring the generalised cases where charges and currents
may behave differently, only the generalised model provided by Martins et al. [18] will be
presented.

Starting from the area swept by the string concept once more, where the current is

assumed to live in, the Nambu-Goto action can be generalised to:

1 1
S = /da2 <—;4\/—'y + 5\/—77‘1%,”(;),1, — quxf;e”b(p,b> ~ien /d‘*x,/—gFWF’“’ (2.42)

where use has been made of the fact that a conserved current in two dimensions can be
written as the derivative of a scalar field, here taken to be ¢. A physical interpretation of the
different terms can be provided right away, since, from left to right, we can clearly identify
the typical Nambu-Goto contribution, the worldsheet current correction, its coupling to the
electromagnetic sector and the usual kinetic term associated with the external field. For

the purpose of this work, it is convenient to rewrite the action above as [18]:

S = o [ flx)v=ree (243)

where the Lagrangian has been written from a constant with units of mass squared, py,
and f(x), that depends on the so-called state parameter x defined from a scalar field, ¢,

as:

5 2
| 1 (o,
K=" Pagp =~ = ( ] (¢4 ~97) 249

1— ,-(2) 2x? 2x?

where the microscopic charge qz and current j2 have been implicitly defined and the last
equality above has been written to highlight the fact that the chiral limit studied by Oliveira

et al. [17] corresponds, in this model, to the limit where x — 0.
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Finally, the equations of motion of this system are better expressed by considering the

dimensionless variables derived by Rybak et al. [19]:

=f-25 df (2.45a)

. ,d
T=f+ zjzd% (2.45b)
= —Zq]'jJ; (2.45¢)

which have been named in this way to reflect the fact that their dimensional counterparts
are the the energy per unit length U, the string tension T and the scalar field representing
the current ¢.

Armed with these definitions, it is now clear that the total energy of the network is

given by:

- d
E= apto/llsdffz apto/ <f 24 f) edo = a,uo/feda—ayo/ZquJ;sda (2.46)
The first term above, up to a renormalisation factor, is just the bare string energy as
defined in the canonical VOS model, which motivates the definition of the macroscopial
ratio betweeen total energy and bare energy as:

2df
50 _ ffedafgfdiq Ledo —(f) - < df> _F_2Q°F (2.47)

where capital letters should be understood as the expected value of their microscopical
counterpart and the variables have been assumed to be uncorrelated to obtain the last
equality. Finally, and following the length scale approach spirit, one may rewrite the energy
relation above by introducing an additional comoving length scale, L., that is related to

the correlation length by:

L F—2Q%F = ¢, (2.48)

where Q? has been defined as the expected value of the microscopic charge g®. In similar
fashion, one can define the macroscopic current, J?, as the expected value of its microscopical

counterpart, j2. Under the VOS model these quantities evolve as:

ko _ H) (2.49a)

2\* g2 vky 3 _ 2(
() =2 (L\/Tsz H) 2w

N Lo F +2J2F" [ vk,
(Q ) =20 4 207F" (LW - 7‘l> (2.49b)




2. TOPOLOGICAL DEFECTS 23

where for convenience the relation between the two lengthscales, W = \/F — 2Q2F’, has
been defined.
The full set of equations of the generalised VOS model for current carrying strings are

then given by:

2 2
L. =HL, [UZ - (1 - vz) QM;] F (2.50a)
2 2 2 2

o= (1 —vz) M’,‘z <1+2va;] F/) —20H (1+ QV;] F’) (2.50b)
N _ o2 [ ko

(] ) —2J (LCW - 7—[> (2.50¢)
NG o0 F+2]2F [ vk,

(@) =205 20T < T H) (2.50d)

2 2 2 2
& = HED? <1 + Qv\;] F’) — vkv] ;\FIZQ F (2.50e)

As in the canonical VOS model, the equations above do not properly account for addi-
tional energy loss mechanisms, a phenomenological concept that here should be extended

to include charge losses. The additional terms to try to mimic these effects are:

Le= ot 50 (2.51a)
() = "'+P5£% (251b)
(@) = +a- p)aiw (2.51c)
Ce=-ot gv (2.51d)

A final note should be made here regarding the charge loss parameters g. In the latest
work by Rybak et al. [20], it is shown that the bias function dependence on the charge and
current is given by:

/ 21 / 21
g=1- gQFFJ_r;gQ?QZ - 8]1;:;8211;]2 (2.52)
from where it is clear that solutions with decaying charge and currents are asymptotically
compatible with ¢ = 1, while for constant charge and/or current solutions one may expect
constant, but not necessarily unitary, values for g. Finally, the bias function asymptotic

value for growing charges and/or currents depends on the nature of the microscopic model.

Since in these cases, as will be discussed later, F’ # 0, one may decouple between models
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where F” = 0 and models where F” # 0. In the first cases, it follows that:

.8 &)
g—1+2+2Q2 (2.53)

and it should be noted that, if both charge and current exhibit the same behaviour, this is

still a constant. On the other hand, if F” # 0, it follows that:

2

P// 5 F 5
§=1+807mQ ~g %/ (2.54)

and now the bias function exhibits a dependency on the charge and current values, that

only vanishes if charge and currents exhibit similar behaviours and:

g Q@ Q3

in which case ¢ = 1 once again. In any other case, ¢ will have an implicit time dependency.

2
8o _ I* _Js (2.55)

2.4 Scaling solutions

If the generalised VOS model equations are already a macroscopic description of the net-
work evolution, they are still a formidable problem to solve analytically and further sim-
plifications or assumptions are needed. This analysis is significantly simplified if power law

solutions are assumed such that:

Le = LoT* , Le =aLot* ! (2.56a)
v = vyTP , 0 = Bugth ! (2.56b)
J2 =30 : (P) =ser? (2560)
Q? = Q27 , (Qz)' — 527! (2.56d)
& = &tt , & = ettt (2.56¢)
W =Wyttt = I‘”igrs_“ , W2 = <§2>2 72(e2) (2.56f)

where the physical solutions must be such that § < 0 and &« < 1. Under the same spirit,
the scale factor also can be assumed to follow a scaling solution given by:

!/
a=ayth — H = % — At} (2.57)
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which is asymptotically equivalent to assume a scaling solution of the scale factor when

expressed with respect to the cosmic time:
a(t) o ¢ (2.58)

Additionally, it should be noted that this representation as a function of conformal time
and comoving length scales can be easily reinterpreted as a function of cosmic time and
physical lengths. In fact, any quantity that is scaling with respect to conformal time as
a power law of exponent (, will scale as a function of cosmic time as a power law with
exponent {/(1+ A), while if a comoving length scales as T° its physical counterpart will
scale as T¥t*. In particular, and combining both conditions above, it is clear that linearly
scaling comoving distances with respect to conformal time are fully equivalent to linearly
scaling physical quantities with respect to cosmic time.

By assuming these power law solutions, the differential equations of the VOS model can

be transformed into analytical ones by the adequate substitutions:

a=A [0(2)725 — CICTZ(”"e)*”} + %%TH/}’E (2.59a)
B=C Lj;gorlﬁe (1 + 2/Cr2<“*8>+’7) —2A (1 + lcTZ<“>+ﬂ)] (2.59b)
voky 1+B—e > =00 é% 1-g 14+-p+e—20—
Y i A = pe0 v 2.59
! < 0 e BRI F —2QT (2:5%)

F/ 4+ 2]277F" <Uokv L+pe A) N

F' +2Q3T0F" \ Co
v & 1-g 14+B+e—20—6
—(1— )2 2.59d
O R F 2o (2.55d)
K ~
P /\U%Tzﬂ (1 + lCTZ(vcfs)Jrr]) _ M’CTZ(W*E)+17+1+IB*€ + E@Tlﬁﬁfs (2.5%)
Go 2 8o
where the following variables have been defined:
LZ 2
K= 0{ O F! (2.60a)
S0
TJe=Q5+3ifo=q, Jt=J3if6<yor J¢=Q3if6 >y (2.60b)
n=vgiftd<yorn=05ifé >« (2.60c¢)
C=1-12? (2.60d)

The last definition above is reasonable since for § =0, 1 — U% is a constant, and for g < 0,
1-— v(z)l‘zl3 ~ 1, which is also constant. Finally, it has been assumed that all the initial

parameters Xy # 0.
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It should be noted that the equations above are valid as long as none of the power law
exponents vanishes. If this is the case, the velocity, charge and current equations should be

replaced by (in the charge equation it was already made the replacement a = ¢):

0= (1 + 2KT2(“78)+’7> T7¢ — 20pAT ! (1 + ICTZ(“*E)M) (2.61a)
Go
_ o2 ((Poko g . v (1) 2 .. .
0=2J; ( & ™=t _ A\t > +pcgwf%fs app—u (2.61b)

F' +2]2T"F" [vok vo (g—1) &
0 =203 0 L ) —1) 1—p)e—— S 20¢hx (261
% F/ + 2Q2F" < & | v ) A Fr+2Q3F" 13" (2:61c)

Although these equations are fully equivalent to the more general ones above, they may
allow for less restrictive solutions. For instance, and assuming that both terms in between
brackets in the velocity equation are constant (or at least not growing sufficiently fast), one

would arrive at the following conclusions for the possibility of constant velocity solutions:

ko

0= & (1+2K) ¢ — 2004 (1 + K) (2.62a)
0

0= ]g(' (1+2K) T —200AT 1 (1 +K) (2.62b)
0

It is clear that both solutions require ¢ = 1, but now comes the subtle point. As only
asymptotic solutions are under analysis, it is assumed that T — oo, which actually makes
that the two formulations above are not fully equivalent anymore. In fact, although in both
cases it is still required € = 1, the second formulation allows for a loophole worth searching
for: since ¢ is clearly positive, one may allow for solutions where the correlation length does
not scale linearly, but that for sufficient high T is essentially indistinguishable from the
true solutions for practical purposes. In the results that will be presented the more general
formulation will be followed, with the caution to properly check for additional branches,
hidden at first sight, whenever suitable.

A preliminary inspection of the different equations already identifies some of the relevant
parameters that are most likely to play a central role in the analysis to come. In particular,
the factor 2(a« — ¢) + 1 that appears associated with F’ is closely related to the relation

defined by Equation 2.48 which in terms of the power law defined above yields:

2
L3¢ (P . ZQ%T‘SF’) = &27% ggTZ(”‘) — F - 20Q%°F (2.63)
0
This is particular significant, since the presence of F on the right hand side above, that is

not expected to vanish, fixes the relation between the 3 exponents. In particular, one can
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easily see that for decaying or constant charge solutions (6 < 0) both length-scales must
evolve with a similar rate, ® = €. On the other hand growing charge cases are only possible
if the current length grows slower than the correlation length. Recovering the relation
between the length scales and the corresponding energy densities one can easily see that
these results are expected on purely physical grounds. In any case, it is not possible to have
solutions where a > ¢, unless a rather unphysical behaviour is prescribed where F = 0.

As a final note, it should be mentioned that one may find mathematical solutions to

the evolution equations that are not physical by different reasons:

e The network characteristic velocity must be lower than the speed of light, that in

these units implies v < 1
e For an expanding universe, it is not expected the momentum parameter to vanish

e The correlation length cannot scale faster than ¢ (or the comoving correlation length

faster than T), since it would violate causality

These physics motivated bounds naturally decouple the solutions between physical and

mathematical solutions and these will be discussed in different chapters.






Chapter 3

Physical solutions

3.1 Introduction

The solutions will be presented in the following way. Firstly, energy and charge loss mech-
anisms will be neglected, in which case the network evolution is governed by the cosmic
expansion alone. Once these solutions are properly presented and discussed, energy loss
mechanisms will be introduced, but charge losses will still not be considered. This is easily
accomplished by setting ¢ = 1, which, following the discussion at the end of the last chap-
ter, can also be interpreted as the asymptotic limit of any decaying charges and currents
solution or growing solutions where F” # 0 and Equation 2.55 is verified. Finally, charge
losses will also be allowed to condition the network evolution. For simplicity, first the bias
function will be assumed to be constant, but not unitary. This is compatible with constant
charges and currents, or growing solutions where F” = 0 and Q% and J? evolve in similar
ways, meaning oy = ¢ = #. Finally, in the last section of this chapter the remaining growing
charge and current solutions will be presented, and in this case the bias function will be

assumed to carry an explicit time dependency given by:

g =goT! (3.1)

In order to aid with the visualisation of the different solutions found, but also to validate
them, an application to solve numerically the system defined by Equation 2.50 was created.
This application will be used when suitable to illustrate the findings. It was also decided to
make the code available in a GitHub repo, that may be eventually populated with additional

scripts in the future, and an user friendly interface made available through Streamlit.
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3.2 Solutions without loss mechanisms

In this case, one may simply set ¢ = 0. The current equation can be used to clearly see that
in the absence of energy loss mechanisms any physical solution in an expanding universe
must be such that e > 14 B. If one accepts the cases € > 1+ B, then only decaying current
solutions are possible, which is not the case if the perfect balance e =1+ f < 1 is assumed.
In fact, further investigations regarding the former show that no solutions are consistent

within that sub-branch and the macroscopical equations reduce to:

a=A [v%rzﬁ — CICTZ(”‘_‘“')*”] (3.2a)
. ky —28 2(a—e)+1 2(a—e)+7
B=C [ﬁr (1 oKt ) P (1 LKt ) (3.2b)
y=2 (Uok” - A) (3.20)
Go
F'+2277F" [ vgks
=2 —-A 3.2d
F + ZQ%T(SP// < CO ) ( )
e = Av3T?h (1 + ICTZ("‘_S)*’]) — v,g—kvlCTZ(”‘_e)J”7 (3.2¢)
0

From a physical point of view, this condition implies that the linear bare energy scaling
with constant velocity that constitutes the canonical Nambu-Goto network evolution is still
a possible solution. It is also clear that under these assumptions the quantity AC72(®=8)+7
plays a central role and that its value if completely fixed at —% for decaying velocity

solutions. In these cases, only solution A1l is possible.

Solution Al: Non decaying charge and current solution

1. Scaling solutions:

_ A2 _ 1—A 2 _ 12.4-—6) _ —A
L. =Lyt , Gc=2¢CoT , T =JT , U =19T

L=L" , {=%Ht , Q'=Q"™™

2. Additional constraints:

— ’C —_
2

=00 ,
Go 3
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Although this solution is obtained here for a single expansion rate, it is actually compat-
ible with the slow expansion rate branch identified by Oliveira et al. [17], in the particular
case where s = (. Although this may not be clear at first sight, it should be noted that for
s = 0 one of the constraints of the mentioned work fixes the charge value at Qp = 1 and

the velocity equation there will asymptotically be reduced to:

. 1— 0?2
U= —

(2Hv) =~ —Hv — voptP ™1 = —AvptP! — A = —B (3.3)

While this relation is similar to the one just identified, although expressed with respect
to the cosmic time, it should be noted that another constraint is identified making B =

l—a=1- %, which when combined with the condition above yields:

2
A_§~4—%A_g (3.4)

and a single expansion rate is allowed. Furthermore, it can still be noted that an expansion

rate of 2/5 when expressed with respect to cosmic time is equivalent to an expansion rate

of:

At 2 2

At

which is exactly the same as in Al. If this solution is seen to be equivalent to the chiral

limit one, here it is not needed that Q(z) = ](2), but it is required that:

L% 2 2 / Q%+]§ / 1 2 F
’C—gg(Qoﬂo)F “Fagpt ~ 2 = aE

If the reasoning above was valid for decaying velocity solutions, it does not hold for constant

(3.6)

velocity ones, and these complete the set of physical solutions in the absence of energy loss
mechanisms. Firstly, it should be noted that all the solutions here must have a comoving
correlation length that scales linearly with conformal time (or, as mentioned before, physical
correlation length that scale linearly with physical time).

A particular set of solutions, valid for expansion rates such that v% =1/A, is found in
the particular case where F/ = 0 and is given by A2. It should be noted that the condition
above implies that there is a lower bound for A at A > 1, and hence these solutions are not
realisable in the radiation era. Still within the sub-branch where F/ = 0, there is another
possible solution, A3, but that is only realisable for fast expansion rates (A > 2), where
the current will still decay, but now the charge is allowed to persist. A final comment is

needed within these sub branch of solutions though, since some of them imply Q% = ]g,
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which is compatible with the chiral limit, but also F’ = 0, which is not the expected value
that would make the system of equations fully equivalent to the one studied by Oliveira

et al. [17].

Solution A2: General current and charge solution

1. Scaling solutions:

Le=Let , &=&t , =} , v=n1

L = L()t 7 g = got 7 Q2 = Q%‘T’Ll_z}L

2. Additional constraints:

/\_"U_(Z,>1 , & =2 F=0 |, (Qo—]o)

* Not applicable for A =2, or v =46 = 0.

Solution A3: Decaying current and constant charge solution

1. Scaling solutions:
Le=Lt , g=%&t , PP=F*" , o=nq9

L= Lyt , &=t , Q*=Q;

2. Additional constraints:

kav

A numerical simulation of the network evolution for different expansion rates and F/ = 0
is presented in Figure 3.1. For simulations S1 to S3, the initial network charge and current
for T = 1, which should not be read as the asymptotic solution scale parameter, Qg and
Jo, were taken to be 0.2 and 0.1, respectively, and the constant charge solution is found.
On the other hand, simulation S4 was carried out from starting conditions with charge
and current equal to 0.1, and in this case the network evolves towards the decaying charge
and current sub-branch. Finally, and for completeness, it should still be mentioned that
although solution S1 started with a charge to current ratio of 2, the asymptotic solutions
presented as dashed lines are such that Qp = Jp, while the same does not happen for

simulation S2, where Qy # Jo. This can be easily understood by noting that the growing
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Charge and current Length scales Velocity

J(T)
L(T)

v(T)
o
S
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FIGURE 3.1: Network evolution as obtained by numerically solving the generalised VOS
differential equations without charge or energy loss mechanisms and considering F' = 0,
for different initial conditions and expansion rates (see Appendix B for details).

current sub-branch is only possible if Qp = Jy, and so the network finds its way into this
state.

Leaving aside the cases where F/ = 0, one can still identify solution A4, which is very
similar to A2. Here, however, the chiral condition does not have to hold and arbitrary
current and charge values are possible. Comparing both solutions, it can be seen that fast
expansion rates associated with decaying charges and currents are asymptotically equivalent

to the canonical Nambu-Goto case, but only the chiral limit is allowed when F/ = 0.

Solution A4: Decaying current and charge solution

1. Scaling solutions:

2 2_4-—2
Le=Let , &=&t , =2 , v=1p

L=Lt , &=2F&t , QP=Qirt A

2. Additional constraints:

1 k
A= >2 , Mzz , ,
(£ o
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Solution A5: Constant current and charge solution

1. Scaling solutions:

Le=Let , &=&t , =% , v=1

L = Lot ,  E={t , Q%= Qi

2. Additional constraints:

voky .

) 2 _1+2K _ 1
Go S

RER T 242K 0 242K

Finally, a persisting charge and current solution is also found here for arbitrary values
of current and charge, as given by solution A5. It can be noted that both solutions are
similar to the ones obtained by Almeida and Martins [14| and by Oliveira et al. [17], in
the appropriate branch. Once more, a numerical example starting from arbitrary initial
conditions and different expansion rates is presented in Figure 3.2. For the lowest expansion

rate, the decaying velocity solution from A1l is obtained.

Charge and current Length scales 1.0 Velocity
107! \
0.5\
1073
10 E G
1077 05
1079
~1840 10! 102 10° 104
T
107! \ 102
103
~ _ 1ot — S1-A=2/3; Q=2
%10,5 = — S2-A=2Q;=2;
100 —— S3-A=3;Q,=2);
1077
107177
107° ’:7,
100 10t 102 103 104 100 10! 102 103 104

T T

FIGURE 3.2: Network evolution as obtained by numerically solving the generalised VOS
differential equations without charge or energy loss mechanisms and considering F’ # 0,
for different initial conditions and expansion rates (see Appendix B for details).
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3.3 Solutions without charge loss mechanisms

If in the previous section both energy and charge losses have been neglected, by setting
¢ = 0, here solutions with energy loss mechanisms are explored, which can be easily ac-
complished by setting ¢ # 0 and ¢ = 1. Following the discussion on the value of g, these
solutions should also be interpreted as possible solutions for networks with charge loss
mechanisms, but where the charge and current decay away. Additionally, setting ¢ = 1
also has the consequence of keeping the velocity, charge and current equations the same as

before, while the current and correlation length now read:

6= A [vgrzﬁ _ CICTZ("‘_SH”} 4 C00 1pe (3.7a)
2 Go
e = AR (1 4 ICTZ((X—E)—Hy) _ 0oko Jor2la—e)+n+lpe o €00 14p—e (3.7b)
Go 2 8o

One thing that is already clear is that imposing 1+ 8 — e < 0 will reduce the system of
equations to the previous cases, where no physical solutions were found. This means that

the full set of equations, subjected to the constraint 1+ g = ¢, is given by:

_ 228 2(a—¢e)+7 ¢ oo
a=A [UOT CKt } + 25, (3.8a)
B=C [k”r—zﬁ (1 + 2/Cr2<“—8>+’7) —2A (1 + /Cr2<"‘—€>+'7)] (3.8b)
v0Co
y=2 <vok” - A) (3.80)
o
’ 2y
B i <”°k” —A) (3.8d)
F+2Q20F" \ &
k cv
e = ART? (14 Kcr2le—a+n) _ D000 ey 4 00 3.8¢
0 ( ) o 2 ¢o (3.8¢)

Once more, it can be easily seen that decaying velocity solutions are only possible if
JCr2(a—e)tn — —%, which is the same condition as before. This can be easily understood,
since this constraint is obtained from the velocity equation alone, which is unaffected. Pro-
ceeding in a similar way as in the no losses cases, one can conclude that the only realisable
solution is the one expressed by solution B1, with constant charge and currents. The subtle

difference is that the allowed expansion rate is now found at:

2 Gy 2 ¢ o
A=—- - 2 = :)Ln—** 39
337 3+i/ks M 3% 42

where A, identifies the expansion rate found in the no loss regimes. Once more, if one

wants to express the corresponding expansion rate power law with respect to cosmic time
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will find:

A 2
CAr+1 5+4¢/k,

At (3.10)

which is the same as the one found by Oliveira et al. [17] in the limit s — 0.

Solution B1: Non decaying charge and current solution

1. Scaling solutions:

Le=Lyt"™ , & =& , P=J} , v=91"

L= Lot , =207 , Q*=0Q}

2. Additional constraints:

@: 2 , ]C:—l , kaD:A
%o

Solution B2: General current and charge solution

1. Scaling solutions:
Le=Lt , &=&t , P=R"2  o=n0
L = Lot . E= &t ., Q= Q(z).rz;/\vg—z;\

2. Additional constraints:

Vo ky , 2 2\(®)
A—m P 5—2/\7]0 F'=0 7 <Q0—]0>

* Not applicable for v =6 = 0.

Solution B3: Decaying current and constant charge solution

1. Scaling solutions:

2 2 __4Av2—2A
Le=Let , &=¢&t , J>=JRt"% ,  v=1

L = Lyt , ¢ = Got ’ Q2:Q%

2. Additional constraints:

R U 2 ko , n
A=k, itk | & M F=0 w<y
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Looking now for the constant velocity solutions, one finds once more that they can only
be realisable in regimes with linear scaling of the comoving lengths when expressed with
respect to conformal time. The solutions found here are given by B2 and B3, which can
be seen to be the natural extension of A2 and A3, respectively. For the general solution
B2, one can easily identify a critical velocity that dictates the fate of current and charges

at v2 = 1/2. Once more, the expansion rate can be related to its no loss counterpart by:

1 1 Anl
= _ = 3.11
Combining this with the critical velocity, one finds a critical expansion rate at:
2
Ae=——F— 3.12
‘T 14é/k, (3.12)

One the other hand, the constant charge solution is only compatible with decaying currents,
or vg < Uc. It should be noted that the relation between the asymptotic velocity and the
expansion rate presented in both B2 and B3 can be inverted to yield:

ko

O\ Ak, +0)

(3.13)

which conveniently reduces to the no loss cases for ¢ = 0. As before, a numerical simulation
of the evolution governed by the full set of equations is presented in Figure 3.3, where in

all cases the same initial conditions used to produce the plots in Figure 3.1 have been

Charge and current Length scales 1.0 Velocity
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1 0.6
= £ 10 T
= = =
0.4
100
p 0.2
1071
0950 10t 102 103 104
100
103 T
10-1 = —
I\ oo 102
—— S1-A=1.5;Q;=2);
102
= T 100 —— S2-A=A.=1.67;0;=2);
S [rvs —— S3-A=2,0i=2);
10-? — S4-1A=20;=J
10°
1074 ,
10-1¢
10° 10t 102 103 104 100 10t 102 103 104
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FIGURE 3.3: Network evolution as obtained by numerically solving the generalised VOS
differential equations with energy loss mechanisms only and considering F' = 0, for
different initial conditions and expansion rates (see Appendix B for details).
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FIGURE 3.4: On the left, a representation of the impact of the energy loss parameter on
the asymptotic velocity of the network. On the right, the critical expansion rate as a
function of both the energy loss parameter and the momentum parameter.

used, but it has been assumed that ¢ = 0.05. Clearly, for equivalent expansion rates, the
asymptotic velocities obtained are lower than in the case of no charge loss (or, in a different
perspective, the expansion rate compatible with a given network velocity is lower than
before). This effect may be more simply highlighted by performing a set of simulations for
varying values of the energy loss parameter ¢, while keeping the same expansion rate. In
Figure 3.4 are presented the asymptotic velocities obtained for ¢ € [0,2] and A = 2, as well
as the expected values as computed from Equation 3.13 and the no loss limit (v = VA~1).
Additionally, it should also be noted that the critical expansion rate is now found below
the matter era threshold, and solutions in this epoch exhibit the same behaviour of the fast
expansion rates from the no loss cases. Finally, the deviation of the critical expansion rate
as a function of the energy loss and momentum parameter is also presented in Figure 3.4.

If solutions A2 and A3 have been properly generalised to B2 and B3, respectively, the
same happens for the cases A4 and A5, which find their counterpart in B4 and B5. It
may may be seen that the critical velocity is still the same as before, at U? =1/2, and is

associated with an expansion rate given by A. = v.ky/Co, which can also be rewritten as:

cv cA 2 2
AP =1—-S=1-—-2¢ Ao = =
Ve 2% 2k, T 221 ¢/ky 14 /K

(3.14)

The expansion rate above is exactly the same as the expansion rate that allows current
and charges to be preserved, and lower than the value found in the absence of energy loss
mechanisms. Once more, a numerical solution is presented for different expansion rates
in Figure 3.5 for the conditions required by B1l, B4 and B5, considering the same initial
conditions as in the no loss case and ¢ = 0.05. By comparison with the results presented in

Figure 3.2, one can easily see that the asymptotic velocities are now found at lower values.
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Solution B4: Decaying current and charge solution

1. Scaling solutions:

2_
Le=Let , &=&t , =020 =y

L — L()t , g — gOt , QZ — Q%,LAAD%—ZA

2. Additional constraints:

41— 1/93 2

/ 2
=1tak, itar, ¢ T7F0 . wc<

Solution B5: Constant current and charge solution

1. Scaling solutions:

Le=Lt , &=&t , J*=J ,  v=n1

LILot ’ §=§0t s QZZQ%

2. Additional constraints:

A ) .00 2 A vokv 2 1 1
= —C— = o 1 ~/1. 7 = 7 v() = T A | A1 7
go 1 -|— C/kv g() 2 -|— 2IC
Charge and current Length scales 10 Velocity
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FIGURE 3.5: Network evolution as obtained by numerically solving the generalised VOS
differential equations with energy loss mechanisms only and considering F' # 0, for
different initial conditions and expansion rates (see Appendix B for details).
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3.4 Solutions with constant bias function

Having explored the branches with and without energy losses, it is now time to complete
the analysis by explicitly incorporating the charge loss mechanisms. It should be recalled,
however, that a network where such mechanisms exist, but with decaying charge and cur-
rents, is compatible with the already studied solutions with ¢ = 1, meaning that the
charge loss possibilities are not strictly confined to this section. Starting once again from
the current equation, it can be seen that another possibility emerges where solutions with
1+ B — & > 0 may be realisable, as long as it is verified that 2e —2x —y —--- = 0, where
the dots stand for some particular dependence on 6, depending on its value and on F’ and
F”. This condition will make the first and last terms perfectly balance each other. However,
further investigating the cases where 14 B —¢e # 0 reveals that they are not compatible
with the full set of equations and hence it must be that ¢ = 1 + . Making the adequate

substitutions, the equations now read:

r=A [ngZﬁ - CICTZOX—EW] + gi?o) (3.15a)

B=C [v’;zor—zﬁ (1 + 21@r2<"‘—5>+’7) —2A (1 + Kr““‘f”’?ﬂ (3.15b)
2

11:'/: 22(]20%121;/; <Ug]; _A> - )Ng%gLO% F +1zé%gr5p~ v et easg

e = AvZT?# (1 + ICTZ(""E)”) — ng;U’CTZ(“‘Q’)Jﬂl + ;gg (3.15€)

Although it may not be apparent at first sight, the inclusion of the charge loss mechanisms
effectively prevents the solutions with constant velocity and F/ = 0 from forming. This can
be seen by noting that, were this to be true, then one would have from the characteristic

length equations that:

500

n = )\02 IZ'B + 3.16a
&€ = )\UZ 12/5 -+ *C 2 3.16b
0 2 :O ( )

For constant values of g (but still considering g # 1), the expressions above implies & # ¢,
while the consistency relation would also yield L-W = L./F —2Q%F = chf = ¢. and

a = ¢. This is clearly incompatible and hence all solutions must be such that F’ # 0.
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The decaying velocity solutions must still respect the same conditions as before, but
now the presence of the charge loss mechanisms allows for different predicted behaviour as
dictated by both the current and charge equations. Perhaps the most relevant case is the
existence of a solution branch given by C1 where both quantities are allowed to grow over

time, as long as the expansion rate is sufficiently low such that:

2

A< —r
3+ g¢/ky

(3.17)

which one can easily see that reduces to the critical expansion rate already identified in
the previous sections by making the replacements ¢ — 1 or ¢ — 0 to recover the critical
expansion rate from Section 3.3 or Section 3.2, respectively.

If solution C1 is not a clear generalisation of the decaying velocity solutions previously
found, the upper bound for the expansion rate is also based on the 2/3 value and in fact a
constant charge and current solution that generalises solution Bl is given by solution C2.
The constraint on p is particularly interesting since in the limit where Q(z) = ]3 it reduces
to:

F — 2Q3F"

p=—p (3.18)

which can easily be seen to be compatible with the chiral limit if one further imposes

F” =0, yielding p = 1/2.

Solution C1: Growing charge and current solution

1. Scaling solutions:

LC == LUTIX ’ gc = gOTI_A ’ ]2 = I(%T” ’ 0= z7()‘1-'_A

L=Let*™ , E=¢&r , Q%= Q3!

2. Additional constraints:

2 _ 1 e )
/\<m ’ K= 2 7 1]—2 31 gC§0>0
it gm w 2-) e _ 5\
20 2¢& ' & 2k,+gé 1—-p @

* Only for F” = 0.
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Solution C2: Constant charge and current solution

1. Scaling solutions:

Le=Lyt"™ , & =& , PP=J]} , v=91"

L=Lyt , &=&T , Q*=0Q}

2. Additional constraints:

_242(1—g)clk, 1
3+ (3—2g)clky

2 o QLR . (F(Q§+T5) +2Q5F” (Q5 —J3)
4(Qo Io) E% F'=1 P( ]g(F'—ZQ%F”)

. J

A word of caution should be placed here, though, since this solution is only realisable if
p # 0 and different solutions emerges if p = 0 or p = 1, given by C3 and C4, respectively.
Here, the charge, or current, is still preserved, just like in C2, but now the current, or
charge, decays away. This effect can seen in Figure 3.6, where the same initial conditions
evolve towards different asymptotic solutions depending one the value of p. Finally, it
should also be noted that solution C2 is closely related to solution B1, and in fact reducing

to it in the limit ¢ = 1.

Solution C3: Constant charge and decaying current solution

1. Scaling solutions:

Lc=Lyt"™ |, & =& , P=R0 , v=uv1"

L =1yt P §=€.‘o‘r ’ QZZQ%

2. Additional constraints:

24+2(1—g)clky 1
= , K =—=- , =0
3+ (3 —2g) clk, 2 &
2(1—g)é 4(1—g)é

<0

T kot (1—g)¢ 3k, + (3—29)¢
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Solution C4: Constant current and decaying charge solution

1. Scaling solutions:
Le=Lt"™ |, =&t , P =J; , v=109T "
L =Lyt , E=&T , Q= Qi
2. Additional constraints:
24+2(1—¢)clk 1
— + ( g) g , ]C = —— 7 p = 1
3+ (3 —2g) clk, 2
2(1—g¢g)¢ 4(1—¢g)¢
s—__ 21-g) o (1-g) <o
ko+(1—g)é 3k, + (3 —29)¢
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FIGURE 3.6: Network evolution as obtained by numerically solving the generalised VOS
differential equations with energy and charge loss mechanisms considering the expan-
sion rate compatible with decaying velocities (see Appendix B for details).

If there are also solutions with decaying velocities, there is also a branch of solutions
where the network velocity is constant over the cosmological evolution. In these cases,
it still useful to separate a sub-branch where charge and current evolve in a similar way
(v = 9), a sub-branch where charge dominates (6 > ) and a sub-branch where current
dominates (y > ). In any case, all solutions are such that 7 =2(e —a) = 2(1 —a).

In the first sub-branch, there is a constant charge and current solutions, where the

current length scales linearly with conformal time, as given by C6.
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Solution C6: Constant charge and current solution

1. Scaling solutions:

Le=Lt , &=&t , JIP=J ,  v=m1

L = Lot , E=¢t ., Q=0

2. Additional constraints:

_2—élk, (1—g)IK _J3 F —20Q3F”

A 1+ aik, © PT@+R F

ZF_”M— i_}_lP/LQ%P” L
FR+i P\@ Br—2@r ) &

Solution C7: Growing charge and current solution

1. Scaling solutions:
L. = Lot* , E=&t , JPP=T™ , v=1p

L = LOTDH-A , g — g()t , Q2 — Q%TZ—ZDL

2. Additional constraints:

vk,  voGol—g Q_1—p

A< — P65 ——2 , e o L F'=0
o PRI 2P BToe
a=A (vo CIC) + 2 %o e 2/\170—1 oK
’Uokv ~’00€0 1— 8 ’(’Jokv 5’()0
=2|——A) —pé , 1= ==
! ( o ) PR F 2% 25

\. .

Additionally, there are also two solutions where both current and charge grow over time,
as given by C7 and C8, which only differ on the value of F” that is also reflected in the
applicable constraints. It should be noted that there are two important constraints that
lead to the definition of the critical expansion rate whenever either charge or current are

constant, given by:

(3-9)-

1—00k” £
280 2%

% (1-3) (3.19)

S|

(3.19b)



3. PHYSICAL SOLUTIONS 45

Solution C8: Growing charge and current solution

1. Scaling solutions:

L, = Lot* , &e=&t , =™ , v=1

L= LOTDH—A , g — gOt , QZ — Q%TZ—ZLY

2. Additional constraints:

k

V< . Gi= 0
cv voky 1+ 1C

azz\(v%—ClC)—I—%g—z , 20 =2Av§—1+2’C

. . vokv_ _ voky )

n=2 204_2( % /\) , 1__2':0 +2i.,'o
ko ¢

1:Av§(1+7€)—v°§0 K:+§g

1. Scaling solutions:

LC:LUT 7 gc:gOT 7 ]2: g ’ U =17

L = Lot , ¢ = Cot , Q2 = gr‘s

2. Additional constraints:

(M) =F%E . =i

M%f:zlicc:l_gg , A:z-ag( _12__’C<5’)
2 élk, (1—

= c/1k+(5/kvg) K e

If these, or equivalent expressions, hold, then the compatible expansion rate must be

such that:

2—¢/k,(1-g) /K

1+¢/ky (3.20)

A=

It can be easily checked that for ¢ = 1 the expansion rate from B5 is recovered.
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The sub-branch where current eventually dominates the evolution is simpler, in the sense
that in this case, a single solution is possible, as given by C9. In this case, p is required
to be unity, while the current is constant, the charge decays, and the current length scales
linearly. These restrictions remove the role of F” in further distinguishing between different
solutions.

Finally, the last sub-branch that is yet to be explored is dominated by charge over
currents. In this case, the value of F” is relevant once more, since it effectively decouples

between C10 and C11.

Solution C10: Constant charge and current solution

1. Scaling solutions:

LC=L0T ’ gczgof ’ ]ZZIgT’y 7 0 =79

L = Lyt , ¢ = ot y QZZQ%

2. Additional constraints:

_2—élk, (1—-g)IK S voky

A=t %
'y:z(v(ékv_/\)<0 , F”#O , p=0
0

Solution C11: Constant charge and current solution

1. Scaling solutions:

2 2
LC = LOT‘X ’ gc = cOT ’ ] = I()T’y ’ 0 =17

L=1Lyr*t* | Z=¢&t , Q*=Q37°

2. Additional constraints:

?—1;3«) , p=0 , F'=0
0

7:2(1’%';”—;\) , 5:7—%1—%
a:A(vg—CIC)+%Cg . 0=2-24>0
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In both cases, it must be that p = 0, which can be read as the opposite limit of C9. If
F"” # 0, then charge is not allowed to grow and must remain constant, while currents must
decay and the current length scales linearly, as given by C10. On the other hand, if F” = 0,
a more general solutions is found as given by C11. A numerical comparison of the different
possibilities is presented in Figure 3.7. A final comparison between two similar simulations,
but with different values for ¢ and g is presented in Figure 3.8, where the distinct scaling
of the current and correlation length can be easily seen. Note that the selected parameters

have the particularity of ensuring that:

C24+2(1-g1)a/k

A= 3.21a
'T 31 3-291) c1/ks (321a)
2_52/kv (1_g2) /lC
Ao = 3.21b
2 1+6/ky (3:21b)
or, assuming JC = —1/2 and k; to be the same in both situations:
2—|—2(1—g1)C1/kv 2—|—252/kv(1—g2)
= R (3.22)
3+(3—2g1)C1/kv 1+C2/ky

The condition above ensures that the same expansion rate will be identifiable with the

compatible value with either decaying or constant velocities.

Charge and current Length scales 1.0 Velocity
0.8
0.6
=
= o
0.4
0.2
0950 10t 102 103 104
103 T
102
— S1-p=0
10t — S2-p=1/2
—— S3-p=1
10°
101F
10° 10t 102 103 104 10° 10! 102 103 104
T T

FIGURE 3.7: Network evolution as obtained by numerically solving the generalised VOS

differential equations with energy and charge loss mechanisms considering expansion

rates compatible with constant velocities, but different charge and/or current behaviour
(see Appendix B for details).



48 EVOLUTION OF CURRENT CARRYING COSMIC STRINGs
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FIGURE 3.8: Network evolution as obtained by numerically solving the generalised VOS
differential equations considering different energy and charge loss parameters (see Ap-
pendix B for details).

3.5 Solutions with dynamical bias function

Having explored the branches with and without energy losses, it is now time to complete
the analysis by explicitly incorporating the bias function on charge and currents and hence
on conformal time.

Starting once again from the current equation, it can be seen that another possibility
emerges where solutions with 1+ 8 — & > 0 may be realisable, as long as it is verified that
2e — 20 — v — - - - = 0, where the dots stand for some particular dependence on J, depending
on the its value and on F’ and F”. This condition will make the first and last terms to
perfectly balance each other. However, further investigating the cases where 1+ —¢ #0
reveal that they are not compatible with the full set of equations and hence it must be that

e =14 B. Making the adequate substitutions, the equations now read:
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K= A [vgrzﬁ _ CICTZ("‘_S)”} + gog?rﬂ (3.23a)
0
_ ko _op 2(a—e)+y 2(a—e)+y
B=C LOCOT (1 KT ) —2A (1 LKt ) (3.23b)
voky 0080 80 —[2(a7£)+ ]
— —A " v 3.3
v ( & ) TR 205 (6239
F’ + 2]2'(71:" Uokv U()C() Q0 _ _
5=2 0 A+ (1-p)e n-[2(e=e)+3] (3939
F/ + 2Q2T0F" ( Zo > TP e g (3.23d)
e = Aot (1 + ICTZ("‘*)*”) — Ug(kvlCTZ("‘g)*” + ;Zéo (3.23e)
0 0

In fact, looking more closely to the equations, it is clear that the characteristic length

equation can only be fulfilled if:

a=c¢ (3.24a)

_ ,.C0
ACK = g0y & (3.24b)

since in any other case the diverging term on the right will always dominate. Although this
could not be an issue, the first constraint when used together with the correlation length

equation yields:

KTl <Av%r25 - z?’) + %? =0 (3.25)
0 0

which clearly cannot be fulfilled for # > 0, as is being assumed here.






Chapter 4

Comparison with numerical

simulations

4.1 Introduction

After studying the possible scaling solutions from an analytical point of view, it was con-
sidered adequate to provide some preliminary comparison against field theory numerical
simulations, which is the goal of this Chapter. The main objective is to characterise the
parameters that govern the evolution of the different parameters of interest, with partic-
ular attention given to the power law exponent of the scaling solutions. Additionally, the
branch of the analytical solutions that is currently being spanned by the simulations will
be identified. However, and because numerical simulations of cosmic strings networks is a
topic on its own, with inherent challenging topics, not only related to the simulation itself,

but also to the best diagnosis to characterise the results, a brief introduction is needed.

4.2 Numerical simulations of cosmic strings networks

Field theory numerical simulations present significant challenges and the reader is referred
to the work by Correia and Martins [21] and Correia [22] for extensive details on this matter.

Firstly, it should be mentioned that there are essentially two ways of simulating the
evolution of networks of strings. On one hand, in what may be read as a more macroscopic
approach, Nambu-Goto types of simulations are based on filament-like elements. Although
this approach may be justified as long as the string thickness is much smaller than its

length and has already been used by different and independent research groups [23-27], it

51
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also inevitably leaves out some important physical aspects of the microscopic physics at play,
such as a loop formation. On the other hand, strings may not be directly simulated, but
rather the fields whose configurations constitute the strings themselves. In this case, the full
microscopic physics is properly considered, but this comes at a much greater computational
cost, which manifests itself as lower dynamic range and/or spatial resolution. In any case,
and since the microscopic physics content is preserved, these type of simulations can be
easily generalised from simple abelian-Higgs models (see, for instance, [28]) to multiple fields
simulations [21], a task clearly hardly realisable in Nambu-Goto simulations. The results
that will be analysed here were obtained following the latter approach and conducted by
José Ricardo Correia, the main author of many of the references above.

It is important to note that while in Nambu-Goto simulations the relevant macroscopic
properties of the network can be easily estimated since the strings are well defined at all time
instants, the same does not happen for field theory simulations, where diagnosis criteria
whose focus is the correct interpretation of the fields’ configuration at a given time step and
their translation into macroscopic quantities also play an important role. The correlation
length, as measured by the typical string-to-string distance, for instance, can be estimated
from the box volume (V, for its physical size, or V, when expressed in number of cells used
for the simulation) and the string length (¢). While the former is known, the latter must

be estimated and this leads to two different approaches that are often applied [16]:

i = _zﬁx (4.1a)
A V%

— 4.1b
=1z (4.1b)

The first approach is founded on the fact that Lagrangian density evaluated at each lattice
cell (Ly) is negatively peaked at the strings and vanishes away from it [29], while the latter
is obtained simply by computing the gauge-invariant winding (Wj;), that is non-null if a
string is piercing that particular cell. A similar analysis can be made for the remaining
quantities of interest and the reader is referred to the work by Correia and Martins [21],
but it should be clear that different choices may yield different estimators.

Finally, an important point should be made regarding the generation of the initial
conditions and their approach to the scaling regimes. As the defects width is typically
constant, but simulations are carried out in a box representing an expanding universe, they

would eventually become too short in comoving coordinates to ever be identified in the
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simulations [30]. To solve this issue, the coupling terms are often modified to account for
a dependence on the scale factor, hence allowing to properly resolve the defects. Another
issue is related to initial conditions themselves, which are often associated to an highly
excited state [31]. To help dissipate this energy excess, an artificial over-damped epoch with
exponential expansion, or a sufficiently faster power law, is typically prescribed. Although
this strategy does indeed allow for a faster approach to scaling, it also distorts the time
counting of the simulation, critical to identify the scaling regime properties. The most
relevant consequence for this work is that the different quantities of interest no longer scale

as « T7, but rather as:
A(T) = Ao (T —10)" (4.2)

where Ty is a time offset that mimics the impact of the artificially over-damped period of
the simulations. It should be noted that for sufficiently high dynamic ranges this would
not be an issue, but as already mentioned, dynamic range is often a limitation of this type

of simulations.

4.3 Data description and inspection

Having presented a brief overview of the main concerns when performing numerical sim-
ulations of cosmic strings, the results may now be analysed. In this work 12 independent
simulations considering different initial conditions for 4 different expansion rates, making a
total of 48 time series, will be considered. The generated time series of all simulations are
presented in Figure 4.1 and Figure 4.2, grouped by initial conditions.

One can immediately see overall trends that are consistent between all simulations.
Firstly, the faster the expansion rate considered, the lower the network asymptotic velocity
and the charge. This comes with no surprise, as the highest expansion rates are expected to
be more efficient at erasing the defects. Additionally, the charge to current ratio (last row
in both figures) seem to be reasonably stable, specially for the lowest expansion rate, but
is not unity. Finally, the step-like behaviour identifiable in both charge and current time
series indicates that the simulations are on the verge of being able to properly track the
evolution of these macroscopical quantities. This is particularly relevant since it may distort
the results if one intends to combine the different "observations" into an expected value
and uncertainty level. To mitigate this issue a pre-processment of the data was carried

out where these plateaus were identified and smoothed out of the time series, leaving a
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FIGURE 4.1: Time series estimated from the numerical simulations 1 to 6 grouped by
initial conditions.
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more well behaved response to analyse, up until the onset of the last identified plateau,
which could not be properly accounted for. The results of all the simulations grouped by
expansion rate, as well as its mean value and 10 region, are presented in Figure 4.3, for the
original data, and in Figure 4.4, for the smoothed data. For the remaining of this work,

only the latter will be used.
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FIGURE 4.3: Raw time series estimated from the numerical simulations grouped by ex-
pansion rate.
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4.4 Preliminary parameters estimation

Having analysed and pre-processed the data series in the previous section, it is fundamental

to be able to extract from them the relevant parameters that may be compared against

the analytical solutions. In this section, this task will be handled by different approaches,

starting from a direct least squares fit and ending with a full MCMC analysis to better

constraint the parameters. In all cases, it should be recalled that the evolutionary model

that will be assumed is of the type:

A(T) = AO (T — To)p

(4.3)

where Ty is expected to be the same for all parameters within a given simulation, and even

for all simulations that share a common expansion rate, provided the over-damped epoch is

equivalent. The velocity is assumed to be constant and hence defined by a single parameter.
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From a visual inspection of the results, it was considered adequate to consider the period
starting at T = 100, up until the dashed lines in Figure 4.4, where the solutions appear to
have reasonably converged.

The first approach was to simply fit a curve governed by Equation 4.3. There are,
however, two distinct possibilities: either to fit each realisation separately, or to consider
a single realisation from the mean evolution, where the dispersion around the mean value
is considered as an uncertainty. The results from the latter approach are presented in
Figure 4.5, while all the fitted parameters are presented in Figure 4.6. In this case, the fit
to each simulation is represented by a dot, while the horizontal line and the shaded region
were obtained from the overall fit.

It is interesting to note that fitting each realisation separately provides drastically dif-
ferent outcomes when compared to the overall fit. This can be at least partially explained
by noting that as different orders can be spanned by the data to be fitted, a single fit that
does not incorporate any uncertainty on the data points will tend to favour the highest
values. This is particularly relevant for the charge and current decays, where in Figure 4.5
a poorer agreement between fitted and observed data is clearly visible in the latest part

of the simulation. It should be noted that this may indicate that the network is not fully
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FIGURE 4.6: Power law exponent and scale factor for all expansion rates and initial con-
ditions.

converged yet and that the scaling exponents are actually varying during the dynamic range
under analysis. In any case, the time offset can be seen to be reasonably constant and lower
then 50 for all cases, which allow us to make a log-log fit considering the last part of the

simulations by making the approximation:
A(t) = A (t— 1) =~ Agt’ — InA~InAg+plnt (4.4)

Simple error propagation under the Gaussian assumption can be easily used to estimate the
uncertainty in the offset at the x—axis interception into uncertainties into the scale factor.
The results are presented in Figure 4.7, where it can now be seen that the individual fits
as well as the mean fit are now much more consistent.

The simple least square analysis conducted until now to provide a first grasp into the
expected value of the power law exponent and scale factor of the different quantities of
interest has shown that a critical point was the fact that the simulations may, in principle,
exhibit a given offset in time. Here, we would like to have an alternative approach that does
not depend on the proper identification of this time offset. We note that the corresponding

quantity rate of change is given by:

A= Agp (T1—19)" ! (4.5)
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FIGURE 4.7: Power law exponent and scale factor for all expansion rates and initial con-
ditions considering a log-log fit from T = 250 onward.

meaning that the degeneracy between the power law exponent and the, unknown, time

offset, can be removed by writing:

41 o (4.6)

A p p
Although the procedure above should, in principle, provide robust estimates, it does rely
on the ability to properly estimate the time derivative of the different quantities of interest,
which may introduce uncertainties in the process. However, and since this linear relation is
expected to hold for any time offset and scaling exponent, the derivative may be computed
between points with a given time delay to minimise the uncertainties. Additionally, this
procedure allows us to analyse if the best fit power law exponent is actually evolving along
the simulation or not.

The results for the mean simulation of all the steps above is presented in Figure 4.8 and

Figure 4.9, where it has also been included a fit considering only the points for T > 250.
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4.5 Markov Chain Monte Carlo methods

Finally, and to better understand the correlations between the different parameters of
the power law evolution defined by Equation 4.3, a simple code to run a Markov Chain
Monte Carlo (MCMC) analysis was developed. Since this is still unexplored in the present
document, it was considered that a previous theoretical description was firstly needed,
before presenting the results. It should ne noted that the description here is mostly adapted

from the previous work by Pimenta et al. [32].

4.5.1 Theoretical background

The core definition of an MCMC analysis is the ability to sample a given probability
distribution. In this case, the desired probability function is associated to a given hypothesis
or model, H;, conditioned to the observational data (or, in this case, numerical simulations
outputs), D, and some previous information, I. Using the product rule in probabilities,
it can be shown that the probability density function of interest, P(H;|Dyps N 1), is given
by:

P(Hi“) X P(Dobs|HimI)

P(Hi’Dobs ﬂI) = P(D ) |I)
obs

4.7)

It is customary to identify the probabilities above as the prior distribution (P(H;|I)), con-
taining the previous belief that a particular hypothesis is true from some previous (not
related to the data) information, the likelihood, containing the probability of obtaining
the observed data from the hypothesis and previous information (P(Dgys|H; N 1)), usually
represented as L(H;), and the posterior distribution function, which essentially updates
the prior information from the data. The prior and posterior names are easily understood
as they represent the probability of the hypothesis being true, before and after considering
the new data. Further extending this reasoning, the hypothesis can still depend on some
model parameters, 0, in which case, the posterior distribution for the parameters is:

P(6|1) x P(D|6N 1)
P(DI|I)

P(6|DNI) = o P(0]I) x P(D|@N 1) = P(6|I) x L(6)  (4.8)

where it has been tacitly assumed that the model chosen is, indeed, the true model. Under
this assumption, the question is no longer what model best fits the data, but which are the
most probable parameters to it (in this case, 0).

As the model parameter space size increases, the characterisation of the posterior dis-

tribution is more easily obtained by Markov Chain Monte Carlo (MCMC), rather then by
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directly searching the parameter space. The main idea behind this method is to construct
samples that respect a given distribution taking random walks over the parameter space,
where the new sample (of parameters) 0;11 depends solely on the previous step, 6;, and on
the transition probability, formalised by p(6;11]6;). If the initial period, that is strongly
affected by the particular initial conditions of the walk, is rejected, the samples obtained
do follow the posterior distribution p(8|D N I). In this work, an algorithm based on the
Metropolis-Hastings algorithm (MH) [33, 34] has been used, iterating over the following

steps:
1. An initial value is chosen within the parameter space 0; = 61

2. A proposed value for 0,11, I, is generated from a proposal distribution, usually taken
as a multivariate Gaussian function with prescribed mean and covariance function.

p(L|I) £(T) q(6:]T)
p(6:]1) L (8;) q(T[6;)’

3. The metropolis ratio is computed, defined as r =

being g the

proposal distribution.
4. A random number U is generated from an uniform distribution in the interval 0 to 1.

5. If r > U, then the proposal is accepted and 6;,1 = I', otherwise 6;,1 = 6;.

4.5.2 Implementation

To properly implement the MH algorithm the likelihood function must be defined so that
the Metropolis ratio may be computed. In this case, and taking into account all the available

simulations, it may be written, for n data points assumed to be independent, as:

1 1 1 1 €\ 2
L£(0) = ex [—eC_leT] ~N————  exp|—= (l> 4.9
O = 2 g P 2 e e |2k e | ¢

where 6 contains all the relevant model properties (in this case, scale factor, power law

exponent and time offset), € is the error vector obtained as the difference between the
predictions of Equation 4.3, when the model properties are 0, and simulated values, and C
is the covariance matrix. The last equality follows from assuming the covariance matrix to
be diagonal with non vanishing elements given by the standard deviation, ;, of the different
realisations.

Having the likelihood function, only the prior distributions are required to implement

the MH algorithm. In this work, these have been assumed to be uniform in a given range
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for the power law exponent and time offset, while for the scale factor, a modified Jeffreys

prior was defined as [35]:

1
D;i|I) « ——F 4.10

Note that while the Metropolis ratio reduces to the likelihood ratio for the time offset and
power law exponent, it does not do so for the scale factor, where the prior distribution
should be explicitly considered.

Additionally, fixed length chains have been constructed starting by a random value
between predefined limit ranges for the different model, based on the results obtained in
Section 4.4. It has also been assumed independent one dimensional Gaussian distributions
for each parameter as proposal distributions, with a standard deviation that was updated

for the first half of the chain at every U steps by the recursion relation:

ok = 051 4 (Ak — A,) x 10™ o8] (4.11)

i

where 0; is the standard deviation associated with the proposal distribution of the model
parameter i, A’r‘ is the estimated acceptance rate from the U points and A, is the intended
acceptance rate, that has been defined as 0.3, in accordance with results obtained in [36].
After running steps 1 to 5 of the MH algorithm, the convergence of each model parameter
chain should be tested. In this work, an adaptation of the Gelman and Rubin statistics [37]
taken from the work by Brinckmann and Lesgourgues [38] was used, where each full chain
is divided into 3 smaller ones that are then used to estimate the potential scale reduction

factor.
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4.5.3 Results

Having presented the main principles and the code properties developed, the MCMC anal-
ysis were performed taking into account the correlation, charge and current behaviours and

the following model parameters:

e 3 power law exponents (one for each quantity of interest), with a corresponding uni-

form prior
e 3 scale factor (one for each quantity of interest), with a corresponding Jeffreys prior
e 1 time offset

The velocity evolution was not considered in this analysis, since it will be mostly insensitive
to the time offset. In all the corner plots that will be presented, the quantities related to the
correlation length, charge and current, will be displayed in blue, red and green, respectively.

Starting from the radiation epoch simulations, the results considering the full time series
(T > 100) or only the last part of it (T > 250) are presented in Figure 4.10 and Figure 4.11.
Although it can be seen that the correlation length power law exponent is constrained
differently in both cases, it is also true that this does not seem to impact significantly on
the decaying results for charge and current, but reflecting itself in the charge and current
scale factor. Although ideally only the upper part of the time series would be used, in the
faster expansion rates this is precisely the region that is poorly sampled by the simulations,
but if it is assumed that the power law governing their evolution are mostly unaffected by
the correlation length, then lower T may be used. The results for the remaining expansion
rates are presented in Figure 4.12 and Figure 4.13 (considering T > 100) and Figure 4.14

(considering T > 250).
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FIGURE 4.10: Corner plots for the radiation epoch simulations considering T > 100.
From left to right, the proportionality factor and the power law exponent for the correla-
tion length (in blue), charge (in red) and current (in green), and the time offset (in yellow).
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4.6 Comparison with analytical solutions

Having tested different approaches to constrain the power laws that are compatible with
the simulated results, it is now time to try to relate them to the previously identified from
an analytical approach. Before doing so, it is convenient to summarise the results obtained
until now. In Figure 4.15 and Table 4.1 are presented the estimates obtained from the
different methods for the different expansion rates.

From these results, some major trends may be identified. Firstly, although some dis-
persion is found in the proportionality factors identified, the power law exponents for the
different quantities are mostly compatible. Additionally, it seems clear that all the solutions
are mostly consistent with a constant velocity and decaying charge and currents. This last
aspect, in particular, implies a network that is asymptotically compatible with ¢ =1, leav-
ing as possible analytical counterparts solutions B2 and B4. In these cases, it will always
be that 1 = 4)\0(2) —2A=A (405 — 2>. It should be noted that although the velocity was
seen to still exhibit some evolution over the explored dynamic range, an upper bound can

be obtained from these solutions at:
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FIGURE 4.15: Results obtained for the power law parameters using different approaches
(the time offsets have not been included).
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TABLE 4.1: Fitted power law parameters for the different expansion rates and ap-

proaches.
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FIGURE 4.16: Representation of the different relations expected based on the analytical
solutions. The black and grey points represent the fitted value of each quantity and the
expected value based on the analytical solution. For the top left panel, the charge decay
rate varies between -2.5 (blue limit) and -1 (red limit). For the bottom left panel, the
asymptotic velocity varies between 0 (blue limit) and 2/3 (red limit). For the bottom
right panel, the expansion rate varies between 0.5 (blue limit) and 3.25 (red limit).

where it has been assumed ¢ > 0. It can immediately be seen that the critical case is the
highest expansion rate, which would yield v% < 1/3, but this condition is verified in all
simulations, even in the slowest ones.

If this upper bound is clearly respected, the relation between the network velocity, the
charge (or current) decay rate and the expansion rate is not, as can be seen from Figure 4.16,
where the relations have been expressed by successively fixing each of the parameters, while
allowing the remaining ones to vary. The black and grey points represent the fitted value of
each quantity and the expected value based on the analytical solution, respectively. As can
be seen, the fitted values are not compatible with the analytical predictions, which may be
stated either as a network where the strings have too high velocities, for the rate at which
they are loosing charge and current (top left panel on Figure 4.16), or a network that is
loosing charge and current just too fast, for the typical velocities it exhibits (bottom left
panel on Figure 4.16).

It should be noted that these deviations may be hardly associated to the identification
uncertainties, as these are also the best constraint parameters, but other sources of error

may still be found, in particular:
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FIGURE 4.17: Comparison between the results obtained from a 20483 box and the results
obtained considering the same time period and the same portion of the available data
from a 4096 box.

e The solutions under analysis have still not reached the scaling regime, implying that

higher dynamic ranges are needed

e Some of the hypothesis of the generalised VOS model are not adequate, in particular

the exclusive dependence of the momentum parameter on the velocity

e The numerical estimators used to map the field simulations into the macroscopical

quantities of interest exhibit some bias that carries an implicit time dependence

To check if the lack of dynamic range could be the source of the deviations, numeri-
cal simulations considering a 40963 box were analysed. The comparison of the estimates
obtained are presented in Figure 4.17, where two different approaches have been followed.
On one hand, the time period corresponding to the original 2048 box has been used (blue
points). On the other hand, the red points were obtained by considering the same portion
of the simulation, meaning the second half of the available points. This latter approach
could not be used for the two fastest expansion rates, since it was no longer possible to
detect any charge or current there. Since the results are mostly compatible in all analysis,
the lack of dynamic range may be excluded as the source for the deviations, where it can
play, at most, a sub-dominant role.

Taking now a closer look to the generalised VOS model assumptions, it can be seen that
the energy loss parameter ¢ is assumed to be constant, while the momentum parameter was
assumed to be dependent on the velocity only, which allowed us to treat it like a constant

too. However, a first estimate for the ratio ¢/k, can be obtained from the fitted parameters



4. COMPARISON WITH NUMERICAL SIMULATIONS 75

1.66
3.97
"\
\
\
\
\
\\
<o \ . 1.08
T 2.44 X ©
N
Y
N
Y
~
~
~
N 0.54
N

1,00 rommmmmmmmmm oy 0.35

0.57 =

0.67 1.00 2.00 3.00 0.67 1.00 2.00 3.00
Expansion rate (A) Expansion rate (A)
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as:

1 11— )9}

k= — — 1=
e/ko AV3 AV3

(4.13)

If one further assumes the analytical solution for the Nambu-Goto strings momentum pa-
rameter given by [39]:

ky = Z\f (1 - vz) (1 + 2f2v3) L:ZZZ (4.14)

then Equation 4.13 can even be used to place constraints on ¢ itself. The results for
both estimates are presented in Figure 4.18, where the upper and lower bounds have been
computed from the maximum and minimum velocity values within the dynamic range
under analysis®. It is interesting to note that there appears to exist a relation between
these parameters and the expansion rate, which may partially explain the different results.
For this to explain the velocity excess (or charge decay rate excess), it must be that at least

one out of ¢ and k;, has a dependency on the charge in the network.

*This choice was motivated by the previous realisation that the velocity may still have not fully con-
verged, in which case taking the uncertainty as the time series standard deviation would be misleading.
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Another possibility is that a near-scaling solutions was obtained. To better understand

this claim, the equations for decaying charge are here recovered as:

« = A2+ %%TH (4.15a)
0= Ko%0 e _prpar (4.15b)
o
y= (ng”rl—e - A) (4.15¢)
0
5=2 (vgk”r“ - A) (4.15d)
0
500 1—
€= AvZ+ - —11°¢ 4.15e
07 28 (4.15e)

where the adequate form for constant velocities has been used. A true solution must be
such that € = 1, but relaxing that slightly, it may be seen that we may have ¢ > 0, but
not necessarily unity. On a different perspective, we may still have ¢ = 1, but drop the
identification k,vg/&p = ZAU% and assume that the velocity equation would be essentially

satisfied still. In any case, it is still true that:

5= 2( : A) = 4= (e MJO) 21 (4.16)

where we have made use of the correlation length equation to provide a relation for the

asymptotic velocity and ¢p:

kvvo Zkv 2
= —A 4.17
& ¢ (e = 1e6) (417)
implying;:
¢ 1-— /\v(z)
k—v—45+2/\ (4.18)

Although this formulation shares most of the features from the true scaling regime, the
relation 6 = 4/\0(2) — 2A does not need to be satisfied anymore and the network may essen-
tially exhibit any asymptotic velocity, eventually more dependent on the initial conditions
then on the network evolution.

Finally, as already discussed, as important as the simulations themselves are the diag-
nosis criteria. It may happen that either the velocity or the charge estimator, or even both,
present some bias that translates itself into an additional time dependence. For instance,

the charge estimator weighting functions depend on the fields value, and this may lead to
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charge estimator to be correct, expressed as an additive constant or proportionality factor.

0.671.00
Expansion rate (A)

effectively include a bigger region around the strings for higher energy states, or lower sim-
ulation times. In this case, one could expect that the charge would appear to be decaying
away faster then it really does, just by the fact that smaller and smaller portions of the
box charge are being associated with the strings. This issue could be tackled by repeating
the analysis considering different estimators and studying its influence in the response, but

a first estimate of the expected bias may be obtained by computing what would this hid-

den temporal dependence has to look like, if this is to explain the deviations encountered.
To evaluate this effect, two different analysis were conducted. Firstly, it was assumed the

velocity estimator to be correct, while the charge could carry an hidden time dependence.
In this case, the estimated decay (§) rate would actually be such that:

$=5+(5b—>5b:5—5=$—(4Avg—2A) (4.19)
where ¢ is the analytical solution, and has been replaced by its representation in terms of
the expansion rate and the asymptotic velocity, and J; is the hidden time dependence due
to the estimator bias. On a different perspective, it was assumed that the charge estimator
is correct, but the estimated velocity (dg) contained an additional term, Avy, that may

alternatively be written as a fraction (k) of the true value:

o+2A
4A

52 _ .2 2 2
05 = v + Avy, = KU = Ky

(4.20)
In Figure 4.19 are presented the results for the different bias estimators. Although no
definite answer may be given and only additional simulations may shed some light into the

true nature of the bias, if it exists at all, it seems that the velocity excess is well related to
the expansion rate.






Chapter 5

Conclusions

51 Summary

In this thesis the complex evolution of charged cosmic strings network have been studied.
Although in a first approach this evolution was studied from a reduced order analytical
model, it was later compared to the output of complex numerical simulations, kindly made
available by José Ricardo Correia. Both these approaches, as well as the needed theoretical
background to gained deeper insight into topological defects, defined the structure and
organisation of this thesis.

In Chapter 2 topological defects formation and the processes that may allow to devel-
oped charged strings in a cosmological context from the symmetry breaking phase transition
of complex fields were introduced and briefly illustrated with some toy models. Addition-
ally, and because solving the full field theory equations is not feasible in purely analytical
terms, the reduced order model that is generalised VOS model, where the network evolu-
tion properties are condensed in a relatively short number of macroscopic quantities, was
also introduced. Finally, the so-called scaling solutions for the differential equations of
the analytical models were defined, as well as a brief discussion regarding their physical
interpretation.

Having the problem properly formalised, Chapter 3 is fully devoted to presenting the
solutions branches with a clear physical interpretation (the purely mathematical ones are
presented, for consistency, in Appendix A). Here, additional energy and/or charge loss
mechanisms, that in the analytical model framework manifest themselves as additional
parameters, are successively introduced, and the corresponding solutions discussed and

compared to previous works by [14, 15| and [17]. To aid the visualisation of the identified
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solutions, a user-friendly interface was also developed and used to produce the plots that
illustrate the network evolution based on numerically solving the macroscopical differential
equations for different conditions.

At this point, several solutions branches had already been identified, and it was consid-
ered appropriate to compare their predictions to the output of full field theory simulations,
and this if the focus of Chapter 4. Since this topic had not been covered yet, a brief intro-
duction to the simulation of strings network is provided, and only then the results properly
explored. After a preliminary data evaluation and analysis, different approaches were used

to characterise the different quantities evolution.

5.2 Main contributions

In the previous section a brief description of the contents of each chapter was provided, but
some conclusions and analysis should be particularly highlighted here, in particular to the
qualitative behaviour of the evolution for different conditions.

Firstly, when no energy loss mechanism were considered, it was clear that, assuming
F’ # 0 three distinct types of solutions emerged, that could be easily related to the ones
identified by Almeida and Martins [14], provided one makes the adequate associations
between charge and small-scale structure, and to the ones identified by Oliveira et al. [17]
for the chiral limit, provided one takes the limit s — 0 in these. This identification is
presented in Table 5.1, where the power law exponents taken from [14, 17| were converted
to express scaling solutions with respect to conformal time and comoving lengths, noting a

general power law « %, where {; = a + b, corresponds to:

G _atbh_ _a +bAc=a(l+A)+bAc=a+@+bA;  (5.1)

é’T:1—At_ 1—A,  1-A

where the indexes t and T have been used to clearly indicate if the corresponding parameter
is evaluated with respect to physical or conformal time, respectively. It is interesting to
note that the decaying velocity solution obtained by Almeida and Martins [14], although
associated with a slightly different expansion rate, shows that the small scale structure
plays the role of the charge in our model. In particular, it should be noted that while the
small scale parameter, y, evolves as 2 — 3A, its square would evolve as 4 — 6A, which is
exactly the same dependence that we have found.

In fact, for fast expansion rates, it was found that the charge and current will always

decay, while the network velocity is kept constant, a regime that finds its limit at the matter
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TABLE 5.1: Comparison of the solutions obtained in Chapter 3 with those obtained by

Oliveira et al. [17] and Almeida and Martins [14], for the chiral and wiggly models, re-

spectively, without energy loss mechanism. The power law exponents have been ex-
pressed with respect to conformal time and comoving distances.

Chapter 3 Oliveira [17] Almeida [14]

A a B v ) € A B 0% € A a B % €

Al % % —A 4—-61 4—-61A 1—-A <2 % % 0 % <% % —A 2-312 1-A
A2 | >1 1 0 4-—-2)2 4-2A 1 2 1 0 0 1 2 1 0 0 1
>2 1 0 4—-2A0 1| >2 1 0 0 1
A3 | >2 1 0 4-2A 0 1 >2 1 0 4-22 1 >2 1 0 0 1
A4 >2 1 0 4-2)1 4-2A 1 >2 1 0 4-22 1 |>2 1 0 0 1
A5 | 2 1 0 0 0 1 2 1 0 0 1 2 1 0 0 1

epoch expansion rate, where charge and current are allowed to subsist. It was also possible
to find subtle variations of these solutions, where charges are allowed to survive, or even
grow, by imposing F/ = 0*. It is interesting to note that a generalisation of the decaying
velocity solutions found by Oliveira et al. [17] here is only found for a very particular
expansion rate, lower than the radiation epoch one*. Finally, it should be noted that the
universe expansion plays an important role here, since in its absence, and still assuming no
additional energy loss mechanism, one would only find frozen network solutions.

Once the network is allowed to lose energy, here parameterised by ¢, even the non
expanding universe solutions exhibit some evolution. There, and although charge, current
and velocity are still constant, but the correlation length now increases over time, which is
the natural manifestation of a network losing energy. On the other hand, the expanding
universe solutions are also a generalised version from the ones previously identified. The
most distinct features here are the lower asymptotic velocities that come with the increase
of ¢ and the deviation of the critical expansion rate, previously compatible with the matter
epoch, to lower values. Additionally, it should be noted that while these solutions are valid
for networks with no charge losses (by setting ¢ = 1), it was also argued, based on the work
by Rybak et al. [20], that the decaying charge and current solutions are also a possible limit
of any network, since these are asymptotically equivalent to a network with ¢ = 1. Once
more, one can easily relate these solutions to the ones obtained by Oliveira et al. [17] and
Almeida and Martins [14], with the appropriate adaptations, as presented in Table 5.2 and
Table 5.3. It should be noted that the charge decay law of Oliveira et al. [17] may not look

*See the limitations and future developments for further discussion on this matter.
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TABLE 5.2: Comparison of the solutions obtained in Chapter 3 with those obtained by
Oliveira et al. [17] for the chiral limit model, with energy loss mechanism. The power law
exponents have been expressed with respect to conformal time and comoving distances.

Chapter 3 Oliveira [17]
A o B ¥ 5 € A o B ¥ €
2 2 T1é/k, 1+¢/k T+ /k
i _ _ — —
Bl srap 174 A 0 0 1-A <1‘Ec/kv A A 0 5—A
2
B2 1-1-/”7J/Uk 1 0 4AR—24 4Ag-20 1 T+ cfke ! 0 . 0 !
C/ Ky
, Tk 0 vk, !
_2 2_ 2 4
B3 | > T 1 0 4\3-24 0 1| > s 1 0 o 1
2 _ 2 _ —
B4 | > Lok 1 0 4\3-2A4 4A3-24 1 | > ek 1 0 e~ 1
B| o L0 0 0 | e 1 0 0 1
TABLE 5.3: Comparison of the solutions obtained in Chapter 3 with those obtained by
Almeida and Martins [14] for the wiggly model, with energy loss mechanism. The power
law exponents have been expressed with respect to conformal time and comoving dis-
tances.
Chapter 3 Almeida [14]
A 3 B Y o € A 3 B v [
i/ke . 2— (34 copp/kesy) A
Bl| —2_— 1-A -A 0 0 1-1 | < L coplbeyy | 1= cyplbey, ) 7( ) -
8+t/k 24 Copplhepy L Cep/hepy 24 2eefs hegy Lk cepp/kegs
1/93 ) ) 2 1 0 0 1
B| e 10 b2 sief-2 1 ey fkers
, > 1+27c/k 1 0 0 1
- 2 _~
B3 | > 1 +2C'/kv 1 0  4Avg—2A 0 1 > I +2c/k 1 0 0 1
2 2
B4 | > 1re/k ‘Ef/kv 1 0 4Avg—21 4Avg—2A 1 > 1 er o7k 1 0 0 1
BS | ——F- 1 0 0 0 1 —_— 1 0 0 1
1+é/k Lt cegs /hess
the same as ours at first sight, but, referring back to B2 to B5, it can be seen that:
2 4
4 vy — 20 = ————— —2A (5.2)
1+¢/k,

Finally, the full general model with arbitrary values for ¢ and g exhibited more complex
solutions where, for adequate choice of parameters, the charge and/or current may actually
exhibit very distinct behaviours. These solutions were typically associated with more and
more complex constraints on the relations between the different model parameters. For a
non expanding universe, however, solutions under these conditions are always associated
with constant velocities, but may exhibit constant or growing charges, but not decaying
ones, while still requiring F/ #0 and F” = 0.

In parallel to the identification of the solutions themselves, there are also some relevant
outputs that may be used in future works. On one hand, although the scripts specially
developed to aid the visualisation of the network evolution based on the analytical model
differential equations do not contain any particularly challenging feature, they may still be

useful to illustrate and test some aspects of the generalised VOS model. On the other hand,
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the different approaches used to study the output of the filed theory numerical simulations,
and in particular the MCMC code adapted from the work by Pimenta et al. [32], can be
further explored to better constrain the model parameters and compare future simulation

outputs.

5.3 Limitations and future developments

If up until now special attention was given to the relevant outputs of this work, there are
also some relevant limitations that should be properly attended in future works.

Firstly, it was clear that although most approaches used to characterise the numerical
simulations output were compatible with one another, specially when referring to the decay
or growth rates of the different parameters, and the qualitative behaviour of the network
was similar to some of the previously identified analytical solutions, the details were not.
The source of these deviations could not be completely identified and further simulations,
possibly with different estimators, are required to provide a definite answer.

On the other hand, these deviations can also be read in the opposite way and actually
be a smoking gun of inadequate model assumptions in the construction of the analytical
model itself. In particular, it is important to understand if the momentum parameter may
carry some relation to the characteristic charge of the network, and not only to the velocity.
Another possibility was already hidden in the comparisons with the solutions studied by
Oliveira et al. [17], where an additional model parameter, s, was used to characterise the
charge gradient and that is absent here.

Finally, some solutions with distinct features were found by imposing F/ = 0. Although
there is nothing fundamentally wrong with such imposition, the analytical model relating
the total energy, correlation length and charge relation may be extended to account for

higher order derivatives.






Appendix A

Mathematical solutions

A.1 Introduction

The solutions that have been presented in Chapter 3 have systematically left out some pos-
sible branches for physical reasons, namely by requiring the network velocity to be strictly
lower than 1 at all times, or by making the implicit assumption that for an expanding
universe it is not expected that the momentum parameter may vanish. Here, these as-
sumptions will be relaxed and a new set of solutions listed that may be natural extensions
of their physical counterpart, or completely different. Firstly, the ultra-relativistic regime
will be explored by explicitly setting vg = 1, implying C = B = 0, and only after that the
momentum parameter will be set to k, = 0. In each of these analysis, it will be assumed
that only one of the physical interpretations is modified, and so this chapter ends with the

analysis of the cases where both vg =1 and k, = 0.
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A.2 Vanishing momentum parameter

Firstly, if the momentum parameter is allowed to vanish, even for expanding universes, the

equations reduce to:

2 72 *
2= A v%rzﬁ _ CL0~270 Flr2a—e)tn | | &@Tlﬂi*s (A.la)
z 2 &o
2 .72
B = —2CA (1 + L%‘ZOF%%“W) (A.1b)
0
v —2)— pévo‘fo 1-8  iipre2uy (A10)
JRL2 F — 2Q3TOF"
_ —ZAW —(1—p)& v0Go 1-3 plthte—20—0 (A.1d)
P 2030 Q3L P+ 2P
LZ 2 ~
e = Av3t? <1 + %{0 F’TZ(“S)M) + %%Tlﬂg*g (A.le)
0

In particular, it should be noted that the, physical, solutions for a non-expanding universe
are contained within this class of solutions, by making A — 0. It should be noted that for

these solutions it will always be that B = 0, while the remaining equations are:

gE 00 _1-¢
= —T A.2a
2 % (A.2a)
oo 1-¢ T4e—20—
TS R e (A.20)
_ 0G0 1-g l+e—2a—6
0=—(1-p)c T A2c
( ) Q%L(z) F! + ZQ%T‘SF” ( )
e = %?TH (A.2d)
0

It should be clear that without any loss mechanism (¢ = 0), every single quantity of interest

will remaining constant. Additionally, if ¢ , but ¢ =1, then « = ¢, but 6 =y =0.

A.2.1 No losses

If all loss mechanism are neglected, by setting ¢ = 0, it immediately follows that the
current will always decay as —2A. Two solutions emerge that where both length scales
are kept constant, while the velocity decays, as given by V1 and V2. Once more, the
difference between them is on the charge behaviour. Additionally, there are also solutions
with constant velocities, as given by V3, but these may only happen for = —1 and hence

F’ £ 0. This case is the adequate limit for a non expanding universe.
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N

Solution V1:

1. Scaling solutions:

L.=1Lg , Gc=20Co , P=Rc? , v=rvyt %

L=Let* , =& , Q*=Qic %

2. Additional constraints:
*
(@=1)

Only for F/ =0

| r

Solution V2:

1. Scaling solutions:

Le=Ly , &=& , PP=pRt? |, o=yt

L= LOTA 7 g = gOTA 7 Q2 = Q%
2. Additional constraints:

F'=0

Solution V3:

1. Scaling solutions:

Le=Lit* , &=& , =i , v=1

L=Lt® , =&t , Q=g ™
2. Additional constraints:

K=-1

7~
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A.2.2 No charge losses

If one now set ¢ = 1, the current will still decay as —2A. The remaining equations to be

solved are:
2= [ 28 C 06;70 F/ 2(a—e)+y + ;Zz 1+/5 € (A3a)
0
L2
B=—2CA <1 + Oé—{OF’TW—E)“?) (A.3b)
0
v=-=2A (A.3c)
F' 42 jgﬂp”
2B 2‘-70 1 2(a—e)+ ¢ 0o 1+B—¢
e= A3t |1+ 2 —F't T+ Egr (A.3e)
0

Here, one may still find the decaying velocity solutions previously defined by V1 and V2
to be generalised to V4 and V5. Additionally, one may still find two additional solutions,
V6 and V7, depending on the value of the expansion rate and the energy loss parameter.
Finally, one may still find a constant velocity solution, given by V8, which is once more the

adequate limit for a non expanding universe.

Solution V4:

1. Scaling solutions:

2 2 —2 o
L. =Ly ’ §c=§0 ’ J :I()T 4 P U = 09T A

L = LOTA , g — gOTA , Q2 — Q%T—Z/\

2. Additional constraints:

1

A> , (B3=n)

Only for F' =0
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Solution V5:

1. Scaling solutions:

LC = LU 7 gc = 60 7 IZ = (%T_ZA 7 0 = UOT_

L=Lt" , =&t , Q@ =0Qj
2. Additional constraints:

A>1 FF=0

E 7

| r

Solution V6:

1. Scaling solutions:

1—2 1—2 2) 2__—2 —2
Lo=Loti™ |, & =&t |, P=r2 | v=9p

L= LOTI—A , g — gorl—)\ , QZ — Q%T—ZA

2. Additional constraints:

A =_—— < = 7 ( - > ’ 7
Only for F/ =0

Solution V7:

1. Scaling solutions:

LC — L0T1—2A i gc — goTI—ZA , ]2 — IgT—ZA v = UOT—Z/\

L=Lt'™" , =%t , Q@*=¢Q]

2. Additional constraints:

-
A= ——<
280 —

N =
~
v
~
|
o

~




90 EVOLUTION OF CURRENT CARRYING COSMIC STRINGs

Solution V8:

1. Scaling solutions:

1+A 2 2. —2A
LC=L0T+ ’ gczgﬂr 7 ]=0T ’ U =17

L=1Lyc™ , g=&t , Q= *

2. Additional constraints:

K=—1 , e=2

A.2.3 With charge losses

Finally, the most general case should now be analysed. Starting once again with the
decaying velocity solutions, we find solutions with constant charge and constant length

scales and B < —1, given by V9, for p # 0, or V10, for p = 0.

Solution V9:

1. Scaling solutions:

Le=Ly , &=& , P=kt"? , o=y ?

L=Let" , ¢=&t , Q*=Q}

2. Additional constraints:

0060 1— g
Com sy = 0
Pz 20207

Solution V10:

1. Scaling solutions:

ﬁ<_1 ’ p7£0 ’

L. =1L , gc = §0 , ]2 = ]g'L’_Z)L , v = 7)01'_2)L

L= LOTA ’ f-f = ’:OTA ’ Q2 = Q%
2. Additional constraints:

ﬁ<_1 7 p=0 7 7
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There are also solutions with decaying velocities, but also decaying charges, as given
by V11 and V12, for F/ = 0. If, however, we have F’ # 0, we may have solutions V13, for
p =0, V14, for p =1, or V15, for any other value of p.

Solution V11:

1. Scaling solutions:

Le=Ly , &=& , PP=pR""* | v=gpr?
L = L()TA , ér — gor/\ , QZ — Q%Tllz_/\
2. Additional constraints:
ﬁ < _1 7 F/ = 0 7 7
~0oGo 1—g J§ ~ VG 1—g
2N — pé—=25 =21 — 1-—
Perager ~ g T T P g
~00go 1—g 1
A= — =
Pz 2QaF 2

Solution V12:

1. Scaling solutions:

Le=Ly , &=& , IP=pt* , v=19pT
L — LOT)\ , ér — gOTA , QZ — Q%TI/Z—/\

2. Additional constraints:
B<—1 , =0, p=0,

vogo 1—g 1

1 ~
Yt U g <2
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Solution V13:
1. Scaling solutions:
LC = LO 7 gc = go 7 ]2 = (%T_Z/\ ’ 0 = vOT_Z/\

L — L()TA , g — COTA , QZ — Q%TI—Z/\
2. Additional constraints:

B<—1 , F #0 , p=0 ,

V0G0 1—g
— O — ]|
CQ(Z)L(Z) F

7
\.

Solution V14:

1. Scaling solutions:

2 2. 1-2 o
L. =Ly ’ §c=§0 ’ J :]()T 2 P U = 09T A

L=Lyt* , ¢ = go‘l')L , Q*= Q%T_M
2. Additional constraints:

B<—1 , F #£0 , p=1 ,

0601l —g

— —1l
R

Solution V15:

1. Scaling solutions:

Le=Ly , &=& , =R, v=g

L= L()TA , g — gOTA , QZ — Q%TI—ZA

2. Additional constraints:

B<—1 , F #0 , ,

vogo 1— g 1 1—p _J§

(1—p)é , =
QjL; F' p 0




A. MATHEMATICAL SOLUTIONS 93

There is another branch with decaying velocities, but where it is always verified that
2(a —¢e) + 17 = 0. The different solutions come with different charge behaviour. Growing
charge solutions, as given by V16 and V17, are only possible if F” % 0. On the other hand,
solutions with constant charge are given by V18 and V19, where the current is also kept
constant or decays. The decaying charge solutions within this sub-branch are only found

by p =1 and are given by V20, where the current is now kept constant.

Solution V16:

1. Scaling solutions:

Le = Lot , & = &T'TF , P=R, v= vpT A (1+K)

L = LOTDH—A , ér — 6011—/\(14—27(:) , QZ — Q%T”

2. Additional constraints:

_vlol—g ’ 1—p J3
= A —pe 028 o  Fxo , -——P_Jo
! R E 7 g T

E”Uo 7
o= —AKC 4 8% =0

2 %o

\.

Solution V17:

1. Scaling solutions:

Lo=Lot* , & =&t , P=RT? v =rgyr A0HK)

L=Lyt* , E=¢70 *0+K) 2= 2rd

2. Additional constraints:

oy xU0Gol—g / _
6= -2\ pc]gL% 7 >0 , F #0 , p=0
p=—AC4 5D . F'=0

r
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Solution V18&:

1. Scaling solutions:

Le=Lot™ , & = &t'F , P=T? 20 S)

, 0=170T

L=Lot* , =g A0+ 02— 2

2. Additional constraints:

_ _pPtwd 1-g
2 PL2F —2Q3F" '

FA0 , a=—rkct 890
7 2 %o

. 21:'l+2 21://
4A(Q%—I€)=c£%é;’g(1—g) 1—P(1+%’Fg§pn)

Solution V19:

1. Scaling solutions:

LC = LOT‘X s gc = COTH_ﬁ s ]2 = ](%T_zA ; 0= vOT_ZA(l—'_K:)

L= L()TA , g — gOTl—/\(l—i—Z’C) , QZ — Q%

2. Additional constraints:

_ _Cwugol—g / _ g€ g _
= Z—QgL% I , FF#£0 , a= MC+2§0 , p=0

Solution V20:

1. Scaling solutions:

LC =5 LOTIX 7 gc = 5071+ﬁ ’ 12 - ]g , U= 'UOT_ZA(1+K:)
L=Lyt" |, I=gr M+ g2 = Qi
2. Additional constraints:
FF£0 , a=-AC+8E%  p—p
2 &o
¢ 1-— F’' 4+ 2J2F"
p=1 , _ _Embo g 5=_2,\+—]0

2J212 F ’ F
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Finally, there is another sub-branch of constant velocity solutions, but where it is needed
K = —1, implying F’ # 0. These cases are only possible if the correlation length scales
linearly. Once more, we may have decaying charge solutions, as given by V21, in which case
the characteristic length also scales linearly. For constant charges, we may once more have
constant currents, as given by V22, or decaying ones, as given by V23. It is still possible
to have growing charges, as long as F”/ = 0, as given by solution V24 and V25. Only the

last two are possible for a non expanding universe.

Solution V21:

1. Scaling solutions:

Le=Lt , &=&t , J*=J; ,  v=n1

L=Lt , &=& , Q=@
2. Additional constraints:
K=-1 ’ P = 1 ’ A=1-— 8

F' 4 2J5F" L= _Cwhl—g
F ’ 2212 F

Solution V22:

1. Scaling solutions:

0= —=2A

Le=Let  , &=&t , J=J ,  v=m
L= LOt 7 g = gOt ’ Q2 = %
2. Additional constraints:

/ _ _PCule 1—g a
PR AT TR e g 0 M8

/\(ZQ%—ZI(%):(I_ )Evoé'o 1-g svb  1-—¢g

F' +2Q3F" QLEF +2Q3F" P RLZF = 202F”

~
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Solution V23:

1. Scaling solutions:

LC = L()T' p gc = goT P ]2 = gT_ZA 0 = 79

L = Lot , ¢ = ot ’ Q2=Q%
2. Additional constraints:

F #0 , zxz—MC-l—g—C@ , A=1—g , p=0
2 o
1= _fwbl—g
2033 P

Solution V24:

1. Scaling solutions:

Lo=Lot**8 | E. =&t , JP=J7 , v=1

L = L0T2A+g p g: ('.f()t o Qz = Q%"L”7

2. Additional constraints:

~vofol—g / 1—p 0
= —21 —pi > >0 , F#o0 , —=2%
! TR F P
1=2—2(A+9) , F'=0 , A<1-—g

Solution V25:

1. Scaling solutions:

Le=Lot**8 |, & =&t , JP=]Rt? , ov=n

L = LOTZA—i-g , g — Zot , QZ — Q%T§

2. Additional constraints:

— . ~’00§01—g
0= =21 clgL% I

§=2-2(A+g) , F'=o0

>0 , F#0 , p=0
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A.3 Ultra-relativistic solutions

Having studied the cases where the moment the momentum parameter is allowed to vanish,
even for expanding universes, it is now time to analyse the cases where the network velocity
is such that vg = 1. In these cases, it immediately follows that § = C = 0, hence simplifying

significantly the equations to be solved:

€= gzcélorl—e (A.4a)
ko 1- .1 & 1-g 14e—2u—

=2\ =T " =A) —plr ey A.4b
! (CoT > & R — 230" (A.4b)

jal +2Q%T5F” 60 é(O Q%L% jall +2Q%T5F” :

k ¢1

e=A(1+ ICTZ(«—E)—Hy _ l]C—L—Z(’X—S)‘H?'H—S + C e A4d
( ) ‘;IO 2 éo ( )

where the velocity equation is not presented anymore as it is trivially respected. A particular
distinct feature of these solutions is that one may find cases where 1+ —e=1—¢ <0,
since the velocity equation does not place any additional constraints anymore, but it is true

that solutions with ¢ < 1 are excluded.

A.3.1 No losses

Once more, the analysis starts neglecting all loss mechanisms by setting ¢ = 0. This

hypothesis as the immediate consequence of fixing « = A, while the remaining equations

reduce to:
_ kv 1—¢
v =2 g’r —A (A.5a)
F' + 23T F" (ky 4
e = A+ Kr2e-atn <A — ?T18> (A.5¢)
0

Once more it is clear that solutions where € < 1 are not possible. The cases where both
characteristic and correlation length scale at the same rate, either by imposing F/ = 0 or
having decaying charge solutions, as in solution U1, while constant charge solutions are still
possible within the F/ = 0 sub-branch, as given by solution U2. Both these solutions are

possible for expansion rates higher than the radiation epoch value, A > 1.
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Solution Ul:

1. Scaling solutions:

Lc=Let* , & =& , P=pc , v=1

L=Lyt? , =& , Q@ =Qir?
2. Additional constraints:
2 2\ *
A>1 : (5=1) :

* Only for F/ = 0.

Solution U2:

1. Scaling solutions:

Le=Liv*t , &=&7" , P=p3c? , ov=1

L= LOTZA , g — gOTZA , QZ — g

2. Additional constraints:

A>1 , F =0 ,

It should be noted that the solutions above are only possible for expansion rates such
that A > 1. On the other hand, for A = 1, solutions where the charge and current may
exhibit any type of behaviour, depending on the relation between k, and A may still be
found, as given by U3, or solutions where the current decays, but the charge is conserved,
as given by U4. The solutions for F/ # 0 are given by U5, but in this case charge and

current must decay.
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\\e]

Solution U3:

1. Scaling solutions:

L. = Lot J? = J3t!

Q* = Qi

Gc = GoT
¢ = Cot

7 4

L = Lot

7 7

2. Additional constraints:

Solution U4:

1. Scaling solutions:
LC = LOT ’ gc = COT ’ ]2 = Igfﬂ 7
L = Lot ’ (::got ’ QZZQ%
2. Additional constraints:
k
A=1 , F=o0 , qzzcl—l
%o

1. Scaling solutions:

L. = Lot gc == gOT

¢ = Cot

4

L = Lot

2. Additional constraints:

A=1 , F' #0 , q=2(

7~

Solution U5:
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Finally, and for low expansion rates such that A < 1, only growing charge and current

solutions are possible, as given by U6.

Solution U6:

1. Scaling solutions:

Le=Let* , &=&t , J*=]3p204 , v=1

L=Lt® , ¢=&t , Q=

2. Additional constraints:

A<k 1 FFt0 , K=-1 |, (ngjg)*
o

Only for F"" #0

A.3.2 No charge losses

Having presented the solutions in the absence on any energy or loss mechanism, it is now
time to turn to the cases where energy losses are explicitly considered, by setting ¢ = 1. In

this case, the system of equations reads:

a=A+ g%rl—e (A.6a)
v =2 (”2,_’0‘%1—8 - A) (A.6b)

L (k)
e 1 <1 n ,CTz(afs)w) _ %KTZ(ULEHUJAF, n ;éTls (A.6d)

from where it is clear that ¢ < 1 solutions are not possible once more. Additionally, solutions
U1l and U2, that share the common feature ¢ = A > 1, are still a possible solution here.
The linearly scaling solutions, though, are now found for a lower expansion rate, as given
by U7 and U8, that can be seen to extend solutions U3 and U4, respectively, and reduce
to them for ¢ = 0. On the other hand, the proper generalisation of solutions U5 and UG is
given by U9 and U10.
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Solution UT7:

1. Scaling solutions:
Le=Lt , &=&t , J*=]J" , wv=1
L = Lot , &= &t , Q*=Qit"
2. Additional constraints:
280 Go

Solution US8:

1. Scaling solutions:

LC = L()T 7

L = Lyt p

2. Additional constraints:

Gc = GoT
¢ = Got
FF=0

2 2
7 ] =IOT,1

7

1. Scaling solutions:

LC = L()T p

L = Lot p

2. Additional constraints:

A=1— -

7~

Gc = GoT
¢ = Cot
F #0

2 2
7 I :IOT}I

, QP =Qi

Solution U9:




102 EVOLUTION OF CURRENT CARRYING COSMIC STRINGs

Solution U10:

1. Scaling solutions:

L. = Lyt* , Ce=¢&T , JP=Ji9 , v=1

L — Lortx—‘rA , g — got , QZ — %TZ(I—a)

2. Additional constraints:

k, ¢ ’ _ 2 _ 2\*
Mg =1-ge  F A0 , K=-1, <Q0_]0>
c c ko
Iy 1= 4
* +2§0 2§0+§0

Only for F” #0

A.3.3 With charge losses

Finally, it is important to identify the solutions with arbitrary energy and charge loss, by
setting ¢ # 1. Here, it is convenient to decouple once more between solutions where the
correlation length is allowed to grow faster than the linear scaling and the ones where it
scales linearly. For the first ones, we have solutions for both F/ = 0 and F’ # 0, while the
latter ones are only compatible with F' # 0.

Starting by assuming F/ = 0 and € > 1, we find solutions where both charge and current
decay and solutions where the current decays, but not the charge, as given by solutions U11
and Ul2. For the particular case where p = 0, solution U13 is possible, which is similar to

U11, but with different additional constraints.
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Solution U11:

1. Scaling solutions:
LC == LUTA s gc == gOT ’ ] - I(%T” ’ v=1
L=Lyt® , =&t , Q*=Q3"
2. Additional constraints:
1—
A 1 , P, — 0 , pC gO g
> n= + go ]0 L2 ZQ%P”
pé & 1—g
o JGL3 4Q3F"
L2 é Qz—J2
/\ 72 _ 2 F"—O = 1 + 0 0 1 _
(Qo ]0> & Q% P g ( 3)

Solution U12:

1. Scaling solutions:
L= LOTA ’ Cc = §OTA
L=1Let® , &=¢™
2. Additional constraints:
A>1 , FF=0
~ 2 1 _
A > E 2g 02 2 g//

4

7

7

]2:](%7” ’ v=1
Q= Q]
2 —
n=—-2A +pc b 1 § <o

g IgLZ ZQ(Z,F”

Solution U13:

1. Scaling solutions:

Ge = gOTA
&= &t

L. = Lyt*

L=Lyt® ,

2. Additional constraints:

&% 1—g
QZLZ QZFII

re1g

% >1

~

7

7

2._—2A
== ]OT ’

IZ
Q Q2 1/2—A/2
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On the other hand, solutions where F’ # 0 are also possible. For arbitrary p, we must
have A > 1 and both current and charge decaying as 1 — A, as given by solutions Ul4.
There is another possibility, however, that is only possible p = 0 and that is given by U15,

where the current always decays as —2A and the charge must decay as 1 — A

Solution Ul4:

1. Scaling solutions:

Lc=Lyv*t , & =& , JP=pRct? . v=1

L=Lyt , ¢=&™» , Q=g
2. Additional constraints:
Go J2LZ F e J?

Solution U15:

1. Scaling solutions:

L=Liv*t , E&=&7 , P=pc? . v=1

L=L , =&t , Q=g

2. Additional constraints:

~ 2 -
A=—f % 1-8 454 | Fzo ., p=o0

Finally, one may also have solutions where causality could still be satisfied, implying
that the correlation length scales as fast as possible, e = 1. In these cases, it must be that
F' # 0, which places additional constraints on the relation between «, € and §. In fact, for
non growing charges and arbitrary values of p, it will always be that 6 = ¢ = 0, as given
by U16. There are, however, some particular solutions, given by U17 and U18, for the limit
values of p = 0 or p = 1, respectively, where only one of them decays, while the other is

kept constant.
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Solution U16:

1. Scaling solutions:

LC=L0T 7 gczgoT ’ ]zzlg 7 v=1
L = Lot , ¢ = ot ’ Q2= Q%

2. Additional constraints:

ko ¢ g¢
A= _(1—g)- =1-3° <1
Go ( g)ZCOK 280

ﬁ_ 2 2\ _ € & 1—g F,+2Q5F”_ _ ]_g
(co A) (G—%) = & 21z 4 (PP'—ZQéF” =Py

Solution U17:

| r

1. Scaling solutions:

L.= Lot , i = , J? = JitY , v=1

L= L0t s g = (:.fot ’ Q2 = %
2. Additional constraints:

/\:1—%<1 , 'y=2(&—/\) , p=0
kv ¢ g% 1_3 kv

/\:——— >_
Zo o Q3L3 2F Co

| r

Solution U18:

1. Scaling solutions:

LC=LOT ’ gczgoT 7 IZZI(:)Z ’ v=1

L= Lot 7 ‘;r = ggt 7 QZ = Q%Ta

2. Additional constraints:
gf kv ¢ g% 1— 8
2¢, Zo o JRL: 2F

_ F 4 23F" (ke _

7~
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Finally, we may have growing charge solutions, for low expansion rates, A < 1 — %.
However, here F” plays an important role. If F” = 0, we may have solutions U19 and U20,
where charge and current exhibit similar behaviour, or where charge grows slower than the
current, respectively. There are also two particular solutions, for an expansion rate that is
given by A = ky /o, where U21 should replace U20, and for p = 0, given by U22. There
are also solutions where F” vanishes. These cases are only possible if § = v > 0, as given

by U23.

Solution U19:

1. Scaling solutions:

LC:LOTD‘ s gc:i:OT ’ ]22131” ’ v=1

L= LOTAH-A ’ ‘f - g()t ’ QZ = Q%T”

2. Additional constraints:

= ~ 2 _
A<1-232 <1, g= (ﬁ—;\) pE G 1-¢

2&o &o _ajgl% F’
1—p _Qf 8¢ 1
—5 === , x=A+°>-=1—=
1Y I3 280 2

Solution U20:

1. Scaling solutions:

L. = Lot , Ee=&t , JP=J1 , ov=1
L=Lyt*™* , &=¢t , Q=i
2. Additional constraints:
g¢ ko
p<i- £ <1 Cma(fa)
28 U o
g¢ n ko
a=A+°>2-=1—= , A FE =
280 2 7 0
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Solution U21:

1. Scaling solutions:

LC = L()Ta ’ gc = EOT ’

L=Lyt*t* , {E=¢&t , Q*=Qi’

2. Additional constraints:

ke é gé
/\——‘:0—1 2€0<1 2§0<1 , g<1
_1 & 1—¢g 8¢ U
= —(1— il A4+ =12
y ( p)cgo 212 F >0, =2 2% 2

Solution U22:

1. Scaling solutions:

L. = Lot* , Ce=&t , =] , v=1
L=Lyt*t* |, Z=2¢&t , Q=3
2. Additional constraints:
g¢ ko
A<l—=2-<1 p = (— — /\)
2% L o
kv ¢ g% 1— 8 gif Ul
0=2(1—A)+ , a=A4+°-=1-2
(‘fo ) $o Q5L F 2%, 2

Solution U23:

1. Scaling solutions:

L. = Lot* , =&t , JP=Ji" , ov=1

L=Lye*t* , E=2&t , Q*= Q"

2. Additional constraints:

ge ko ) gé
A<1-3% <1, pg=2(%_2) , a=24+238=1—
28 d ( % * 2z,

i
A< 2 . T8 =0Q}
o

n
2

7~
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A.4 Ultra-relativistic solutions with vanishing momentum param-

eter

Having studied the cases where vg = 1 or k;, = 0, it is now time to analyse the cases where

both conditions hold. In these cases, it will always be that p = C = 0 and the equations

reduce to:
g5 1 1—¢
a=A+S—1 A.7a
2% (A7)
1 1-g T+e—2a—
= —2A — of— te—za—y A.7b
i P R F —2Q200F" (A.70)
F' +2]2TYF" 1 & 1— o
= 2o~ 0 g (A7¢)
5T 0 QLs F' +2Q5t
c 1
—A(1 2(a—e)+7 €1 1-e A.7d
€ < + Kt ) + 2§0T ( )

A.4.1 Nolosses

Starting once more by the no loss scenario (¢ = 0), it may easily be seen that the character-
istic length will always scale with the expansion rate, while the current will decay twice as
fast. The charge behaviour, however, may be identical to the current, or, in the particular
case where F/ = 0, may persist over time, as given by solutions UV1 and UV2. In any case,

it will always be that e =a = A

Solution UV1:

1. Scaling solutions:

Lc=Let* , & =& , P=pc2 , v=1

L=Le , =&t , Q=™

2. Additional constraints:

(B3=n) : ,

Only for F/ =0
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Solution UV2:

1. Scaling solutions:

Le=Lett , E=&™ , P=pc? , ov=1

L=Lt™ , =5t , Q@ =0Q]
2. Additional constraints:

P,:O 7 7

A.4.2 No charge losses

Proceeding now for the no charge losses by setting ¢ = 1, the system of equations is given

by:

M=t gérl—e (A.8a)
F/
0
e=A(1+ K1)+ %érl_e (A.8¢)

Since growing charge solutions are clearly excluded, it will always be that & = €, and the
current will always decay as —2A. If the correlation length scales faster than linearly, then
solutions UV1 and UV2 are recovered. However, there are two additional solutions where
both characteristic lengths scales linearly, as given by UV3 and UV4, once more depending

on the charge behaviour. These solutions only happen for a specific expansion rate.

Solution UV3:

1. Scaling solutions:

Le=Lt , &=&t , JP=pRc . =1

L = Lot , &=t , QP=Qir
2. Additional constraints:

A=1- (@3=n) . ,

Only for F/ =0
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Solution UV4:

1. Scaling solutions:

L. = Lot , & =&t , J? =2 , v=1

L = Lot . E=&t ., Q*=0Q}

2. Additional constraints:

A.4.3 With losses

The last cases to be analysed are the general loss cases, where ¢ # 1, with the full system

of equations:

0=A+ %C%TH (A.9a)
1 & 1-¢ Cone
B P Lte-2u—y A9b
i P & PP —2Q20F (A.55)
5= —2Aw —(1- p)al 4 178 treas (A.9¢)
F' 4+ 2Q3T0F" o Q3L3 F' +2Q3T°F”
e=A (1 n /Crz<“—€>+'7) n %%TH (A.9d)

where one may once more decouple between € > 1 and &€ = 1 solutions. If the correlation
length scales linearly, there is a branch of solutions with F” = 0 where charge and current
may exhibit the same behaviour, as given by UV5, or where charge or current dominate,

given by UV6 and UV7, respectively, depending on the value of p.
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Solution UV5:

1. Scaling solutions:

L. = Lyt* , Ce=&T , JP=]30% . v=1

L=Lor*™ , ¢=&t , Q*=Qjr*(™

2. Additional constraints:

28, — &

_ /
A_2§0(1+K) ’ F#0
— 8 _ ¢ 280/ —1 "o__
"‘_”260_260( 1+c 8 A
1 &2 1—g 1—p z
= —21 — pé—-22 , S a—
T P So 5L F 1Y h

Solution UV6:

1. Scaling solutions:

LC == LUTa 7 gc - gOT ’ Iz == ](%T_Z/\ 7 0= 1

L — LOTDL-‘FA , g — g()t , QZ — Q%TZ(I—OL)

2. Additional constraints:

28— &

A= _2907C =0 P #£0
250 (14 K) 4 7
_ ., 8¢ _ € (26o/e—1 "_
“_A+2§0_2§0( 1+ K tg) o B=0
2 _ _
= _oa—¢Lt b -8 5 =8

QI F
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Solution UVT:

1. Scaling solutions:

LC=L0T0L ’ gczgoT ’ ]2= g ’ v=1

L=Lyt""" , ¢=&Lt , Q@ =Qir

2. Additional constraints:

=_"_ "~ -5 | =1 |,
251+ K) & J3I3 2F P

— 86 _ € (20o/6—1 "_
«=A-+ (I—I—IC +g , F'=0

280 2%

F#0

There is also another set of solutions, with F” # 0 where charge cannot grow. If it is
constant, then solutions UV8 or UV9 are possible, where the current length scales linearly
but present distinct current behaviour. If the charge decays, then only solution UV10 is

possible, where the current is constant.

Solution UVS:

1. Scaling solutions:

Le=Lt , &=&t , =T , v=1

L = Lot . =&t , Q*=0Q}

2. Additional constraints:

28 — & gé pt & 1—g ,
A=—2 — —1—-2°_=_F" , F 0
2% (1+ K) 2% 280 JAL2 F’ — 2Q3F" 7

" 2_ 712 _~1_g 6(2) _ 2F' ’"
aF (QF—J) =¢ %o L PF | O
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Solution UVO:

1. Scaling solutions:

LC=L0T 7 gczgor 7 ]’2= (%T_ZA 7 v=1

L = Lot , ¢ = Cot ’ QZZQ%

2. Additional constraints:

N 260—¢& _ . g _ & & 1-g
25 (1+K) 280 280 Q3L F ’

, F #£0

P/l # 0

p=0

Solution UV10:

1. Scaling solutions:

LC=LUT ’ gczgof 7 ]zzg ’ v=1

L = Lot , &= &t , Q*=Qir

2. Additional constraints:

2’:0_5 gf (& g(z) l—g 17
A=_—0 ~ —1-_S = , F 0
M (1T K) T2 T 2L F a
Fl_|_2]21;'ll
5:—2/\T° , F#0 , p=1

r

J

Finally, there is still a branch of solutions where the correlation length scales faster then
allowed by causality, in which case it will always be that « = A, meaning the current length
will scale with the expansion rate. If F/ = 0, then so will the correlation length, and so in
these cases A > 1. Here, current and charge may behave similarly, as given by UV11, or
solutions where the charge is preserved, but the current decays, as given by UV12. On the
other hand, if F/ # 0 the only possible solution is given by UV13, where both charge and

current decay away.
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Solution UV11:

1. Scaling solutions:

L= Lyt , & =& , =] , ov=1

L= L()TZ/\ P é‘ = 6072/\ ’ Q2 = Q%Tﬂ

2. Additional constraints:

1-2 pc G5 1—g ’
= —— = "2A+ 5o, <0 ,  F =0
=" So J3LG 2QGF”
N PE G 1-g 1

T 3% JRL2QRF 3

1— 2 2 12
(4 8) = ot g, (1085

Solution UV12:

1. Scaling solutions:

Lo=Let* , &=&7" , P=pR0 , ov=1

L=Let™ , ¢=&(™ , Q@*=Q}

2. Additional constraints:
pé & 1—g
¢o ](%L% ZQ%P”
_pE i 1—g

¢o ](%L% ZQ%F"

Solution UV13:

1. Scaling solutions:

=1—-1<0 , FF=0

y=—21+4

Lc=Lyt* , & =& , JP=jct? , v=1

L=Let™ , =5t , @=Qir'™

2. Additional constraints:

1 & 1—g 2 1—p
A= —pé—-2 -1 , F #0 |, 0
PR F 3 2Ty




Appendix B

Numerical simulation details

Simulations from Figure 3.1

TABLE B.1: Network properties for the simulations in Figure 3.1.

A F F F' k ¢ g p
S| 15
202 1 0 01 025 0 - -
S3
Sy

TABLE B.2: Time series properties for the simulations in Figure 3.1 (all the amplitude
values have been multiplied by 100).

L 4 Q J v
Li Ly a | & Qo e 1Qi Qo v | i T b |v v B
51 51 1.00 10.2 1.00 | 20 155 1.00 155 1.00 81.6 0.00
S, 10 44 1.00 20 88 1.00 | 20 10.6 0.00 10 0.6 0.00 50 70.7 0.00
S3 3.6 1.00 72 100 |20 100 -217 0.2 0.00 57.7 0.00
Sy 3.6 1.00 72 10010 02 -217 02 -217 57.7 0.00

115
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Simulations from Figure 3.2

TABLE B.3: Network properties for the simulations in Figure 3.2.

A F F F' k, ¢ g p
S1]2/3
212 1 05 0 010 00 - -
Sy | 3

TABLE B.4: Time series properties for the simulations in Figure 3.2 (all the amplitude
values have been multiplied by 100).

L ¢ Q J v
Li Lo a« | & Co ¢ Qi Qo 7 i Jo 0 v; U B
S1 55 0.33 9.6 0.33 200  0.00 100 0.00 64.0 -0.67
S, |5 28 100(87 35 100|200 67 o000 100 33 000 |57 695 0.00
S3 24 1.00 29 1.00 24 201 12 -2.01 57.7  0.00

Simulations from Figure 3.3

TABLE B.5: Network properties for the simulations in Figure 3.3.

A F F F' k c g p
Si| 15
2/ 157 4 0 01 025 005 1 -
S| 2
Ss| 2

TABLE B.6: Time series properties for the simulations in Figure 3.3.

L g Q J v
Li Lo &« | & o e | Qi Qo Yy | i Jo 0 | vi v B
S1 56 1.00 11.2 097 |20 28 0.33 22 0.33 74.5 0.00
Sy 10 53 1.00 20 106 097 | 20 11.7 0.00 10 1.7 0.00 50 70.7 0.00
S3 4.8 1.00 9.7 097 |20 10.0 -0.66 1.1  0.00 64.5 0.00
Sy 4.8 1.00 9.7 097 |10 11 -0.66 1.1 -0.66 64.5 0.00
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Simulations from Figure 3.5
TABLE B.7: Network properties for the simulations in Figure 3.5.
A F F F' k E g p
S1 1057
S5 2 1 -05 0 010 005 1 -
S3| 3
TABLE B.8: Time series properties for the simulations in Figure 3.5.
L ¢ Q J v
Li Lo a | & G & | Qi Q v | Ji Jo 6 |v v B
51 54 043 9.3 043 200 0.0 100 0.0 532 -0.57
Sy 5 3.5 1.00 87 43 1.00 200 341 -1.33 100 170 -1.33 50 57.7 0.00
S3 29 1.00 3.5 1.00 176 -3.33 8.8 -3.33 471  0.00
Simulations from Figure 3.6
TABLE B.9: Network properties for the simulations in Figure 3.6.
A F F F' 'k, ¢ g p
S1 0
s, 066 1 -05 00 010 01 01 o5
S3 1
TABLE B.10: Time series properties for the simulations in Figure 3.6.
L ¢ Q J v
Li Lo &« |G G & [Qi Q v [Ji Jo o |vi w P
51 99.0 0.00 208.8 -0.62
S, 120 9.05 03420 9.05 034 |50 500 0.00 |5 2088 000 |7 312 -0.66
S3 50.0 -0.62 99.0 0.00
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Simulations from Figure 3.7

TABLE B.11: Network properties for the simulations in Figure 3.7.

A F F F' k, ¢ g p
51 0
S, 1065 1 -05 00 010 05 09 o5
S, 1

TABLE B.12: Time series properties for the simulations in Figure 3.7.

L 4 Q ] v
Li Ly a | & Qo e | Qi Qo Yy | i Jo | v v B
51 63.4 0.00 119 -0.63
S, 10 111 1.00 |10 122 1.00|10 317 o000 |10 317 0.00 | 10 408 0.00
S;3 119 -0.63 634 0.00

Simulations from Figure 3.8

TABLE B.13: Network properties for the simulations in Figure 3.8.

‘ A F F F' 'k, ¢ g p

51 066 1 -05 0.0 0.10 01 01 0.5

Sy 0.3 09

TABLE B.14: Time series properties for the simulations in Figure 3.8.

L ¢ Q J v
Li Lo « | ¢ Co € |Qi Q o |Ji Jo 6 | v v B
Sq 20 9.1 0.34 20 9.1 0.34 50 50.0 0.00 | 50 50.0 0.00 | 7 31.2 -0.66
S, 1.9 1.00 1.9 1.00 48.8 48.8 9.7 0.00
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