[BPORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

4

\'/
Il\

Universidade do Minho

dud

FCUP
UA
UM

2024

OARIOKI |

suolleleA 1uelsuo) ailnyonis

-aul4 ybnoJy) swhipered [ealbojowso) Buluressuo)

seiq seia.4 ap oboig ogor

o}

[PORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

-

\'/

II\

Universidade do Minho

Constraining
Cosmological
Paradigms through
Fine-Structure
Constant Variations

Joao Diogo de Freitas Dias

Doctoral Program in Physics
Faculty of Sciences of the University of Porto, University of Aveiro and
University of Minho

2024






Constraining
Cosmological
Paradigms through
Fine-Structure
Constant Variations

Joéao Diogo de Freitas Dias

Thesis carried out as part of the Doctoral program in Physics
Faculty of Sciences, University of Porto

Department of Physics and Astronomy

2024

Supervisor
Dr Carlos Martins, CAUP



All the corrections determined by
the jury, and only those, were
made.

The Supervisor,

Assinado por: CARLOS JOSE AMARO PARENTE
MARTINS

Num. de Ide § 40: 09497013
Data: 2025.0? ﬁ’%e&%-rm 66" /

E CARTAO DE CIDADAO
oo 90



Acknowledgements

I wish to thank my supervisor, Carlos Martins, for his support and guidance throughout
my PhD.

To the Phi in the Sky team, a big thanks for all the useful and interesting discussions.
In particular, I thank Catarina for all the support, companionship and extreme patience in
proofreading this thesis.

I want to thank Nils Schoneberg for all the help implementing the changes in the CLASS
code.

To Léo, my friend, I want to thank you for all the enthusiastic brainstorming sessions,
encouragement and good times discussing physics.

A big thank you to my friends, Rui, Tomads, Pedro, Ricardo and Tépé for supporting me
and allowing me to share my enthusiasm about the cosmos by always asking me to share
fascinating facts about the Universe.

A special thanks to my girlfriend, Maria, for the unrelenting support and always being
there for me. Thank you for lending an ear when I expressed my frustrations about coding
and writing this thesis; I truly couldn’t have done it without you. I am also grateful for the
invaluable help proofreading this thesis, even though what you really like is like enzymes
and proteins.

I owe an enormous debt of gratitude to my parents, who always supported and believed

in me, enabling me to achieve my dreams. And, of course, a big thanks to my brothers.



Abstract

The search for variations in nature’s fundamental constants is essential for advancing our
understanding of fundamental physics. This thesis explores various models that predict
variations of the fine-structure constant «, focusing on extensions of the Bekenstein model,
the runaway dilaton, rolling tachyon fields, and Swampland conjectures. These frameworks
introduce scalar fields that, when coupled to the electromagnetic sector, lead to « varia-
tions, thus violating the Einstein equivalence principle and offering new insights into dark
energy and the evolution of the universe. By exploring synergies between local, astro-
physical, and cosmological datasets, and integrating the use of a Boltzmann code (Cosmic
Linear Anisotropy Solving System) with Markov chain Monte Carlo simulations, we were
able to establish stringent constraints on the above mentioned extensions of the ACDM
model. We provide, for the first time, as far as our knowledge, constraints for the full
parameters space on the phenomenological extended Bekenstein model and the string in-
spired runaway dilaton model. We found that couplings of the order of parts per million are
excluded for the former, and of order unity for the latter. The rolling tachyon model was
constrained, revealing that it is effectively indistinguishable from a cosmological constant,
with any significant variations in « being highly suppressed. Finally, the Swampland con-
jectures, which offer a framework for understanding the compatibility of string theory with
cosmology, are examined in light of recent cosmological data. The updated data confirms
the existence of a tension with these criteria. This work provides tight bounds on models
with varying fine-structure constant, contributing to our understanding the cosmological
implications of these variations. The results of this thesis highlight the need for future
experiments and observations to continue testing the limits of these models, ultimately ad-

vancing our understanding of fundamental physics.



Resumo

A busca por variagdes nas constantes fundamentais da natureza € essencial para aprofun-
darmos o nosso conhecimento da fisica fundamental. Esta tese explora varios modelos que
preveem variacOes da constante de estrutura fina o, com foco nas extensdes do modelo
de Bekenstein, no runaway dialton, no rolling tachyon e em conjeturas do principio de
Swampland. Estes modelos tedricos introduzem campos escalares que, ao acoplarem-se
ao setor eletromagnético, levam a variagdes de «, violando o principio da equivaléncia de
Einstein e oferecendo novas perspetivas sobre a energia escura e a evolucao do universo.
Explorando as sinergias entre conjuntos de dados locais, astrofisicos e cosmoldgicos, e
integrando o uso de um cddigo de Boltzmann (Cosmic Linear Anisotropy Solving System)
com simulacdes de método de Cadeia de Markov Monte Carlo, conseguimos estabelecer
restricdes rigorosas para as extensdes do modelo ACDM acima mencionadas. Fornece-
mos, pela primeira vez, tanto quanto sabemos, restricdes para todo o espaco de parametros
no modelo fenomenoldgico de Bekenstein e no modelo do runaway dilaton inspirado pela
teoria das cordas. Reportamos que acoplamentos da ordem de partes por milhdo sao exclui-
dos para o primeiro, e da ordem da unidade para o segundo. O estudo do rolling tachyon
revelou que € efetivamente indistinguivel de uma constante cosmoldgica, com quaisquer
variagOes significativas em « altamente suprimidas. Finalmente, as conjecturas do prin-
cipio de Swampland, que servem de ponte entre a teoria de cordas e a cosmologia, sdo
examinadas a luz dos dados cosmoldgicos recentes. Os dados mais recentes confirmam
a existéncia de uma tens@o com estes critérios. Este trabalho fornece limites estritos para
modelos com variagdes da constante de estrutura fina, contribuindo para a nossa compreen-
sdo das implicagdes cosmoldgicas de tais variagdes. Os resultados destacam a necessidade
de experiéncias e observacodes futuras para continuar a testar os limites desses modelos,

avancando, assim, a nossa compreensao da fisica fundamental.
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Introduction

Since ancient times, our attention has been drawn to the skies, captivated by the patterns
formed by the bright spots scattered across the dark fabric of the cosmos. This fascination
with the celestial sphere inspired the creation of myth, science and philosophy, playing
a part in our development both as a species and as a society. Myth shaped cultures, the
heavens’ movements, influenced agriculture, navigation, and the passage of time. This
sense of awe has accompanied us throughout history, and is still present today with every

piece of knowledge we uncover about the Universe we live in.

1.1 Historical digression

Cosmology today is a branch of physics that studies the Universe and its constituents as
a whole, with the primary aim of explaining the dynamics of its evolution — from the
Universe’s “birth” to the present — using models to make scientific predictions. Widely
accepted by the scientific community, the A Cold Dark Matter model (ACDM) is a highly
successful model in fitting the data. Its development was slow and gradual, with several
major scientific discoveries contributing to our current understanding.

The fact that the Universe is expanding is a pivotal discovery from the 20th century.
While it is usually attributed to Hubble (1929), this idea predates his work and was first
predicted by Alexander Friedmann, who derived his famous equations in a 1922 paper,
demonstrating that an expanding or contracting Universe was a natural solution to Ein-
stein’s field equations (Friedman, 1922). A few years later, Lemaitre (1927) showed a
linear relation between the distance of a galaxy and the velocity at which it is moving away

from us. He was able to compute the proportionality constant using data collected from
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measuring the redshift of about thirty galaxies (Slipher, 1917; Hubble, 1926).! Today, we
know this as Hubble-Lemaitre law, which states that the further away a galaxy is from us,
the faster it is receding. This relationship is crucial because it provides insight into the
Universe’s rate of expansion and suggests that the Universe is not static but dynamic. The
law is encapsulated in the equation v = H, 7, where r is the distance to the galaxy and H
is the proportionality constant, known as the Hubble constant. The value of this constant
is currently debated, with its reasons explored in subsequent chapters.

For a long time, until the mid-1960s, the majority of our knowledge about the Universe
was derived from observations of galaxy redshifts and distances. This paradigm shifted
with the discovery of a nearly isotropic background of microwave radiation, the cosmic
microwave background (CMB). This faint and very cold thermal radiation constitutes the
oldest sky we can observe, with a temperature of around 2.7 K in every direction (see
D. J. Fixsen, 2009). This relic radiation is a remnant of the hot, dense phase in the early
Universe, and it was first predicted by Gamow (1946) when contemplating the formation of
heavier elements. By then, it had already been understood that many elements could not be
synthesized under the conditions found in stellar interiors (see Chandrasekhar and Henrich,
1942). During the early stages of its expansion, the Universe provides conditions of high
temperature and density required to create heavier nuclei, the primordial nucleosynthesis,
see Gamow (1948) and Alpher, Bethe & Gamow (1948). It was almost two decades after
Gamow'’s proposal that, by accident, this relic radiation was first observed by Penzias &
Wilson (1965). Working at the Bell Telephone Laboratories in New Jersey, they detected
an unexplained background noise in their radio antenna that seemed to come from all di-
rections in the sky. Despite their efforts to eliminate various sources of interference, they
could not remove this signal. At the same time, in Princeton, an active search for the CMB
was being conducted by Dicke et al. (1965), based on the theoretical predictions. The de-
tection of the CMB not only confirmed a key prediction but also transformed cosmological
theories, marking the dawn of precision cosmology, and reshaping our understanding of
the Universe’s origins and evolution. Precise measurements of the CMB have been instru-
mental in the development of current cosmological models, and continue to drive research
into fundamental questions about the Universe.

Another significant and just as remarkable advancement is the discovery that our Uni-
verse today is not only expanding, but it is doing so at an increasing rate. To measure
distances, astronomers rely on special objects referred to as “standard candles”. These
objects are invaluable, as their known absolute luminosities enable precise distance calcu-
lations. By comparing their intrinsic and apparent luminosities, astronomers can determine
distances with remarkable accuracy. Together, these standard candles form a critical part

of the cosmic distance ladder, allowing distances to be established on progressively larger

! Redshift is observed in light from objects moving away from the observer, where the relative motion
causes the wavelengths of light to stretch, shifting them to longer (redder) wavelengths.
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scales. This knowledge is essential for mapping the Universe’s structure, determining its
scale, and ultimately understanding its expansion. For a long time, the brightest galaxies
in clusters were used to measure cosmological distances.> The use of type Ia supernovae
(SNIa) as standard candles (see Branch and Miller, 1993) was instrumental in discover-
ing the accelerated expansion of the Universe. As detailed in the works of Riess et al.
(1998) and Perlmutter et al. (1999), this realization laid the groundwork for a new era in
cosmology, which has been corroborated by independent observations.® This discovery
puzzled cosmologists as gravity, which attracts matter, would be expected to decelerate
the expansion of the Universe. What, then, could be driving this observed acceleration?
One proposed explanation is the presence of a new form of energy, known as dark energy
(see Huterer and Turner, 1999). The simplest and most successful candidate for dark en-
ergy (DE) is a cosmological constant A, where its energy density is constant in space and
time. This proposition set in motion a great discussion about the nature of dark energy that
carries on to this day. Throughout this thesis, the reader will encounter an exploration of
possible alternative descriptions to the well-known cosmological constant A.

Our Universe is composed, in its majority, of dark energy. The second most common
component is not matter (contrary to what we might be inclined to think) but some form
of matter that is “invisible” to light, hence called dark matter. Since this form of matter
does not interact with light — does not emit, absorb, or reflect light — we can only observe
it indirectly, by its gravitational effects. One of the first pieces of evidence for dark matter
was when Zwicky (1933) applied the virial theorem to the Coma cluster.* By measuring
the radial velocities of galaxies in this cluster he concluded that their speeds could not be
accounted for by the visible matter alone. Such high speed could only be explained by
the existence of some form of matter that was invisible to our telescopes. Galaxy rotation
curves also hint at the existence of dark matter. Observations of stars in galaxies showed
that the ones far from the galactic center orbit at a speed that is close to the ones at the
center, pointed out by Sofue et al. (1999) and Sofue & Rubin (2001) (ideas originally from
Babcock, 1939; Rubin and Ford, 1970). According to Newtonian mechanics, this should
not be possible, as the ones farther from the center should orbit more slowly. The existence
of dark matter in the galaxies can help explain these high orbital velocities. There are other
phenomena that provide evidence for the existence of this strange form of matter, such as
gravitational lensing and the acoustic peaks in the CMB.’

Several other relevant discoveries can be mentioned, such as the first observation of

gravitational waves by Abbott et al. (2016). Gravitational waves, first detected by the Laser

2 For an extended discussion of cosmological distance measurements see Weinberg (2008).

3 In Jimenez & Loeb (2002), Eisenstein et al. (2005), Betoule et al. (2014), Haridasu et al. (2017), and
Planck Collaboration et al. (2020a).

4 The virial theorem states that, for a stable, bound system in equilibrium, the time-averaged total kinetic
energy of the particles is related to the time-averaged total potential energy of the system.

5 See Clowe et al. (2006) and Hu & Dodelson (2002) for more information on evidence for dark matter
using gravitational lensing and the CMB, respectively.
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Interferometer Gravitational-Wave Observatory (LIGO), are ripples in spacetime caused
by the acceleration of massive objects, such as colliding black holes or neutron stars. This
discovery was significant because it opened a new avenue for observing the Universe, al-
lowing scientists to gather information about cosmic events that were previously hidden
from sight. Gravitational waves provide insight into the dynamics of the Universe, further
enhancing our comprehension of its evolution. These advancements have been central to
the development of our current knowledge of the Universe. Now, over a century after Fried-
mann’s proposal of a homogeneous and expanding Universe, cosmologists have developed
a model that has been tested countless times and is consistent with data. In the following
section, the ACDM model will be explored in more depth. However, this discussion is

preceded by a short section on General Relativity.

1.2 General Relativity

The discovery of General Relativity (GR) is considered as one of the greatest discoveries
in the history of humanity. It drastically changed not only our knowledge about gravity
and the Universe but very basic concepts, such as space and time. The principle of special
relativity tells us that the laws of physics are invariant in all inertial frames of reference and
that the speed of light ¢, in vacuum, is a constant and the same for any observer, putting
space and time at an equal footing. General Relativity goes a step further by extending
this principle to non-inertial frames. Gravity becomes a consequence of the geometry of
spacetime, which curves in the presence of matter and energy. Einstein was the main motor
behind these discoveries, and in 1915 he published a set of papers describing his theory of
General Relativity in Einstein (1915a).°. The Einstein field equations (EFE) are

G, +Ag,, =8rGT,, , (1.1)

expressed in natural units (with ¢ = A = 1). This set of nonlinear partial differential
equations relates the spacetime geometry, given by the Einstein tensor &, with its content,

quantified by 7', , and A is the cosmological constant. The Einstein tensor is defined as

1
Gy = Ry = 59 R (1.2)

and here we have g,,, as the metric tensor, R, and I as the Ricci tensor and scalar, re-
spectively.
This equation can be derived from the Einstein-Hilbert action
2

S TP/d%\/—_g(R—QA), (1.3)

% The other papers in Einstein (1915b), Einstein (1915¢), and Einstein (1915d).
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with M2 = (87G)™" .

This set of equations describes the evolution of the Universe and predicts phenomena
such as the bending of light around massive objects (gravitational lensing), the slowing
of time near strong gravitational fields (gravitational time dilation), and the existence of
black holes and gravitational waves. GR has been tested countless times and it serves
as the foundation for modern cosmology. The reader can find a review on the status of
experimental tests of GR in Will (2014).

1.3 The ACDM model

After having been introduced to the basics of GR, we now need a set of equations that
are more tractable and easily solved. From the EFE one can derive simpler equations de-
scribing the evolution of the Universe by relying on a simple assumption. The cosmolog-
ical principle is the idea that the Universe is homogeneous and isotropic — uniform un-
der translations and rotations, respectively. This means that, on a sufficiently large scale,
the Universe looks the same for any observer, there is no “special” set of coordinates in
the Universe. This cosmological principle is encapsulated in the Friedmann—Lemaitre—
Robertson—Walker metric (FLRW):

ds? = —c*dt* + a(1)° <1f—i7~2 + r2dQ2) : (1.4)
where d()? represents the angular part of the metric d6? + sin? d¢? and k is the curvature
parameter (k = O for a flat Universe, k = 1 for a closed Universe, and £ = —1 for an open
Universe). The scale factor, denoted as a (¢), is a dimensionless factor used to measure the
relative expansion (or contraction) of the Universe. By convention, the scale factor is often
normalized to a (ty) = 1 at the present time ¢y, and a () < 1 at earlier times. This factor
has a relation to redshift which is given by

1
a= )
1+ 2

(1.5)

Using this metric in the EFE, combined with the further assumption that the Universe
is completely filled with a perfect fluid with 7#, = diag (—p, p, p, p), in the fluid’s rest

frame.” This fluid must obey the following equation of state

p=wp, (1.6)

where p is the pressure, p the density, and w is the equation of state parameters. From the

covariant conservation of the energy-momentum tensor, it follows that every constituent of

" Throughout this thesis, the mostly positive metric signature (-+++) will be used.
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the Universe must obey this equation of state and the following continuity equation

%—F?)H(l%—w)p—(), (1.7)

which can be integrated to give
p(a) = poa0Fw) (1.8)

The equation of state parameter will assume a different value, depending on whether we
are considering matter, radiation, or any other component.

Using the cosmological principle to write the FLRW metric, together with the stress-
energy tensor for a perfect fluid one can write the EFE in Eq. (1.1) as the known Friedmann

equations. Solving for the time component of the tensors one is able to derive the first of

N2
(G kA
= (%) ==, £ 2 1.
(a) 37273 (19

This first equation gives the overall rate of expansion in terms of the energy density p of the

this set of equations

Universe components, curvature, and cosmological constant. Hence, for a Universe com-
posed of matter and radiation we have p = p,,, + p,.. The second Friedmann equation, also
known as Raychaudhuri equation, describes the acceleration of the Universe’s expansion,

influenced by the density, pressure, and cosmological constant

.4 4G A
H2+H:%:—%(p+3p)+§. (1.10)

These two equations are the foundation of the ACDM model, describing the evolution of
the Universe’s scale factor, which in turn determines the age, size, and future of the cosmos
based on its contents. They can be written in a more compact form by defining the density

parameter, using the critical density p. = 3H? (87Q) ~!'. The Friedmann equations become

H* = Hy Y Qa0 (1.11)

and )
2 3 — . .
H*+ H = 3 E Q; (14 3wy) , (1.12)

where the subscript ¢ refers to each component of the Universe.

Having understood the fundamental equations governing the evolution of this homoge-
neous and isotropic Universe, we need describe its content. As far as we know, the Universe
is composed of dark energy, matter (baryons and cold dark matter), and radiation.
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Dark energy

As was corroborated in Planck Collaboration et al. (2020a), dark energy is the dominant
component of our Universe (at z = 0), comprising approximately 70% of its total content.
This fact shows us dark energy’s profound role in this model, as it is responsible for driving
the accelerated expansion of the Universe. We can understand dark energy as the term A
present in the EFE, often called cosmological constant or vacuum energy. In terms of
the Friedmann equations, a cosmological constant is a term with constant energy density,
exerting a negative pressure, such that wy = (p/p), = —1. In future sections of this
thesis, I will discuss models where DE is dynamical. In these cases, we always require that
wpp < —1/3 in order to have an accelerated expansion. This can be seen from Eq. (1.10),
since the requisite for an accelerated expansion is @ > 0, and for this to be true we must
have p + 3p > 0.

Matter

As established in the ACDM model, matter constitutes about 30% of the Universe’s to-
tal content as can be seen in (Planck Collaboration et al., 2020a). This matter is split
between baryonic matter — the ordinary matter composed of protons, neutrons, and elec-
trons that form stars, planets, and galaxies — and cold dark matter (CDM), a non-luminous
component that interacts only through gravity. Baryonic matter accounts for about 5% of
the Universe’s total energy density, while dark matter constitutes roughly 25%. Together,
these matter components govern the gravitational structure formation in the Universe, in-
fluencing galaxy clustering, rotation curves, and the behavior of massive structures. In the
Friedmann equations, matter is treated as a component with an equation of state parameter
w,, = 0, meaning that it behaves as pressureless dust. From here it is easy to show that the

energy density of matter decreases cubically with the Universe’s expansion, p,, oc a~>.

Radiation

Contributing less than 1% of the Universe’s content, radiation and neutrinos are less sig-
nificant than dark energy or matter in the current epoch. They have however played a much
more prominent role in the early Universe when higher temperatures and densities domi-
nated (Planck Collaboration et al., 2020a). Radiation, including photons from the CMB,
is characterized by an equation of state parameter w,, = 1/3, indicating that its pressure is
one-third of its energy density. This relation affects the evolution of the scale factor, caus-
ing radiation energy density to scale as p, oc a~*. The rapid dilution of radiation density
with expansion led to a radiation-dominated Universe early on, giving way to the matter-
dominated era as expansion continued. Neutrinos are another relativistic component that

also behave as radiation in the early Universe due to their high velocities. While neutrinos
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currently make up only a small fraction of the Universe’s energy density, they play a critical

role in shaping the early Universe’s thermal history and structure formation.

Curvature

Curvature is a parameter that captures the overall geometric shape of the Universe. It
contributes to the total energy density in the Friedmann equations as a term scaling with
pr < a2, In the current cosmological model, the curvature is constrained to be nearly
zero, suggesting a flat Universe (Planck Collaboration et al., 2020a). In this thesis it will
always be assumed a vanishing curvature throughout.

This completes the general description of the standard model of cosmology, and it
will serve as a baseline for future discussions. The following sections will highlight some

problems with this model, possible solutions and alternative models.

1.4 Open problems in Cosmology

The standard model of cosmology, like any scientific model, is subject to criticism. Serving
as the key observational and theoretical pillar of modern cosmology, it nonetheless faces
limitations in explaining certain phenomena, leading to several open questions in research,

which will now be discussed.

The cosmological constant problem — what is dark energy?

Arguably, the most enthralling of these questions is the so-called “cosmological constant
problem”. The cosmological constant has been a source of controversy since its first ap-
pearance in Einstein (1917), and it remains a hot topic to this day. Several authors have
written exhaustive and detailed descriptions of the unraveling of these events, however a
summarized version will be presented in this thesis.

In Einstein (1915d), Einstein presents a formulation of his equations that possess gen-
eral covariance:

1
R, - §gwR =8rGT,, . (1.13)

A static solution to these equations could not be found. This fact troubled Einstein so much
that in 1917 he published a paper introducing a “universal constant”. This constant allowed
for a static Universe with spherical geometry and constant matter density. This was the first
appearance of the cosmological constant, and according to Einstein, its only purpose was
to make the Universe static. As he stated in the paper: “That term is necessary only for the

purpose of making possible a quasi-static distribution of matter, as required by the fact of

8 For more information on the history of the cosmological constant see Weinberg (1989), Abbott (1988),
Straumann (1999), and Amendola & Tsujikawa (2010).



1. INTRODUCTION 9

the small velocities of the stars”. However, the story does not end here. After the discovery
of the expansion of the Universe in 1929, it became clear that the Universe was expanding
after all. Even though a cosmological constant is needed for a static Universe, it is not
required for an expanding one. At this point, Einstein rejected his idea of a cosmological
constant, as one can see in this quote from a letter he wrote to Weyl: “If there is no quasi-
static world, then away with the cosmological term!”, as recounted in Weinberg (1989).
However, it is not so simple to “remove” this constant from the EFE. The reason for this is
that the vacuum energy density acts like a cosmological constant (Zel’dovich, Krasinski,
and Zeldovich, 1968). Invariance arguments imply that the vacuum expectation value of

the energy-momentum tensor for the vacuum energy be

<THV>Uac - = <p>vacg,uu . (114)

From a careful analysis of Eq. (1.1) it is straightforward to see that the above term is math-
ematically equivalent to a cosmological constant. This is identical to adding 87G py,. to

an effective cosmological constant
Aeff = N+ 87Gpyac » (1.15)

where A is the bare cosmological constant. It is now clear that even if we have Ay = 0
there is still an effective cosmological constant that comes from the vacuum energy density.
This set in motion a program to measure the value of the cosmological constant. In

terms of energy densities, this constant corresponds to

pa =~ 1074GeV* | (1.16)
from Lemaitre (1934). If one tries to compute the energy density of empty space

Poac ~ 107 GeV* | (1.17)

which is 102! orders of magnitudes larger the observed value in Eq. (1.16). This huge
discrepancy is problematic because it implies that in Eq. (1.15) the two terms on the right-
hand side have to cancel almost exactly. For this to happen, the value of Ay would have to
be extremely fine-tuned. Before the discovery of the accelerated expansion of the Universe
in 1998, it was believed that the cosmological constant was exactly equal to zero. There
were some ideas on how to go about canceling those two terms, which are nicely described
in Weinberg (1989). However, none of those ideas were satisfactory, may it be by the
conjuration of a special symmetry that explains this vanishing A (supersymmetry) or by an
anthropic principle that does little more than sweep the problem under the rug.

We do know, however, that the Universe is undergoing an accelerated expansion, which
means that there must be something driving this expansion. For this reason, even if the
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cosmological problem is resolved in such a way that A vanishes, we still need to find an

alternative explanation for dark energy.

The H, and o tension

One of the fundamental quantities in cosmology is the current expansion rate of the Uni-
verse, represented by the Hubble constant ;. The precise measurement of this quantity is
essential for our cosmological models. However, this constant is plagued by a tension be-
tween measurements from the Planck satellite, using the CMB anisotropies, and local dis-
tance ladder measurements (Planck Collaboration et al., 2020b; Riess et al., 2022), which
has now reached a significance of 50. A review of this topic can be found in Bernal, Verde
& Riess (2016).° There are a number of possible solutions being exploited trying solve, or
at least, alleviate this tension. Most of these are reviewed in Di Valentino et al. (2021).

Very similarly, we have the g tension. In Douspis, Salvati & Aghanim (2019), one can
find a short review on the subject. This consists of a discrepancy between the calculated
value of Sg, a parameterization of og and (2, (an amplitude of matter perturbations and
the matter density parameter respectively). To put it simply, measurements of this quantity
at low-redshift differ from those obtained from high-redshift probes at a significance of
~ 2 — 30. However, in Ghirardini et al. (2024) the authors manage to push the tension
below 30, to a region they define as “consistent”.

Throughout this thesis, several extensions to ACDM will be discussed, where some of
them may be able to alleviate these tensions (although only the H,, one will be mentioned).

Cosmological lithium problem

The cosmological lithium problem is a long-standing discrepancy in astrophysics concern-
ing the predicted and observed abundances of lithium isotopes, particularly “Li, in the
Universe. This issue arises from Big Bang nucleosynthesis (BBN) predictions. BBN de-
scribes the production of the lightest atoms, including the formation of Li. It success-
fully predicts the primordial abundances of hydrogen, deuterium, and helium, matching
observations with remarkable precision. However, it overestimates the primordial abun-
dance of lithium, by a factor of three compared to measurements in the atmospheres of old,
metal-poor stars, which are believed to retain the primordial chemical composition of the
Universe. This translates into a tension of 2 — 30.

Several proposed explanations have been explored, including astrophysical, nuclear
physics, and others beyond the standard model type solutions, which are described in Fields

(2011). However, this problem remains a critical open question in cosmology, challenging

? For reviews on this topic see Kamionkowski & Riess (2022) and Verde, Schoneberg & Gil-Marin (2023).
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our understanding of early-Universe physics and the interplay between stellar and primor-
dial nucleosynthesis. Its resolution may unveil new insights into fundamental physics or

confirm the robustness of existing theories.

The nature of dark matter

One of the greatest puzzles in modern physics is the nature of dark matter. It is a question
that troubles both particle physicists and cosmologists. Two of the best physics models are
put in check by this elusive form of matter, that only interacts via gravitational force. The
nature of dark matter eludes both the Standard Model of particle physics and ACDM. For
this reason, it is a hot topic in research, and it is not difficult to find reviews on this subject.

It is quite remarkable that the dark sector — dark energy and dark matter — makes up
about 95% of the Universe, and dark matter alone constitutes 25% of the Universe. Pro-
fumo, Giani & Piattella (2019) offers a good review on dark matter from the particle physics
perspective, and Arbey & Mahmoudi (2021) a cosmology one. In this thesis, dark matter
is briefly mentioned in a model (the extended Bekenstein model), where a coupling of the

field to dark matter is allowed.

In this section, some areas have been highlighted where ACDM may need to be ex-
tended, or revised, to provide a more complete picture of the cosmos. There is still a
great amount of work needed to improve our understanding of the Universe, and many re-
searchers have been focusing their attention on solving these fundamental problems. The
aim of this thesis is to deepen our understanding of a particular class of models — extensions
of ACDM - where we have variations of fundamental constants, in particular, variations
of the fine-structure constant. This has profound consequences, such as the violation of
the Einstein Equivalence Principle. Some of the models presented in this work provide an
alternate description of dark energy. Naturally, the next topic to introduce is the variations

of the fine-structure constant.

1.5 Dark energy and the cosmological constant

The search for the source of dark energy is ongoing, and it counts with the combined efforts
of theory and observation. Dark energy is supported by a great number of different obser-
vations that rely on: the age of the Universe; supernovae; the CMB; and Baryon acoustic
oscillations (BAO). An extensive review of the probes searching for dark energy can be
found in Huterer & Shafer (2018).

The age of the Universe ¢, can be used as evidence for dark energy by comparing its
value, which can be roughly estimated by the inverse of H, with the age of oldest stars.
Using the relation between time and redshift dt = —dz/ [(1 + z) H (z)] we get an integral
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for time. The evolution of the Hubble parameter with redshift is given by

E(z) = {Qk,o(l + 2)2 + Qm70(1 + Z)3 + QDE,O(l + Z)3(1+wDE)
1/2 (1.18)
+Q7~70(1 -+ 2)4 ,

where F (z) = H (z) /Ho. The age of the Universe is then expressed as

Y dz
m_f%‘A OIS (1.19)

We can simplify this integral by noticing that it is dominated by the terms at low redshift.
In this regime, the radiation term can be neglected, as it only becomes relevant for higher
redshifts of about z ~ 103. For a flat Universe with a cosmological constant (€0 =0and

wpg = —1) the integral becomes

° dz
-1
to — HO / 3 1/2 .
0 (1—'—2) [Qm,O (1—|—Z) +QDE,O}

(1.20)

This integral has an exact solution

H! 14++/1-Q,,
to = 0 In 2 (1.21)
1—/T— Qo

3¢/T— Qo

using the following relation 1 = ,,, o+ pg . In the absence of the cosmological constant,

the age of the Universe is

2
to = 3 o (1.22)

Using Hy = 73.04 4+ 1.04 Km/s/Mpc from Riess et al. (2022) and the estimation from
Eq. (1.22) one finds that the age of the Universe must be inside the range 8.8 Gyr < ¢y <
9.1 Gyr. However, Jimenez et al. (1996) estimated the age of globular clusters in the Milky
Way to be 13.5 + 2 Gyr. This is clearly incompatible, and can only be avoided by the addi-
tion of dark energy. In Fig. 1.1 we can see that for an open Universe without cosmological
constant, the product Hy t is always inferior to the constraint coming from the oldest stellar
ages. For the open Universe we have,

-1

HO
e —
1— Qo

. (1.23)

Qim0 1— /1=
1+ ’ In
2/1—Qnpo 1+ /1=
For a flat Universe with a cosmological constant we see that there is a region where the
Universe, for a certain value of (2, o has an age that is superior to that of the oldest stars.

We can therefore conclude that the age of the Universe, and of its oldest stars, is robust

evidence for the existence of dark energy.
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Ficure 1.1: Plot of the cosmic age to multiplied by the Hubble constant H. The solid dark
curve corresponds to a flat Universe with a cosmological constant satisfying the relation
Qo+ QpE,o = 1. The dashed gray line represents an open Universe without cosmolog-
ical constant. The solid green line is the Hy tg constraint for the minimum age allowed for
the Universe, coming from the age of the oldest stars. For this case, the star HD 140283
with g = 14.46 £ 0.31Gyr from Bond et al. (2013) was used. The solid blue line is the £
constraint coming from Planck Collaboration et al. (2020a). For all the above cases, the
Hubble constant takes the value of Hy = 73.04 Km/s/Mpc, from Riess et al. (2022).

The discovery of dark energy is usually attributed to the Supernova observations. In-
dependently from one another, Riess et al. (1998) and Perlmutter et al. (1999) reported
a late-time cosmic acceleration coming from the direct observation of redshift of distant
supernovae of type Ia. As stated in previous sections, SNIA are very special objects that
present an absolute magnitude M of about —19 at the peak of brightness. What is usu-
ally done, in very simplistic terms and ignoring many correction factors, is to observe the

apparent magnitude m of these objects and compute their luminosity distance d;, from
m —m = 5log,,dr + 25 . (1.24)

To constrain the parameters of a model, one can use the relation to the luminosity distance
to a source at a certain redshift z

zZ dzl
o H(2) 7

dp=(142z2)c (1.25)

where ¢ is the speed of light and the Hubble parameter is given by H (z) = Hy [ f; (2)]/*.
Note that the f; are just functions of redshift relative to each component of the Universe,

like f,, () = (1 + 2)3 for the case of matter. In Fig. 1.2 we can see the constraint for the
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FiGure 1.2: Constraints on €2, o and w for the flat wCDM model. In this figure are rep-
resented the 68% and 95% confidence intervals. From Abbott et al. (2019)

dark energy equation of state parameter wpg and the matter density parameter €2,, o for the
wCDM model. The difference from ACDM, where dark energy comes from a cosmologi-
cal constant and we have w = —1, is that in wCDM dark energy comes from an equation
of state parameter w that can be different than —1. This is useful to study deviations from
the accepted model. Pantheon—+ is another important dataset using SNIA where a total of
1550 distinct Type Ia supernovae, ranging in redshift from z = 0.001 to 2.26, is used. The
analysis can be found in Brout et al. (2022).

Another solid piece of evidence for dark energy is the cosmic microwave background.
From the CMB one can constrain the so-called CMB shift parameter R that, for a flat
Universe, is defined by

Zdec

(1.26)

dz
R = Ho/, / —_—
‘ 0 0 H (z)

where z4.. 1s the redshift at the decoupling epoch. In Fig. 1.3 one can find the constraints for

\ Planck TT,TE,EE+lowE+lensing

1 4 +BAO/RSD+WL

Wo

Ficure 1.3: Posterior distributions of the wg and w, parameters for several combinations
of data. From Planck Collaboration et al. (2020a).
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wo and w,. In this case, a special parameterization was used for the dark energy equation
of state parameter, known as Chevallier-Polarski-Linder parameterization (Chevallier and
Polarski, 2001; Linder, 2003), CPL for short. This parameterization is given by

w(z) =wy+ —Zwa ) (1.27)

For ACDM we have wg = —1 and w, = 0.

To conclude this discussion on the observational evidence for dark energy, it is neces-
sary to point out that the baryon acoustic oscillations can provide a robust and independent
method to measure the expansion history of the Universe. In the early Universe, before
recombination, a hot plasma of baryons and photons coupled together permeated all of
space. This plasma was subject to two clashing effects, on one hand a repulsive pressure,
on the other gravity’s attraction. These effects produced an interesting phenomenon, a se-
ries of sound waves that propagate through the baryon-photon plasma, leaving imprints in
the baryon perturbations. At recombination, the Universe transitioned to a neutral state,
forming the first neutral atoms. Shortly after, baryons and photons decouple; the wave
freezes, and photons propagate freely, forming the CMB. The location of the peaks of the
waves serves as standard rulers and can be used to constrain dark energy parameters. An
interesting review on BAO’s can be found in Bassett & Hlozek (2009). Very recently, the
Dark Energy Spectroscopic Instrument (DESI) team has published new observations that
shed new light on dark energy. They use BAO to constrain cosmological parameters, in
particular the dark energy equation of state parameter, focusing on two models of interest:
wCDM and wyw,CDM. This last model uses the parameterization in Eq. (1.27). They re-
port, in Adame et al. (2024a), a preference in the data for wyw,CDM over wCDM. This
conclusion is corroborated by an extended analysis in Adame et al. (2024b), which reports
a preference for wyw,CDM over ACDM.

From the theoretical perspective, there are a great number of models described in the
literature that attempt to explain dark energy. This thesis does not aim to extensively re-
view all of these models. Instead, a few will be mentioned in this chapter and, in the
following chapters, the focus will be on a specific set of models that can provide an alter-
native description of dark energy. There are two general categories that all of these models
fall into. Starting from the Einstein equations, in Eq. (1.1), the first approach consists of
modifying the energy-momentum tensor 7, on the right-hand side, consisting in the ad-
dition of new physical entities. In this category one can find wCDM, parameterizations
of dark energy (such as CPL), and scalar fields (provided we specify a potential) such as
in quintessence, Bekenstein model, runaway dilaton, rolling tachyon, and many others. In
Motta et al. (2021) one can find a review of a great number of parameterizations of the

dark energy equation of state parameter and constraints for each model, and in Tsujikawa
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Ficure 1.4: Constraints on (2, o and w in the flat wCDM model on the top panel, show-
ing the combined constraint from DESI, CMB and Pantheon+-. On the bottom panel are
represented the constraints for the flat wyw,CDM model. From Adame et al. (2024a).

(2013) a review of the quintessence field. The second category consists in modifying the
left-hand side of Einstein equations, which is the case for the modified gravity models, such
as f (R) gravity. See Tsujikawa (2010) for a review on modified gravity models. In sum-
mary, modifying the energy-momentum tensor in the Einstein equations equates to adding
new entities to the theory. In modified gravity we change how curvature acts in the pres-
ence of matter, in contrast with the first category, where we are changing the form of the
equations describing gravity.

Throughout this thesis, several models will be discussed, including the Bekenstein

model, the runaway dilaton, single-field quintessence, and the rolling tachyon.
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1.6 Fundamental constants and their stability

The previous sections described the current state of cosmology, starting from a historical
perspective, presenting the current standard model of cosmology, and finally mentioning a
few shortcomings that this model presents. Now, we get to the central point of this thesis, as
it mostly concerns with the variation of fundamental constants, namely the fine-structure
constant . But what does it mean to have variable fundamental constants? What does
it mean for cosmology? How can we incorporate it in our models? In this section, we
find a brief historical context on the development of this idea and an explanation of some
of the most fundamental consequences of the existence of these variations in the models
presented in this thesis.

Fundamental constants are an important piece of any physical theory, setting the magni-
tude of the physical processes. By definition, the fundamental constants are not calculable
within the framework of the physical theory. In fact, fundamental constants must be mea-
sured, thus endowing our theories with predictive power. One can make a list of constants
needed for a given theory. The size of the list might change depending on the theory we are
considering, and on our current knowledge. Increasing our understanding of a given theory
can increase the number of fundamental constants. A good example of this is the case of
the massive neutrinos in the standard model of particle physics. If the standard model is
to be extended, considering massive neutrinos, it will have to include an extra seven new
constants. One can also decrease the number of constants by implying an unification of
interactions at some energy scale.

Table 1.1 summarizes the fundamental constants for the interactions of the standard
model of particle physics and General Relativity, and it reveals the extent of parameters
that our theories can’t calculate. In this way, tests of the constancy of the fundamental
parameters are, in a sense, a test of the validity of the theories themselves. If we were to
measure any kind of variation (spatial or temporal) of any fundamental constant, we would
have to change our theories. Thus, the study of the constancy of fundamental constants can
reveal to us new physics. The idea of varying fundamental constants is not recent, and one
can date it back to 1937. Dirac was among the first to question the constancy of funda-
mental physical constants, laying the foundation for an entirely new direction in theoretical
physics, as described in Dirac (1937) and Dirac (1938). In particular, Dirac observed that
certain dimensionless parameters constructed from ratios of fundamental constants were of
similar order of magnitude, stating that it could not be a coincidence, and that it should be
explained by an underlying physical principle. This idea set in motion a search for varia-
tions of fundamental constants. Following this pioneering work, it was proposed in Jordan
(1937) that these constants could evolve dynamically over time, a concept now realized in
various extensions of the standard model. This idea has since developed into a rich field

of research focusing on variations of the fine-structure constant «, the proton-to-electron
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Constant Symbol Value

Speed of light c 299792458 ms~!
Planck constant (reduced) h 1.054571817 ... x 10734 Js
Newton constant G 6.67430(15) x 107" m?kg='s72
Charge of the electron e 1.602176 634 x 10~19C
Weak coupling constant (at mz) g2(mz) 0.6520 £ 0.0001
Strong coupling constant (at 1m ) gs(myz) 1.221 £ 0.022
Weinberg angle sin Oy (91.2GeV)75 0.23121 £ 0.00004
Electron Yukawa coupling he 2.94 x 1076
Muon Yukawa coupling hy 0.000607

Tauon Yukawa coupling h, 0.0102156

Up Yukawa coupling o, 0.000016 + 0.000007
Down Yukawa coupling ha 0.00003 £ 0.00002
Charm Yukawa coupling e 0.0072 £ 0.0006
Strange Yukawa coupling hs 0.0006 £ 0.0002
Top Yukawa coupling Dy 1.002 £ 0.029
Bottom Yukawa coupling hy 0.026 £ 0.003
Quark CKM matrix angle sin 015 0.22650 + 0.00048
Quark CKM matrix phase dckmM 1.19675:0%5

Higgs potential quadratic coefficient /i ~ 88.4 GeV
Higgs potential quartic coefficient A ~0.13

QCD vacuum phase fBacp < 10710

TasBLE 1.1: List of fundamental constants of our standard model, from Uzan (2024).

mass ratio p, and the gravitational constant GG. As stated previously, this thesis will focus
on variations of the fine-structure constant, for which we have extensive reviews summariz-
ing the current state of the art, available in Uzan (2011), Martins (2017), and Uzan (2024).
This dimensionless constant quantifies the strength of electromagnetic interactions, and it

is defined by

62

o =
Areghe’

where ¢ is the permittivity of free space, and the values of the electron charge e, the reduced

(1.28)

Planck constant /2, and the speed of light c are presented in Table 1.1. The fine-structure
constant, with the approximate value of v ~ 1/137.03599917721 4 1.6 x 107'° from Mohr
et al. (2024), was first introduced in Sommerfeld (1916) to explain the gap in the fine-
structure of the spectral lines of the hydrogen atom. While this program started nearly a
century ago and has attracted the attention of many researchers today, it was fairly neglected
until a claim by Webb et al. (1999) stating that the fine-structure constant was smaller in the
past. We have several experiments (local, astrophysical, and cosmological) inquiring about
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the constancy of a. Even though there are studies investigating spatial variations of « (see
Webb et al., 2011) it is common to assume homogeneity and search for time variations.
While astrophysical data measures a-variations directly as

Ao  a(z2)—«

Aa _a(z)—ay (1.29)

(0% (7))

where « is the value of the fine-structure constant today, local data measure the current
drift of this constant, usually defined as

1 (&
o (a)o . (1.30)

How do we measure this constant? There is a wide range of different experiments one can
conduct to determine the fine-structure constant: local — atomic clocks; astrophysical —

quasar spectra; cosmological - CMB and BBN; geophysical — natural nuclear reactors.

Atomic clocks

Regarding local data, we have the atomic clocks, which consist of laboratory constraints of
« based on frequency measurements. Most commonly using atoms of cesium, rubidium,
hydrogen, strontium or aluminum, atomic clocks work by measuring the frequency of light
emitted when an atom transitions between energy levels. These energies are know and
can be very precisely calculated theoretically using fine and hyperfine corrections of the
atomic spectra, that are directly proportional to . By measuring these frequencies for
long periods, we can calculate small changes in their value, corresponding to a drift in the
fine-structure constant. In Uzan (2024) one can find an extended discussion on this subject,
and a great number of measurements of this phenomena. In this thesis, it will be used the

constrain L7
Q
— | — ) =1(0.014£0.015 1.31
H, (a)o ( ) ppm, ( :
from Lange et al. (2021) and the updated constraint
1 [«
— (—) = (0.0024 £ 0.0035) ppm , (1.32)
HQ a/

from Filzinger et al. (2023), which is the latest constraint we have. We might see, in the

future, an improvement on this constraints coming nuclear clocks, see Fadeev, Berengut &
Flambaum (2020).

Natural nuclear reactor

Regarding geophysical data, we can constrain the fine-structure constant at a redshift of

around z ~ 0.14, using the natural nuclear reactor in Oklo. This natural fission reactor in
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Gabon was active about two billion years ago, and it provides a window to time variations
of «, since a different value of this constant would alter the interaction cross-sections and

decay rates of the nuclei (Damour and Dyson, 1996). One finds a constraint of

A
2% (0.005 £ 0.61) ppm , (1.33)

(07

from Gould, Sharapov & Lamoreaux (2006) and Onegin (2012).

Quasar spectra

The measurement of redshift is of great relevance in astrophysics and it relies on the analysis
of absorption and emission spectra. Quasi-stellar objects (QSO), usually referred to as
quasars, are extremely luminous galactic cores. Dust and gas falling into the supermassive
black hole emit radiation, placing quasars among the brightest objects in the Universe.
Their absorption spectra provide a powerful tool for the investigation of variations of the
fine-structure constant, which we can access through the presence of clouds in the line of
sight. The value of the fine-structure constant has an impact on the relative position of the
absorption lines. By analyzing the spectra we can compute the value of « in the redshift
at which the absorption system is found. There is a large amount of spectroscopic data
from QSO, however, not all of that data is dedicated to the study of fundamental constants.
On one hand, we have a set of 293 measurements using the Keck-HIRES and VLT-UVES
spectrographs from Webb et al. (2011). The analysis of the measurements taken from
quasars at 0.22 < z < 4.18 suggests a spatial variation of o with a 4.2¢ significance,

constraining its value at
A«

@
It is important to note that there are some concerns regarding systematics in the data, which
are not yet fully resolved, Whitmore & Murphy (2015). On the other hand, there is a a

dedicated set of measurements, specifically designed for the analysis of the fine-structure

— (—2.16 + 0.86) ppm . (1.34)

constant. Even though they are fewer (about 30), they carry more statistical significance,
and extend the redshift to up to z ~ 7.06. These include measurements from VLT-UVES
and Keck-HIRES instruments listed on Martins (2017), from the Subaru telescope reported
in Murphy & Cooksey (2017), from HARPS and ESPRESSO spectrographs in Milakovic et
al. (2020) and Murphy et al. (2022), respectively. The combination of these measurements

amounts to
Ao

Q@
It is clear that these two sets of measurements are in disagreement. While the former

= (—0.23 £ 0.56) ppm . (1.35)

prefers a negative variation of «, the latter is consistent with a non-variation.
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1

Ficure 1.5: This figure, from Martins (2017), displays the astrophysical measurements of

a. The figure on the left represents the dataset from Webb et al. (2011), and the figure on

the right the data points from VLT-UVES and Keck-HIRES in Table 1 of Martins (2017).

Noticing the ranges in the vertical axes of both plots, we can see the improvement in pre-
cision.

Cosmic microwave background

The CMB can also be used to constrain variations of the fine-structure constant by analyzing
CMB temperature anisotropies and recombination, since both depend on «, see Galli et al.
(2011) and Uzan (2024). Using data from Planck Collaboration et al. (2020a), one can find

Aa

— = (=700 %2500) ppm . (1.36)

from the analysis in Hart & Chluba (2018). This allows for a constraint of the fine-structure
constant at a very high redshift of z ~ 103.

Big Bang nucleosynthesis

The fine-structure constant « plays a crucial role in determining the rates of electromagnetic
interactions, which are fundamental to nuclear reactions during BBN. Changes in o would
alter the cross-sections of nuclear reactions, ultimately affecting the relative abundances of
light elements. Thus, observational data on primordial element abundances can be used
to place constraints on any variation in « during BBN. Deal, M. & Martins, C. J. A. P.

(2021) report a variation of
Ao
— = 21555 ppm, (1.37)
constraining « at a redshift of z ~ 108. This way, models with variations of the fine-
structure constant can be used to, at least, alleviate the cosmological lithium problem. In
this analysis, the authors report a 20 tension, in contrast to the 5o mentioned above. This

is a very promising area of study, however this analysis is highly model-dependent.
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Using this wide range of local, astrophysical, cosmological, and even geophysical data
we can constrain « with great precision. However, having explored the different types of
« constraints available, how can we motivate such studies? Variation in the fine-structure
constant o has been suggested as a potential solution to the H, tension. The idea is that
early variation in fundamental constants, specifically «, can shift the redshift at which re-
combination occurs. This delay in recombination would consequently affect the expansion
rate of the Universe during the epoch of the last scattering, potentially alleviating discrep-
ancies in the value of the Hubble constant between local distance ladder measurements
and those inferred from the Cosmic Microwave Background (CMB) measurements (Hart
and Chluba, 2020). The addition of the electron-to-proton mass ratio to these models can
further alleviate this tension, while being in agreement with other constraints on the vari-
ation of constants (Chluba and Hart, 2023).!° While this approach holds promise, chal-
lenges remain in constructing a-variation models that are both physically plausible and
consistent with local constraints on «. These constraints, particularly from atomic clocks,
impose stringent limits on the variation of «, creating a fine-tuning issue for such models.
Vacher & Schoneberg (2024) have shown that solving the /|, tension by incorporating the
a-variation into cosmological models leads to significant fine-tuning problems, since the
necessary changes in @ would conflict with the strict local constraints on its current value.
This highlights the delicate balance necessary to solve the H tension, while maintaining
consistency with local measurements of fundamental constants.

In addition to potentially resolving the [, tension, varying o may provide insights
into the nature of dark energy. Additionally, the accelerated expansion of the universe
and potential variations in fundamental constants, such as «, may be related. Models with
variations of fundamental constants can be categorized into two classes, depending on their
relation with dark energy. Class I models are, by definition, models for which the same field
is the source for dark energy and a-variation. Such models, like the rolling tachyon in Dias
et al. (2024) and the runaway dilaton (with exponential potential) in Vacher et al. (2023),
can provide a source for dark energy, thus removing the need for a cosmological constant.
In contrast with Class I, we have Class I models where the degrees of freedom responsible
for the varying fundamental constants do not account for dark energy. This is the case
for the model explored in Vacher et al. (2022), where the field couples to the dark energy
sector, but still requires a cosmological constant. Before starting the discussion of these

models, there is an important consequence of having a varying « to discuss.

19 For the reader interested in knowing more about the subject, I suggest having a look at these papers Lee
et al. (2023), Sekiguchi & Takahashi (2021), and Schéneberg & Vacher (2024).
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1.7 Fine-structure constant variations — connection with the
EEP

The equivalence principle is one of the cornerstones of General Relativity. While it started
as an empirical truth stating that, in the absence of other forces, all bodies in an external
gravitational field will fall with the same acceleration, now it has been elevated to the status
of principle. What is described above is the so-called universality of free fall. The EEP we
know today is composed of three conditions:

Universality of free fall (UFF): in an external gravitational field, the trajectory of any
free-falling test-body is independent of its internal structure (mass or chemical composi-
tion). This is an equivalent statement to saying that the inertial and gravitational masses
are equal.

Local position invariance (LPI): any non-gravitational experiment will yield the same re-
sults independently of where and when in the Universe it is performed. The laws of physics
are invariant under spacetime translations.

Local Lorentz invariance (LLI): any non-gravitational experiment performed in an in-
ertial frame will yield the same results independently on the velocity of its rest frame. In

order words, LLI states that all inertial frames are equivalent.

Schiff’s conjecture states that for a complete and self-consistent theory of gravity that
satisfies the UFF (ocasionally called the weak equivalence principle, or WEP) will nec-
essarily fulfill the EEP (Will, 2014). Now, let us just imagine two identical laboratories
performing (locally) identical experiments to determine . One located here on Earth, and
another in our neighbour, the Andromeda galaxy. According to the LPI they should mea-
sure exactly the same thing, in other words, o must indeed be constant. If this is not true,
then we are breaking LPI, and thus, according to Schiff’s conjecture, violating the broader
EEP (Will, 2014). This way, testing the constancy of fundamental constants is a test of
this principle. In subsequent chapters we will find tests of the WEP, namely the MICRO-
SCOPE experiment (Touboul et al., 2022), can be used to constrain a-varying models.
Even though this is the most accurate test for the WEP available to us at the time, there are
still constraints using lunar ranging and torsion balance measurements, found in Wagner
et al. (2012) and Miiller, Hofmann & Biskupek (2012) respectively.

The violation of the EEP is an important consequence of any theory that encompasses a
variation of the fine-structure constant, which will be discussed in more detail in Chapter 2.
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1.8 String theory and the Swampland

In modern physics, one of the main motivations to search for new physics is the search for
a unified description of all fundamental forces. One of the main contenders for providing
a unification between particle physics and gravity is string theory. String theory proposes
to replace the fundamental building blocks of nature with vibrating strings. It is the vibra-
tion of these strings that gives rise to the particles and forces observed in nature. String
theory offers a potential path toward a consistent theory of quantum gravity, while adding
certain complexity to the mathematics that describe the Universe, requiring the existence
of additional spatial dimensions beyond the familiar four-dimensional spacetime. These
extra dimensions, compactified at scales beyond current experimental reach, offer a vast
array of possibilities for model building.!! However, this complexity comes with signifi-
cant challenges, including the problem of vacuum selection in the string Landscape. The
string Landscape comprises the space of solutions to the equations governing string the-
ory, each corresponding to a different vacuum state with its own physical properties. This
leads to a question about the predictability of string theory. The Swampland is the space of
low-energy effective field theories that do not complete in the ultraviolet, see Vafa (2005).

String Theory
Energy scale (Quantum Gravity)

—_

Set of consistent low-
energy effective
Quantum Field Theories

Mol Sw$ﬂ\p|and

\

FiGure 1.6: A schematic illustration of the space of the string Landscape and the string
Swampland, from Palti (2019).

The problem with the Swampland, represented in Fig. 1.6, is that in order to search
for a complete theory of quantum gravity, one must be able to find the precise bound-
ary between the Landscape and the Swampland, distinguishing the different vacua. The
Swampland program, proposed in recent years, consists of a set of conjectures serving as
general guidelines to construct stable quantum field theories of gravity Palti (2019). This

"' The different ways to compactificatify the extra spatial dimensions lead to a large number of possible
solutions, bigger than 1075 (Halverson, Long, and Sung, 2017).
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thesis does not focus on the theory behind string theory or on the validity of such con-
jectures. It will, however, make use of string theory motivated models and Swampland

conjectures.

1.9 Outlook of the thesis

The fine-structure constant is one of the fundamental parameters in physics, governing the
strength of electromagnetic interactions and playing a pivotal role in a wide range of phys-
ical phenomena, and studying its variation may lead to the discovery of new physics. A
variation of o would directly imply a breakdown of the EEP, representing a profound shift
in our understanding of nature, challenging the foundations of General Relativity and of-
fering insights into a unified theory of quantum gravity. Variations of v can be modeled
by coupling scalar fields to the electromagnetic sector, or occurring naturally as a conse-
quence of certain string theories. The dynamics of these scalar fields over cosmological
timescales leads to measurable changes in . As stated previously, Class I models can
provide with dark energy, removing the necessity of a cosmological constant. By studying
these models, we can test the interplay between fundamental constants and the dynamics
of the Universe’s expansion, providing new light to dark energy and the cosmological con-
stant problem. Cosmological and astrophysical phenomena also offer key motivations, as
in the case of BBN and the lithium problem. Additionally, variations in o have effects on
the cosmic microwave background and large-scale structure, allowing us to probe early-
Universe physics and constrain cosmological parameters. It can also prove useful for the
H, tension.

Empirical studies of a-variation span a wide range of methods, ranging from quasar
absorption spectra, which probe the conditions in distant astrophysical environments, to
highly precise atomic clock experiments conducted on Earth. These complementary tech-
niques have yielded some of the stringent constraints on «.. Exploring the behavior of the
fine-structure constant not only allows us to test existing theories, but also opens the door
to the potential discovery of new physical laws that govern the Universe. As such, the
study of a-variations represents a relevant area of research with far-reaching implications
for cosmology and particle physics.

This concludes the introduction chapter. Chapter 2 extends on some of the topics dis-
cussed in this chapter including fine-structure constant variations, their relation with the
EEP and dark energy, descriptions of the Bekenstein model in Vacher et al. (2022), string
theory motivated models including the runaway dilaton, and rolling tachyon models dis-
cussed in Vacher et al. (2023) and Dias et al. (2024), respectively. In addition, the compati-
bility of the Swampland criteria with the latest cosmological data (including fine-structure
constant data) will be examined, applying these constraints to various quintessence models
for dark energy, as explored in Schoneberg et al. (2023). Chapter 3 details the datasets



26 CONSTRAINING COSMOLOGICAL PARADIGMS THROUGH FINE-STRUCTURE CONSTANT VARIATIONS

used throughout this work and the methodologies and codes used to constrain the models.
Finally, in Chapter 4 we can find the results of the studies conducted, and the respective

discussion, followed by the conclusion in Chapter 5.



2
Theoretical Framework

Before describing the models studied in this thesis, it is important to discuss in more detail
some of the theories behind the variations of the fine-structure constant and its connections
to the EEP. It is useful to start with a simple phenomenological model, proposed by Jacob

Bekenstein.

2.1 Variations of the fine-structure constant a la Bekenstein

In 1982, Bekenstein published a paper, whose title, “Fine-structure constant: Is it really
a constant?”, inspired many others to ask the same question. In Bekenstein (1982), he
proceeds to describe a theory of a varying fine-structure constant, highlighting the funda-
mental ingredients necessary to do it consistently. This is done by slightly modifying the
Lagrangian for the Electromagnetic (EM) field. In order to get a fine-structure constant
that is spacetime dependent, we can impose a variation of the elementary charge, since
a = e*/ (4reghc). It is easy to see that, in this scenario, we do not have charge conserva-
tion. So, the need arises to adopt certain postulates for the framework. First, for a constant
«, one must recover Maxwellian EM. Secondly, variations of o must arise from dynami-
cal equations, implying that the variations influence charged matter while charged matter
influences a. We must also require that these dynamical equations are derived from an
invariant action, which must be locally gauge invariant and respect causality. It must also
be time reversal invariant. The author imposes that the theory must be valid up to a certain
scale, the Planck’s length. Finally, gravity is described by Einstein’s equations, however
the EEP must not be assumed, otherwise « variability is out of the question.

Now that the fundamental postulates of the theory have been established, one can start
to think about how to write down the Lagrangian. As stated above, we vary « by requiring

a variation in the elementary charge e. Considering neutral atoms, we must require that

27
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e changes in the same way for all particles as e = ege (z*), where e is a constant and &
describes the variation of the charge, is a constant for all particles. The simplest action to

consider is |

Semy = ——— | d*x /—g F™F, | (2.1)
167 "

where F,, = ¢ [0, (¢A,) — 0, (¢A,)], recovering the usual tensor for constant . It
is important to note that F,, is gauge invariant, where the gauge transformation for the
vector potential is €4, — £A, + 9, x. Terms such as m?A, A" violate gauge invariance,
and higher order terms in F,, do not give Maxwellian electrodynamics for constant c.

When varying S,,, one does not get a dynamical equation for €. One of the postulates
is that the dynamics for the variation of o must be derived by an action principle. For this
reason, one must have a separate action for €. We want the action to be invariant under
rescaling of ¢, so the Lagrangian density must be constructed from the metric and £~19),¢.
Given that ¢ is a dimensionless quantity, the Lagrangian density £. o< =2 9,,¢ 9" does not
have the required dimensions, for any given combination of i and c¢. Any combination of
the Lagrangian above with the Ricci scalar or Ricci tensor can give the correct dimensions,
although such terms will introduce extra derivatives on J,,e O"¢, violating causality. This
problem can be solved by introducing a length scale [

1
S = —5501_2/d49: —ge? 0, O''e . (2.2)

The introduction of [ causes problems for scale invariance, but the theory is safe for 10~1°
cm > [ > 10733 cm. As long as [ is between those values, the theory does not contradict
the experimental tests of electromagnetic theory. An extended discussion on this model
can be found in Bekenstein (2002).

This model is a good starting point if one wishes to build a cosmological model for
varying «. This is exactly what is done in Sandvik, Barrow & Magueijo (2002). Starting
from Bekenstein’s idea of a varying « they build a more general model, where they include
the effects of the gravitational dynamics of the expansion of the Universe. The Lagrangian
densities for the scalar field € and for the EM part of the theory are the same as the ones
shown above. Asin Magueijo, Sandvik & Kibble (2001), by introducing the transformation

1 := In¢ the Lagrangians becomes

1 1
Lom = —Ze*QFW Fr = —Ze*wa Fr (2.3)

and
w
Ly =—5090", (2.4)

where w =/fic/I?. The action for this model is

S = / d'z /=g (Lg+ Linat + Ly + Lem e7Y) (2.5)
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where L, = (167TG)_1 R and L,,,; is the Lagrangian for the matter content. An auxiliary
gauge field a,, := €A, can be introduced, so that f,,, = ¢F,,, = d,a, — 0,a,, recovering
the usual form of the EM Lagrangian. At this point, one can vary the action in terms of the
metric to derive the cosmological equations, or in terms of the scalar field ¢ to obtain the
dynamics describing the variations of «. It can be shown that varying the action in terms

of the metric yields
mat em _—2
G, =8nG (Tn" + T, + T eY) . (2.6)
This equation describes how the contents of the Universe and spacetime curvature affect

each other. For the dynamics of ¥ one can find

Oy = _2 e Lo - .7)

w

For pure radiation L., o< (E* — B?) = 0, so the equation of motion for ¢ becomes
[y =0. (2.8)

Thus, in a radiation-dominated Universe, the contribution to the change in e is negligible.
The « variation effect must come from the matter and dark energy dominated epochs.
One can now ask how does the Universe evolve with this field as one of its contents.

The first step is to write the Friedmann equation
Gy = 877G (ngat +TY + Tem e—w) . (2.9)

Assuming a spatially-flat, homogeneous and isotropic FLRW metric with the scale factor
a(t) we find

a\®  8rG _ o, W
(a) :T [pm (1+§€ 2¢)+pre 2w+§¢2+PA] ) (210)

where py = A/ (87) is the cosmological vacuum energy and ¢ a coupling constant. This
equation describes the rate of expansion of the Universe dictated by its contents. From
Eq. (2.7), using the FLRW metric, one can find the following equation dictating the dy-
namics of the field

b+ 3HY = ge—wg o - @.11)

The conservation equations for the matter and radiation densities are

oy +4H p, = 2p, (2.13)

Eq. (2.10)-(2.13) describe the cosmological evolution for this model. To quantify the
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amount by which the fine-structure varies for this model is fairly simple. Recalling the

relation ¢ = In ¢ one finds

Ao  « €
—_——1_(— — 1= 1, (2.14)
« (o)) €0
where the subscript 0 refers to the value of that quantity today.
Another interesting quantity to compute is the Eotvos parameter 7, which quantifies
weak equivalence principle violations. This parameter is defined by a ratio of accelerations

of two different bodies

—olu—al (2.15)
ap + as
which in this case is
i CelG — Gl _ Celé — Gl G Gm (2.16)

Tw ¢ Cmow

where E denotes Earth, and the numbers 1 and 2 refer to two different test bodies.

This analysis is useful to get an initial idea on how the variations of the fine-structure
constant arise and how they lead to violations of the EEP. A more detailed analysis of
this model is present in Barrow, Sandvik & Magueijo (2002), and in Barrow, Magueijo &
Sandvik (2002) one can find variations of the model described above, where the authors

consider inhomogeneous cosmological variations in the fine-structure “constant”.

2.2 Dynamical coupling constants and EEP violation

In Kaluza (1921) it was first proposed to extend the spacetime metric to a S-dimensional
quantity, coming to the conclusion that the fine-structure constant depended on the size of
the extra-dimension (compactified in a circle). In 1967, Weinberg (1967) used the Brout-
Englert-Higgs mechanism to write the masses of leptons. What were once thought fixed
structures of the physical world evolved into quantities determined by dynamical effects.
In 1964, it was shown that in any theory in which the coupling constants are spacetime
dependent, there will be some sort of violation of the weak equivalence principle (DeWitt
and DeWitt, 1964). Since then, many authors have applied this idea to specific models.
One example of this is the dilaton model, from a string theory background, where all the
couplings are spacetime dependent and that dependence is monitored by a scalar field (see
Damour and Polyakov, 1994). A general formula for the structure of Einstein’s equivalence
principle violations for the dilaton is derived from this last paper.

The EEP is a cornerstone of the theory of general relativity. It is a statement about
the equivalence of the gravitational and inertial mass. In other words, the acceleration
experienced by a falling body is equivalent to the presence of an external gravitational

field. This idea was of the utmost importance when Einstein was building his theory of
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general relativity. Even though Einstein added the EP as a hypothesis, it arises as a direct
consequence of the existence of a universal coupling between matter and gravity, the curved
spacetime metric, see Damour (2012). There are several models that predict the violation
of this principle. A dynamical scalar field leading to a varying « will necessarily violate
the EEP. The relation between these observables is model-dependent, but calculable in a
given model. Understanding these consistency conditions is therefore important, not only
for comparing the results of different observational probes, but also as a discriminating
test between alternative models. It is important to investigate if these kinds of models are
compatible with all the extremely accurate tests of the EP, such as Touboul et al. (2022),
Wagner et al. (2012), and Miiller, Hofmann & Biskupek (2012). Most EEP tests done so
far are local, performed on the ground or on orbiting satellites.

Itis of the utmost importance to understand how the EEP is violated and how to quantify
this violation, if one is to test it. To quantify violations of the EEP we define the so-called

Eotvos parameter as
|aa — ap|

, 2.17
aj+ ap ( )

n=2

where A and B are indices referring to two different particles. Usually, we would have
a4 — ap = 0 but, with variations of the fine-structure constant, two different objects (with
different nuclear compositions) will accelerate at distinct rates when placed in a gravita-
tional field. How does one compute the acceleration of an object placed in a gravitational
field when the fundamental constants are spacetime dependent? In Damour (2012) we can
get a good idea of how this can be done. Starting with the action of a point particle in a

gravitational field
/mZ —gw,da:“dx (2.18)

where we are only considering the variation of the fine-structure constant. Note that now
the mass of a particle is dependent on the value of the fine-structure constant, since among
other things, it receives a contribution from EM interactions. The acceleration is then given
by

;=g —Vinm;[a(¢)] =g— m/@g%ﬁﬂ

From this equation it is clear that a variation of «, corresponding to Va # 0, will result in

Va. (2.19)

a violation of the UFF (a; # g). From Uzan (2003) we have that, for a model with coupling
to [
m(A, Z,¢) =Zm, + (A—Z)my, + Es + Egy (¢) - (2.20)

By specifying the degrees of freedom responsible for the variations of «, one can get a
general expression for the E6tvos parameter, using the empirical mass formula above. The

next logical step in this thesis is to look at such models.
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2.3 Olive & Pospelov - the extended Bekenstein model

The so-called extended Bekenstein model is a generalization of the model described in
Section 2.1. Now, instead of having a scalar field coupled to the EM sector, we can have
a general function of the scalar field B (¢), responsible for the variations of the fine-
structure constant. Dubbed as O&P model, this model assumes a coupling of the scalar
field ¢ with all the fermion fields of the standard model ), the dark energy assumed to be
a cosmological constant A, and a dark matter particle y, as proposed in Olive & Pospelov
(2002). Therefore the cosmological action becomes

1 1
5= [ dey=g {~ MaR+ 5M20,60° — MEuBa (9)

- iBF (¢) Eyu F*™ + 9 [iv" D,y — my By (¢)] % (2.21)

+ X7 Dy = MB, (8)] x =V (9) }

In this work it is considered that V' (¢) = 0 and that the field is homogeneous, with no spatial
variations. It is important to notice that, the term M3 ,Aq B, (¢) is effectively acting as a
potential for the scalar field. Assuming that the field value remains small on cosmological
time scales, one can expand the couplings up to the first order obtaining the evolution of
the fine-structure constant with the field

Aa _a(9)

« (7))

—1=B;'(¢) — 1= —(pA¢, (2.22)

by expanding the couplings up to first order B; (¢) = 1 + (; (¢ — ¢p). Expanding to first
order in ¢ is enough, since A«/a is constrained to be very close to 0. From this expression,

one can derive today’s time derivative of « as

1 [a ,

As in Olive & Pospelov (2002), we also assume that the background cosmology evolu-
tion in the O&P model is given by the FLRW metric, where the field’s density and pressure
are given by p, = 1M2¢?, Py = LM2¢?. Here, M, is a mass scale associated to the ¢ sec-
tor. Throughout this work, it was assumed that the energy scale associated with the varying
« is of the order of the Planck scale, M, = Mp;. Minimizing the action with respect to ¢

gives the coupled Klein-Gordon equation of motion
. : 1
O+3HO = =15 D i, (2.24)

where (; = ((y,Ca, (). Note that (» does not appear in the equation of motion due to a
null averaging of the photon fields (F?).
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One can also define the E6tvos parameter for this model. For a system of two masses of
Aluminium and Platinum, the Eotvos parameter 7, quantifying deviations from the WEP,
can be expressed as in Olive & Pospelov (2002)

n~29-10"2¢Cr , (2.25)

where (; is the coupling constant of the field to baryons. It is important to note that this
expression is obtained assuming that the field ¢ does not distinguish between protons and
neutrons, coupling the same way for both.

In Vacher et al. (2022), two scenarios of this model were explored. The first, where we
assume that the field couples identically to baryons and dark matter ((,, = (, = (,) and
finally, a scenario where we allow for these coupling to be different ((;, # (). Due to the
degeneracies of the parameter space appearing in the observables, one can only constrain

their product. As such, we introduce the new product parameters 7; defined as 7; = (¢ (.

2.4 Runaway dilaton

In opposition to the more phenomenological models presented above, we now present the
runaway dilaton. In string theory, GR emerges as a low-energy limit of string theory,
predicting the existence of a scalar partner of the graviton, known as the dilaton. For a
massless dilaton, one finds that all the coupling constants in the theory become dependent
on the dilaton ¢, hence becoming spacetime dependent.

As in Damour & Polyakov (1994), the low-energy effective action for the massless
modes of a string is given by

S - /d4x \/g{ BQM@R + 434’:@ (06— (V6] — Br (6) {F°
(2.26)

—Bw(¢)$w+...},

where 1/ (usually defined as o in the literature but redefined in this work to avoid con-
fusion with the fine-structure constant) is a quantity related to the string scale, and the B;
are coupling functions to the different sectors of the theory. One can then introduce the

following rescaling, for the metric, such that we recover the usual Lagrangian for gravity.

Guv = CBg (¢) g/u/ ) (227)
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where we choose C' such that, at the present time C'B, (¢o) = 1. With these rescalings,

one finds that the total action in the Einstein frame is given by

R 1
S = /d4l’ ﬁ[m -+ % (g/wau¢au¢ - V(¢))

] (2.28)
— B FLF™ — By(@)ilu +...,].

One can now wonder what are the cosmological consequences of this model. The way
to proceed is exactly like before: vary the action with respect to the metric to find the
equations describing the evolution of the Universe, and vary with respect to the rescaled
dilaton field to find its dynamical equation. The Friedmann equation and the runaway

dilaton equation for this model are

H? = %p : (2.29a)
é+3H¢p = 4nGo (2.29b)

where the p is the total density of all components of the universe (including the dilaton).

Furthermore, the o parameter is given by

1 oV
UZUV—FOm:—%%—F;Oﬁ(gb) (SR_pz> s (230)

where «; () are the dilaton couplings to each field i, not to confuse with the fine-structure

constant «. The total energy and density of the field ¢ are defined by

1 r.

po=pr+pv =g |#+V(9)]. (231)
1 r.

Po=Prt P == [# - V(). (2.32)

where 7" and V' denote the kinetic and potential contributions respectively.
The coupling of ¢ to the hadronic matter is a relevant parameter, and its evolution is

given by
dln By (¢)

d¢

where «y, is the coupling of the scalar field to hadronic matter and b is a constant. Setting

an (¢) ~ 40 =40 bp ce (2.33)

¢ = 1 one can eliminate by by diving the coupling by the present day coupling of the field

to hadronic matter (o)
Qh — o (#=¢0)

Q0

, (2.34)

and ¢ is a scalar field at present time.
There are two local constraints for the current value of the coupling, the Eddington’s

parameter -y that quantifies the amount of deflection of light and the E6tvos parameter. The
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Cassini spacecraft constrains the Eddington parameter (Bertotti, Iess, and Tortora, 2003)
as
y—1=(214£23)1077, (2.35)

and we have that
vy—1= —204%70 . (2.36)

As for the Eotvos parameter, for two different particles A and B, it is given by
nag ~ 5.2 x107%aj (2.37)

We are interested in studying spacetime variations of the fine-structure constant for this
class of models. Following the previous assumption that all gauge fields must couple to the
same Br (¢) we must have

apy X Bp' (¢) o< (1—bpe™?) | (2.38)

which implies that the fine-structure constant (ag)y) is related to the hadronic coupling.
The dynamical equation describing the evolution of the fine-structure constant is given in
Damour, Piazza & Veneziano (2002), where the authors perform a similar analysis starting
from the same assumptions, finding

J e bpe=® ap,

S Nb efch/N_/' 239

Hao 1—bFe—c¢¢ E ¢ 40¢ (2.39)
In order to figure out the evolution of the fine-structure constant, one can integrate Eq. (2.39)
to get « in function of redshift
a(z) —ap

Ao (2) = ————=B"(¢(2)) — L =bp (e —e’?) . (2.40)
(% Qp

Making explicit the dependence on the hadronic coupling

Ao 1 e (6(2)—
== () = pano [L— e (2.41)

In Vacher et al. (2023), different scenarios were explored: a runaway dilaton with a
cosmological constant A; a runaway dilaton with a constant coupling to dark energy; and
a runaway dilaton with an exponential potential. For the first two cases the potential is set
to V' = 0 and for the last case, with the exponential potential, the dilaton can provide dark
energy.
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2.5 Rolling tachyon

The rolling tachyon, similarly to the runaway dilaton, is a model that arises from string
theory. In particular, when studying Dp-branes one finds that they incorporate both mass-
less and massive scalar fields, gauge fields, and a tachyon, commonly referred to as the
rolling tachyon (see Sen, 2002a). The Dp-branes are p-dimensional objects where the end-
points of open strings are constrained to move under Dirichlet boundary conditions. These
branes are fundamental components of any string theory framework and can be regarded as
distinct dynamical entities, carrying momentum, energy, and charges. The low-energy ef-
fective action governing the behavior of D-branes is known as the Dirac-Born-Infeld (DBI)
action (in Leigh, 1989; Gibbons, 2002), being initially introduced as a generalization of
electromagnetism (Dirac, 1962; Born and Infeld, 1934). The tachyon is characterized by an
imaginary mass, which, in classical terms, might suggest superluminal motion. Nonethe-
less, they maintain causal commutation relations, ensuring that causality is preserved. The
units of this field are unconventional. Because gb is dimensionless, it follows that ¢ car-
ries units of time, or equivalently inverse energy—unlike a canonical scalar field, which
is either dimensionless or expressed in energy units via the Planck mass. Meanwhile, the
potential retains the standard units of energy density. Consequently, the field’s values must
generally be interpreted relative to the coeflicients appearing in the potential.

From a cosmological perspective, the tachyon field exhibits a notable property: its dy-
namics are described by a non-canonical Lagrangian. This leads to unconventional forms

for the energy density and pressure associated with the field. The Lagrangian density for

the tachyon field is
Ly ==V (¢)\/1—=0.00"¢, (2.42)

and the energy density and pressure are given by

V1-0,600"
po=-VI(d)\/ 1 —0.00"¢. (2.44)

From this, one can express the equation of state as

P .
we=-—2=¢* -1, (2.45)
Po

which is constrained between —1 < w, < 0. To derive the equation of motion for the

rolling tachyon we analyze the following action for the field ¢

R
5= [aav= [—ﬁ YV (6)T=0ud0) . (2.46)
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where k£ = v/87(G. It is important to note that the variation of the fine-structure constant

is derived from the following interaction term

(2mal)?

Eint = 4—52

V(e)Tr (g7 Fg™) + ... (2.47)

where o is a quantity related to the string mass scale and [ is a warped factor. The first
term is the usual term describing gravity, followed by the rolling tachyon term (with he
field ¢), the electromagnetic sector coupled to the rolling tachyon field B (¢) and finally
the Lagrangian for the term containing the matter content of the Universe. In order to
investigate the dynamics of the tachyon field one has to vary the action with respect to the
scalar field as 65/0¢ = dS = 0. By doing this, one finds

68 = — / d'z\/—g {5 (v (¢) /1 — 0a¢3“¢> + iFWF“”éBF (cb)} =0. (243)

Computing each term separately, for the first term one finds

5 (V) VI=0.00°6) = V' (8) V1= 00076 66 + V (6) 611 — 0360%6 , (2.49)

where the primed quantities are derivatives with respect to the tachyon field. The variation

of the square-root term can be a bit more complicated

/ d'e/—g 01 — D02 = / d*r/—g (1= 0,00%0) 2 0°¢ 0,00 .  (2.50)

By applying partial integration to the expression above, and neglecting the boundary terms
as they do not contribute to the equation of motion, we are left with

V(¢)0°
V'(¢) V1= 0.00% + Vg {%] =0. (2.51)

We will consider an homogeneous, isotropic and flat Universe, and for that using the FLRW
metric. We will also assume the field to be homogeneous (0,,¢ = —0;¢). It will be required

to compute the d’Alembertian operator of the scalar field, which we can easily see that it is
O¢ = ¢"'V,0,¢ = g™ (Qﬁwf) - Fawaa(b) = —¢—3H¢ . (2.52)
Finally, one can write the dynamical equation for the rolling tachyon as

;
1— ¢2

It is interesting to note that, while the Lagrangian for the rolling tachyon is non-canonical,

. 1dV
H ——=0. 2.53
+3 ¢+Vdgb 0 (2.53)

for || < 1 the field behaves like a canonical scalar field (a short discussion on this can be
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found in Appendix A of Dias et al., 2024)." Furthermore, in the limit of gb — 0, the field
behaves like a cosmological constant. The tachyon field is a natural candidate to explain
the late-time expansion history. Throughout this thesis, we will assume that the field alone
is sufficient to play the role of dark energy.

Another interesting consequence of the DBI action is that the coupling of the tachyon
field to the EM sector arises naturally, in opposition to the previous models where a cou-
pling like By has to be postulated. This can be seen from the more general DBI action for

a D-brane

S=— / 2V (¢) ¢ — det (g + 0,00, + 27 f~1F,,) | (2.54)

where [ is a warped factor, related to the compactification of the extra dimensions, and
M3 is the string mass scale Sen (2002a), Sen (2002b), Garousi, Sami & Tsujikawa (2005),
Copeland et al. (2005), and Martins & Moucherek (2016). One can show that the last term
in the integral is equivalent to the usual term describing the EM sector, coupled to the
tachyon field. By expanding the determinant one finds

N2
Loy = —WF‘”FM : (2.55)

where we can compare the factors multiplying F'? with the coupling function Br. A de-
tailed derivation can be found in Appendix A of Dias et al. (2024). Realizing that, for string
theory, the fine-structure constant is defined as

_ M

a(g) = V()

(2.56)

We can express the variation of the fine-structure constant, independently of 5 and M, as

Aa _ V()
Qo V(¢)

The fact that the variation arises naturally means that this model is restricted by cosmolog-

1. (2.57)

ical and fine-structure constant constraints, preventing a fast evolution within the potential,
as we will see in Chapter 4. In this limit, there is also a canonical field equivalent.

There are a number of different potentials well motivated from a high energy perspec-
tive. It was considered in this thesis a set of potentials proposed in Garousi, Sami & Tsu-
jikawa (2005) and Copeland et al. (2005) due to their cosmological relevance. The most
relevant of those will be discussed, however for a full description of all the potentials see
Dias et al. (2024).

!'In order to see this it is required to re-normalize it as qNS = [VVde.
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Massive rolling scalar potential

0.000

0.08
—0.001

-10% ~0.002 Ry =6-10°
10! —— Ry=6-10
6 - 10° — Ry=6-10°

107! ~0.003 4 Ry=6-107"

Mo

0.04 4

Aa/ag

n

—0.004

—0.005

T T T T
100 10 10? 10° 100 10 102 10°
14z 14z

Ficure 2.1: Plots for the evolution of the massive rolling scalar potential and variation of
the fine-structure constant from Dias et al. (2024). Note that both 7 and Aa/agp almost
perfectly scale with the initial value of 7 (1..), and therefore we fix 7, = 0.1.

The first of the potentials to be described is the massive rolling potential, which given
by

V (¢) = Voexp BM W] : (2.58)

It represents an effectively massive potential, since In V' = In V) + %M 2¢?. The field ¢ can
be replaced by a dimensionless one n = M ¢. The equation of motion for this new field

becomes
1 /

n+m / 2
—+3 R*=0 2.59
Rg_(ﬁ,)ﬁ n+n ; (2.59)

where R = M /H, and v = dIn H /dIna. It is evident that the equations only depend on
R, n, and V), along with their derivatives with respect to the logarithm of the scale factor,
denoted here by a prime. The evolution of 7, and the variations of « can be seen in Fig. 2.1.

The condition |¢| < 1 imposes the constraint || < R, which can also be derived from

the equations of motion. The variation of the fine-structure constant is given by

A 2 _ .2
it = exp (M) -1, (2.60)
(7)) 2

where 79 = n(z = 0), and its logarithmic derivative is o/ /oo = —n) - 17’

Inverse Power-Law Potential

The inverse power-law potential is given by

V(¢) = Vo(No)™, (2.61)
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Ficure 2.2: Same plots as in Fig. 2.1 but for the inverse power-law potential. We set
boo = 10*Mpc ~ 3.34h/Hy, balancing it with N = 10~3Mpc~! for easier visualization.
From Dias et al. (2024).

where N is an arbitrary constant, and Vy = V(¢ = 1/N). In this formulation, N cancels
out from the equations of motion and the expressions for the fine-structure constant, making

it physically irrelevant. The equation of motion for this potential is

.on
—+3H¢p—— =0, 2.62
5 5 (2.62)
For this potential, the variation of the fine-structure constant is
A n
Aa _ (ﬂ> 1 (2.63)
Qo Po

with o /oo = —n¢'/¢. Prior studies by Garousi, Sami & Tsujikawa (2005) and Copeland et
al. (2005) indicate that this potential supports accelerated expansion asymptotically only
if n < 2. However, even for n > 2, transient acceleration can last long enough to be
cosmologically significant. When n = 0, the model is fully equivalent to a cosmological
constant, and no constraints are expected for ¢,. Figure 2.2 shows example field evolutions

for different values of n.

Anti-Massive Potential

The anti-massive potential is given by

V() = Vpexp [—Mgd"] , (2.64)

and is the direct equivalent of the massive potential. Using the same transformations with
n = M¢, we define R = M/H, and v = dIln H/dIna. The fine-structure constant
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Ficure 2.3: Same plots as in Fig. 2.1 but for the anti-massive potential. We set 7, = 0.1
and test various values of Ry. From Dias et al. (2024).

variation is A

a_? = exp (772 — 773) -1, (2.65)
with o/ /ae = - . Figure 2.3 illustrates examples of field evolutions for different values
of Ry. In this scenario, the field moves away from the origin (n = 0) as soon as R ~ 1
during cosmic evolution. It is generally expected that this behavior is strongly constrained

by local data.

2.6 The Swampland and Cosmological Implications

String theory, as our best candidate for a unified framework of quantum field theory and
gravity, proposes a “landscape” of consistent low-energy effective field theories. Surround-
ing this landscape is the so-called Swampland, a set of quantum field theories that are in-
consistent with quantum gravity.> To differentiate between viable theories and those in the
Swampland, a set of criteria—known as the Swampland conjectures—have been proposed.
These conjectures are particularly relevant for cosmology, and place stringent constraints
on effective field theories describing the Universe. Here, we discuss the two most relevant
criteria, their implications for cosmological models, and their role in testing the viability of
quintessence as a dynamical alternative to a cosmological constant (Agrawal et al., 2018).

Distance conjecture:
This conjecture states that the traversable range of scalar fields in field space is bounded by
A¢

— S0 2.66
1, SO (2:66)

2 A complete review can be found in Palti (2019) and Beest et al. (2022).
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where Mp; is the reduced Planck mass. The conjecture suggests that beyond a finite range
in field space, the validity of the effective field theory breaks down, limiting the field ex-
cursion A¢. This restriction has profound implications for scalar-field-driven cosmology,
as it constrains the dynamics of fields responsible for phenomena such as inflation or dark
energy.

The de Sitter conjecture:
The de Sitter Conjecture places a bound on the slope of the scalar potential V' (¢), requiring
either

VOl 00) o g6) =229 >00). @6

V() () ~

where primes denote derivatives with respect to ¢. We will denote these two constraints

A¢) =

as the first and second Swampland criterion, respectively. For the de Sitter criteria to hold,

either A(z) or g(z) must be positive and, at least, of order unity.

Testing the Swampland with Cosmological Data

To test these criteria, we analyze cosmological datasets within the framework of quintessence.
In this model, dark energy is treated as a dynamical degree of freedom described by a scalar
field minimally coupled to gravity. The action for quintessence is given by

2
S = / d*zv/—g {%R — %g“”Gijaucﬁiayqﬁj —V(g)+...| (2.68)

where G;; is a metric over field space, reducing to 1 in the single-field case and g, is the
usual metric. For a single scalar field, the Klein-Gordon equation governing its evolution
is

b+3H)+V'(¢) =0, (2.69)

with the field density and pressure given by
1., 1.,
Py = §¢ +V and Py = §¢ -V. (2.70)

For this model, the expression for A«/« has to be postulated. However, one should expect
to encounter a varying fine-structure constant for the UV-complete theory within the frame-
work of string theory, unless there is some symmetry preventing this. The Lagrangian for

the electromagnetic sector becomes

1
Low =~ Br (9) F, F™. @.71)
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Since we don’t expect « to significantly change at cosmological scales, we can Taylor ex-
pand the coupling function at first order as Br (¢) ~ 1+ ( - (¢ — ¢o) leading to

A
YL A (2.72)
o)
Furthermore, as earlier, by taking the derivative of A«/a with respect to In a, one finds the

time variation of the fine-structure constant:

L do . do
dlna’

il = 2.73
(&) dlna ( )

In Schoneberg et al. (2023), a vast number of potentials are explored. However, perhaps

the most interesting one is the simple exponential model with
V(¢) = Aexp(A¢/Mpy) (2.74)

where \ is a constant. For this case, the first Swampland criterion is taken to be constant,
since A(z) = Mp|V'/V| = A. By taking the second derivative of the potential with
respect to the field we find V”/V = A\? implying g(z) = —A? < 0, meaning that the sec-
ond Swampland criterion is always violated. In Raveri, Hu & Sethi (2019), an expression

relating the distance with the de Sitter conjecture is derived and is given by

1 1+v1I=Q,,
In — 2| ~ 020\,
Vi, \1-yi-Q,

where {2 ~ 0.31 has been used. This relation is represented in Fig. 2.4, and it allows

A
|Ag/Mp| ~ 3 { (2.75)

A

Ficure 2.4: Correlation between the two Swampland criteria in the exponential case, from
Schoneberg et al. (2023).

to conclude that the focus should be investigating the first Swampland criterion. This is
because the second criterion is, by definition, always violated and the distance conjecture

is more easily satisfied.
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Recent studies have highlighted tensions between refined versions of the Swampland
criteria and cosmological observations, as detailed in Agrawal et al. (2018), Gashti &
Sadeghi (2022), and Fukuda et al. (2019). Provided the conjectures are accepted, they
serve as valuable tools for testing cosmological models, in particular, models with dynam-
ical dark energy.® In the next section, the datasets and methodology used to constrain this

models will be described.

3 More details on the implications of the Swampland conjectures to dark energy can be found in Heisenberg
et al. (2018), Heisenberg et al. (2019), Wang (2020), and Raveri, Hu & Sethi (2019).
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Datasets and methodology

To constrain the parameters of the models described in Chapter 2, we need a powerful
code that can compute the dynamics of all the cosmological components throughout the
evolution of the Universe, in addition to the dynamics of the fields previously described.
The so-called Boltzmann solvers allow the computation of cosmological parameters as an
output of these dynamics, while they can be modified to take into account variations of
the fundamental constants. They can also compute perturbations, but it goes beyond the
scope of this thesis as we do not inquire about spatial variations of «. The Cosmic Lin-
ear Anisotropy Solving System (Lesgourgues, 2011), or CLASS, was chosen as it is a code
that fulfills all of the above mentioned requirements, and was already being used by cer-
tain collaborators.! In order to derive constraints for both the cosmological parameters
and the model specific ones, the MontePython v3.5 code for Bayesian MCMC inference
was used (Brinckmann and Lesgourgues, 2019).> Together with GetDist (Lewis, 2019),
for the visualizing data and producing contour plots, we reach an effective methodology
to constrain the proposed models by exploring the synergies between these codes.® It is
relevant to note that in later works (Dias et al., 2024), Liquidcosmo was used as a replace-
ment for GetDist.* Liquidcosmo was developed by Nils Schéneberg (ICC, Barcelona
University), and his code allowed for a facilitated production of contour plots, removing
some problems encountered with GetDist.

To use CLASS to constrain the models described in the previous Chapter it is necessary
to modify the Boltzmann solver to incorporate the dynamics of the fields. This is not an
easy task due to the complexity of the code. For the extended Bekenstein and runaway

dilaton model, these alterations were performed by Léo Vacher (SISSA, Trieste) and Nils

! Available at https://github.com/lesgourg/class_public.

2 Available at https://github. com/brinckmann/montepython_public.
3 Available at https://github.com/cmbant/getdist.

4 Available at https://github.com/schoeneberg/liquidcosmo.
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Schoneberg, and I was able to accompany the process, getting familiarized with the code.
The modifications to the CLASS software for the rolling tachyon were implemented by me
with the invaluable help, advice and guidance of Léo Vacher and Nils Schoneberg.

It is relevant to mention that, for the rolling tachyon project, the computational work
that was conducted by me (and several runs for the Swampland project), with the support of
INCD funded by FCT and FEDER under the project FCT/CPCA/2022/01, with reference
2022.72694.CPCA.AOQ, and under the Advanced Computing Project “Variation of funda-
mental constants - Constraining models beyond the Standard Model of Cosmology” with
reference 2023.10382.CPCA.A1.°

For the four models explored in this thesis, a similar combination of datasets was used.
A succinct description of the data used in common throughout the four papers will follow,

along with certain exceptions.

Common datasets

Throughout this thesis the following likelihoods, for cosmological data, include:

— Planck: CMB data from the Planck 2018 data release, using the Planck legacy like-
lihood Aghanim et al. (2020a), and the lensing (Aghanim et al., 2020b).°

— BAO: we use the DR12 data from the SDSS-III BOSS survey (Alam et al., 2017)
as well as the SDSS main galaxy sample (Ross et al., 2015) and the 6dFGS sample
(Beutler et al., 2011).”

— Supernovae: The Pantheon+ supernova sample from Scolnic et al. (2022), compris-

ing 1701 uncalibrated supernovae light curves with redshifts up to z = 2.26.
— Cosmic chronometers (CC): H (z) measurements from Moresco et al. (2022).
Regarding fine-structure data the likelihoods are:

— Atomic clocks (AC): Local data to place bounds on the drift rate of the fine-structure
constant from Filzinger et al. (2023).

— Oklo: The analysis of the abundances from the natural nuclear reactor at Oklo allows
us to obtain a bound for Aa/«, from Petrov et al. (2006).

— Quasars: A set of more than 300 measurements from VLT-UVES, Keck-HIRES,
HARPS and Subaru instruments in Webb et al. (2011) and Murphy & Cooksey

3 The project can be found in https://doi.org/10.54499/2023.10382.CPCA. A1.

6 Available at https://pla.esac.esa.int/.

7We haven’t used updated datasets like DR16, in Alam et al. (2021), and DESI BAO, in Adame et al.
(2024a) and Adame et al. (2024b), as they don’t majorly affect the parameter constraints in the models. This
way, we did minimized the convergence time of all the runs.
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(2017), and described in Martins (2017).8 Finally, we also use the recent ESPRESSO
spectrograph measurement, in Murphy et al. (2022).

Finally, we use data from MICROSCOPE to put constraints on the E6tvos parameter, from
Touboul et al. (2022). Its important to note that we did not use the likelihoods from MI-
CROSCOPE to constrain the rolling tachyon model, but more on this in Chapter 4.

Exceptions

There are certain exceptions to the list above appearing in the extended Bekenstein and run-
away dilaton models. These exceptions are Supernovae data, where we used the Pantheon
dataset (Riess et al., 2018). Regarding fine-structure data, the likelihoods are the Atomic
clocks (AC), for which we used Lange et al. (2021).

Note that for the extended Bekenstein model we have used H (z) measurements from
Moresco et al. (2016) instead. It is also relevant to note that, in the paper regarding the
Swampland paper (Schoneberg et al., 2023), we have used the updated BAO from SDSS
DR16 (Alam et al., 2021) and the ground-based ACT and SPT data from Aiola et al. (2020)
and Balkenhol et al. (2023), which provide the most precise non-Planck CMB anisotropy
data to date.

8 The original measurement papers can be found in Agafonova et al. (2011), Molaro et al. (2013), Evans
etal. (2014), Songaila & Cowie (2014), Murphy, Malec & Prochaska (2016), and Kotus, Murphy & Carswell
(2017), for the interested reader.



4
Results and Discussion

In this Chapter, the results from the extended Bekenstein model (Vacher et al., 2022), the
runaway dilaton model (Vacher et al., 2023), the dilaton model (Dias et al., 2024), and
from quintessence in the context of the Swampland (Schoneberg et al., 2023) will be dis-
cussed. For the purpose of conciseness, a selection of interesting cases are presented for
each model. A complete description of these works can be found in the aforementioned
papers. My primary contribution to this work involved testing the CLASS version for this
model, running MCMC simulations and generating the plots using GetDist.

All the chains used in the papers presented in this thesis have a Gelman-Rubin conver-

gence criterion of |R—1| < 0.05.

4.1 Extended Bekenstein

In this section, constraints for the extended Bekenstein model will be presented. As men-
tioned in Chapter 2, two different scenarios were explored in the context of this model. For
both scenarios, the initial values of the field and field speed are set to zero (z — 00), since

these values do not affect the evolution of the field due to an attractor behavior.

Universal matter coupling

In this scenario, a smaller parameter space was investigated, before constraining the full
version, assuming that the field couples the identically to baryons and dark matter as (,,, =
(» = Cy. There is no apparent reason for this to happen, but it allows for a direct compari-
son with previous constraints of this model, in Alves et al. (2018). An initial set of chains
was run using the likelihoods described in Chapter 3 (referred to as “Current”) and a sec-

ond set where the MICROSCOPE prior was removed, and the atomic-clock likelihood was

48
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replaced with the one used in Alves et al. (2018), originally obtained in Rosenband et al.
(2008) (dubbed “Alves”). Finally, a third scenario was considered, substituting the MI-
CROSCOPE likelihood with an earlier measurement of the E6tvos parameter 7, obtained
from torsion balance experiments by the E6t-Wash group (Wagner et al., 2012) (referred
to as “Eot-Wash™). This final case enabled us to evaluate the impact of WEP tests on the
parameter space and quantify the advancements provided by the recent MICROSCOPE
results. As mentioned before, the product 7; = (g(; is constrained (which should not be
confused with the Eotvos parameter 7)), instead of the (; parameters. Moreover, the prod-
ucts (r ¢ and (r ¢y, are derived quantities.

The contour plot for the extended Bekenstein model under the universal matter cou-

pling are presented in Fig. 4.1. The contour plot for the comparison of the three scenarios
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Ficure 4.1: Contour plot for the extended Bekenstein model under the universal matter
coupling assumption for the “Current” likelihood set. For both plots all parameters are
expressed in ppm. From Vacher et al. (2022).

(“Current”, “E6t-Wash” and “Alves”) are presented in Fig. 4.2 and the corresponding best-
fits are displayed in Table 4.1. From this table, it is possible to conclude that, for the
“Alves” case the results are comparable with the ones obtained in Alves et al. (2018), con-

straining the two parameters at the ppm level. Additionally, one can notice straightaway
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Ficure 4.2: Contour plots for the extended Bekenstein model under the universal matter
coupling assumption with three different likelihood sets: ’Alves’ (Gray), 'E6t-Wash’ (Red)
and ‘Current’ (Blue). All parameters are expressed in ppm. From Vacher et al. (2022)

Parameter Current Eo6t-Wash Alves
T (—0.545055) 1077 (—0.255043) - 107 0.05505
A 0.025 + 0.027 0.0241003. —0.44 1.1
Crdo —0.00735:0076 —0.007* 35086 —0.7%55
Croy —0.0014+3:9016 —0.01579:013 0.17 4+ 0.27

TaBLE 4.1: Best-fit values of the parameters for the extended Bekenstein model universally

coupled to matter with associated 68% confidence levels (C.L.) in ppm, from the combina-

tion of currently available data. For comparison, the analogous constraints for two earlier
sets “Alves” and “Eo6t-Wash” are also shown. This table is from Vacher et al. (2022).

a degeneracy between the 7),,, and the 1, parameters. The addition of priors coming from
EEP violation experiments allows to break the degeneracy between this two parameters as
it allows to directly constrain the coupling to matter, as can can be seen from Fig. 4.2. In-
deed, the addition of either the MICROSCOPE or the E6t-Wash likelihoods provides with
tighter constraints on the matter coupling, with MICROSCOPE being one resulting in the
sharpest constraints. However, for these two cases we do not see any further improvement
on the constrains for the 77, parameter. In comparison with “Alves”, the “Current” scenario
leads to an improvement of the constraints by a factor of ~ 108 for 7,,, and ~ 100 for 7.

Couplings of order ppm are now excluded for this model.



4. ResuLTs AND DiscussioN 51

Full extended Bekenstein model

We can now turn our attention to the full parameter space, where we do not assume an
identical coupling to baryon and dark matter, leading to an extra parameter to constrain.
This was the first time the full parameter set was constrained, highlighting the relevance of
this work.

The contour plots for the full extended Bekenstein model can be found in Fig. 4.3, with

the corresponding best-fits in Table 4.2. There is a lot of similarity to the previous scenario
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Ficure 4.3: Contour plot of the Bekenstein parameters in the full extended Bekenstein
model in ppm, from Vacher et al. (2022).

with MICROSCOPE breaking degeneracies, this time between 7, and 7,, leaving a strong
degeneracy between the coupling to the cosmological constant and the dark matter parti-
cle. By constraining the field speed to be small, the atomic-clocks break the degeneracies
between (r ¢’ and (1), , 7). Similarly to what we find in the previous scenario, parameters
of order ppm are excluded by our combination of datasets.
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Parameter 68% C.L.
nx 024708
mo | (054508 107
A 0.3410:8
Crho 2.871%%
Crdy —0.015%5515

TaBLE 4.2: Best-fit values of the parameters for the full extended Bekenstein model with
associated 68% confidence levels (C.L.) in ppm. Table taken from Vacher et al. (2022).

As shown in Table 1 of Olive & Pospelov (2002), in this extended Bekenstein frame-
work are contained several models beyond the standard model of cosmology and particle
physics such as Brans-Dicke, Supersymmetry, or String Theory inspired. By excluding
couplings greater than fractions of ppm, our constraints exclude their naturally expected
values for most of these models. Bekenstein models provide a robust and general frame-
work for investigating variations in the fine-structure constant on cosmic scales. While
these models are anticipated to describe the low-energy limits of several extensions beyond
the standard models of cosmology and particle physics, they are stringently constrained by
current data, requiring them to closely approximate standard model behavior. In particu-
lar, our analysis demonstrates that couplings at the level of parts per million are ruled out
across all the generalizations considered. The combined precision of local, astrophysical,
and cosmological measurements exerts increasingly stringent constraints on viable models
that incorporate variations in fundamental constants.

The convergence information and the contour plots for the cosmological parameters
(for all scenarios) can be found in Appendix A of Vacher et al. (2022).

4.2 Runaway dilaton

The next model to consider is the string theory inspired, runaway dilaton where we derived
constraints for a number of interesting scenarios. Throughout this work, the field was
assumed to be spatially homogeneous. Moreover, the field equations present an attractor
behavior, as can be seen in Fig. 4.4. For this reason, the values of ¢, and ¢j, are treated as
derived parameters and not sampled over. While not specified on the figures, their values
are always expressed in units of Mp;/ V/4w. My contribution to this work the production

of the contour plots with GetDist.
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Ficure 4.4: Evolution of the dilaton field and its speed with respect to the scale factor
for different values of its initial speed with V(¢) = 0, amo = —1 x 1072, and a9 =
—1x107°. Figure from Vacher et al. (2023).

Runaway dilaton and a constant coupling to dark energy

In previous studies (Martins and Vacher, 2019), the authors consider a scenario in which
the field can be driven by a cosmological constant with a constant coupling (as). A prior
on today’s field speed, || = 0.0+ 0.1, was assumed from separate constraints in Thomas,
Kopp & Skordis (2016) and Tutusaus et al. (2016). This prior allows to simplify the the
constraints coming from cosmological background expansion probes, consisting in the only
constraint on today’s field speed ¢j,. This work aims to explore and constrain this model by
removing this assumption, using the likelihoods described in Chapter 3. For this particular
case of a dilaton with a constant coupling to dark energy, a comparison between “Prior”
and “No Prior” will be presented.

The contour plot, and corresponding best-fits, for these two cases is presented in Fig. 4.5
and Table 4.3 respectively, with “Prior” in blue and “No Prior” in red. These results pro-

vide, for the first time, a study of the full model, including c,, o. There is an improvement
Parameter Prior on ¢, No prior on ¢,
ano | (=1.63733).107¢  (0.217237) - 1076
Umo | (17072981072 (~1.39725%) . 1072

ay (0.50T594) - 1072 (=0.16 723 . 107!
bo (16.7738) . 107t (17.5742%) . 107"
% (0.20%558) - 1072 (3.7%37p) - 1072

TaBLE 4.3: Best-fit values of the runaway dilaton parameters with associated 68% confi-
dence levels (CL) in the case V' = 0 and ap # 0, from Vacher et al. (2023).

on the constraints for ay, o by an order of magnitude, in comparison to Martins & Vacher
(2019) due to the latest MICROSCOPE constraints (Touboul et al., 2022). For the coupling
to dark energy, using the prior on ¢j, yields identical results to this previous study, due to

the strong degeneracies between these two parameters (¢, and avp).



54 CONSTRAINING COSMOLOGICAL PARADIGMS THROUGH FINE-STRUCTURE CONSTANT VARIATIONS

I No Prior
B Prior

107° F

v

—1x107% F

-

L L L L L L L L L L L
1 —0.1 0.0 0.1 —0.5 0.0 0.5 1.0 -0.5 0.0 0.5

ap Qho Qo ®o @

Ficure 4.5: Posteriors of the dilaton parameters with a constant coupling to dark energy
a s with an extra prior on ¢, (blue) and without it (red), from Vacher et al. (2023).

One finds a strong degeneracy between the dark energy coupling and the field speed,
as the impact of oy is very strong around dark energy domination era. For the “No Prior”
case, the posterior distributions are non-Gaussian, broadening for the oy parameter, hence
also for the field speed. The opposite can be verified for the coupling «, o, where we find
that, without providing any prior on ¢j,, the constraints are ~ 2 times tighter. By allowing
the field speed to have a wider range of possible values we gain a greater amount of viable
models with oy, o ~ 0, since the atomic clocks likelihood is constraining their product.

The contour plots illustrating the relationship between the dilaton parameters and H|
are shown in Fig. 4.6. These plots reveal that the current value of the Hubble parameter,
H,, is significantly influenced by high values of ¢{. Relaxing the prior on ¢} naturally
permits higher H values, with Hy = 68.21521 km/s/Mpc compared to H, = 67.8 &
0.43 km/s/Mpc when the prior is imposed. These findings may have implications for the

~ 4-50 observational tension in the measured value of H, and the theoretical challenges
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associated with A as the canonical source of dark energy.
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Ficure 4.6: Contour plots of Hj and the dilaton parameters in the cases of an exponential
potential (black) and a constant coupling to dark energy .y with an extra prior on ¢y, (blue)
and without it (red), from Vacher et al. (2023).

Exponential potential

It was also explored the case of a runaway dilaton with an exponential potential (V' (¢)
e“?) where, in this case, dark energy is fully sourced by the runaway dilaton. A new param-

eter ay = iala%v is introduced. The contours are shown in Fig. 4.7, and the corresponding

constraints are displayed in Table 4.4. We do not find any additional impact on the con-

Parameter 68 % CL
Qo (0.011572) - 1076
Um0 (—1.68122%) - 1072
oy (0.04*13%) - 1071
bo (1.647533) - 107!
¢ (0.02%135) - 107!

TaBLE 4.4: Best-fit values of the runaway dilaton parameters with associated 68% confi-
dence levels (CL) for the exponential potential case. This table is taken from Vacher et al.
(2023).

straints of oy, o and o, o coming from this additional degree of freedom.

In this study, the first constraints on the complete parameter space of this model were
derived, accounting for its full cosmological evolution with minimal assumptions regard-
ing its couplings, thereby refining and extending previous analyses and demonstrating that
order unity couplings—natural in the context of string theory—are excluded in all cases.
Notably, the final data release of the MICROSCOPE experiment (Touboul et al., 2022)

provided a significant contribution.
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Ficure 4.7: Contour plot for the dilaton parameters in the exponential potential scenario
from Vacher et al. (2023).

4.3 Rolling tachyon

The third model studied, also inspired by string theory, is the rolling tachyon. This work
builds upon previously conducted studies (Martins and Moucherek, 2016; Tavares and
Martins, 2021), improving constraints and providing with a more systematic study of dif-
ferent potentials. In this study, two different datasets are used: the “All” dataset which
encompasses all the likelihoods described in Chapter 3, and the “Cosmo” dataset that only
includes the cosmological likelihoods. My contribution to this work, as first author, encom-
passed implementing and testing the modifications to the CLASS code, running the MCMC
chains, generating plots with Liquidcosmo, and ultimately drafting the manuscript.
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Massive rolling scalar potential

The constraints on the parameter space of the massive rolling scalar potential can be found

in Fig. 4.8. In this figure two regimes of the parameters R, are explored: Ry < 1 (left plot)

H Cosmo H Cosmo
. Al . Al

log;o(1 + wp)

3 15 0 02 05 08 -14 -10 -6 1000 1400 1800 001 0.05  0.09 14 -10 -6
logy0(Ro) Moo log;o(1 4+ wy) Ry Moo logo(1 + wo)

Ficure 4.8: Constraints on the massive rolling scalar potential from cosmological and fine-

structure data. We show the 68% and 95% marginalized constraints as dark and bright

shaded regions. The blue color corresponds to cosmological data only, while the green

color adds constraints from fine-structure constant data. The purple region in the bottom

left panel shows where manual studies suggest that the contour would extend for larger
priors on 7, (see footnote 1). Contour plot from Dias et al. (2024).

and Ry > 1 (right plot). The variation of the fine-structure constant is small in both cases.
In the former, since the field is barely evolving, the potential remains mostly constant,
leading to small variations of . For the later case, the models displays an oscillating field
(as can be seen from Fig. 2.1), which are damped by the Hubble drag leaving the at the
bottom of the potential well.

It is possible to see that, for the Ry < 1 case, there is an upper limit on 7., due to
higher values of 7)., resulting in larger field excursions and thus larger Aa/«. Hence, it
becomes clear that the local-fine structure constraints will impose very tight bounds on the
parameters, including an upper bound on 7)., to prevent these large field excursions. We
also constrain the value of 1 + wy, using the relation between the field speed and w from
Eq. (2.45). For the “Cosmo” case this constraint is at the level of around 10~ compared
to roughly 10~ for the “All” data, a result that we observe for all potentials that cause

late-time movement.

! There is a slight problem with very large 7)., that are difficult to numerically sample due to the squared
exponential. For this reason, a purple region was added in the lower left hand panel of Fig. 4.8 that highlights
the wy values we would expect to be in principle accessible if higher 7., values could be sampled.
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For the case of Ry > 1 we can deduce upper limits on 7)., that are mostly independent
on Iy, which is smaller when we add fine-structure constant data. Without this data, the
upper limit on 7, is given by the corresponding A« /v at CMB times. With « data the
upper bound is oscillatory allowing for the fine-structure bounds to be avoided.

Inverse power-law potential

For this potential, as can be seen in Fig. 4.9, there is no major difference between the
two datasets for the parameter n. The main difference comes from the lower bound on
®~-. There exists a strong correlation between the value of ¢, and the present-day field
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FiGure 4.9: Constraints on the inverse power-law potential from cosmological and fine-

structure data. We show the 68% and 95% marginalized constraints as dark and bright

shaded regions. The blue color corresponds to cosmological data only, while the green
color adds constraints from fine-structure constant data,from Dias et al. (2024).

velocity, which can be expressed as log,,[1 + wo] = 2log,[d|.—o]. This relationship
imposes stringent constraints on 1 + wy, effectively ruling out significant deviations from a
cosmological constant-like behavior. Consistent with what was described above, we obtain
constraints at the level of approximately 10~2 for the “Cosmo” case, compared to about
1079 for the “All” case.
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Anti-massive potential

The results for this potential are displayed in Fig. 4.10. It is important to highlight that the

Il Cosmo
Bl Al

log(Ro) log (700 logyo(1 + wo)

FiGure 4.10: 68% and 95% CL contours for the anti-massive potential case. In the 2D
contours on the bottom row the purple/light-green regions show where manual studies
suggest that the contour would extend for broader priors, from Dias et al. (2024).

contours in this figure appear “incomplete” due to the finite width of the priors. To illus-
trate the expected behavior with broader priors, the green and purple regions have been
manually extended, as detailed in footnote 1. In this context, we also find that cosmolog-
ically significant deviations from a cosmological constant, expressed in terms of 1 + wy,
are ruled out. This exclusion arises from both cosmological data (through its effects on the
CMB) and fine-structure data, yielding constraints on 1 + wy that are consistent with those

discussed earlier.

There are several general conclusions to be drawn from this work, despite the wide
variety of potentials investigated. As highlighted above, and summarized in Table 4.5 and
Fig. 4.11, the equation of state parameter today (wy = wg(z = 0)) is generically con-
strained in these potentials, which is discussed in ??. We find that 1 + wy, dIna/dIna,
and Aa/ay are all expected to be of the same order of magnitude, for any potential as long
as it does not have a minimum or plateau at V' (¢) > 0. This leads to the natural expec-

tation that CMB data will constrain 1 + wy to approximately 10~3, while fine-structure
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“Cosmo” “All”
Potentials Constraint type Constraint log,,(1 + wy) | Constraint log,,(1 + wy)
Massive (left)  log,,(Ro) + 1ogy(ne) | < —0.84 <238 < =3.7 < =85
Massive (right) Moo < 40.087 < —6.6 < 4+0.058 < —8.6
Inverse power-law  log,,(|n|) — logo(de) | < —4.5 < —-29 < —72 < —83
Anti-massive log,o(Ro) +1og,5(ns) | < —0.77 < =27 < =36 < —8.4

TaBLE 4.5: Upper bounds on 1+wy and for the parameters of the potential for each investi-
gated potential. In the first column we state the potential, in the second column which kind
of constraint we report on in the third and fifth column. These correspond to the physical
constraints imposed by the data for combinations of the underlying parameters. Instead of
giving the usual 95% CL upper bound, we instead quote where the posterior has dropped
to below 5% of its maximum value. This way of quoting the upper limit is more resistant
to the arbitrary choice of priors on the underlying parameters. This table is taken from
Dias et al. (2024).

N
50 45 40 35 30 25 20 90 85 30 75 ~10
log(1 + wy) logo(1 + wy)

Ficure 4.11: Posterior distribution for all the potentials in study (named according to

Table 4.5). The left plot represents the “Cosmo” dataset and the right one the “All” dataset.

The dashed lines represent the upper limits on log; (1 + wy) for each potential as reported
in Table 4.5. Figure adapted from Dias et al. (2024).

data will impose a tighter constraint at the level of 1 + wy ~ 1079, effectively limiting the
Tachyon field from deviating significantly from behavior resembling a cosmological con-
stant. As further discussed in ??, incorporating free-fall data, such as the latest results from
the MICROSCOPE mission (Touboul et al., 2022), could potentially tighten the bounds on
deviations from a cosmological constant to 1+ wy ~ 107, However, explicitly including
these constraints, beyond an order-of-magnitude estimate, proves to be highly non-trivial.
Doing so would require a generalization of the derivation of the E6tvos parameter from
canonical massive fields to tachyon fields with arbitrary potentials. Although the field is
constrained to exhibit canonical evolution (as gb < 1), this extension remains a topic for
future investigation. Nonetheless, the rolling tachyon model is now so tightly constrained
by fine-structure data to closely resemble ACDM that further refinements to the results

would not alter our conclusions.
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4.4  Swampland

Finally, the last investigation is that of the Swampland conjectures. The main idea is to
confront the Swampland criteria (detailed in Chapter 2) with the most recent cosmological
data, in the context of a quintessence field that is responsible for the late time accelerated
expansion of the Universe and the variation of the fine-structure constant. My personal con-
tribution to this work was, running preliminary chains to test the modified CLASS version,
and running the final chains.

This model was subjected to a variety of datasets to investigate which cosmological
probes are more relevant in constraining the parameters, and how do the most recent data
fare in comparison with older probes. In Fig. 4.12 we show a comparison of the constraints
for different cosmological probes, with the most interesting constraints summarized in Ta-
ble 4.6. The probes with most constraining power are BAO and Pantheon supernovae.

Planck
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Planck+BAO
Planck+Pantheon
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Ficure 4.12: Comparison of the constraints on the exponential model for a variety of data
sets, from Schoneberg et al. (2023).
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Data combination | Hy [km/s/Mpc] A (95% CL) P(A > 1)in %
Planck 65.6719 <16 24
Planck + CC 65.3755 < 1.7 28
Planck + ACT+SPT 65.8112 <14 24
Planck + BAO 67.02 +0.72 < 0.94 2.9
Planck + Pantheon 67.15 + 0.56 < 0.62 < 0.001

TaBLE 4.6: Constraints on Hy and ) in the exponential coupled quintessence field model.
We also cite the probability to exceed A > 1, from Schoneberg et al. (2023).

BAO data probe the late evolution and €2, such that the probability of having A > 1 is
below 5%, and Pantheon allow for a constraint of A < 0.62 (95% CL) when combined
with Planck.

To evaluate the impact of using updated BAO and SN data, we present in Fig. 4.13 a
comparison between the older and newer datasets. Interestingly, the newer data yield less
stringent bounds on the A\ parameter. This counterintuitive result can be explained by the
fact that the updated Pantheon+ dataset, in particular, favors slightly higher values of €2,
compared to the older data. This implies a lower abundance of the dark energy component,
which consequently decreases the constraints on A\. These constraints are also summarized
in Table 4.7.

Data combination Hy [km/s/Mpc] A (95% CL) P(A>1)in%
Planck + BAO 67.02 £0.72 < 0.94 2.9
Planck + BAO DR16 65.7 £ 1.2 < 1.3 23
Planck + Pantheon 67.15 £ 0.56 < 0.62 < 0.001
Planck + Pantheon+ | 66.59 4+ 0.62 < 0.80 0.24

TaBLE 4.7: Same as Table 4.6 for old and new BAO and Pantheon data. Contour plot from
Schoneberg et al. (2023).

Finally, when applying the full dataset, dubbed .4 (involving Planck, BAO, Pantheon,
CC, ACT, and SPT data), we observe that the results are quite similar, as shown in Fig. 4.14,
indicating that the constraining power is primarily driven by BAO and supernovae data.
Here too the old data is more restrictive and has tighter constraints. It is also shown that
the constraints on A tighten when incorporating a prior on H, from Riess et al. (2022).

These results are summarized in Table 4.8.

Overall, we find that current data are only in a relatively mild tension with the Swamp-
land criteria.
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Ficure 4.13: Comparison of the constraints on the exponential model compared between
older and newer late-time cosmological data (BAO and SN), from Schoneberg et al. (2023)

Data combination | Hy [km/s/Mpc] A (95% CL) P(A > 1) in %
A 66.3610 2% <0.85 0.33
A+ Hy 67.70 £ 0.50 < 0.60 < 0.001
Aol 67.38 £+ 0.40 < 0.60 < 0.001
Aoa + Hy 67.84 +0.39 < 0.46 < 0.001

TaBLE 4.8: Same as Table 4.6 for combinations involving the .4=Planck, BAO, Pantheon,
CC, ACT, and SPT data combination, and also for added H, priors from Riess et al. (2022).
Table taken from Schoneberg et al. (2023).
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FiGURE 4.14: Comparison of the constraints on the exponential model for a variety of all
data, from Schoneberg et al. (2023).



S

Conclusions

The study of the fine-structure constant and its potential variations provides a powerful
framework to test important fundamental cosmology paradigms such as dark energy and the
Einstein Equivalence Principle. Throughout this thesis, models like the extended Beken-
stein, runaway dilaton, rolling tachyon, and even Swampland-inspired frameworks were
explored, proving to be a consistent methodology to study this phenomena. Taking ad-
vantage of the synergy between local, astrophysical and cosmological high-precision mea-
surements we were able to constrain the parameters of these models, allowing to explore
modifications to ACDM, thus opening a window to possible extensions of fundamental
physics.

The extended Bekenstein’s phenomenological framework stands out as a general and
consistent approach for modeling variations of « over cosmic scales. For the universal
matter coupling scenario, we achieved significant improvements from previous constraints
(Alves et al., 2018), driven by the inclusion of precise local data such as MICROSCOPE’s
universality of free fall measurements. We report an improvement of a factor of ~ 100 for
na and ~ 10® for 7,,. The full parameter space was also explored, resulting in the first set
of constraints for the case. Our investigation revealed that couplings of the order of parts
per million are excluded.

The runaway dilaton framework, appearing as a string theory inspired model, provides
a mechanism for exploring the stability of fundamental constants and their cosmological
consequences. Our study presented the first comprehensive constraints on the full parame-
ter space of this model. Dilaton models are particularly relevant in the context of dark en-
ergy and the accelerated expansion of the universe. It is believed that a redshift-dependent
a, as predicted in these models, could influence recombination processes, providing poten-

tial solutions to the Hubble tension. Our analysis demonstrated that runaway dilaton fields
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could act as dynamical dark energy under a specific choice of potential, and that order unity
coupling are excluded in all cases.

Rolling tachyon fields, originating from the dynamics of D-branes in string theory, rep-
resent a class of non-canonical scalar fields that naturally induce variations in cv. Our inves-
tigation encompassed a variety of proposed tachyon potentials, yielding tight constraints
on their dynamics. We conclude that the constraints for a deviation from a cosmological
constant are of the order of 1 + wy ~ 1073, using cosmological datasets only, and of the
order 1 +wy ~ 1079, using fine-structure data. This is valid for any potential that does not
have a minimum or plateau at V' (¢) > 0. These models are mostly equivalent to canonical
scalar fields, as (b < 1, and thus cannot produce a cosmologically relevant variation of «
at the epoch of recombination. In conclusion, the tachyon is not expected to be detected
through cosmological data and, with the addition of fine-structure constant data, becomes
even more indistinguishable from ACDM.

The Swampland conjectures, which seek to delineate the boundary between consistent
and inconsistent effective field theories within string theory, have profound implications for
late-time cosmology. These conjectures impose constraints on the slopes of scalar field po-
tentials. Our analysis confirmed that mild tensions exist between the de Sitter conjectures
and cosmological observations, particularly for quintessence models of dark energy. For
exponential potentials, we derived constraints on the slope parameter A, finding A < 0.85
(95% CL) when using all available data, and tighter bounds (A < 0.60) when incorporating
a high-H, prior. Interestingly, we observed that the inclusion of updated BAO and super-
nova data slightly alleviated this tension, owing to their preference for a lower dark energy
density. The current constraints still allow significant flexibility for string-theoretic model
building, but forecasted improvements in precision from surveys like DESI (Aghamousa
et al., 2016) are expected to further challenge the Swampland criteria. This may eventually
render the conjectures incompatible with cosmological data, posing a significant challenge
to string-inspired models of dark energy.

Next generation experiments will certainly lead to an increase of the precision at which
we measure «, through the use of novel techniques in nuclear clock systems (Beeks et al.,
2024) and high-precision spectrometers like ESPRESSO (Pepe et al., 2021) or ANDES
(Martins et al., 2024). Consequently, it will enhance our ability to test the stability of funda-
mental constants, deepening our understanding of alternative approaches to ACDM. These
efforts will not only refine our constraints on the models studied here but also open new
pathways for exploring the nature of dark energy, the validity of the Swampland conjec-
tures, and the role of string theory in cosmology. By continuing to probe the fine-structure
constant and related phenomena, we edge closer to answering some of the most profound

questions about the universe and its underlying principles.
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