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Resumo

As ultimas décadas viram gigantes avangos na cosmologia, tanto tedricos
quanto experimentais. Ha pouco mais de cem anos, Edwin Hubble obtia as primei-
ras evidéncias da expansao do Universo, através da luminosidade de "nébulas".
Hoje, conseguimos modelar a abundéncia de elementos atdbmicos primordiais
usando a teoria da Nucleosintese do Big Bang, que usa a termodinamica de fluidos
cosmoldgicos para inferir a razdo de massa entre elementos atdmicos em estre-
las. Conseguimos também prever anisotropias da Radiagdo Césmica de Fundo,
previsdes confirmadas por experimentos de alta resolu¢do angular. Conseguimos
fazer o levantamento de milhdes de galédxias, estudar correlagdes estatisticas na
populacdo levantada, observando efeitos cosmoldgicos previstos utilizando teoria
de perturbacdo cosmoldgica. O sucesso de tais experimentos, entretanto, levantou
enormes questdes tedricas. Existem evidéncias de uma matéria escura, que se
comporta como uma particula massiva que ndo interage sob nenhuma interagao
fundamental conhecida no Modelo Padrao de Fisica de Particulas. Ainda mais,
também existem evidéncias de que a expansdo do Universo atualmente é acele-
rada. De acordo com a Relatividade Geral, isso s6 é possivel devido a uma energia
escura, um fluido de pressdo negativa, que é a forma de energia mais abundante
no Universo. A natureza dessa energia escura é desconhecida. O modelo mais
simples que a descreve é de uma constante cosmoldgica, uma densidade de ener-
gia constante e igualmente distribuida pelo espaco. Finalmente, também existem
evidéncias de uma época de expansao acelerada do Universo logo apds o Big Bang,
periodo conhecido como inflagao, e cujo mecanismo ainda é desconhecido.

Estas e outras perguntas motivam uma ampla gama de experimentos cosmol6-
gicos com o intuito de entender melhor a natureza da matéria e energia escuras,
além da inflagdo. Hoje em dia, contamos com uma ampla miriade de dados obser-
vacionais cada vez mais precisos, cada qual sensivel a diferentes aspectos da teoria
cosmolégica e cada qual com sua previsdo para parametros do modelo. Com o
aumento gradual da precisdo dos experimentos, alguns comegaram a discordar
entre si quanto a previsdo de parametros. Tais discordancias, conhecidas como
tensdes, podem algumas vezes ser aliviadas a partir de diferentes tratamentos de
erros sistemdticos. Algumas tensdes, como a tensdo de Hubble, sdo tdo graves que

ndo possuem tratamento sistemdtico que consiga alivid-las. A falta de solugdes
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as tensdes motivou a investigacdo de modelos de energia escura alternativos,
que consigam acomodar os dados discordantes. Nesta tese, apresento o modelo
cosmolégico ACDM, amplamente utilizado para prever observagdes de distancias,
das anisotropias da CMB, modelar a formagao da estrutura em grande escala do
Universo, dentre vérios efeitos observéveis. Apresento também andlise Bayesiana
de dados cosmolégicos, o procedimento padrdo de como obter informacédo sobre o
modelo cosmolégico a partir da grande miriade de diferentes dados cosmolégicos.
Com o arcabougo teérico desenvolvido e as ferramentas em mao, investigo propri-
edades da energia escura, como sua equacgao de estado, sua abundancia ao longo
da histéria c6smica, suas possiveis interagdes com a matéria escura, seu efeito na
formagcdo de estruturas e sua capacidade de resolver tensdes cosmoldgicas. Mais
especificamente, eu discuto dois trabalhos originais desenvolvidos ao longo do
meu doutorado: o primeiro investiga o paradigma de "Early Dark Energy"com
uma modifica¢do adicional na equagao de estado da energia escura recente, e o
segundo discute indicagdes de energia escura dindmica usando dados recentes de
medidas de distancias.

Palavras Chaves: Energia Escura; Levantamentos de Galaxias; Radiacdo Césmica
de Fundo; Supernovas; Inferéncia Estatistica.

Areas do conhecimento: Fisica; Fisica Geral: Relatividade e Gravitagao; Astrofisica

Extragaldctica: Cosmologia.



Abstract

The last few decades have seen significant advances in cosmology, both theore-
tical and experimental. Just over a hundred years ago, Edwin Hubble obtained
the first evidence of the expansion of the Universe through the luminosity of
"nebulae". Today, we can model the abundance of primordial atomic elements
using the Big Bang Nucleosynthesis theory, which uses the thermodynamics of
cosmological fluids to infer the mass ratio of atomic elements in stars. We can also
predict anisotropies in the Cosmic Microwave Background (CMB), predictions
confirmed by high angular resolution experiments. We have conducted surveys of
millions of galaxies, studying statistical correlations in the surveyed population
and observing predicted cosmological effects using cosmological perturbation
theory. The success of such experiments, however, has raised enormous theoretical
questions. There is evidence of dark matter, which behaves like a massive particle
that does not interact through any known fundamental interaction in the Standard
Model of Particle Physics. Furthermore, there is evidence that the expansion of
the Universe is currently accelerating. According to General Relativity, this is only
possible due to dark energy, a negative pressure fluid that is the most abundant
form of energy in the Universe. The nature of this dark energy is unknown. The
simplest model that describes it is a cosmological constant, a constant and evenly
distributed energy density throughout space. Finally, there is also evidence of a
period of accelerated expansion of the Universe shortly after the Big Bang, known
as inflation, whose mechanism is still unknown.

These and other questions motivate a wide range of cosmological experiments
aimed at better understanding the nature of dark matter, dark energy, and in-
flation. Today, we have a vast array of increasingly precise observational data,
each sensitive to different aspects of cosmological theory and each with its predic-
tion for model parameters. As experimental precision gradually increases, some
parameters’ predictions have begun to disagree with one another. These disagre-
ements, known as tensions, can sometimes be alleviated by different treatments
of systematic errors. Some tensions, such as the Hubble tension, are so severe
that no systematic treatment can alleviate them. The lack of solutions to these
tensions has motivated the investigation of alternative dark energy models that
can accommodate the conflicting data. In this thesis, I present the Lambda-CDM
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(ACDM) cosmological model, widely used to predict distance observations, CMB
anisotropies, model the large-scale structure formation of the Universe, among
various observable effects. I also present Bayesian analysis of cosmological data,
the standard procedure for obtaining information about the cosmological model
from the vast array of different cosmological data. With the developed theoretical
framework and tools in hand, I investigate properties of dark energy, such as its
equation of state, its abundance throughout cosmic history, its possible interacti-
ons with dark matter, its effect on structure formation, and its capacity to resolve
cosmological tensions. In particular, I discuss two original works done during
my PhD: the first investigates Early Dark Energy with late-time equation of state
modifications, and the second discusses hints of dynamical dark energy from
recent geometric measurements.

Keywords: Dark Energy; Galaxy Surveys; Cosmic Microwave Background; Super-

novae; Statistical Inference.

Knowledge areas: Physics; General Physics: Relativity and Gravitation; Extraga-
lactic Astrophysics: Cosmology.
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Chapter 1

Introduction and Motivation

This chapter qualitatively explains what is cosmology, its main objects of study,
the current state of the field, and the relevance of the research developed during my
PhD. The ideas presented in this chapter will be carefully developed throughout
the thesis.

Cosmology is the study of the Universe’s evolution as it expands. The ex-
pansion of the Universe may be a difficult concept to grasp: the effects of the
Universe’s expansion can only be measured at very large scales, in distances ty-
pically of the order of 1Mpc (one megaparsec), or approximately 3 x 10?m. For
comparison, the distance between the Milky Way and Andromeda, the nearest
galaxy, is approximately 765kpc away.

The expansion of the Universe is a gravitational effect that makes the physical
spatial distance between two comoving points (i.e. points that have no relative
motion) increases with time. This phenomenon affects different physical processes
such as the formation of the first atomic elements, stars, galaxies, galaxy clusters
and voids. It affects, for instance, how we perceive light from distant sources. The
hypothesis of an expanding Universe was raised in the early twentieth century by
physicists Alexander Friedmann and Georges Lemaitre [1], and was developed by
many great physicists such as James Peebles [2]. Since then, multiple predictions
based on the Universe’s expansion have been confirmed, such as the Hubble law
for nearby astronomical objects [3], the existence of an almost isotropic Cosmic
Microwave Background radiation [4] - as well as statistical properties of its ani-
sotropies [5] -, the weak gravitational lensing of light in the large scale structure
of the Universe [6], the relative abundance of light elements in stars [7], statisti-
cal properties of the spatial distribution of galaxies [8] - in particular the effect of
Baryonic Acoustic Oscillations, or BAOs [9] - among many other observable effects.
Today, the expansion of the Universe is unanimously accepted by the scientific
community and continuously proven by new experiments.

General Relativity (GR) provides a theoretical framework that can describe the

cosmological expansion effect in the spacetime geometry through the history of
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Chapter 1. Introduction and Motivation 2

the Universe. In GR, the geometrical properties of space and time are summarized
by a metric tensor, whose components are g, (r,t) and are functions of the spatial
position r and time t. The equations of motion for the metric tensor are the
Einstein’s field equations,

Guy = 8mGTyy. (1.1)

The left hand side of Equation 1.1 is a complicated, nonlinear function of the
metric components, its partial derivatives with respect to space and time, and
its inverse. In the standard four spacetime dimensions, the components g, are
symmetric, leaving 10 independent components. The Einstein’s field equations
are a set of 10 nonlinear, coupled, second-order partial differential equations
for the metric components. Due to the enormous complexity of the problem, in
order to solve the Einstein’s field equations, physicists rely on approximations
and (sometimes bold) assumptions. The main assumption in cosmology is the
so-called cosmological principle. To explain it, I use an analogy: the liquid
content in a glass of water seems homogeneous. We know that water is formed
by molecules, which in turn are formed by atoms, which are formed by more
elementary particles. If we visualize a droplet of water in scales of nanometers,
Inm = 10~m, we would observe that water is not homogeneous at all, but
rather is made of a complex structure. Molecules interact with each other, forming
intricate structures. Nevertheless, in scales much larger than the nanometer, a glass
of water looks homogeneous. In the same way, the description of a single water
molecule, composed by two hydrogen atoms and one oxygen atom, is intrinsically
anisotropic: the molecule, for instance, has a nonzero electric dipole. However,
in an ensemble of molecules, the dipoles are randomly distributed, in such a way
that the average electric dipole over the ensemble is zero. The description of
the average over the ensemble of particles is, therefore, isotropic: it shows no
preferential spatial direction.

In the same way, the space is filled with numerous distinct components such
as planets, stars, galaxies, black holes and an infinity of astronomical objects, all of
them interacting gravitationally. However, at very large scales, the distribution
of astronomical objects in the Universe seems homogeneous. The cosmological
principle is an assumption that can be stated as: the properties of the Universe,
when averaged over sufficiently large (but finite) scales, don’t depend on the
position or direction: they are homogeneous and isotropic. Properties of the
Universe include the metric components, matter densities and velocities.

There is evidence supporting the cosmological principle. The Cosmic Mi-
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crowave Background is a radiation signal that can be detected from any part of
the Earth, pointing a detector to any direction in the sky. This electromagnetic
radiation follows very perfectly a black body radiation distribution at temperature
Temp ~ 2.725K [10]. The temperature of this radiation is almost isotropic, with
very small fluctuations of order AT /Ty ~ 107° [11, 5]. This indicates that the
CMB photons, primordial photons created right after the Big Bang, were in thermal
equilibrium everywhere, an indication of homogeneity. While there are tests of the
cosmological principle using type la supernovae [12] and galaxy surveys [13, 14],
these are very sensitive to astrophysical effects, and there is no decisive evidence
against the principle. The cosmological principle is also closely related to the
Einstein equivalence principle, which states that the Earth is not a privileged
reference frame in the Universe. In practice, the Cosmological Principle greatly
reduces the complexity of the Einstein’s field equations: under the homogeneity
assumption, the left and right-hand sides of Equation 1.1 depend only on time,
and not on position.

Under the cosmological principle, the metric components g, reduce to a single
degree of freedom a(t): the scale factor, a quantity that describes how the distance
between any two given points change with time. We can interpret the scale factor
in the following way: let A and B be two fixed points in space, and D45 be the
physical distance between the points. The expansion of the universe makes this
distance change with time. The scale factor is defined such that, for arbitrary time
instants t; and t;, the distance D 45 obeys the relation

Dap(t1) _ a(t1)
Dag(ta)  a(t2)

YV A, B. (1.2)

It's common practice to normalize the scale factor today as a(to) = 1'. There-
fore, when specializing the Einstein’s field equations to an isotropic, homogeneous
and expanding space, we can determine how the scale factor varies in time. The
solution of the Einstein’s field equations reveals the expansion history of the
Universe.

The energy-momentum tensor T}, appearing in the right-hand side of Equa-
tion 1.1, describes the distribution of energy and momentum across the Universe.

For instance, part of the Universe is made by particles described by the Standard

1Quantities with a 0 underscript, such as ty and ay, are evaluated "today", in the present time.
Since the cosmological timescale is much larger than our human time scale, there is no issue with
the fact that the definition of "today" or "now" varies continuously.
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Model of Particle Physics. Quantum field theory provides a way to calculate the
tensor T}, associated to the particle. At the largest scales, under the cosmological
principle, much of the microphysics of the particles is "washed out", and only
spatial-averaged quantities such as energy density p and pressure P affect the
cosmological expansion. To describe cosmological contents of the Universe under
the cosmological principle, we employ a coarse-grained fluid description in which
particles are homogeneously distributed in space with an energy density and
pressure that varies in time. The relation between energy density and pressure
is dependent on the specific component. Ultrarelativstic particles (i.e. particles
whose kinetic energy pc is much bigger than their rest mass energy mc?) and mas-
sless particles are known to follow the relation P = p/3. Non-relativistic particles
(i.e. particles whose kinetic energy is small compared to their rest mass energy)
are pressureless, P = 0. Today;, all visible matter in the universe is non-relativistic.
Right after the Big Bang, when the temperature of the Universe was extremely
high, these particles were ultrarelativistic. The transition between ultrarelativistic
and non-relativistic behaviors occurs roughly when the temperature of the Uni-
verse cools down below the threshold kgT/mc? ~ 1, where m is the mass of the
particle.

The cosmological principle reduces the Einstein’s field equations in 1.1 to two

equations, named Friedmann equations, relating a(t), p(t) and P(t),

a\? 8Gp
(1) e e
i 4G
S=a (0 +3P). (1.4)

Due to energy conservation, energy density and pressure must obey the conti-
nuity equation,

d
o +3H(p+P) = 0. (1.5)

A cosmological model must specify the components of the Universe, that is, the
fluids that contribute for the total energy density p. Most of the Standard Model
particles, which we will call "baryonic matter'?, have become non-relativistic very
early in the history of the Universe. Massive neutrinos could still be relativistic
if their mass is around m, ~ 2 x 10~%eV, the mass corresponding to the CMB

temperature. To this day, no constraints on the neutrino mass can rule out such

2In cosmology, baryonic matter refers to all Standard Model particles except for photons and
neutrinos.
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a small value. Photons and massless neutrinos - jointly referred to as radiation
- obey the equation P = p/3 throughout all cosmological history, although the
cosmological community is abandoning the massless neutrino paradigm.

The current consensual cosmological model, called ACDM, adds two extra
components in the Universe in addition to radiation and baryonic matter: cold
dark matter (CDM) and a cosmological constant (A), also known as dark energy.
CDM behaves like non-relativistic matter, with P = 0, and the cosmological
constant has a rather strange behavior: it follows P = —p. In the subsequent
chapters, I will explain in more detail the motivations for having such strange
components, as well as their behavior.

Evidence for cold dark matter was first observed in the rotational speed of
astronomical objects [15]. The mass of a galaxy, for instance, can be estimated
from its brightness and from the rotational speeds of stars in the galaxy due to
gravity. In the first half of the twentieth century, many observations pointed out
that the mass inferred from the gravitational effects is several times bigger than
the mass inferred from the object’s luminosity. This "non-luminous"mass was then
called dark matter [16]. Since then, the existence of dark matter was confirmed by
other methods. The CMB, for instance, can distinguish between dark matter and
baryonic matter: the latter interacts with light via Thomson scattering, the former
doesn’t. This interaction leaves an imprint in the CMB temperature correlations.
CMB measurements from the Planck collaboration point that approximately 30%
of the Universe’s energy density is due to non-relativistic matter, but only 5% is
due to baryonic matter [5]. Gravitational lensing from galaxies is another effect
able to measure the total mass of a galaxy. Since masses distort space, photon
trajectories can make curves and circumvent massive objects. The more massive
the lens is, the more light will bend: therefore, this lensing effect can also be used
to infer the mass of a lens object, such as a galaxy. Finally, one main evidence
for dark matter is the relative abundance of light elements in stars and galaxies,
which can be predicted by the theory of Big Bang Nucleosynthesis [7]. Using the
Boltzmann equation, we can compute, for instance, the abundance of helium that
was formed from hydrogen atoms in the early Universe. We obtain the Helium
mass fraction of Yy ~ 0.24, compatible with an Universe with around 5% of
baryonic matter.

Strong evidence for dark energy was reported in 1998 by two research groups:
the High-z supernovae search team led by Adam Riess [17], and the Supernovae
Cosmology Project, led by Saul Perlmutter [18]. Type-IA Supernovae are explo-
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sions of white dwarf stars. The physical mechanism behind these supernovae is
well known, and the intrinsic luminosity from the explosions is roughly the same
for all events. Therefore, type-1A supernovae can be treated as standard candles:
we can infer the distance Dy, to the supernovae based on their luminosity. We can
also measure its redshift: the change in the light frequency due to the expansion
of the Universe. Thus, we can study the relation between z and Dy.. For nearby

supernovae (i.e. those with redshift z < 1), this relation is the Hubble law,

1

D = —z,
L HOZ

(1.6)
where Hj is the Hubble constant, the current expansion rate of the Universe,
defined as Hy = a(to)/a(ty). For more distant objects, we can see a deviation from

this linear approximation,

Dy = i(z +qoz* +...), (1.7)
Hy

where g is the current deceleration parameter of the Universe, defined as qg =
—agio/ (dg)?. An Universe composed by radiation and non-relativistic matter has a
strictly positive deceleration parameter: this is a consequence from the Friedmann
Equations 1.3, as both the energy density and pressure for radiation and matter
are positive. However, both teams found that distant supernovae pointed to a
negative deceleration parameter. From the Friedmann equations, this can only
happen if p + 3P < 0.

The final piece in all cosmological models, not just ACDM, is the existence of an
accelerated expansion period, called inflation, right after the Big Bang [19]. Such
an accelerated expansion solves the so-called horizon problem in the CMB. This
problem can be stated shortly as: since the CMB photons were emitted early in the
history of the Universe, two photons coming from opposite directions could not
be in causal contact with each other, and thus could not be in thermal equilibrium.
This goes against the evidence that the CMB is very isotropic. However, a period
of accelerated expansion would solve this problem, putting all CMB photons in
causal contact. The simplest inflation models are realized by a scalar field, named
inflaton. Inflation is also a mechanism that provides initial inhomogeneities in
the Universe. By calculating the quantum fluctuations of the inflaton in a de
Sitter (i.e. exponentially expanding) spacetime, it can be shown that the power

spectrum of the field fluctuations is nearly scale-invariant. These fluctuations are
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imprinted in the inhomogeneities of the Universe, and can grow or decay during
the expansion. CMB anisotropy power spectrum measurements are compatible
with initial fluctuations from inflation.

Today, we are upon a data-driven era of precision cosmology. The great
success of the ACDM model in describing such a myriad of data has led to
increasingly ambitious and precise experiments able to pinpoint model para-
meters with percent-level precision. For instance, the PantheonPlus catalog of
type Ia supernovae, calibrated with cepheid variable stars, give a current abun-
dance of dark energy of Oy = pa0/proto0 = 0.666 £ 0.018 and the current ex-
pansion rate of Hy = 73.3 + 1.1kms~!Mpc~! [20]. CMB anisotropy data from
the Planck collaboration also constrain the current baryonic matter density to be
Wh? = (ppo/ proto)h* = 0.02233 £ 0.00015°, the amplitude of inflation-induced
perturbations to be A; X 107 = 2.101’:8:82}1 and its spectral index, or tilt, as
ns = 0.9649 £ 0.0042 [5]. Finally, the reionization optical depth, a parameter
describing the effect of ionized gas in the CMB photons, is constrained by CMB
polarization measurements to be T = 0.0544 + 0.0073. The enormous technical
effort put in cosmological experiments has paid out: current experiments can place
percent-level constraints on the six ACDM parameters.

A viable cosmological model must be able to consistently explain the myriad
of current observational data. The current experimental precision, however, has
revealed discrepancies between different experiments. For instance, the value of
Hy inferred the local distance ladder is [21]

Hy = 733+ 1.04km s~ Mpc !,
while the value inferred from Planck 2018 CMB anisotropies is
Hy = 67.36 & 0.54km s~ Mpc ™.

Making a simplistic interpretation of these constraints, the posterior distribution
of Hy from the SHOES collaboration is a Gaussian centered at 73.3 with standard
deviation 1.04. The mean of the Planck 2018 posterior distribution for Hj is
67.34, which is more than five standard deviations away from the SHOES mean.
Assuming the posterior distribution from SHOES, the probability of measuring
the Planck 2018 mean value for Hj is astronomically low, of order e~ 2. There
are statistical subtleties in making such an interpretation, but the fact is that the

3h = Hy/(100kms~! Mpc 1)
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two measurements are in severe disagreement. This problem has been named the
Hubble tension, and it stands as one of the most pressing problems in current
physics.

A minor but persistent tension is also present between CMB and cosmic shear
experiments. The oy parameter represents the RMS of matter fluctuations inside
a sphere of radius R = 8Mpc/h. This parameter affects the lensing of photons,
being most constrained as the combination Sg = 03 vV, /0.3. CMB measurements
from Planck place a constraint of [5]

Sg = 0.846 £0.017,

while cosmic shear measurements from the Dark Energy Survey constrain Sg to
be [8]
Sg = 0.7751 0 05¢.

Repeating the same simplistic interpretation of the Hy tension, the difference in
means is approximately 2.8c. While this tension is less extreme, upcoming cosmic
shear and CMB surveys will increase the precision, reducing the error bars and
potentially aggravating this Sg tension.

From a theoretical standpoint, there is no explanation for the nature of dark
energy. A cosmological constant could in principle be explained by the vacuum
energy of the fields comprising the Standard Model of Particle Physics. Perfor-
ming this calculation, however, would yield a cosmological constant orders of
magnitude larger than the current measured value. Much theoretical effort is being
put into creating fundamental dark energy models and testing their predictions
against state-of-the-art cosmological data.

Due to the tensions and the lack of theoretical support for a cosmological
constant, it is important, to explore alternative dark energy models. Many of these
are able to better fit the observed data and alleviate cosmological tensions [22].
Investigating alternative dark energy behaviors can provide information about
the fundamental dark energy model, which could shed light on other problems
in current physics. As of the time of writing, though, ACDM still stands as the
standard model of cosmology.

My PhD research investigates alternative dark energy models in the context
of cosmological tensions. I study scalar field models, fundamental components
that can realize general dark energy dynamics in terms of a potential function

V(¢), usually connected to particle physics. Phenomenological models try to
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parametrize the dark energy density p(a) or the dark energy equation of state w(a),
exploring determined dynamical behavior but having little theoretical support.
Within these classes there are infinite possibilities, some of them able to alleviate
cosmological tensions. For instance, the Early Dark Energy (EDE) model assumes
a non-neglibigle amount of dark energy near recombination, at redshifts z ~ 3000:
this addition can alleviate the Hy tension without degrading the fit for late-time
observables. I have studied them using cosmic shear data from the Dark Energy
Survey, culminating in the analysis of Chapter 6 and the original work "Early
dark energy constraints with late-time expansion marginalization" [23]. On the
phenomenological side, my original work "Investigating Late-Time Dark Energy
and Massive Neutrinos in Light of DESI Y1 BAO"tests parametrizations of the
dark energy equation of state in the context of recent hints of dynamical dark
energy from recent supernovae and BAO surveys [24]. Additionally, I have also
contributed to the original work "Modeling nonlinear scales with the Comoving
Lagrangian Acceleration method: Preparing for LSST Y1" [25], assessing the
viability of building a suite of COLA simulations to construct an emulator of
the nonlinear matter power spectrum for beyond-ACDM models. While the
modelling of nonlinear effects represents a great challenge in the analysis of galaxy
surveys with extended cosmological models, this work will not be discussed in
this thesis. Furthermore, I am a member of two galaxy survey collaborations: the
Dark Energy Survey (DES) and the Legacy Survey of Space and Time Dark Energy
Collaboration (LSST-DESC). I am currently leading the analysis of an interacting
dark energy model using the full observations from DES, and a project to forecast
LSST constraints on the dark energy equation of state.

In this thesis, I study the theoretical basis of the ACDM model, describe the
relevant datasets able to provide constraints on the cosmological model, list some
alternative candidates to ACDM (non-exhaustively), discuss the data analysis
techniques used to test dark energy models and present results from my PhD using
various models and datasets. This PhD thesis is organized as follows. The first
chapters review theoretical aspects of cosmological theory, observations and data
analysis. Chapter 2 presents the ACDM model, the simplest model that explains all
cosmological observations; Chapter 3 reviews recent and historical cosmological
measurements and explains current cosmological tensions, the biggest challenges
in cosmology today; Chapter 4 reviews modifications to the ACDM theory and
their status; Chapter 5 explains the standard data analysis methods being utilized
by the cosmological community today. The subsequent chapters present original
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results developed during my PhD: Chapter 6 presents an analysis of combined
Early Dark Energy and smooth dark energy at late-times; Chapter 7 presents
the analysis of three different dark energy models using DESI 2024 BAO data,
assessing constraints on the neutrino mass. Finally, Chapter 8 summarizes the
thesis.

During my entire PhD, I acknowledge financial support from Sdo Paulo Re-
search Foundation (Fundagdo de Amparo a Pesquisa do Estado de Sao Paulo -
FAPESP) under grants #2020/03756-2 and #2022 /13999-5.



Chapter 2

The ACDM Model

This chapter explains ACDM, the consensus model among the cosmological
community. I start discussing the homogeneous and isotropic theory, a direct
consequence of the Cosmological Principle. Using perturbation theory, I then
insert small, inhomogeneous perturbations around the homogeneous solution.
Such inhomogeneities are core theoretical aspects of present-day cosmological
measurements.

Throughout this thesis, I use a spacetime metric with signature (—, +, 4+, +).

2.1 Einstein Equations and The Cosmological Princi-
ple

The expansion of the Universe is described by General Relativity, summarized

in the Einstein field equations,
G],“/ - SHGTyv. (2.1)

At face value, the field equations represent a set of 10 nonlinear, second-
order partial differential equations for 10 functions g, of 4 variables ¢, x,y, z.
Finding exact solutions of the Einstein field equations is an extremely complex
task. Fortunately, we can impose additional assumptions and symmetries that
simplify the problem but restrict the applicability of the theory. The two most
important assumptions, homogeneity and isotropy, are based on the cosmological
principle.

The cosmological principle states that all spacetime properties, in particular
the metric and matter distribution, when averaged over sufficiently large but
finite distances, are homogeneous and isotropic. Homogeneity and isotropy
greatly reduce the number of degrees of freedom in both metric and energy-

momentum tensor. We can divide any rank-2 tensor M,,, into four parts: its pure

11
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time component My, its spatial-temporal components My; and M;y, and the pure
spatial components M;;. For the energy-momentum tensor, we define T = —p,
the energy density of the fluid. T transforms as a vector in space, and since there
are no isotropic vectors, Té = 0. Finally, Ti]' transforms as a rank-2 spatial tensor.
It is known that the only rank-2 isotropic tensors are those proportional to the
identity, and then we can define the fluid’s pressure P as

T = Pé.. (2.2)

Finally, the homogeneity condition implies that p and P are only functions of time,
not position. Therefore, considering homogeneity and isotropy, the average matter
content of the Universe can be described by two functions of time: its energy
density p(t) and its pressure P(t). Its energy momentum tensor components are
given by!

T} = diag(—p, P, P, P). (2.3)

The same constraints also apply to the metric tensor g,: in particular, go; = 0
and g;; = a*(t)7ij, where a(t) is the scale factor and v;; is the spatial metric.
However, we also must impose that the spatial curvature is homogeneous: this
condition sets a certain form for the spatial metric which will be derived in the

next section.

2.2 The Homogeneous and Isotropic Cosmological

Theory

2.2.1 The Geometry of the Universe

The Cosmological Principle implies that spatial curvature must be homogene-
ous. There are only three kinds of 3-dimensional spaces with constant curvature:
planes (no curvature), spheres (positive curvature) and hyperbolae (negative
curvature). The three of them can be jointly described by the metric

5 dr?

W6 = T

+ r?d6? + r? sin” 0d¢?, (2.4)

IThis definition changes with the metric signature.
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where k is the spatial curvature, the inverse of the spatial curvature radius. A
positive value of k refers to a sphere, a negative value refers to a hyperbola, and
zero refers to the usual Euclidean space. A derivation of this spatial metric is
presented in Appendix A.1. In cartesian coordinates, this metric can be written as
k(x;dxt)? ; o
2 i At — Ayl A

ds(3) =1 frr oo +dx;dx’ = ydx'dx’. (2.5)
Throughout this thesis, I use 7ij to denote the spatial metric. In the flat space,
7vij = 6. To capture the expansion of the Universe, we introduce the scale factor
a(t) such that the physical distance element in the hypersurfaces of constant time
t scales with time as

2 . .
ds%3) = a*(t) {1 irer + r2d0? 4 ¥ sin® Od(pz] = az(t)'yijdxzdx]. (2.6)

Thus, we can express the spacetime metric as

dr?
1—kr?

ds? = —dt*> + a?(t) [ + r2d6? + r* sin® 9d4)2} = —dt* + a2(t)'yijdxidxj.

(2.7)
This metric is known as the curved FLRW? metric. From it, we identify two

unknowns in cosmology:

* a(t), the evolution of the scale factor in time, which determines the expansion

history of the Universe;

* k, the spatial curvature of the Universe. While a flat space is commonly
assumed, nothing prohibits k # 0, and the spatial curvature is always a

considered hypothesis.

There are some useful reparametrizations of the FLRW metric 2.7. One of them

consists in defining the conformal time 7 via
dt = adt. (2.8)
Using the conformal time, we obtain the metric

ds? = a®(7)(—dt* + y;dx'dx’). (2.9)

2As an homage to Alexander Friedmann, Georges Lemaitre, Howard Robinson and Arthur
Walker, prominent names in the conception of modern cosmology.
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Another reparametrization consists in redefining the radial coordinate of the

spatial metric, using an auxiliary coordinate x as

dr
dy = ——. 2.10
X T (2.10)

Integrating the relation above, we find

\/LE arcsin(v/kr), if k > 0;

—L_arcsinh(+/k|r), if k < 0.

VK

It can be easily inverted to obtain the radial comoving distance r in terms of x

\/Ll? sin(vky), if k > 0;

r=5(x) =4 x ifk=0; (2.12)
ﬁ sinh(+/|k|x), if k < 0.

The function Si(x) is analytic in both x and k, but this piecewise form is more
useful in practice. Using the coordinates x and 7, the FLRW metric can be written
as

ds? = a* (1) (—d7? +dx* + S3(x)d0?), (2.13)

where d0? = d6? + sin® 0d¢? is the solid angle element. This form of the FLRW

metric is useful for calculating photon trajectories.

2.2.2 Kinematics in an Expanding Universe

The 4-momentum of particles, P* = (E, P'), must obey the geodesic equation

PFV,PY =0 — P#9,Pv + Ty, P*PF =0, (2.14)

where FZ: g are the Christoffel symbols. Appendix A.2 presents the calculation of
the Christoffel symbols. Assuming homogeneity, we have 0;P" = 0, and thus

apv

Edt

+ rgﬁzﬂpf5 =0. (2.15)
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For the case v = 0, we use the computed Christoffel symbols to get

dE 0 pi pj p2_ 4o

= _TY ] = — = —_

E i I’l]P P/ = —aaP* = ap , (2.16)
where P? = 'yi]-Pin is the magnitude of the comoving 3-momentum and we
define the physical 3-momentum as p' = aP’, analogous to the relation between
physical and comoving distances. The particles” momentum obey the on-shell

energy-momentum relation
quP'P' = —m? — —E* + p* = —m* — E* = p* + m?, (2.17)

where we identify the physical 3-momentum azfyijPin = p?. Therefore, EJE =
pdp, and we can write
dp

= —Hp? - . _gp S pocal (2.18)

d
’ar
The physical 3-momentum of particles decays with the scale factor. For massless
particles, such as photons, E = p, and thus their energy is inversely proportional
to the scale factor. Since the photons’ energy is inversely proportional to its
wavelength, this implies that the wavelength of photons increase linearly with the
scale factor. Since red light has the biggest wavelength in the visible spectrum, we
call this effect cosmological redshift, one of the main predictions of cosmology.

2.2.3 The Components of the Universe

According to the Einstein’s field equations, matter impacts the expansion of
the Universe by the energy-momentum tensor, T*". Due to the cosmological
principle, the energy-momentum tensor is determined by the energy density p
and pressure P. Through Bianchi’s identities, General Relativity also implies that

the energy-momentum tensor is conserved,
VT =0 — 9, TH + T}, T + T}, T = 0. (2.19)

Using the Christoffel symbols from Appendix A.2 and the fact that the energy-

momentum tensor is diagonal, we get to the continuity equation for cosmological
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fluids, which described how the energy density changes as the Universe expands

T + T T® +THT =0,
0+ 3Hp +aaP/a*> =0,
d
L +3H(p+P) =0, (2.20)
where we define the Hubble factor as H = 4/a. Notice that we do not obtain

an equation for the evolution of pressure. The microphysics of the matter fluid

determines a relation between pressure and density, which can be expressed as
P = wp, (2.21)

where w is the equation of state of the fluid. Assuming w is constant, we can solve
for the density p as a function of the scale factor a

Z—‘Z&z + 3%(1 +w)p =0— p = poa 21+, (2.22)
where pg is the density today. Different kinds of fluids, such as radiation, dark mat-
ter and dark energy, have different equations of state. Since the energy-momentum
tensor is additive, we can postulate that the total energy-momentum tensor T}, is
the sum of several independent tensors T(”l.;/, where i is the index of the component.
Each of the components has its own density p; and pressure P;. Assuming that
these components do not interact with each other, their energy-momentum tensors
are separately conserved

K
v, T

[y =0 — pi +3H(p; + P)) = 0. (2.23)

)

This opens the possibility that the Universe is composed of multiple compo-
nents that behave differently. For instance, it is known from statistical mechanics
that radiation fluids, that is, ensembles of massless or ultrarelativistic particles,
obey the relation P = p/3. This definition of radiation encompasses photons,
massless neutrinos and massive neutrinos while they are ultrarelativistic. Other
Standard Model particles have become nonrelativistic much early in the Universe’s
history. Notice that, if w = 1/3, then the energy density of radiation p scales with
a—*. This is consistent with the cosmological redshift discussed in the last Section.
If the energy of ultrarelativistic particles scales with 2=, then the energy density
p = E/V scales with a—* as the volume scales with a°.
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For nonrelativistic particles, even though their physical 3-momentum P’ decays
as a~!, the momentum is only a small part of the total energy, which is mostly
comprised by the rest-mass energy E = moc?, which is constant. This implies that
p scales as a3 and that the equation of state is w = 0. Dust is a general relativity
jargon for this pressureless fluid.

After the Big Bang, all Standard Model particles are ultrarelativistic. As the
Universe expands and cools down, the massive particles become nonrelativistic.
This implies that their equation of state w smoothly transitions from w = 1/3 to
w = 0. Cosmologists refer to massive Standard Model particles (except neutrinos)
as baryonic matter, assumed to have w = 0. Dark matter, an exotic form of energy,
behaves as massive particles with w = 0, but only interact with Standard Model
particles through gravity. We are also going to see more exotic fluids: the curvature
of the Universe effectively acts as a fluid with w = —1/3, a cosmological constant
behaves as a fluid with w = —1, scalar fields can represent a fluid with varying
equation of state w, among other possibilities.

The continuity equation has a thermodynamic interpretation. Each fluid is a
thermodynamic system described by their internal energy U, their volume V and

the number of particles N, such that
dU = —PdV + udN + TdS. (2.24)

The expansion of the Universe is an adiabatic process, that is, it does not alter
the entropy: dS = 0. It also does not alter the number of particles, so AN = 0.

Therefore, as the Universe expands, we have
du = —PdV. (2.25)

The energy density of a fluid is defined as p = U/ V. Its derivative with respect to

time is
do_1du Udv. __Pdv._ pdV (2.26)
dt  Vdt V24t  Vdt Vdt’ '

The FLRW metric implies that the spatial volume scales as ad orV = V0a3, where

W is the fluid’s volume today, and thus

1dV _ 3a?i

Inserting this volume derivative into Equation 2.26, we obtain the same continuity
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equation that was obtained via the Bianchi identity,

d
= —3H(p+P). (2.28)

2.24 The Friedmann Equations

We can proceed to calculate the Einstein field equations 2.1 assuming the FLRW
metric 2.7. The general procedure consists in calculating the Christoffel symbols
r’ B then the Ricci tensor Ry, and finally the Einstein tensor G,,. These lengthy
computations are shown in Appendix A.2. We obtain the following components
of the Einstein tensor

Goo = 3H? + 2—]2‘ (2.29)
i k

We can proceed to calculate the time-time Einstein equation, Gop = 871G Ty

3k
2 _
3H” + 7= 8Gp
2\ 2
a 8tG k
H? = (E) - Tp - (2.31)

Equation 2.31 is the Friedmann equation, one of the central equations in cosmo-
logy. It relates the expansion rate H = i/a with the energy density of the Universe
p. In summary, the more dense matter is, the faster the Universe will expand. The
Friedmann equation can also be rewritten in terms of conformal time 7: defining

H = a’ /a and primes denoting derivatives with respect to T, we get

I\ 2 2
H2 = (%) - 8”(;” Pk (2.32)

We still have the spatial part of the Einstein equations, G;; = 87GTj;. Due to
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isotropy, we can simply take one of the diagonal terms, leading to

i k

—2- — H* — — =8nGP
a a
a 3
) A
2 = —%G(p +3P). (2.33)

Equation 2.33 is the second Friedmann equation, relating the acceleration of the
Universe’s expansion i with the matter pressure P and density p. In summary,
if matter obeys the strong energy condition p + 3P > 0, the expansion of the
Universe will be decelerating, 4 < 0.

The ACDM model assumes that the Universe is composed by photons, neutri-
nos, baryonic matter, cold dark matter and a cosmological constant. Photons and
massless neutrinos are collectively denoted as radiation and have w = 1/3. Their
current energy density is known from measurements of the Cosmic Microwave
Background temperature Tcyp ~ 2.7255. Baryons and CDM, collectively denoted
as matter, have w = 0. Finally, the cosmological constant has w = —1. Their

energy densities scale as

pr = proa”?, (2.34a)
Ob = Pbed >, (2.34b)
Pc = PC,O”731 (2.34c)

PA = PAO/ (2.34d)

where the subscripts indicate radiation, baryons, cold dark matter and the cosmo-
logical constant A, respectively, and p; o is the current energy density of component
i. Defining om0 = pp 0 + 0c,0, we can write the Friedmann equation as

8nG _ _ k
H? = =2=(ps00™" + pmoa° +pa0) = . (2.35)
If we define py o = —3k/87G, we can rewrite the equation as
8tG _ _ _
H? = —5 (o o pmoa > 4 Pr0a %+ pa0)- (2.36)

Thus, in the Friedmann equation, curvature effectively acts as a fluid with w =

—1/3. Finally, one of the most important measurable quantities in cosmology is
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the current expansion rate of the Universe, Hy. From the Friedmann equation, we

can obtain G
7T
H} = T(Pr,() + Pm,0 + Px0 + PA0)- (2.37)

We define the critical energy density p.r as

3H3

Pcr = 87‘(—G' (2.38)

and the energy density parameters as (); = p; o/ pcr, SO we can rewrite the Fried-

mann equation as
H? = H3(Qya™* + Qa3 4+ Qa2 4+ Q). (2.39)

The parameters ), 0, Q5 and () are not independent, they must satisfy the
relation
Qr+Qm+QA+Qk =1. (240)

2.2.5 Measuring and Predicting Distances

Distances are one of the most important cosmological observables. The cosmo-
logical theory is able to predict the physical distance of an astronomical body with
given redshift. Therefore, by comparing theory predictions against measured data,
we can gain information about the theory, constraining its parameters.

Due to the expansion of the Universe, we observe distant bodies receding away
from us. Because of the Doppler effect, the light emitted by these bodies will
be measured with a different wavelength compared to the original wavelength
emitted in the source frame. This difference is quantified by the redshift,

2 — Nobs = Aemit (2.41)

4

Aemit

where Agps and Aemit and the observed and emitted wavelengths, respectively.
Since the photon wavelength scales with 4, we obtain the relation

y = Aobs 1= a(tobs) 1= 1

_ — —1, 2.42
/\emit a ( temit ) a ( temit) ( )

where a(temit) is the scale factor at photon emission time and a(t,s) = 1 is the scale
factor at observation time. Therefore, by measuring the redshift of astronomical
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bodies, we can know the scale factor at the time of photon emission, assuming
no peculiar velocities.

Redshifts are mainly measured in two ways. The most direct measurement is
called the spectroscopic redshift. The received light is analyzed in a spectroscope,
and its frequencies can be resolved. Since we know that hydrogen is the most
common atomic element in the Universe, we can compare the spectroscopic lines
with the hydrogen spectral lines, observing that they have been shifted by a
constant amount. Spectroscopic redshift is a very precise measurement, but it’s
not the preferred method in surveys that measure the redshifts of millions of
astronomical objects.

The second method is the photometric redshift. Although less precise than
spectroscopic redshift, the photometric redshift of many objects can be easily
measured. Photometric redshift is measured by making the light pass through
different color filters. The Dark Energy Survey, for instance, has used 5 filters:
gray, red, near-infrared and infrared (the so-called griz photometric system) are
common in photometric surveys, but it’s standard to add an additional filter, either
in the ultraviolet region, forming the ugriz system, or in the far-infrared region,
the grizY system [26].

Distances, on the other hand, are much harder to measure. There are two main
distance measurements: luminosity distance and angular diameter distance. Lu-
minosity distance is a measure of distance inferred by how bright the astronomical
object looks. Using a charged coupled device (CCD), we can measure the luminous

energy flux F of a luminous object,

dE

7= Taar

(2.43)

where dE /dt is the energy per unit time entering the CCD lens area dA. Assuming
no cosmological effects and the energy flux conservation, the measured flux must
be equal to the source energy flux

Psource
F = 2.44
4rtD2’ ( )

where Psource is the source’s energy emission rate per unit time and D is the

distance to the source. Thus, we define the luminosity distance Dy from the
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observer to the emitting body as

Di = ljfjt“;e- (2.45)
We can only calculate the luminosity distance if we know the intrinsic luminosity of
the source, Psource. Fortunately, there are standard candles: astronomical objects or
events whose intrinsic luminosity is known. The first proposed standard candles
were cepheid variable stars, following the work of Henrietta Swan Leavitt [27, 28].
In recent astronomy, Type Ia supernovae have become important standard candles
that can be detected at high redshifts.

As stated, this definition assumed no cosmological effects on light: the lumi-
nosity distance is equal to the physical distance when this assumption is true.
However, the observed energy flux cannot be equal to the emitted energy flux:
during the photon trajectory, it redshifts, and its energy decreases with time until
it is detected. Furthermore, if the source emits photons at a certain rate, we will
receive theve photons at a smaller rate because of the expansion. Imagine the
photons being emitted by the source in a straight line, one by one, in regular
intervals. As the Universe expands, the space between photons increases, and the
time interval between photon receptions by the observer will be greater than the
emission interval. Both these effects decrease the observed flux with respect to the
emitted flux by factors of a. Taking both effects into account, we can rewrite the

flux conservation as

Psource
_ _ Jsouce 2.46
4 47D2(1 + z)2 (2.46)

and we get the relation between luminosity distance and comoving distance D,
D? = D?(1+z2)*> = D, = (1+2z)D. (2.47)

Another distance measurement is the angular diameter distance. Suppose we
observe an astronomical body at a certain region in the sky. This body occupies an
angle 46 in the sky. If we know the actual size L of the body, we can then define
the angular diameter distance D 4 from the observer to the body as

Dy = —. (2.48)

This distance is simply related to the comoving distance D by the fact that, as
the light from the body travels through the Universe, the physical distance to
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the source increases, so we perceive a smaller angular size than that of a static

Universe. Therefore D

T 1tz
The definitions imply a relation between angular and luminosity distances

D

(2.49)

Dr = (1+2)*Da. (2.50)

The CMB anisotropies provide a very precise measurement of an angular scale 6.,
related to the sound horizon at recombination 7;(z. ), a physical scale related to the

scattering between baryonic matter and photons. This angular scale 6. is given by

_ rs(Z*)
DA(Z*),

0. (2.51)
where z, ~ 1100 is the recombination redshift and D 4(z) is the angular diameter
distance to that redshift.

Finally, we must be able to provide theoretical predictions to these observables.
We use the form of the FLRW metric in terms of the conformal time 7 and auxiliary

coordinate Y,

ds* = a®(7)[—d7? + dx® + Sz (x)d?, (2.52)
where
x, ifk=0;
Sk(x) = 4 o sin(Qxx), if k < 0; (2.53)

\/|1Q_| sinh(Qyx), if k > 0.
k

Recall that the radial coordinate r = Si(x) is the metric distance. A radial photon

trajectory would have d0 = 0, d¢ = 0, dt = dx. Thus, the comoving distance x to
the source is

Thow 1 d T

= Tt = —da 2.54
X Temit Aemit da ( )
1 z d7
= —da = . :
X Aemit aa ! 0 H(Z/) (2 55)
Using the Friedmann equation 2.39, we can obtain
4 dzl
x(z) = [ . ., (256)
0 Ho/Or(1+2)4+Qu(14+2)3 4+ O (1+2/)2+ Qp
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Figura 2.1: Examples of luminosity (left panel) and angular diameter (right panel)
distances as a function of redshift for selected ACDM cosmologies.

and the luminosity and angular diameter distances are computed via

Dr(z) = (1 +2)Sk(x(2)), (2.57)
Da(z) = w (2.58)

2.3 The Inhomogeneous Universe

The universe is not homogeneous and isotropic. CMB temperature measure-
ments indicate small fluctuations from isotropy, about 1 part in 10 thousand. The
critical energy density today p.r, when converted to matter density, evaluates at
roughly 5 protons per cubic meter, which certainly doesn’t describe galaxy clus-
ters, let alone planets and stars. The background equations describe an average

Universe. Now, we turn our attention to deviations from homogeneity.

2.3.1 Metric Perturbations

The FLRW metric with conformal time is

ds? = a®(7)(—dt* + ’yi]-dxidxj), (2.59)
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where 7;; is the spatial metric, which can be reduced to J;; if the space is flat. We
will add small, position-dependent perturbations to this metric® as

Suv = gptv(T) + 58}41/(1-/ r), (2.60)

where g, is the FLRW metric and 6g,, are the position-dependent perturbations.
Breaking the assumptions of homogeneity and isotropy, we are now dealing
with 10 extra degrees of freedom in the metric perturbations §g;,. Assuming the
deviations are small, we can approximate our equations to first order in 5g,,. It’s
important to notice that this is a bold statement: we assume that g is analytic
with respect to the perturbations and that the derivative of the perturbations is of
the same order of magnitude as the perturbations themselves. Finally, it’s crucial
to remark that linear perturbation theory is only a good approximation if the

perturbations are much smaller than the background, homogeneous terms.

2.3.2 The Scalar-Vector-Tensor Decomposition

Without homogeneity and isotropy, linear perturbation theory adds 10 degrees
of freedom to our theory. The Scalar-Vector-Tensor (SVT) decomposition is a
technique to separate independent degrees of freedom in our perturbed tensors.

First of all, we can separate spatial and temporal parts of the metric perturbati-

ons: 6800, 00, 9gij- We define each part of dg,, as

500 = —2aA, (2.61a)
8

00 = —a°B;, (2.61b)

581; = 612]’11']', (2.61C)

such that the full metric can be written as
ds? = a®(1)[— (14 2A)d7? — 2B;dtdx' + (7ij + hij)dxidxj]. (2.62)

Next, every 3-vector B; can be decomposed into a divergenceless part and a

3In reality, perturbation theory is based on expanding the metric in a power series: gy =

(1) () ()

Suv(T) +egu + ezgw, + ..., where g,/ is the n-th order correction in the metric and € is the
perturbation parameter that keeps track of the order of every term. Since we are in first order, it’s
not difficult to identify the order of any given term and linearize the equations, so we can present
it in a more intuitive way in equation 2.60.
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gradient part,
B; = B; + 9;B , where 9;B' = 0. (2.63)

Note that B; has 3 degrees of freedom which are divided into one scalar B and the
other two in the divergenceless vector B;.

There is an analogous theorem for 3-tensors. The first part is to note that we
can easily separate the trace of any rank 2 tensor.

1
hij = 3ijhin + (Hr)ij = (Hr)j =0 (2.64)

I am going to denote the trace as 2H] = h% /3. The traceless part can be decompo-
sed as

1 A N N
(Hr)ij =2(V;V; — g'Yijvz)HT + (Vi(Hr)j + Vj(Hr)i) +2(Hr)ij,  (2.65)

where V; is the spatial covariant derivative and

Vi(Hr)" =0, (2.66a)
Vi(Hr)i =0, (2.66b)
(A7)t = 0. (2.66¢)

Again, note that ;; has 6 degrees of freedom. These are now split as two scalar
functions H; and E, one transverse vector £; with two free components, and one
transverse-traceless tensor Ei]- with two free components. To summarize, the tensor

part of the metric perturbations can be written as
hij = 2HL i + ZVZ}HT + (Vi(Hr); + V;(Hr):) +2(Hr)ij), (2.67)

where, for brevity, we define the traceless second derivative as V; = ViV, —
V2/3.

The SVT decomposition is closely related to Fourier transforms and spherical
tensors. The eigenfunctions of the spatial laplacian operator, V2, will be denoted
as Ql((o) (r), and satisfy

V20 (r) = —2QY (x). (2.68)

In flat space, these functions are the exponentials, Ql((o) (r) = e**/(27)3/2. For
curves spaces, these functions assume more complicated forms, but luckily we are
only interested in their linear independence, a property that generalizes to non-flat
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spaces. They form a complete set of functions, and thus any scalar function can be

written as

A(T,1) = / Pk A(T,K)Q0 (x), (2.69)

where A(T, k) is the amplitude of the k mode at an instant 7.
Vector functions can also be decomposed using the vector normal modes

Ql(il) (r)*. In flat space, vector normal modes are related to circular polarizations,

() = é(e1 + ieg) ;e T, (2.70)
where we chose e; and e; perpendicular to k. The choice of circular polarizations
is made so the modes are eigenfunctions of the angular part of the laplacian (i.e.
spherical harmonics). These components also capture the vorticity of the vector
field.

Since our space is 3-dimensional, there is also a third vector mode parallel to k

(i.e. longitudinal mode) that can be built explicitly from the scalar mode,

0 (r) — —%VIQ(O) (1). (2.71)

In a flat space, this is equivalent to QSO) (r) = (e3);e®'"
of k. The 3 vector modes QEO) (r), Qfﬂ) (r) are linearly independent vectors and

, choosing e3 in the direction

complete sets of functions, and therefore can build any vector function in space.
Finally, notice that the Qgil) (r) modes are transverse, that is, V;Q(*1)(r) = 0, and
the QEO) (r) mode is a gradient. These facts are related to the decomposition made
in Equation 2.63.

Any spatial tensor can be decomposed similarly. In particular, for rank 2
symmetric traceless tensors, we have two transverse modes ngjﬂ) (r), two mixed

transverse-longitudinal modes that can be built from the transverse vector modes,

0 (0) = (Vi 0+ 7,0 ), @72

and one longitudinal mode built from the scalar mode

1 1
ijp)(r) = <pViVj - g%’jvz> Q(r). (2.73)

4From now on, I drop the subscript k, leaving this dependence implicit.
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Equations 2.72 and 2.73 are related to the SVT decomposition in Equation 2.65.
In summary, the Fourier k mode of a scalar function (A, dp, H...) is given by

(usually the k can be denoted as a underscript or even be absent)

sp(t,r) = 6p(7, k) Q0 (x), (2.74)

the k mode of a vector function will be given by

1

Bi(t,r) = Y B (7,1)Q"™ (v), (2.75)

m=-—1

and the k mode of a rank-2 tensor can be written as:

Hryi(T, 1) Z H ( )(r). (2.76)
m=-—2

Longitudinal (0) degrees of freedom, also known as scalar modes, behave
differently depending on their scale k: they may oscillate with fixed amplitude,
or grow in amplitude due to gravitational attraction. Usually, single transverse
degrees of freedom (+£1), also known as vector modes, decay with the expansion
of the universe. The transverse (+2) degrees of freedom, or tensor modes, are

related to gravitational waves.

Interlude: a fictional theory

I now illustrate the SVT decomposition with a simplistic fictional theory. Let
V(r,t) be a vector function and A(r, t) be a scalar function, both defined in the

Euclidean spacetime and following the linear differential equations

A+V-V =0, (2.77)
”;—Y +VA=0. (2.78)

One may perform a Fourier decomposition of the functions

A(rt) = / (§Z§3A(k,t)eik'r; (2.79a)
V(r,t) = / (j;§3V(k,t)eik'r. (2.79b)
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V is a vector in k—space. We can choose k as one of the basis vectors (the radial
vector), and choose two perpendicular vectors to it, 4 and b. We can also define
the circular polarization vectors & = (4 #+ ib)/+/2 and we have a basis. Thus, we
can write

V=vOknk+vE (knF + vk . (2.80)

For brevity, I will denote V(D (k, t) & + V=D (k, t) = = VED (K, t)E. Inser-

ting the Fourier decomposition in the scalar equation, we obtain

/ a3k = a1 k-
P [A+ik-V]e* T =0. (2.81)

From our decomposition, we have
k-V=kvO (K1), (2.82)

where k is the magnitude of k. Hence, our scalar equation becomes

3 .
/ % {A n ikv<0>] kT —, (2.83)

since the functions e’* T are linearly independent, the term in square brackets must
vanish for all k,

A+ikvO. (2.84)

Inserting the Fourier decomposition into the second equation, we obtain

3
/ (jnk)s {%V(O)(k, Dk + %V(ﬂ) (I )£ +ikA(kt)| =0, (285

where the right-hand side is understood to be the null vector. Therefore, every
component of the LHS vector must be zero, and we have three equations, one for
each linearly independent vector,

d

VO 1) +ikA(k 1) = 0 (2.86)
and p
Ev&l)(k, t) = 0. (2.87)

We haven't relied on the orthonormality of the basis {k, &}, only on the fact

that they are linearly independent. We could have chosen, for instance, the basis
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{ik, £}. Using this choice, we get the following equations:

A—12v0 =; (2.88a)
%wmkﬂ+MKo:@ (2.88b)
%V(il)(k, t) = 0. (2.88¢)

Both sets of equations are equivalent, the components are just defined differently.
One has to be careful about the basis conventions, different authors may use
different ones. One important thing to notice is that due to the linearity of the
equations, vector modes and scalar modes are completely independent.

For tensors, things are exactly the same, only the basis we choose is the ten-
sor product of the vector basis with itself. Any symmetric tensor can thus be
decomposed into

T t) =TOKek) + TED (ke +) + T (£ @ 1) (2.89)

so the same prodecure applies for tensor equations.

This formalism is still valid for the constant curvature spaces we study in
cosmology, since the angular part doesn’t change. The orthonormal set of eigen-
functions of V,, V¥ won’t be the exponentials, but they exist and can provide a
Fourier-like basis like discussed above, since for every point we pick vectors on
the tangent space.

2.3.3 Energy-Momentum Tensor Perturbations

We must also include position-dependent perturbations in the energy-momentum
tensor,
T (T, 1) = Ty (T) + 6Ty (7, 1). (2.90)

One way to see it is that metric perturbations cause matter perturbations (passive
point of view), but this is not always the case. Some structure formation models

predict persistent vector perturbations, and those must be caused by some internal
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dynamics of the dark sector. We can parametrize the matter perturbations as

oT% = —dp, (2.91a)

6Ty = —(p + P)v', (2.91b)

6T = (6 + P)(v; — B;), (2.91¢)
ST, = 6P5; + PIT'. (2.91d)

There are 10 new degrees of freedom: Jp is the density perturbation, JP is the
pressure perturbation, v’ is the velocity of the fluid; IT' ; is the anisotropic stress,
which can without loss of generality be made traceless. Each of those quantities
can also be decomposed into scalar, vector and tensor modes. It is common to use

the density contrast
0= o (2.92)

instead of the density perturbations dp.

Some components of the Universe have null or negligible perturbations, jps <
dpc, where C stands for clustering components. We call them smooth components.
The two main examples in ACDM are curvature (thought of as a fluid with
w = —1/3) and the cosmological constant, two fluids without any perturbations.

Other fluids may have negligible perturbations, as we will see ahead.

2.3.4 Perturbed Conservation and Einstein Equations

Now, we want to write the conservation and Einstein equations, expanding
them in linear perturbations. The process is the same as in the homogeneous
case: we have to calculate the connection, Riemann tensor, etc. The calculations
are longer because we are not working with homogeneity anymore, and there
are more degrees of freedom, but reducing to linear order helps. Since this pro-
cess is systematic and lengthy, we use a Mathematica package called xPand, a
submodule from the xAct> package. Its documentation is very thorough and
should be sufficient to learn the basics of the package. For conciseness, I describe
the process to obtain the perturbed Einstein and conservation equations using
xPand in Appendix B. In the following, I summarize the main equations from
cosmological perturbation theory.

In the remaining of the thesis, only scalar perturbations will be studied. Since

5http://www.xact.es/index.html
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scalar perturbations are completely unaffected by the vector and tensor degrees of

freedom, I neglect the vector and tensor perturbations from now on. Furthermore,

I also assume flat space.
The perturbed FLRW metric is given by

ds® = a*(7)[—(1 - 2A)dT* — 20;Bdx'dT + (8;; — 2H.8;; + 20, Hr)].  (2.93)

The perturbed energy-momentum tensor is given by
6T = —dp,

6Ty = —(p + P)o'n,

ST% = (p+ P)ai(v - B),

ST'; = 6P&; + POIL

In Fourier space, the scalar conservation equations are

5p' +3H(6p + 6P) = —(p + P) (kv + 3H}),

<% +4’H) [(p+ P)(U;kB)] = 6P — %PH + (0 +P)A.

The Fourier-space scalar Einstein equations are

(2.94a)
(2.94b)
(2.94¢)
(2.944)

(2.95a)

(2.95b)

a" d\> 4K d kB, ) 5p

471Ga? (5p+37—l(p+13) (U;B)) = K (HL+%+

d
dt

(2.96a)

H /

12 (kB HT)) )
(2.96b)

K*(A+ Hy + %) + (— — 2%) (kB — HY) = 87tGa?PI],

/

H
HA — H| — TT = 471Ga®(p

(2.96¢)

+ D) (v;B>.

(2.96d)
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2.3.5 The Gauge Problem

Both metric and matter perturbations are not coordinate independent. By
changing the time slicing or the spatial threading, we can introduce or remove
certain terms that we would relate to perturbations in equations 2.60 and 2.94.

I illustrate this dependence with one example. Suppose we keep the spatial
coordinates but use a different time slicing T = 7+ T(r, 7), where T is a small
position-dependent function. We can calculate the metric component §oo(%) as

. oxH axV
Soo(%) = @@gyv(@. (2.97)

In the tilde coordinate system, goo(¥) = a?(%)(1+ 2A). Since ¥ = T + T, we can
approximate at linear order

F00 = (a(7) +a (VT)2(1424) ~ aX(7) (14 2HT)(1+24) ~ a2(1) (1 + 2HT +24).
(2.98)
Plugging this result into Equation 2.97, we obtain

(1) (1+2HT +2A) = a®(1)(1 +2A -2T") - A=A —-T —HT.  (2.99)

If T is chosen such that T' + HT = A, then A = 0: by a suitable coordinate
redefinition, we were able to eliminate one of the perturbation degrees of freedom.

This is analogous to electromagnetism, where the vector potential A* has, in
principle, four degrees of freedom, but there is also a freedom to redefine A* as
Al = AF + 9* A without changing the Maxwell equations. We say that A* has a
gauge degree of freedom, which does not affect the physics. This gauge degree
of freedom is eliminated by imposing some extra condition to A¥ which makes
calculations easier. This condition must be satisfiable by fixing A.

We must identify the gauge degrees of freedom, determine how the pertur-
bation variables transform with the gauge, and then fix the gauge degrees of
freedom. Another possibility, which will not be explored in this work, is to find
gauge-independent quantities and rewrite all equations in terms of those quanti-
ties.
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Gauge Transformations

Let us analyze how perturbations change if we make a coordinate transforma-
tion of the form
xt — q =t 4 ¢ (7, %), (2.100)

where ¢ are small, perturbative changes in the coordinates that we only need to
consider linearly. We perform an SVT decomposition of &#: & = T, & = L' = VL.

Upon this coordinate transformation, the metric components transform as

- ox® oxP
8uv(¥) = 5n 55 8w (%), (2.101)

and the energy-momentum transfer T}, transforms similarly. For the sake of
conciseness, the computation of these coordinate transformations is presented in
Appendix A.3. Using the SVT decomposition and Fourier modes, we can show
that

A=A—-T —HT, (2.102a)
B=B+L +kT, (2.102b)

H; = H; — gL — HT, (2.102¢)
Hr = Hr +kL, (2.102d)
S5p=0p—p'T, (2.102e)

0P =6P—P'T, (2.102f)
d=v+L". (2.102g)

The anisotropic stress I1 is gauge-invariant.

Gauge Fixing and Commonly Used Gauges

Let us focus on scalar modes, where we have two degrees of freedom T and
L to use. Let us assume we are working in a coordinate system x* with arbitrary
scalar perturbations A, B, Hr, Hr. We can try to use T and L to change to a
coordinate system %" where the new perturbations A, B, H; and Hr are easier.

The Newtonian gauge imposes B = Hy = 0. Using Equations 2.102, we can
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fix the gauge degrees of freedom,

H
Hr+kL=0 = L= _TT’ (2.103a)

H/
B+L’+kT:0:>kT:—B—L’:—B+TT, (2.103b)

The remaining perturbations receive a new notation: A=Y, H = ®°. One
advantage of this gauge is that the perturbed Einstein equations 2.96b and 2.96¢
resemble the Poisson equation for Newtonian gravity,

D = 47Ga® |dp + 3H(p + P)%} , (2.104a)
K*(®+Y¥) = 87Ga®PI. (2.104b)

Without anisotropic stress, one of the scalar perturbations is determined as ¥ =
—&. With anisotropic stress, the second equation becomes a simple algebraic
relation between ¥, ® and I1.

In the comoving gauge, we impose & — B = 0 and Hr = 0. This is called the
comoving gauge since the momentum density vanishes. Using Equations 2.102,
we fix the gauge degrees of freedom as

Hr+kL=0 = L= ——"L (2.105a)

B+kT—0v=0 = T=

(2.105b)

We denote the remaining metric perturbations as A = &, H; = R and the density
contrast in the comoving gauge is denoted by A = 5p/p. If v is the total velocity,
then this is the total comoving gauge. However, if v is the velocity of a given
component, then this gauge is comoving to that specific component.

The comoving curvature perturbation R is a very important variable in cosmo-
logy because it’s conserved for modes above the horizon and no stress. This can
be seen by computing the Euler equation 2.95b and Einstein Equation 2.96d in the

comoving gauge,

5P — %PH +(@P+P)E =0, (2.106a)
HE—-R' =0. (2.106b)

®Different authors may swap ¥ and &
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Inserting ¢ into the Einstein equation, we get

RI= Tt {-51) + %PH} . (2.107)
p+P 3

If stress fluctuations are negligible, then R’ ~ 0: the comoving scalar perturbation
is conserved. Total stress should be negligible above the horizon (small k) because
of causality: there is no time to perturbations to reach there. This makes R a very

useful variable to work with, independently of gauge.
In the synchronous gauge, we impose no perturbations in the time part of the
metric: A = B = 0. In order to find T, L, we have to solve the system of equations:

1
A-T —HT =0 —> aT' +a'T = aA —> T:E/dTaAnLCa—l (2.108a)

B+l +kT=0 — L=—/dr(B—|—kT)+c2 (2.108b)

And the remaining scalar perturbations are redefined to #7 = —Hp — %HT and
h; = 6H;. One important thing to notice is that the gauge is not completely
tixed, since there still are undetermined parameters cy, c2. This is called residual
gauge freedom. These constants are determined by initial conditions on the
perturbations, as we will see later. Usually, these constants are used to set the
CDM velocity to zero, simplifying the system of equations. However, this assumes
CDM follows the Euler equation 2.95: changing the CDM velocity can break this
assumption. If, however, the assumption holds, this choice makes the synchronous
gauge comoving with CDM. The upside of this gauge is that the equations are
numerically stable: the synchonous gauge is adopted in the numerical Einstein-
Boltzmann solvers CAMB and CLASS.

The spatially flat gauge impose no perturbations on space: H; = Hr = 0. We
can easily check that:

L— _% (2.109)
1
HT = Hp + §HT (2.109Db)

In this gauge, the space has no scalar perturbations. This gauge is very useful to

study inflaton fluctuations.
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Examples of Gauge Transformations

Every gauge has pros and cons. Sometimes, you would like to work with a
variable from a certain gauge in another gauge. For instance, comoving gauge vari-
ables can obey simple conservation laws, but the Newtonian gauge perturbations
have a more clear physical interpretation, but the Einstein-Boltzmann numerical
solver works in the synchronous gauge. Using Equations 2.102, one can perform
transformations between any two gauges.

Let me illustrate gauge transformations by performing the change from the
Newtonian gauge to the comoving gauge. Equations 2.102 imply that L = 0,
T = vn/k, where I use the subscripts C and N to denote comoving and Newtonian
gauges respectively. In principle, vc # vy, but since L = 0, Equations 2.102 imply
that the velocities are indeed the same, and we drop the subscript from now on.
From the gauge transformation of Hy, we obtain

R=d— H% (2.110)

So we can compute R, the comoving curvature perturbation, in terms of Newto-
nian gauge variables. We also have the other relations between Newtonian and
comoving gauge variables,

v Ho
Soc = o — p’% — Son+3H (P + P)z (2.111b)

So we can rewrite the Einstein equations using mixed variables. The Poisson
equation turns into
K*® = 4nGa*dpc, (2.112)

and Equation 2.96d in the Newtonian gauge can be used to write v in terms of the

Newtonian potentials,
v_ HY- ol
k  4nGa%(p+P)

(2.113)

For single component universes, P = wp and H? = 87tGa?p/3. Therefore:

87‘[Gazﬁ /
STC 0y 9
yl o 3 TP 2.114)
k  4nGa’p(1+ w)

Outside the horizon, total stress is negligible and the gravitational modes are
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frozen: @ = 0and ¥ ~ —®. Thus, we get:

v 2
HE = —3(1—qu. (2.115)

Inserting this relation into Equation 2.110, we obtain

2 _ 5+3w

R=®+3050)% " 3530

(2.116)

Since R is conserved for superhorizon modes, we can calculate the ratios between
the gravitational potential amplitudes in different epochs without calculating the
transition between them. Between the matter-dominated and radiation-dominated
epochs, we have

5 6 9

- - - _ P = _& 2.117
R 3<I>MD 4<I>RD = Pmp = 15PrD ( )

During the transition from radiation-dominated to matter-dominated epoch, the
superhorizon gravitational potential modes are suppressed by a factor of 9/10.

Gauge-Invariant Quantities

Another way of analyzing gauge perturbations is by constructing gauge-
invariant quantities. For instance, R and A can be used to construct gauge-

invariant quantities

R = Hj + %HT -y - b (2.118a)
0—B
pA = bp +3(p + P)yH> (2.118b)

k 7
which reduce to their definitions in the comoving gauge. The advantage of using
these variables is that it’s easy to specialize them to any desired gauge.

2.3.6 Fluid Microphysics

The Stress Degrees of Freedom

In the background analysis, assuming homogeneity and isotropy, we had 3
degrees of freedom to solve for: g, P and a. Einstein’s equations gave only 2

independent equations to work with. The third equation was obtained when we
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introduced the equation of state for our fluids, P = wp, determining the stress of
the fluid and closing the system of equations. Different values for w change the
behavior of p and a.

The same thing occurs in perturbation theory. Perturbations in metric and
matter introduce 10+10 new degrees of freedom in our theory. We have 10 Einstein
equations, and gauge fixing removes 4 degrees of freedom. Therefore, we still
have 6 degrees of freedom to determine. These 6 degrees of freedom can be chosen
to be the stress components of 6T),,: the isotropic stress 6P, corresponding to the
pressure perturbation; and the anisotropic stress PIT;j, which has 5 components
P11, PIT*Y) and PIT+2).

We can do the same counting but only looking to the scalar perturbations, and
the results will be the same. We have 4 scalar degrees of freedom in the metric, A,
B, Hr and Hr, and 4 degrees of freedom in the energy-momentum tensor, dp, v,
0P and I'T. However, we only have 4 Einstein equations 2.96 and 2 gauge variables
L and T to fix, so only 2 scalar degrees of freedom remain. These can be chosen as
the scalar stresses 6P and PII. To close the system, we must relate these stresses
to the density fluctuations p. Determining these relations characterizes the fluid
completely, and has a major influence on the evolution of perturbations.

The total stress will be defined in the comoving gauge by Equation 2.107 as

PIT
p+P

é6p

S=-t=:17% (2.119)

2
3

The total stress has components that behave differently. One is the anisotropic
scalar stress, -

S = _871sz12 PIIT (2.120)
which is gauge-invariant and can also enter the Einstein equations outside of the
total stress S. Anisotropic stress can be thought of as a frictional force in response
to metric shear and to the non-uniform motion of the fluid.

The 6P term can be divided into two components: one is the adiabatic stress,

defined by
P’ OP,
S = —_5 = —
"+ P T 5P

Adiabatic perturbations are predicted by inflation: they happen because the diffe-

(2.121)

rent points of the universe left inflation at different times, so the universal clock
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has a perturbation 7 which is position-dependent. This is shown by
8P, = P(t + 61) — P = P'ér, (2.122)
and conversely for the energy density,
Sp = p'éT. (2.123)

Therefore, since 7 is the same for every component of the universe, we have:

o
o0p _ oP _L,] = const for every species ], (2.124)
J

or, using the continuity equation and the density contrast,

Ji
1+w]

= const for every species J. (2.125)
The adiabatic stress is gauge-dependent. We define the adiabatic sound speed as
=2="_ (2.126)

For non-interacting fluids with constant equation of state, c2 = w. Baryons, which
interact with light through Thomson and Compton scattering, have a nonzero
adiabatic sound speed before recombination, whereas dark matter has no adiabatic
sound speed.

The last stress is the non-adiabatic stress, or entropic stress, defined as the
remaining part from 6P,

1 1 P’
Sr=——= (P —0P)=——=(0P—=dp). 2.127
Entropic stress can happen even if the density fluctuations are negligible. The total
stress can be written as:

kZ

2
S=S5,+S = — Sr7. 2.128
“ T 38nGa2(p+ P) ! (2.128)
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Parametrizing Stress

The entropic and anisotropic stresses must be parametrized in terms of the
other fluid quantities. When creating such parametrizations, one must be consis-
tent with the gauge transformation equations, Equations 2.102.

One of the first remarks is that the entropic stress is gauge-invariant: this
can easily be seen from equations 2.102. Therefore, it must be related to another
gauge-invariant fluid quantity. One natural candidate is the comoving density

perturbation,
v—B
k

This way, one common choice [29] is to relate the entropic stress and the

Soc = 6p +3H(p + P) . (2.129)

comoving density perturbation, and then

0Pr = 6P — c26p = (2 — ¢2) (5p +3H(p + P)?) , (2.130)
where c? is the effective sound speed of the fluid.

In everyday liquid fluids, anisotropic stress is commonly caused by viscosity,
an effect that damps perturbations. While this effect is naturally related to the
fluid’s velocity v, we must also impose the fact that IT is gauge-invariant. One
choice is to add another equation to evolve the anisotropic stress,

w(IT + 3HIT) = 4c% (ko — H}), (2.131)

where ¢2 is the viscosity parameter. This form of the anisotropic stress equation
mimicks non-perfect fluids whose hierarchy truncates in the quadrupole.

With these choices, we can obtain two important equations throughout this
thesis: the synchronous gauge fluid equations. First, let us assume the synchronous
gauge conditions, A = B = 0 and define the synchronous gauge metric variables

n = —Hp — Hr/3, h = 6Hr. The continuity and Euler equations become

/
6p' = =3H(6p + 6P) — (p+ P) (kv + %) (2.132)
v PN v’
4H(p~|—P)E—|—(p +P)E+(p+P)%:5P. (2.133)

It is common to evolve the density contrast § = dp/p instead of the full density
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perturbation ép. To transform p’ into &', we use the chain rule
60" = (08)' = p'6 +8'p = —3H(1 +w)pd + &'p. (2.134)

We can insert this back into the continuity equation, yielding

/
p6' = —3HSP — (p + P) (kv + %) : (2.135)

Dividing the equation by p, we obtain

/
§ = —3%%13 — (14+w) (kv + %) : (2.136)

We may now insert our ansatz for the pressure perturbation, Equation 2.130,
obtaining
/

8 = —3Hc25 — 3H(2 — ) (5 +3H(1+ w)%) —(1+w) (kv + %) . (2.137)

/
o' = —3Hc25 — 9H (2 - 3)(1 + w)% —(1+w) (kv - %) : (2.138)

Now, inserting the pressure perturbation into the Euler equation, we obtain

0

k

0

4H(p+P) .

v’ v
+ (0" + P+ (p+ P)p = cadp+ (s —q)dp+ (s —q)3H(p+ P)
(2.139)

Inserting p’ = —3H(p + P) and multiplying the whole equation by k, we get

H(o+ P)o+ P'v+ (p+ P)v' = kc25p + (¢ — c2)3H(p + P)o. (2.140)
Dividing by p, we get
!/ A/
H(+w)v + ?‘%v F(1+w)o = k20 +3H(R — )1+ w).  (2.141)

H(1+w)o —3H(1 +w)c2v + (1 +w)v = k25 +3H(c? — c2)(1+w)v. (2.142)

k25
14w

Ho — 3HEv 40 = +3H (2 — ). (2.143)
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After rearranging terms, we obtain

kc2s
1+w

v = —H(1—-3c32)v+ (2.144)
Equations 2.138 and 2.144 are used in Einstein-Boltzmann solvers such as CAMB
and CLASS to evolve the perturbation of dark energy fluids with dynamical
equation of state.

In the density perturbation equation 2.138, the terms with the effective sound
speed c? tend to suppress the perturbations. Dark energy fluids with c2 = 1, such
as quintessence (see Chapter 4), tend to have negligible perturbations inside the
horizon. For this reason, they are called smooth dark energy models. Such models
are analyzed in Chapter 6 and 7.

2.3.7 Initial Conditions

The perturbed Einstein and continuity equations, Equations 2.96 and 2.95,
provide a number of differential equations to evolve in conformal time T until
today. In order to find the evolution of the perturbed metric and matter variables,
we must provide a initial conditions for those variables. After inflation, the
Universe was in a radiation-dominated era, and due to the accelerated expansion,
all of the relevant k modes are outside of the horizon. We will see that these
conditions alongside the Einstein equations imply that the initial conditions are
adiabatic, i.e. following Equation 2.125.

Post-inflation Background
In background level, we want to find a(7) by solving the Friedmann equation,
H = g = Hoa(Qpa™* + Qa3 + Qra=2 + Qp) V2, (2.145)

We may expand the solution a(7) for 7 < 1,

a(t)=a(t=0)+a(t=0)t+ grz + ... (2.146)

The coefficients can be found from the Friedmann equation. For instance, the first

derivative is

i = HovV/Qy + Qpa+ Qga? + Qpaa* = i(t = 0) = Hy\/Q. (2.147)
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The second derivative is

1
i=H Qi + 2Qxai + 4Qpaa), 2.148
02\/Qr—|—0ma+QKa2+QAa4( " K ATa),  (2148)
which yields
H2Q
i(t=0) = 02 ~ (2.149)

We could continue this process indefinitely, even with help from software such
as Mathematica, but we have a second-order solution for a(7) at early, radiation-

dominated times, right after inflation

H3Qy T2
a(t) = Hyv/ QT + 0% T

y o(73). (2.150)

And we could use this to set up an initial condition for a with minimal error for an

arbitrary 7.

Initial Perturbations in an Universe with CDM and Photons

At perturbative level, the initial condition is a vector in the space of pertur-
bation variables. Our goal to explore the vector space of initial conditions that
we can impose in perturbations. The process is almost exactly the same, but it’s
more complicated here since we have to deal with a system with a lot of equations.
Here, Mathematica will definitely help with the manipulations.

The first thing to notice is that the synchronous gauge definitions A = B = 0
do not fully specify the coordinate system, leaving two undefined constants. We
can use those constants to leave gauge modes out of the initial conditions, as we’ll
see ahead, but the main choice is to follow CDM so that v, = 0.

As with the background, we want to obtain polynomial expansions for the
solutions of the perturbation equations. This expansion assumes two hypotheses:
early times and superhorizon modes. First, we are in a post-inflationary scenario,
so T < 1. Second, all the relevant Fourier modes are outside the horizon so that
k/H < 1. Since H ~ 1/7, we define the variable x = k1, and we want to expand
for x < 1.

For an early universe with only photons and CDM, we have a system with six

equations: 2 Einstein equations and 2 conservation equations for each component.
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In synchronous gauge, the conservation equations are
- 1
5p' +3H(6p + 6P) = —(p + P) (kv + zh’L) (2.151a)
d _
<% + 4’H> [(p+ P)v] = kéP (2.151b)
For pressureless CDM, P = 6P = 0 and these equations reduce to:
/
5pk + 3Hdpe = —pc(kve + TL)' (2.152a)
d
(E - 4H) locve] = 0. (2.152b)
It’s useful to rewrite this in terms of the density contrast & = ép/p,
h/
ol = —kv, — 7L (2.153a)
vl + Ho, =0 (2.153b)
The photon equations are similar, but now 6P, = ép, / 37,
/ 4 1 /
ops, +4Hdp, = —gpf,(kvf, + EhL)’ (2.154a)
4 (d _ kép,
Again, we use the density contrast and obtain
4 2
5,/), = —gkvr)/ — § /L/ (2155a)
0
I

Finally, we write the Einstein equations in the synchronous gauge without aniso-

"Photons have anisotropic stress, however, at early times, they are interacting with baryons
through Thomson scattering and the tight coupling suppresses the photon anisotropic stress.
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tropic stress and for a spatially flat universe

( dd +7—l) ( h’) — 4nGa? ((SP+ 5;’ ) (2.156a)

_ 1
47 Ga? [5p +3H(p+ P) (E)} = 2 { T + Zj (17% + ghi)] ,  (2.156b)

—k*nr +3 (di - 2%) (n’T + %hg) =0, (2.156¢)

0

Ny =4nGa(p+P) (7). (2156d)

It's useful to write this in terms of the density contrasts and make 471Ga? =
3H?/2p7, where pr is the total energy density from all components,

2
—(i+H)( h’) i (pcé +2p75)
dt 2 T oT

(2.157a)

3H? [ oc cve 4 3 1
i (S(SJFP”& g Pele 2 p—"*ﬁ):#( nr + H(q’TJrgh’L)),

2 oT ork ' 3prk k2
(2.157b)
~K*yr +3 (i - 2%) (n’T - 1h’L) =0,
dat 6
(2.157¢)
/ 3H2 Pc P’Y
LT (P_TU ‘T3 )
(2.157d)

These equations are not independent: only two of them are. Thus, I will choose
Equations 2.157a and 2.157d to compose my system since they are equations that
evolve i and hp. If these two equations happen to be redundant, one can always
go back and pick one of the two other equations.

Notice that /ij only appears in the equations through h}. Thus, we define
O = h’L /k8. We also define the variable x = kT and H = H/k, the ratio between

the horizon wavenumber and the mode wavenumber. This way, we have the

8CAMB defines Z = i /2k.
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equations
b = —0c — %, (2.158a)
v+ Ho. =0, (2.158Db)
. 4 2
5y = —30r ~ 5@, (2.158¢)
b
0o = Z”, (2.158d)
O+ HO = —3H2 (&& +2P75.), (2.158¢)
% or
3H? [ pc 40y
r=— [ == -0 2.158f

where overdots denote derivatives with respect to x. We got a closed linear system
of 6 ordinary differential equations for six variables. Thus far, these are the full
perturbation equations without any approximations.

Now, we have to expand our background functions in 7. From the scale factor

expansion,
H3Q. 72
a(t) = Ho/OQyr + 0 46T , (2.159)

We obtain an expansion for the conformal Hubble factor,

H20), HoQctT
@ _ Hov/O 4= :1 o, (2.160)
2 2 c : :
B AR
Defining w = f&&, we find
Heladwn (197490 ~1(1+“’—T) (2.161)
T 2 4 )Tt 2 '
The quantity p./pT can be expanded as
Pe__pe __ Qa  Qa  (a/a) (2.162)
pr Pt py Qa3 4+Qa 7t Qua+Q, 14 (a/ay) '
where a,; = ) /() is the scale factor of CDM-radiation equality. Thus,
HyQ)
Pe ~ (a/aeq)(1— (a/aeq)) ~ O = 2wt (2.163)

ot vV
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and

Pr —1_Pc 10wt (2.164)
% Ot

If higher-order terms are needed, we may reevaluate these expansions. One
concern for us is that w o 1/,/Q, ~ 10?, and for our first order approximation to
be valid, we need wt < 1. We are in the regime where 4 < feg- This means that:

O 1
Ho\/QyT < =L = wt < - <1 (2.165)
which coincides with the validity condition of the expansion. As long as we are
deep into the radiation era and far away from the matter dominated era, wt < 1.

Defining @ = w/k and employing the first order approximation in 7 for the

background functions, the equations now are

% — %, (2.166a)

% n % (1 + %) 0. =0, (2.166b)

T to 20, @660

‘%7 _ %, (2.166d)

‘;_i’ + % (1 + %) e — _%(1 + @x) 2@xse +2(1 —2ax)8,),  (2.166¢)
627—; = %(1 + @x)(2wxv. + g(l —2@Wx)v.,). (2.166f)

The factors of 1/x suggests that we should use In x as preferred unit of time, so
the divergences are eliminated. We are also going to redefine density constrast
and velocities as

b=10/x, (2.167a)
o =uv/x° (2.167b)

The extra 1/x factor in the velocity accounts for the fact that the velocity is a

derivative of the density from the continuity equation. The derivatives in x can be
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d _ 1. d : .
transformed as 7+ = 71— This way, the system of equations becomes

e = =T, (2168a)

dciicx - (3 + %) d,  (2.168b)

ddlivx =0y - %xzﬁv - §®, (2.168¢)

diffx =20+,  (2168d)

ddlr(:)x - (1 T %) © —3(1 4 @x) (2wxb, +2(1 — 2@x)b, ), (2.168e)
ddlZTx - ?)Tx(l + @x) (20x0 + %(1 —2wx)5,).  (2168f)

= A(x)u, (2.169)

where



o O O © O O

(2.170)

[9PON INADV Y] " 4a1dvyD

0s
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A depends on x, but since it is analytical, we can write

A(x) = Ag+ Ajx + Apx® + ... (2.171)
Where:
-1 0 0 0 -1/2 0
0 -1 0 0 —2/30
Ag— 0 0 -3 0 0 O 2.172)
0 1/4 0 -2 0 0
0 -6 0 0 -1 0
0O 0 0 0 0 O
0o 0 0 0 0 0
o 0 0 0 0 0
—@/2
A = 0 0 —-@/20 0 0 2.173)
0o 0 0 0 0 0
—6@w 60 0 0 —@/2 0
o 0 0 2 0 0

And the second order matrix Aj; is incomplete, since we cut the T expansion at
first order in the background functions. If we want to go to the nth order in x, we
need to go at least to nth order in 7.

Applying the superhorizon limit of x < 1, we can cut the expansion at the
lowest relevant order that fully determines the system, which in principle would
be the zeroth order. Thus, A =~ A and the solution is given by

u(x) = ey (0). (2.174)

At zeroth order, the variable 51 leaves the system: its row and column at Ay are
null, so it does not interact with the other variables and remains indetermined.
We will need to go to first order to determine its initial evolution. For the other
variables, we need to find the eigenvalues and eigenvectors of the reduced Aj (not
considering the # row and column), which can easily be done with any linear
algebra software’. The results for the (reduced) eigenvectors u and eigenvalues A

91 used Mathematica and the calculations are in this link


https://github.com/CoupleDE-UNESP/Joao_repository/tree/main/Mathematica_notebooks/initial-conds
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are
.

uy = (—1/4,-1/3,0,—1/36,1) with A =1,

u_,g = (1/4,1/3,0,—1/60,1) with A = —3,

Uiso cdm v = (0,0,1,0,0) with A = —3, (2.175)
Uiso v = (0,0,0,1,0) with A = —2,

Wiso cdm = (1,0,0,0,0) with A = —1.

If the initial condition is one of the eigenvectors with eigenvalue A, say u,, then

its early evolution can be approximated by
u(x) = x*uy. (2.176)

Let’s pay special attention to the first eigenvector, the only growing mode. The
density contrasts of CDM and photons follow the relation

5o by
1+w. 14w,

(2.177)

which is characteristic of adiabatic fluctuations. Also, is this mode, v, = 0 and
@ = h is nonzero, so we have an initial curvature perturbation which dictates the
other perturbations.

The other initial eigenvectors have no initial curvature perturbation, so we call
them isocurvature initial conditions. Adiabatic initial conditions are often assumed
since single field inflation predicts adiabatic fluctuations, but isocurvature initial
conditions can also be interesting.

Finally, we can go back to the original variables § = x4, v = x?*3 and use the

approximate solution,

u(x) = e*"*ugy+(0,0,0,0,0,70) = x*ugg+(0,0,0,0,0,70) = xugg+ (0,0,0,0,0,7)
(2.178)
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which translates to

2

2
by = — (k;) ) (2.179b)
e =0, (2.179¢)

_ (ko)
vy = 2, (2.179d)
© = kt. (2.179)

But what about #? Our zeroth order approximation couldn’t find an initial value
to 7, which is also needed. In order to find it, we need to go to the next order in
A(x) = Ap + A1x. The trick to solve the system now is to expand the eigenvector
in power series,

u(x) = xuy + 2y + M 2up 4 (2.180)

where u;, is the n-th order correction. We are looking for the first correction u;.
Plugging the full solution into the differential equation and going up to first order

in x, we find,

du

Equating coefficients of equal powers of x, we find

Aguy = Auy, (2.182a)
Aqu- + Agug = ()\ + 1)111 = [(/\ + 1)1 — Ao]u1 = Ajqu,. (2.182b)

We can find uj, by solving the linear system in Equation 2.182b with A =1,
(21 - Ao)u1 = Aluud. (2183)

This is a linear system and can in theory be solved easily in any linear algebra
software. I once again used Mathematica. The solution for the first correction of

the adiabatic mode is given by

(2.184)

we( 2% 3%, 3276 1
=\ 20" 5’7 80’10’ 36/

And now, in addition to more precise initial conditions for the matter components,
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we have the solution for 77,

(k1)* 9w(kT)’

b=~ s (2.185a)

5y = — (kg)z - 3“’;?)3 (2.185b)

e =0, (2.185¢)

vy = — (";6)3 . 3“’8((2‘; ) (2.185d)

® =kt + w — = (k;)z + 9‘”5]57)3, (2.185¢)
T = 1o — (I;?Z. (2.185f)

In order to find 79, the zeroth order term that was missing from our calculations,
we use Equation 2.157c to find that 779 = 1.

After all of these lengthy calculations, we can ask ourselves: why are we doing
this? The standard ACDM model assumes single-field inflation, which predicts
purely adiabatic perturbations. If the initial conditions are not set precisely, we
will be introducing non-adiabatic initial conditions by virtue of numerical error.
This is concerning especially because among the other initial conditions, we have

gauge modes, which are not physical.

Adding Baryons to the mix

Let’s repeat the process, but now with an universe with baryons, CDM and
photons. Deep into the radiation dominated epoch, before decoupling, baryons
and photons interacted via Thomson scattering. At those times, the collision rate
is very large: I' ~ n.or > H, where n, is the electron number density and o7 is
the Thomson scattering cross-section. Therefore, photons and baryons constantly
exchange momentum in such a way that their bulk velocity becomes the same:
Uy = Uy = Up,. This is called the tight coupling approximation, valid as long as
the interaction rate I' is much greater than the Hubble factor H.

Since photons and baryons interact, their conservation equations are now
coupled. Thomson scattering doesn’t transfer energy, so the continuity equations
are uncoupled, but it transfers momentum, so the Euler equations are coupled.
The modified conservation equations can be written using the Boltzmann equation.

When photons and baryons are tightly coupled, the momentum transfer rate (with
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conformal time T) is given by
C = an.or(vy — v,) (2.186)

on the photon Euler equation. If v, > v, then in average momentum is transferred
from baryons to photons, and vice-versa.

Photons” and baryons” momenta are differently related to their velocity:

4
Gy = (py + Py)vy = 30409, (2.187a)
qv = (v + Py)vs = ppoyp. (2.187b)
If Thomson scattering causes photons to lose their bulk velocity by Av., then the

momentum loss of photons is Ag = 4p,Av, /3. This momentum Ag is transferred
to baryons, which in turn increase their velocity by

Agq  4p,
Av, = — = —LAv.,. 2.188
"Tow 3o ! ( )

This way, the Euler equation for baryons will have a term

4
C= —%anEUT(vb —0,), (2.189)
Cb

where the minus sign is due to momentum conservation. This way, the Euler

equations for photons and baryons become

4
vy, + Hop = —gf)laneaT(vb —0,), (2.190a)
b
Koy 2.190b
vy = aneor(vy — vy). (2.190b)

Right after inflation, Thomson scattering is so intense that their bulk velocities
are the same. They can be treated as a single fluid: the baryon-photon plasma,
whose momentum is conserved. We can find the total conservation equation by
summing both of the Euler equations (with the appropriate factor of 40, /3pp),

40 kp~o
v+ Lo+ Ho, — L =, 2.191
" 30, 7 " 3y @151)
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Now we can impose the tight coupling condition v, = v, = vy, to find

40y ) / koy
1+ — | vy, = —Hop, + 0. (2.192)
< 3op) " 30,
Now there is another function of interest, p, /pj, to expand in 7. Its expansion for

T < 1is also easy,

Py _ Q™ QO 1 (2.193)
- - 3 — ~ 0. 2 2" ’
Since I want to go only to first order in T, we get
o 1 1 1 wT
= R~ 1-——), 2.194
oy wWwpT1+5  wyt ( 2 ) ( )

where w), = % Defining the baryon-matter fraction as r, = pp/pm = Qp/ Qi
and r. = 1 —1r,, we find w, = 2ryw, where w = % The Hubble factor
expansion is the same as before, but now with Q,, = (), + Q)
1 wT
H (1 + 7) . (2.195)

The energy fractions to be inserted in the Einstein equations are

Oc Oc Qca_3 a/aeq
& - = =r = 2r.wrt. 2.196
T Pmt+py Qua3+Qua?t  1+a/ay ‘ (2.196)
In the same way, we get
Po _ 5w, (2.197)
OT
Py 1 2wt (2.198)

ot
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Thus, with baryons, the full system of equations is

d&c _ I~ 2~ @
a0c _ —20. — Hxo (2.199Db)
dinx ¢ « '
s, o 9. Q)
10 x = _517 — X Upy — EI (2.199C)
d&} ~ 452 2
J1n x = 0y Tvb,y - 3@, (2199d)
Ay Hx P 5
= 20y, — ———0py + —————0-, (2.199%¢)
dl U 4py VY 40\ Y
nx 1+ ﬁ 3pb (1 + ﬁ)
O _ e - 329 (&Sc yPg L zp—”Sy> , (2.199%)
dlnx OoT ot PT
dyr _ 3X¥H? (pe . oy APy
_ Pe £ 0 i 2.1
Tlnx > p Oc + o7 Opy + 301 Opy (2.199¢)

Now we need to insert the background expansions to first order in 7. We have

(already converting to x),

XH =1+ % (2.200a)
(xH)? =1+ @x, (2.200b)
40, 4 wx
v _ 1-4 22
30y | 3@px ( 2 ) / (2:200¢)
_ L o i
e L (2.200d)
L1 —wx
py/ - “’bx4( 2 c):,x ~ 2 (1 - Zwbx) , (2.200€)
1+ﬁ 1+3wbx(1_7>
Pe ~ orn, (2.200f)
o7
Po  or,ax, (2.200g)
er
Pr 120 (2.200h)
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So the system becomes

déc _ T 2 ~ @

dinx e = X0 = 2’
(2.201a)

dd, . wx'\ .

dinx —20e — (1 + 7) Ver
(2.201b)

dgb o ~ 2 ~ @

dinx 0T X0 5
(2.201¢)

ds., < 4x? 2

dinx ~ 7T 3 3

(2.201d)
dﬁbry - 3rbd)x - 1 3rbcbx %

dinx 20y~ 2 Mty (1_ 2 >(57'

(2.201e)
d® wx . - o s
—— =— 1+ =) O =31+ @x) (2re@xdc + 2ry@xdp +2(1 — 20x)d, ),
dlnx 2
(2.201f)
dﬂT _ 3 - -~ -~ 4 ~ ~
Ty — 3% (1+ @x) (Zrcwxvc + 2ry@x0p, + 5(1 — wa)vbv) )

(2.201g)

Now, defining the system vector as u = (0¢, bp, 57, ¢, Bpy, O, 117), we have

= A(x)u, (2.202)

where



—6br.x

o~ O © O O

1+

w

x)

—61,0x

o~ O O O

1+

w

x)

—1
0
(1 . 31’;,2(2)96)/4
—6(1 +@x) (1 — 20%)
0

0
3rc@x?(1 + @x)

0
—Xx
—4x%/3
0
—2 —3rywx/2
0
3re@x®(1 4 @x) + 2x(1 4+ @x)(1 — 2wx)

2

-1/2
—-1/2
-2/3
0
0
—1—wx/2
0

S O O © O O O

(2.203)
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Again, we can expand A up to first order in x (superhorizon limit): A =
Ag + A1x, where

-1 0 0 0 0 -1/2 0
0 -1 .0 0 0 -1/2 0
0 0 -1 0 0 -2/30
Ap=]10 0 0 -3 0 0 0 (2.204)
0 0 1/4 0 -2 0 ©
0 0 -6 0 -1 0
0 0 0 0 O 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
Al = 0 0 0 —@/2 0 0 0 (2.205)
0 0 -3rno/8 0 —3rw/2 0 0
—6r.@  —6r,@ 6@ 0 0 —@/2 0
0 0 0 0 2 0 0

And now it’s simply a matter of diagonalizing A and solve the linear system for
the first correction. The eigenvectors of A are:

;

U, = (—1/4,-1/4,-1/3,0,—-1/36,1,19) with A = 1
u_og = (1/4,1/4,1/3,0,—1/12,1,19) with A = —3
Uiso cdmv = (0,0,0,1,0,0,70) with A = —3
Uiso v = (0,0,0,0,1,0,70) with A = —2
Uiso cam = (1,0,0,0,0,0,70) with A = —1

| Wisobar = (0,1,0,0,,0,170) with A = —1

(2.206)

Again, the only growing mode is the adiabatic mode. For the first correction of the
adiabatic mode, we have

(11 2 145 3 1
“1_“’(10’10’15’0’ 0 5,0)+(0,o,0,0,o,0, 36). (2.207)
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The initial conditions are:

bo = — (k2)2 (2.208a)

5y = — (kz)z (2.208b)

by = — (k;)z (2.208¢)

v =0 (2.2084)

O, = — (";6)3 (2.208e)

©@=kt — h = (k;)z (2.208f)
pr=1- (k376)2 (2.208g)

I can calculate the first corrections to all different modes. For instance, for
Uisopar = (0,1,0,0,0,0,0), the first correction is:

u; =r,w(-1,-1,-4/3,0,—1/6,2,0). (2.209)

In this mode, 77 is still not determined in first order, so I would need to go to
second order. The baryon isocurvature mode yields the following initial conditions
(I put the 1 solution for completion):

O = —1pwT (2.210a)
op =1 —nrwt (2.210b)
5y = —4”’3“’ i (2.210¢)

v, =0 (2.210d)

Vpy = —@ (2.210e)

O =2r,0 = hp =2rwt (2.210f)
nr = _rb(3uT (2.210g)

For the CDM isocurvature mode, ujso cam = (1,0,0,0,0,0,0), the result is very
much similar, except that 7, is changed with r:

u =r.@w(—-1,-1,-4/3,0,—1/6,2,0) (2.211)
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and the initial conditions are:

bc =1—-rwt (2.212a)

Op = T1.wT (2.212b)

5y = —4”3‘” (2.2120)

ve =0 (2.212d)

Vpy = —@ (2.212¢)

O =2r& — h; =2r.wt (2.212f)
= _rC‘B"T (2.212g)

2.3.8 Inflation and the Primordial Power Spectrum

During inflation, not only the horizon shrink, but the quantum fluctuations of
the inflaton field have sourced the initial metric and matter perturbations. Since
these quantum fluctuations are stochastic, we cannot predict the values of the
fluctuations, only their correlations.

The inflaton is a scalar field (see Section 4.2.1 for more details) that undergoes
a slow-roll phase, causing the Universe’s expansion to accelerate. We can write
the field as a sum of the homogeneous part and the small, position-dependent
perturbations,

¢ =) + ft) (2.213)

a
The homogeneous part of the field follows the Klein-Gordon equation,

¢ +2HP +a*V'(¢p) =0, (2.214)

where V'(¢) is the derivative of the potential with respect to ¢. The calculation of
the field perturbations is made easier by a suitable choice of gauge: the spatially
flat gauge, which imposes H; = Hr = 0. In this gauge, assuming the field is
slowly rolling, the metric perturbations A and B are suppressed. Also, during
slow roll, the potential term is negligible when compared to the Hubble friction
term. Therefore, the field perturbations f follow the Mukhanov-Sasaki equation,

1/

'+ (kz - %) f=0, (2.215)

which resembles the equation for an harmonic oscillator. Indeed, in the subhorizon
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limit where k > H, we have exactly the harmonic oscilator equation,
"+ K f =0. (2.216)

Viewing the inflaton as a quantum field, we may calculate its vacuum expecta-
ton value. We promote the field perturbation f(r, T) to an operator f(r, 7). The
momentum conjugate to f is given by 7t = f/, which is also promoted to a quan-
tum operator, 7t(r, 7). These two operators must obey the equal-time canonical
commutation relation,

[f(r,7), (Y, T)] = ihd3(x — ). (2.217)

Expanding the operators in Fourier space, finding an equivalent commutation
relation,
[f(k,7), A(K,T)] = ihe®(k + K'). (2.218)

We may also expand the field operator in terms of the creation and annihilation
operators, d; and ﬁ,t, as

f, 1) = f(k T)a + f* (k 7)af, (2.219)

where f(k, T) is a solution of the classical field equation 2.215 and f*(k, 7) is
its complex conjugate. Inserting this operator expansion in the Fourier-space
commutation relation, we obtain

(Ff* = f£9)a,a% = ins® (k + k). (2.220)

Using the Mukhanov-Sasaki equation, one can notice that the term (f f )
is constant,

Ff = ff) = ff = f'f = f(—wlf*) — (—w}f)f* =0, (2.221)

where a),% = k? — 4" /a. Therefore, we can always normalize the classical solutions
f such that

/

(ff =ff)=in (2.222)

implying that
[4,4"] = 8 (k + K). (2.223)

Thus, we can define a vacuum quantum state |0) such that
ax |0) =0, (2.224)

and every quantum state of the field can be constructed using creation operators
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in vacuum state,

(a;:l)”l (a;:z)”?..(aZN)”N 0) = |11, M2,y IIN Ky ) - (2.225)

The vacuum of our inflation theory can be defined in the infinite past, T — —co.
At this point, all Fourier modes were deep inside the horizon, so all of them obey
the simple harmonic oscillator equation,

! I fi = 0. (2.226)
This equation has two linearly independent solutions,
f o< eFkT, (2.227)

To properly define the vacuum, we must choose one of the functions, and we
choose the positive frequency one,

lim fi o« e T, (2.228)

T——00

Finally, let us solve the Mukhanov-Sasaki equation. Using the de Sitter approxi-
mation, in which the inflaton is completely frozen, we have

02— 87Gp _ C2
3 7
42 — 87TGPa2 — 22
3 7
H = Ca,
a = Cd?,
= _1
- CT
s L
- CtY’
w_ 2
Ct¥’
a” 2
a 12

Therefore, the Mukhanov-Sasaki equation becomes

2
2 _
P+ (k - ;) = 0. (2.229)
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This equation has the solution

fr = Ae kT (1 — é) + BT (1 + é) . (2.230)

By our choice of vacuum, we must impose that By = 0, and by the normalization
condition, Ay = 1/v2k. Therefore, the modes used to expand the quantum

operator are
1 —ikt ( i )
= e 1-— . 2.231
fr o = (2.231)

Having completely defined the quantum operators, we may now turn to the
vacuum fluctuations. We are interested in calculating expectation values involving
the operator f(r, 7). Since f is already a first order perturbation, we may assume
statistical homogeneity, so it’s sufficient to calculate the expectation values at any
point in space, and we can choose the origin r = 0. The expectation value of the
fluctuations themselves is zero,

(0] f()|0) = 0. (2.232)

However, the variance of the fluctuations is not zero,

3 31/
(ol F(x)210) = [ (2‘;)];/2 / (2d ;; (0] fulT) fu (1) [0}, (2233)

3 31/
01 F@210) = [ gsrs [ Gy (O Ui+ fia) i + fih) 0}, @254)

3 311
(0] f(1)*|0) :/(2i)];/2/(2d )k3/2fkfk/ (0] axal, 0), (2.235)

3 31/
01 F@20) = [ iz [ Gywafefi 01k -+ k-+16) 0}, @236)

3 31/
(0] f(7)*|0) Z/(zi)ﬁ/z/(d;/szfk,&S(kJrk’) (2.237)

3
01 (02 10) = [ osff ' (2239
3
O F@210) = [ sl 2239
01 f(0210) = [ S25RIAR, 2240

(0] F(7)210) = / dlnk%. (2.241)

(2.242)
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Therefore, the variance of the inflaton fluctuations receives contributions from all
Fourier modes. We define the dimensionless power spectrum as

d(f*) _ Bfil
2 _
A= =g (2.243)

Going back to é¢ = f/a, we have a power spectrum for the inflaton fluctuations,

. BlIsger K11 P> K 1 K2 1
Asp = 2 o anlt Tkl T aer \Mtaa) S ian T aae
27 27 a* 2k kt 4r%a kT 4rtcas - 4mcatT
(2.244)
From our de Sitter approximation, we know that at = —H~!. Considering

superhorizon modes where k < aH, we may neglect the first term in the power
spectrum. We can then compute the power spectrum for each Fourier mode at
horizon crossing, k = ‘H = aH, and we get

A2 H

In the spatially flat gauge, the inflaton perturbation é¢ is related to the comoving
curvature perturbation R via

R = —ﬂ&p. (2.246)
(PI
Therefore, quantum fluctuations of the inflaton field produce comoving curvature
perturbations. Their power spectra are related via

2 H o
A%, = WA&P. (2.247)
Defining the inflation slow roll parameter ¢ as
12
€ 9 (2.248)

~ ha2M2
we can then calculate the comoving curvature perturbation power spectrum,

1 H?
2
== 2.24
K8 M2 (2249)

Since the power spectrum is evaluated at the moment when the perturbation
exits the horizon, this may depend implicitly on the scale k. We parametrize this
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dependence as
k ng—1
A% = A, (—) , (2.250)
kP
where Aj; is the amplitude of the initial scalar power spectrum, k, is a pivot scale
chosen as k, = 0.05Mpc ! and n; is the scalar spectral index.

Inflaton perturbations generate all perturbations in the metric and matter. In
particular, the initial comoving curvature perturbations follow the primordial
dimensionless power spectrum in Equation 2.250. Relating R to other variables,
we can obtain the initial dimensionless power spectrum for all other perturbations.
By solving the Einstein-Boltzmann equations, we can find the transfer functions
for some perturbation variable X, defined as

X(k,a)

TX(k,ﬂ) = m

(2.251)

We can use the transfer functions to relate current perturbations to initial pertur-
bations and then use the initial power spectrum. For instance, the variance of
curvature perturbations R today is given by

As(a=1)= (R(ka=1)R(ka=1))=T(ka=1)A%(a = ain;). (2.252)

Therefore, we cannot predict matter perturbations, we can predict matter pertur-
bation variances, which are also measurable via correlation functions.

2.3.9 Matter Power Spectrum

One observable of interest is the matter distribution, which forms the so-called
large-scale structure of the Universe. Matter inhomogeneities are the basin for the
formation of galaxy clusters, which we can observe. We define the matter transfer
function as

Om(k,a
Ton(k,a) = o (ZE = ) ik (2.253)
where
"= M (2.254)
Pc + Pp

Massive neutrinos are also taken into account, but for simplicity let us use only
CDM and baryons. After solving the perturbation equations numerically, we
obtain the transfer functions. We can then relate primordial and current (dimensi-
onful) matter power spectra via

2772

Pu(k,a) = FA%z(k) T2 (k,a). (2.255)
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The 2-point correlation function of matter perturbations, ¢(r), is defined as

&(r) = %/d:ir'ém(r')ém(r' +1). (2.256)

Due to statistical isotropy, the correlation is only a function of the distance r. The
matter power spectrum is the Fourier transform of the correlation function,

K
P(k) = / (;lnl;3e—lk'fg(r). (2.257)

The matter power spectrum therefore encodes the 2-point statistics of the matter
fluids. It is one of the main cosmological quantities, used to calculate weak lensing
and galaxy clustering correlations.

Unfortunately, the matter power spectrum prediction from linear perturbation
theory stops being valid in small scales. Due to the gravitational attraction and
lack of pressure support, matter overdensities tend to grow. In small scales and
late times, these overdensities grow past the validity limit of linear perturbation
theory [30]. Accurate predictions of the matter power spectrum at small scales
are one of the biggest challenges in current cosmology, requiring expensive N-
body simulations which do not assume small matter fluctuations. This is the
subject of my work "Modeling nonlinear scales with the comoving Lagrangian
acceleration method: Preparing for LSST Y1" [25], which tackles this problem
using the Comoving Lagrangian Acceleration algorithm.

2.3.10 Cosmic Shear

Cosmic shear is the weak gravitational lensing of galaxies” emitted photons in
the large-scale structure of the Universe. In principle, galaxy shapes are randomly
distributed across the sky'’. When the photons travel until reaching our telescopes,
they travel across the large-scale structure and "feel"the effects of matter and metric
perturbations. The complex distribution of matter deflects the photon in its path.
When light reaches us, the images of galaxies are slightly distorted. The cosmic
shear effect cannot be seen by naked eye. However, since all galaxies” photons
travel across the same large-scale structure, cosmic shear imposes correlations in
the galaxy shapes.

To briefly study this effect, we may assume the Newtonian gauge,

ds* = —(1 —2¥)dt* + a®(t)(1 — 2®)dI>. (2.258)

Furthermore, since cosmic shear is measured from galaxies at redshifts z < 3, we

10Actually, tidal gravitational fields can correlate galaxy shapes, an effect called intrinsic align-
ment.
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can assume negligible anisotropic stress,
P (P+¥)=0 —= &=-Y, (2.259)
and, at small scales (large k), the Poisson equation,
K*® = 47Ga’pd. (2.260)
The photon geodesics are given by ds = 0, and thus

(1-29)dt? = (1 —2®)dr* — % = (142Y), (2.261)

where dr = adl. Therefore, the time taken by a photon in its trajectory is given by

f = / dt = / (14 2¥)dr. (2.262)

Now, is is important to define some geometry. Let us define the z-axis as the line
of sight, i.e. the direction we are looking. We are interested in deviations in the
photon trajectory in the xy-plane. In the xy-plane, we can define the 2-vector 0 as
the position of the photon at that specific z coordinate. We then define the position
of the source of light (i.e. a galaxy) as

xs = (x0s, X)- (2.263)
Due to the effect of lensing, the source has an apparent position
xa = (X604, X)- (2.264)

Our goal is to obtain the source position 65 in terms of the apparent position 0,.
These two are related by the lens equation,

0, = 6, — AB(6,), (2.265)

where A8 is the angular deflection, which is a function of the apparent position.
The lens equation is a general framework that applies for various lensing problems.

The photons feel the gravitational deflection through transverse gradient of
the gravitational potential. At zeroth order in perturbations, dt = —adx'!, where
X is the comoving distance. The deflection in the directions perpendicular to the

From our perspective, as we trace the distance from us to the source, we are going back on
time.
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P Source plane
A6 X0s
X€z
- Lens plane
Observer
Figura 2.2: Schematic representation of the lensing problem.
line of sight, per comoving distance, is
dx’ dx! ;
A pai 1 2.266
where p' is the normalized photon momentum. Therefore,
Axi = — / dx p'. (2.267)
By calculating the geodesic equation for massless particles, we have
dpi _p 4
—— ==0{(®-Y) =2-0;0. 2.268
Therefore, we obtain ‘
ap' 2
— = —0;D. 2.269
dt a 1 ( )
Transforming to comoving distance, we have
d ﬁi N X gl 12 I /
—— =20 = Ap :—2/ dx'0,®(x'0°, x'0°, X', 10— X')- (2.270)
0
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Inserting the momentum variation in the deviation equation, we get

, X X
Ax' = 2/ d)(// dx" 9;@(x"0%, X"6%, X", 0 — x"). (2.271)
0 0
Since 6 = x/x, we obtain

.2 X X'
A= %/o dx’ /0 dx" 9, (x"0", x"6% x", 10— x"). (2.272)

The double integral can be performed by changing the order of the integration as

Zd xd Zd Zd
— ) 2.273
| [ay= | y/y x (2.273)

Therefore,
i_2 A Iy, nal 112 1 M
0 X//
. X AN
NG = 2/ d)(”% 0,0(x"0Y, X0, x", 10 — x"). (2.275)
0

Therefore, we obtain the source angular position

. . X — 5/
6l = 6} +2 /O dx' XX 9D (x'6%, X'02, X, 10— X'). (2.276)

Noticing that 9/9x' = (1/x)9/96', we can write the lensing deflection as a gradi-
ent of the lensing potential ¢,

;_ 0 Ydx' x —x J
A = o (2/0 P Q0L X0, X, 0—X) ) = g ¥(0a).  (2277)

Since the deflections are small, we may linearize the lens equation,

6l = A6}, (2.278)

where .
A _a@;_5 o =0 2.279
i = 397 = % T 5giagi ¥ = % T ¥if (2.279)

The matrix A;; is the distortion matrix, which maps apparent coordinates to source
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coordinates. We define its components as

Aij = I=k=m = m : (2.280)
72 1—x+m

The quantity « is the convergence,

1[0 02
S (. 2.281
T (aeg - aeg) ¥ (2.251)

and it accounts for isotropic enhancement or shrinkage of the image. The other
two components are the shear,

1[0 92
R LA S 2.282

82

72 = 5956,V (2.283)

and the object v = (1, 72) transforms as a spin-2 quantity. The inverse determi-
nant of A;; is the magnification,

1
-1
n=|Aij|" = . (2.284)
! (1-x)2 =71 -7
Transforming Equation 2.279 in Fourier space, we obtain
¥y = =Ly, (2.285)

where tildes denote Fourier transforms and 1 is the 2-dimensional wavevector. It
is common to separate the Fourier-space distortion matrix into two components,
the so-called E and B modes. The E mode comes from the transverse part of the
tensor ¢;j, and is given by

LI 1 N 1.,
E(l) = (% - 5(27) (—ij) = EZZIP = (2.286)
Therefore, the E-mode of the distortion is sourced by the convergence field, a

function of the gravitational potential. The remaining part is the B-mode, given by

. L;1:
Bi]'(l) = l/)lj — %E =0. (2.287)
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Since the lensing matrix ¢;; is purely transverse, the B-mode vanishes. Therefore,
the power spectrum of the E-modes in Fourier space is the power spectrum of the
convergence field, given by

®RME* (1)) = (2m)26%(1 = 1) Cyre (D). (2.288)

The power spectrum of « is related to that of the lensing potential,

1,- 1
Ezzzp =& = Ck(l) = Zl‘*cw(l). (2.289)

In order to advance further, let us go back to the expression of the lensing potential
. So far, we have only seen the lensing of a single galaxy. We actually observe an
ensemble of source galaxies. Suppose that their density is 11;(z), normalized such
that fo ns(x)dx = 1. The lensing potential for the observed galaxies is a sum over
all galaxies,

© X — 5/
p=2 /O dxns(x) /0 dy’ <%> Q(O"X, %X X 10— X). (2.290)
Once again, changing the order of integration, we obtain
—2 [ X 40PN, 02, 70— ), (2291)

where g, () is the lensing efficiency, given by

) o
ax(X) = /X dx’%ns(x’)- (2.292)

Therefore, we can now relate the correlation of the lensing potential with the
correlation function of ®,

Pyy (0 —4// ,,qK (X )ax(x") x

(@O'X, %X, x' 10— x )<I>(917c”, 92%”,)( 0= X)) (2.293)

Instead of doing this integral, we notice that the results depend on the direction 0.
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Let’s perform the Fourier transform of the kernels,

d ©dy d%k 4.4
/O —qu() ol )@92%,7(,70—)():/ X e Mg () @k, T — X),

o x (2m)°
(2.294)
= L [ 00 i) (R ()90~ )
(2.295)
where in the last line I used the identity
= 47(21 2 j1(kx) Yy (K) Y (R). (2.296)

=0 m=-I

Let’s then define the multipoles of our shear field as the coefficients of Yj,,(n),

: d . -
A = 478 | ?Wll(kx)yzm(k)%()()q’(k T — X)- (2.297)

The correlations between these coefficients are the so-called angular power spec-
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trum,

. ;edyx edy [ &%k d3k’
<a1mal/m'> = 511’5mm’c¢¢(l) (470)%i 2 ! / X/ X / / 3

i (k)i (K ") Yoy () Yo (K ) (1) 4 (X)) (@ (K, T0 — x)CP(k’, T — X’)>,
(2.298a)

, 3 31/
(@) = @21 [ [ d"/ 327 | G

i (k)i (K ) Yoy () Yo (K ()4 (X) (270)%67 (k = K') Pos (K, X, X,
(2.298b)

i) = (4= l,/ dx/ d;(/kzdk()
/m/ —

jl(kX)jl’(kX,)Ylm(R)Yl’m’( )qK( )qK( )Pcb(k,X,X),
(2.298¢)

, 2
(i) = (a2t [0 [T [ A

Jilkx)jir (k' )5ll/(5mm/q7<( )9x (X )Pd>(kr7€/ ).
(2.298d)

/ dx/ i /dekXJz(kx)]z(kx )ax(X)qx (X" ) Pa (k, x, X'),
(2.298e)

Cop(l) = —

where, to obtain the second to last line, I used the orthonormality of spherical
harmonics.

This triple integral is cumbersome and computationally expensive to calculate.
The Limber approximation [31] argues that, for sufficiently large I, the only
contributions to this integral are those with x’ = x. This argument is inspired by
the fact that

2 o 1
g / K2dkjy (kx)ji1(kx') = ?519 (x—x') (2.299)

However, this integral has one extra term in Py (k, x, x'). The argument is that
the product j;(kx)ji(kx') is sharply peaked at kxy = kx’ = [+ 1/2. Therefore,
if Po(k, x, x') does not vary significantly over the range of k where the product
ji(kx)ji(kx') is appreciable, we obtain we get

d ! ,
Coalt) = [ X’,&m X')2Po (kz +X1,/ Z,T(x))- (2.300)

Now this is a single integral, much easier to compute than the full expression.
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For low values of I, the product of spherical Bessel functions is not so sharp,
and therefore the Limber approximation is worse. In practice, one needs to
assess whether the Limber approximation biases the cosmological constraints. For
current generation galaxy surveys such as the Dark Energy Survey, the Limber
approximation has been validated for cosmic shear and galaxy-galaxy lensing
calculations, but biases the results for galaxy clustering. As galaxy surveys get
increasingly precise, the applicability of the Limber approximation needs to be
assessed [32].

Finally, using the Poisson equation, we can relate the gravitational potential ®
to matter overdensities,

Kd = —471Ga’0,,0m, (2.301)
Om = pcyﬂmpf3 = %QmaB (2.302)
4nGa*oy = gHg()ma_l (2.303)
KPP = —%H%Qma_lém (2.304)
2
Py (k) = (“;:klj%) P (k). (2.305)

We obtain the convergence power spectrum,

(30N oy . (1412,
CKK(Z) = (T) /0 az(X/)%(X) Py, (k = X ,T(X )) . (2.306)

The shear field ¥ comes from the same lensing potential as the convergence field
x, and thus the shear correlations can also be written in terms of the convergence
power spectrum. In particular, we define the shear correlation functions as

E+(6) = (11(0)71(6")) £ (72(0)12(6")) = %Jm(le)cm(l), (2.307)

where () is an average over galaxies separated by angle 6 and J,(x) are Bessel
functions.

2.3.11 CMB Temperature Power Spectrum

The Cosmic Microwave Background is a bath of primordial photons created
during reheating. These photons were tightly coupled to protons and electrons
via Thomson scattering, forming a fluid known as the photon-baryon plasma. As
the Universe expands, the plasma cools down. When the temperature reaches
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the hydrogen binding energy, T ~ 13.6eV, protons and electrons start forming
hydrogen atoms, which don’t scatter photons. Thus, the mean free path of photons
diverges, photons decouple from baryonic matter and free-stream throughout the
Universe until reaching our radio telescopes.

The CMB radiation forms an almost perfect blackbody radiation spectrum
with temperature Tcyg ~ 2.7255K, measured by the COBE satellite. As CMB
measurements became more precise, anisotropies have been detected. The tempe-
rature of the CMB photons depends on the direction of the sky we are observing.
These fluctuations are very small, of order AT /T ~ 10~°. However, the tempera-
ture measurements are so precise that these anisotropies are detected with great
precision.

CMB anisotropies are expected for several different reasons. First, inflation has
provided adiabatic quantum fluctuations which were imprinted in the photon-
baryon plasma. These fluctuations are characterized by an almost scale-invariant
power spectrum, Ag = As(k/kp)" 1. Observations of the CMB temperature and
polarization power spectra agree with this power-law initial power spectrum,
predicting an amplitude of A; ~ 2.1 X 10? and a spectral index ns; ~ 0.96 [33].
Using the transfer functions, we can predict the power spectrum of photon fluc-
tuations at any time in cosmological history. Besides, after recombination, these
photons traveled throughout the Universe, traversing the gravitational potential
generated by matter overdensities, causing the Sachs-Wolfe effect on the CMB
power spectrum.

Telescopes and satellites, such as the ESA Planck or the Atacama Cosmology
Telescope, mesure the temperature of the CMB as a function of the direction, T'(n).
The anisotropies are defined as

T(n) — Tcmp

On) = Tems

, (2.308)

where Ty is the angular-averaged temperature. The temperature anisotropies
can be expanded in spherical harmonics,

00 /
O(n) = Z Z A Yom(m). (2.309)
(=1m=—{

Statistical isotropy requires that the different £ and m are uncorrelated, and then
(agma;,m,> = 556’5mm’cﬁ- (2310)

We can predict the correlations C, using the transfer functions of the photon
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multipoles T, (k, ),

0(0+1)C, [k,
A C [ 2k AR (), (2.311)

where A (k) is the primordial power spectrum.



Chapter 3

Cosmological Observations and Tensi-

ons

This chapter explains cosmological observations and analyses throughout the
history. I briefly present both historical and recent results, presenting multiple
ways of probing cosmology. After reviewing cosmological probes, I explain cos-
mological tensions: disagreements between different experiments in the last years.
Finding the cause of such tensions is one of the biggest challenges in current
observational cosmology.

3.1 Observables

3.1.1 Luminosity Distances and Type-Ia Supernovae

Type Ia supernovae (SNIa) are star explosions in binary systems, where one of
the stars is a white dwarf. White dwarfs are old stars, or remnants of a star’s core,
and are mainly composed of heavy elements such as carbon and oxygen, as the
light elements have already fused. These stars are very dense, being supported
from gravitational collapse by the electrons” degeneracy pressure. However, when
they form a binary system with another star, they may accrete matter from the
companion, and when they reach a certain mass - the Chandrasekhar mass -
they collapse, either forming a neutron star or causing an explosion: the Type Ia
supernova.

The intrinsic luminosity for all SNIa is the same because of the white dwarf
mass limit [34]. Measuring their luminosity over time - the light curve -, one
sees that the luminosity rapidly increases until a peak, and then slowly fade. We
can only measure the apparent luminosity, which is affected by the distance to
the SNIa and by dust, for instance. We say that SNIa are standardizable candles:
we can use another standard candle such as Cepheid variable stars in the same
galaxy that hosts the SNIa to calibrate the relation between intrinsic and apparent
luminosities [35]. Without calibration, the intrinsic SN magnitude M is degenerate
with the Hubble constant H, but can still be used to infer the evolution of the
Hubble factor and therefore cosmological parameters such as ), and w, the dark
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energy equation of state. Section 3.1.2 discusses one of the current methods to
calibrate SNIa using the local distance ladder, obtaining precise measurements of
Ho.

SNIa luminosity distances are historically important cosmological observables,
since they have revealed for the first time the accelerated expansion of the Universe.
Departures from the linear Hubble law, cz = HyD, can only be measured for
redshifts z > 0.3. In the 1990’s, two collaborations, the High-z Supernovae Search
Team, led by Adam Riess and Brian Schmidt, and the Supernovae Cosmology
Project, led by Saul Perlmutter, aimed to measure SNIa at high redshifts in order
to measure the deceleration of the Universe’s expansion and infer the matter
fractional density (), [17, 18]. To their surprise, both teams have independently
detected an accelerated expansion with high statistical significance, compatible
with a flat Universe comprised of 30% ordinary matter and 70% dark energy.

The inference is performed via the relation between intrinsic magnitude m,
apparent magnitude M and luminosity distance Dy, (in units of megaparsec),

m — M = 5log(Dy) + 25. (3.1)

The luminosity distance predicted in the ACDM model is

1+z dz c
Di(z) = (/ VOr(1+2)3 +(1—Qp — Qp)(1+2)2+ Q4 ~ Ho ®),

(3.2)
and thus we can write
m— M—510g< >+510g(f)+25, (3.3)
Hy
m — M — 5log (ﬁ) = 5log(f) + 25, (3.4)
0

where the degeneracy between Hy and magnitudes is made explicit.

At the time of writing, there are several state-of-the-art, public supernovae
datasets. The PantheonPlus catalog [36], a continuity of the Pantheon catalog [36],
is comprised of 1550 SNe; the Union3 catalog [37, 38] consists of 2087 SNe; the
Dark Energy Survey Year 5 catalog [39, 40] contains 1650 SNe. These catalogues
have multiple SN in common, but they all differ in the systematic error treatment.

3.1.2 Local Distance Ladder

The local distance ladder is a technique to measure the distance to different
standard candles, using nearby objects to calibrate the distance to farther ones [34].
Notably, the Supernova Hj for the Equation of State (SHOES) collaboration has
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developed the technique over the last two decades, obtaining very precise measu-
rements of the Hy parameter [41, 35, 21, 42].

One of the most precise ways to measure the distance of galactic objects is
using parallaxes. By measuring the angular displacement of an astronomical body
over half a year, we can use geometry to determine the distance from the Earth to
said body. Intuitively, objects farther away will have less angular displacement. If
p is the displacement angle in arcseconds, the parallax distance is defined as

D = % parsec, (3.5)

where parsec is a distance unit, 1pc &~ 3.09 x 10m.

Cepheid variable stars are astronomical objects that can be used as standard
candles. In 1912, the astronomer Henrietta Swan Leavitt discovered a relation
between the period and intrinsic luminosity of these stars [27]. This relation can
be calibrated if we can also measure the parallax of some cepheids. This is one
of the distance ladder steps. By measuring the parallax of nearby cepheids, we
can calibrate the period-luminosity relation and determine the distance to farther
cepheids whose parallax is too small.

Finally, all type Ia supernovae share an intrinsic magnitude. By measuring
cepheid variable stars in the same galaxies that host type la supernovae, we can
calibrate this intrinsic magnitude, which allows determining the distance to even
tarther supernovae, the final step of the distance ladder. With these distances,
we can determine the late-time expansion of the Universe, specifically the Hy
parameter via the distance-redshift relation for nearby objects,

cz = HyD. (3.6)

The state-of-the-art measurements of the cosmic distance ladder were conduc-
ted by the SHOES collaboration using parallax data from the Gaia survey. The
inferred value of Hy is Hy = 73.15 + O.971<ms_1Mpc*1 [21].

3.1.3 Cosmic Microwave Background Anisotropies

In 1965, physicists Arno Penzias and Robert Wilson accidentally discove-
red a low-temperature, isotropic radiation signal: the Cosmic Microwave Back-
ground [4]. At the time, cosmologists already predicted a radiation signal due
to the photons created during the Big Bang, which matched exactly Penzias and
Wilson’s discovery. In the following decades, precise telescopes were developed
to measure this radiation, determining its temperature across the sky.

In the 1990s, the Cosmic Background Explorer (COBE) satellite measured the
CMB radiation with great precision [10]. The DMR experiment, led by G. Smoot,
measured temperature anisotropies, while the FIRAS experiment, led by John
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Figura 3.1: Geometric diagram of the parallax effect. Here, p represents the angular
displacement of the distant object. Taken from Wikipedia.

Mather, measured its absolute temperature [11]. Both scientists were awarded
the 2006 Nobel Prize in Physics "for their discovery of the blackbody form and
anisotropy of the cosmic microwave background radiation".

In the 2000s, the NASA’s Wilkinson Microwave Anisotropy Probe (WMAP)
experiment marked the beginning of the precision cosmology era. They have
measured the CMB temperature and polarization anisotropies up until multipoles
¢ = 1200 and were able to determine the ACDM cosmological parameters with
unprecedented precision to that day [43].

In the 2010s, the Planck experiment, from the European Space Agency (ESA)
began its measurements. In 2018, they released one of their final datasets, dubbed

Figura 3.2: CMB temperature anisotropies measured by the COBE satte-
lite. Taken from https://www.nasa.gov/wp—content/uploads/2013/
06/403322main-cobeallsky-full. jpg.
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Figura 3.3: CMB temperature and polarization angular power spectra from mul-
tiple CMB surveys: SPT (black and green dots), Planck 2018 (blue dots), ACT
(orange dots) and POLARBEAR (pink dots). Taken from [48].

Planck 2018, measuring the CMB anisotropies up to multipoles ¢ = 2508, surpas-
sing the WMAP precision. To this day, the Planck 2018 dataset continues to be one
of the state-of-the-art CMB measurements [44, 5, 33].

Newer measurements have taken place since Planck. Most notably, the Ata-
cama Cosmology Telescope (ACT) could measure the CMB anisotropies until
¢ = 4000 [45]. However, since it is a ground-based experiment, it could not mea-
sure the large-scale CMB anisotropies at ¢/ < 600. Many analyses combine ACT
and Planck data to obtain precise constraints on cosmological parameters [46, 47].
Finally, the South Pole Telescope (SPT) has measured the CMB anisotropies up to
¢ = 3000 [48].

3.1.4 CMB Lensing

CMB photons are scattered in the large-scale structure of the Universe, being
deflected on their path. This lensing effect leaves imprints in the CMB temperature
and polarization power spectra: these imprints depend on large-scale structure



Chapter 3. Cosmological Observations and Tensions 84

1.6 Planck MV 2018 (aggr.)
’ . Planck MV 2018 (cons.)
1.4
L)
& 1.2
o~
s
G 1.0
)
+ 08
o)
061 o
3
0.4
0.2 4
00_ _____________________________ ?‘_ ________

10 100 500 1000 2000

Figura 3.4: Lensing power spectrum CZXP reconstructed from Planck 2018 data.
Taken from [49].

properties. From the temperature and polarization power spectra, one can recons-
truct the lensing potential power spectrum, which is related to the matter power
spectrum.

The three state-of-the-art CMB anisotropy datasets, Planck, ACT and SPT, have
also reconstructed the lensing power spectrum from their data. Besides Planck
2018 lensing, we also have the lensing reconstruction from SPT-3G and ACT DRé.

3.1.5 Cosmic Shear, Galaxy Clustering and Cross-Correlations

One of the cosmological predictions concerns the distribution of matter th-
roughout the Universe. In particular, the two-point correlation of matter densities
are encoded in the matter power spectrum, P(k). Much of the matter correlations
are driven by dark matter, which has not been detected yet. However, we can
measure tracers of matter: observables whose distribution is determined by the
matter distribution. Galaxies are one prime example of such tracers: where there
is more matter, there will be more galaxies. Therefore, studying the distribution of
galaxies, we can infer properties of the matter distribution, which can be confron-
ted with theoretical predictions. In the last years, galaxy surveys such as the Dark
Energy Survey (DES), the Kilo-Degree Survey (KiDS) and the Hyper Suprime
Cam (HSC) have mapped tens of millions of galaxies, providing cosmological
constraints matching the CMB precision.

When galaxies are observed, we can measure their angular position and
redshift. To produce meaningful statistics, millions of galaxies are mapped. Photo-
metric redshift measurement is a more efficient method to quantify the redshift
of millions of galaxies. However, today, the Dark Energy Spectroscopic Instru-
ment (DESI) uses spectroscopic redshift to measure tens of millions of galaxies,
improving the precision of galaxy catalogues over photometric redshift ones [50].
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The distance to the measured galaxies, however, is not known. Without dis-
tance information, we can only perform angular statistics, which essentially inte-
grates the 3D statistics over the line of sight.

Galaxy clustering is the study of galaxy position correlations. As tracers
of matter, galaxy densities can be related to matter densities using a galaxy bias
model. The simplest one is the linear bias, which assumes a linear relation between
the galaxy density contrast §; and the matter density contrast dy,,

Sy = b16m, (3.7)

where b is the linear galaxy bias. In principle, b; can be a function of k and 4, but
the most simplistic assumption is a constant bias. A redshift-dependence of the
galaxy bias is considered in a simplistic way, where the galaxies in the catalog
are divided in tomographic redshift bins, and the linear galaxy bias is assumed
constant within each bin.

Each tomographic bin has a number density of galaxies n'(z), where i denotes
the bin and 7' (z)dz is the number of galaxies between redshifts z and z + dz. We
can turn this galaxy number density into a matter radial density as

. . dz
"=bin'—, 3.8
q =i (3.8)
where x(z) is given by Equation 2.56. We can then calculate the angular correlati-

ons using the Limber approximation,

ij d i 0+1/2
G5, (0) Z/X—)ch q'P (k: " ,z(x))- (3.9)

Finally, we can sum the multipoles to obtain the real-space galaxy clustering
angular correlation w" (6)

y X 20 +1 i
ij ]
w (9)—5220 1 Prlcos0)Cls (0), (3.10)

where Py(x) are Legendre polynomials. Since we are dealing with binned correla-
tions, it is common to swap P, with its angular average,

emax
B, = / Py(cos 6) sin 8d6. 3.11)

min

Cosmic shear is a visual distortion of galaxies” shapes, as their emitted light
is weakly lensed when travelling across the large-scale structure of the Universe.
This lensing effect is very weak, and it cannot be seen by naked eye. However,



Chapter 3. Cosmological Observations and Tensions 86

when measuring the shapes of millions of galaxies, this weak lensing induces
spatial correlations in their (otherwise uncorrelated) shapes.

The angular shape correlations can be predicted as follows. Defining the
lensing efficiency g as

. 3H2O '—x .d
i _ 0= “m ' X X 4z

the Fourier-space correlations are given by

Cie(0) = / X—)chkqlcP (kz " ,Z(x)), (3.13)

and we sum the multipoles to obtain the cosmic shear angular correlation function

y © 204+ 1G;,(cosf) + G, ,(cosb)
1(9) _ Z Z,Z £,2

(=0

Amt 201 1) Cik(0), (3.14)

where Gztz are analytic functions and their sum and subtraction are given by [51,
52]

4 —0+2x(£—1 0(0+1 0+2 2
Go(e) £ Gpyx) = Bi(o) AU A gy (D)
(3.15)

where P?(x) is the associated Legendre polynomial P with m = 2.

Finally, if we have two separate catalogues, one measuring galaxy positions (the
lenses) and another measuring galaxy shapes (the sources), we can cross-correlate
the positions in the first catalog and the shapes in the second. This correlation
function is called galaxy-galaxy lensing, denoted by <(0). Its Fourier-space
correlations are given by

j dx i (4+1/2
Cos, (0) = / X—7§q;qu (kz ; ,z(x)), (3.16)

where g is the lensing efficiency of the galaxy shape catalog and ¢/ is the radial
galaxy density of the galaxy position catalog. The angular correlation function
7¢(0) is given by
2 20+1 i
7)) =Y 4—P§(cos 0)C (), (3.17)
=0 7T ’
where P?(x) is the associated Legendre polynomial P with m = 2.
The three 2-point correlation functions w(0), y¢(0) and .+ (0) form the so-called
3x2pt analysis. These datasets can constrain with great precision the large-scale
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structure of matter, more specifically the matter density (), and 03, a parameter
which measures the mean amplitude of matter fluctuations inside a sphere of
radius R = 8Mpc/h, given by

© dk k3P (k
05 = (0 =/O - 271(2)W(k,R = 8Mpc), (3.18)

where W (k, R) = 3sin(kR)/kR. Since dark energy affects structure formation, the
3x2pt analysis is also used to constrain dark energy properties such as its equation
of state.

The state-of-the-art photometric galaxy surveys are the Dark Energy Survey,
the Kilo-Degree Survey and the Hyper Suprime Cam survey. Each survey has
a different strategy, balancing survey area, depth and photometry. DES has pro-
duced three galaxy catalogues: the Metacalibration catalog maps the shapes of
100 million source galaxies, the MagLim (or Magnitude Limited) sample, which
contains 10.7 million lens galaxies, and the redMaGiC sample, containing 2.6
million Luminous Red Galaxies as lenses [53, 8, 52]. The full result of their 6 years
of observations is going to be released in the first semester of 2025.

KiDS has measured around 1 million source galaxies with high redshift preci-
sion due to a 9-band photometry. Besides using the two-point correlation functions,
their analysis also test other summary statistics: Complete Orthogonal Set of E/B
Integrals (COSEBIs) and band powers, finding consistent results across the three
analysis choices [54, 55]. HSC is a japanese-led survey whose source galaxy catalog
contains around 25 million galaxies [56, 57].

Spectroscopic galaxy surveys focus on measuring the clustering of nearby gala-
xies. Notable surveys are CfT, 2dFGS, SDSS and its extensions, which culminated
in the BOSS and eBOSS surveys. These spectroscopic galaxy catalogues can be used
in conjunction with cosmic shear data from photometric surveys [58, 59, 9, 60].

DES, HSC and KiDS form the so-called Stage-III cosmic shear surveys, whose
measurements began in the 2010s and finished in the 2020s. As of 2024, the
scientific community is preparing for the beginning of Stage-IV cosmological
surveys. The two most prominent future surveys are Euclid, by the European
Space Agency, and the Vera C. Rubin Observatory’s Legacy Survey of Space and
Time (LSST). Both surveys will begin observations in the next years [61, 62].

3.1.6 Baryonic Acoustic Oscillations

Figure 3.6 shows the matter 2-point correlation function, ¢(r). We can notice a
pronounced peak at r ~ 100Mpc/h, corresponding to the sound horizon at baryon
drag epoch, r;. This scale is imprinted in the distributions of tracers of matter,
such as galaxies. As distances to tracerts are unknown, the r; scale can be used
as a ruler, so we can determine the distance to the tracers relative rp, namely
Dy /7. This effect is known as Baryonic Acoustic Oscillations (BAOs), and were
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Figura 3.5: Constraints from the Dark Energy Survey 3-year analysis on the
cosmological parameters (), 0g and Sg. The black thick line shows the constraints
from their fiducial analysis, the black dashed line shows constraints from a ACDM
optimized analysis with less conservative scale cuts, the blue line shows constraints
from cosmic shear only and the orange line shows constraints from joint galaxy
clustering and galaxy-galaxy lensing. Taken from https://arxiv.org/pdf/
2105.13549.
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Figura 3.6: Matter correlation function ¢(r) for various values of ();,. Taken
from [63].

first measured in 2005 by the Sloan Digital Sky Survey (SDSS) and the 2-degree
Field Galaxy Survey (2dFGS).

The methodology for measuring distances with BAO scales is as follows. Take
a sample of matter tracers, such as galaxies, within a given redshift bin of width Az.
By analyzing the 2-point correlations, one can find a preferred angular separation
A0 and a preferred redshift separation Az. These are related to the sound horizon
scale at baryon drag epoch, r;, via the comoving distance to the ensemble D(z)

D(z) = %, (3.19)

and to the Hubble parameter at the ensemble redshift, H(z)

. c Iy

Following the methodology from the Dark Energy Spectroscopic Instrument
(DESI), if the BAO feature is detected with low signal-to-noise ratio (SNR), one
can increase the SNR by measuring the volume-averaged distance

Dy = (zD(z)?Dy(z))'3. (3.21)

This way, a BAO dataset consists in a series of distance measurements in terms of
the baryon drag epoch, either the pair D(z) /4, Dy /t,; or the single measurement
of DV / rq.

The success of SDSS and 2dFGS motivated other galaxy surveys to measure
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Figura 3.7: Correlation function for different tracers of matter: bright galaxies (left
panel) and luminous red galaxies (right panel), measured by the DESI collabora-
tion. Taken from [64].

the BAO feature, such as the 6-degree Field Galaxy Survey (6dFGS) and the
SDSS extensions, SDSS-1I, SDSS-III and SDSS-1V, leading to the Baryon Oscilation
Spectroscopic Survey (BOSS). At the time of writing, the current state-of-the-
art is the DESI survey, which maps several tracers of matter including galaxies,
quasars and the Lyman-« forest. Although BAO distance-redshift measurements
are binned, resulting in less data points than SN measurements, BAO surveys can
reach higher redshifts: the DESI survey measures distances up to redshift z = 2.33.
It is important to remark that BAO is not the only science goal of spectroscopic
galaxy surveys, as they can be used to measure the full shape of the clustering
2-point correlation function.

3.1.7 Redshift Space Distortions

When observing galaxies, we can obtain information about their angular posi-
tion in the sky and their redshift, which can be used as a third dimension instead
of their distance. The measured redshift is a combination of the cosmological
redshift but also of the peculiar velocity of the galaxy with respect to the observer.
Therefore, when mapping the 3D distribution of galaxies using redshifts, this
distribution may appear stretched or squashed due to peculiar velocities. On
small scales, random motions within a cluster of galaxies will cause galaxies at the
same distance to have slightly different redshifts. This distortion effect elongates
structures, causing the so-called "fingers of God". On large scales, objects tend
to fall in towards overdense regions, such as galactic nuclei. This makes nearby
galaxies move away from us, and farther galaxies move towards us, effectively
squashing structures, an effect known as "pancakes of God". These and other
effects caused by peculiar velocities are referred to as redshift space distortions
(RSDs).

While the matter power spectrum describes the variance of the matter fluctu-
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ations in real space, redshift surveys have access to an analogous quantity, the
redshift-space power spectrum, where once again the radial coordinate is given
by the redshift instead of the distance. A simple model relating real-space matter
power spectrum and redshift-space power spectrum of a matter tracer is given
by [65]

Poys(k, 1) = (b1 + fi2)*Pur(K), (3.22)

where P, is the redshift-space power spectrum of the tracer, b; is the linear bias
of the tracer, f = dInD/dIna is the derivative of the growth rate and y is the
angle between k and the line-of-sight. In ACDM, f ~ Q%¢. By measuring the
redshift-space power spectrum, one can constrain the quantity f(z)og(z). Since
the measurement of RSDs necessitate precise redshift measurements, they are
measured by spectroscopic galaxy surveys such as 2dFGS [66], SDSS [67] and
BOSS [68].

3.1.8 Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN) is the formation of atomic elements throughout
cosmic history, starting from a hot plasma of protons, electrons and neutrons. One
of its biggest successes is the prediction of the helium-to-hydrogen mass ratio of

MHe 1
-, 3.23
e (3.23)

confirmed in stellar measurements. The mass fractions of each element depend on
one particular quantity: the baryon-to-photon ratio 7, defined as

np 10 [ Qph?
= —~55x10 —, 24
T= %, 8 < 0.02 (3.24)

where 1, and 7, are the baryon and photon number densities, respectively.
Nowadays, there are several BBN calculator codes such as PArthENoPE [69]
and PRyMordial [70]. By measuring helium and deuterium abundances in
low-metallicity stars, one can constrain 7. Using Particle Data Group recommen-
ded light element abundances, the constraints on baryon density are Qyh? =
0.02218 £ 0.00055 [7].

3.1.9 Standard Sirens

Gravitational waves (GWs) are small perturbations in the metric, specifically
in the transverse-traceless degrees of freedom, caused by the motion of massive
bodies. In particular, rotating binary systems produce gravitational waves with
a well-predicted waveform, and may be detected in large interferometers such
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as the Laser Interferometer Gravitational-Wave Observatory (LIGO) [71], the
Laser Interferometer Space Antenna (LISA) [72] and the Kamioka Gravitational
Wave Detector (KAGRA) [73]. The measured waveform depends, among other
parameters, on the luminosity distance Dy, to the binary system.

One of the ways to extract cosmological information from detected gravitati-
onal waves is through its redshift z, which is, in principal, unaccesible. During
the binary system’s orbit, part of the system’s energy is radiated in form of GWs,
and the individual bodies start infalling towards one another until they coalesce.
For a few lucky events, we may observe the electromagnetic counterpart of the
GW, the kilonova and afterglow caused by the merger of the binary system. GW
events that we can measure the electromagnetic counterpart are called bright
sirens, and directly provide cosmological information via Dy (z). At the time of
writing, out of the detected GWs, only a single bright siren has been detected,
named GW170817 [74].

Without electromagnetic counterparts, we may still infer the redshift of a GW
event using galaxy catalogues. The method has been proposed in [75]. We assign
a probability that the GW was emitted by a binary system in a certain galaxy, and
we use the galaxy redshift as the GW redshift. In the end, the GW redshift is a
random variable with wide distribution, and with the number of GW events we
have detected thus far, the constraints on Hy are still much larger than constraints
from cosmic distance ladder and CMB. However, in the future years, with the new
GW detectors from the Einstein Telescope and Cosmic Explorer, the cosmological
information provided by standard sirens can match the precision of CMB and
cosmic distance ladder, providing useful information about the current standing
Hubble tension.

3.1.10 Cosmic Chronometers

In galaxy clusters, one can measure a vast and diverse population of galaxies.
Some galaxies are old and passively evolving. Suppose we measure a pair of such
galaxies with similar ages, t; and t;, and redshifts, z; and z,. We can approximate

the redshift derivative as
dz _z20—21

— . 2
dt th — 4 (3.25)
This derivative is related to the Hubble factor
dz dz 1
s _“H=-(1 H(z). 2
== H= (14 2)H() 3.26)

Therefore, pairs of evolving galaxies can be used to measure the Hubble factor
H(z), and are called cosmic chronometers. The technique has been used on the
beginning of the 2000s [76], and more chronometers are added to this day [77].
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3.2 Cosmological Tensions

The ACDM cosmological model provides a remarkably good fit to all of the da-
tasets discussed in this section. This success has motivated increasingly ambitious
and precise surveys to pinpoint the ACDM parameters. The increased precision
has revealed inconsistencies, or tensions, in the inferred parameter values from
independent surveys. These discrepancies, might be caused by unaccounted-for
systematic effects in any experiment, but can also be a sign of the incompleteness
of the ACDM model. In this Section, I review the most relevant cosmological
tensions.

3.2.1 Quantifying Tensions

The simplest technique to quantify tensions between two marginalized poste-
rior distributions of a variable X is the 1D tension metric [78]

ro LK (X)) 627
Vo2 + 3 (X)?

where (X),; are the posterior means and ¢;(X) are the posterior standard deviati-
ons. The quantity T measures how many standard deviations separate the two
means, and is usually denoted in terms of ¢ (i.e. "a tension of To between the
experiments”). If the posterior is Gaussian, X ~ N ((X),0), then e~T/2 is the
probability of one experiment obtaining its results given that the other experiment
is correct.

While Equation 3.27 can be used to quantitatively measure tensions, it does
not capture the full, multidimensional posterior distributions. We can generalize
this metric to many dimensions by computing the figure of bias, given by

FOB = [A (6)" (C1 + Cy) A (8)]V2, (3.28)

where A (8) = (6), — (0), is a column vector containing the differences in the
parameter means of each experiment and C; and C; are the covariance matrices of
the parameters 0. While this generalizes to multiple dimensions, its interpretation
as a statistical significance still relies on the assumption that the posteriors are
Gaussian. While more advanced techniques exist to assess tensions [78], the
tigure of bias can still be used as a simple way to quantify tensions between two
experiments.
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3.2.2 The Hubble Tension

The Hubble tension is a discrepancy in the parameter Hy, the current expansion
rate of the Universe. On one hand, we have the cosmic distance ladder measu-
rements, which do not depend on the cosmological model, but are sensitive to
the calibration of the ladder rungs. The state-of-the-art measurements come from
the SHOES collaboration using SN from the Hubble Space Telescope calibrated by
precise parallax measurements of Cepheid variable stars from the Gaia spacecraft’s
Early Data Release 3, obtaining a value of Hy = 73.04 £ 1.04 km g1 Mpc_1 [42].

On the other hand, CMB measurements can constrain Hy by measuring the
angular scale of the sound horizon at recombination, 0., well-determined by
the location of the peaks in the CMB power spectra. To obtain Hj from 0., a
cosmological model must be assumed. The angular scale 0, is given by

rs(z+) _
Dy (Z*) foz* Hd(zz)

0, = (3.29)

where z, ~ 1100 is the recombination redshift and ¢;(z) is the photon-baryon fluid
sound speed,

(3.30)

Assuming the ACDM model, the Planck collaboration reported a value of Hy =
67.36 +- 0.54 km s~! Mpc~!. Using the 1D tension metric of Equation 3.27, we
find T = 4.8. Interpreting T as an actual statistical significance, we would obtain
a p-value of approximately 8 x 107°: this means the probability of statistical
fluctuations being the cause of this discrepancy is extremely low, and there must
be some underlying systematic or theoretical modelling incompleteness causing
the tension.

Both experiments are sensitive to different systematic errors. The cosmic dis-
tance ladder relies on the progressive calibration of standard candles, and the
measured magnitude can be affected by dust or other extinction factors. CMB
measurements can be affected, for instance, by foregrounds, interference, instru-
mental systematics, among other effects. Failing to account for systematic effects
can bias the cosmological parameter inference, and much effort is put to make sure
the results are robust under systematic errors. Even though the experiments pass
stringent tests, we cannot rule out unknown systematics as a cause of cosmological
tensions.

The cause of cosmological tensions could be an incompleteness of the theoreti-
cal model, rather than the statistical model. The Hubble tension has motivated
an exploration of many cosmological models beyond ACDM, assessing whether
the extension can alleviate the tension. Some of the models will be reviewed in
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Chapter 4.

3.2.3 The Sg Tension

The o3 parameter, defined in Equation 3.18, describes the "clumpiness"of the
Universe, or the ability to form small-scale structures. Cosmic shear measurements
are particularly sensitive to og, or more specifically to a combination of og and (),

called the Sg parameter,
O
Sg = —. 3.31
8 =08\/ 43 (3.31)

CMB measurements probe the initial power spectrum amplitude As, which
controls og by rescaling the matter power spectrum P(k). The Planck 2018 results
reported a value of Sg = 0.832 & 0.013 [33]. Other CMB datasets such as those
from the Atacama Cosmology Telescope and the South Pole Telescope confirm
the higher Sg value from Planck 2018 [46, 48]. On the other hand, cosmic shear
measurements are sensitive to integrals of P(k) and can determine Sg with great
precision. The Dark Energy Survey collaboration released the data analysis of
3 years of data, reporting Sg = 0.776 £ 0.017. Using the tension metric of Equa-
tion 3.27, we find T = 2.6. The significance of this tension varies with the dataset
considered and the systematic error treatment. The Kilo Degree Survey (KiDS), for
instance, has reported a 3¢ tension with Planck 2018 [79], and the Hyper Suprime
Cam (HSC) survey has reported a 2.5¢ tension with Planck 2018 [80]. While the
Sg tension is less statistically significant than the Hubble tension, at the time of
writing, we are on the verge of Stage-IV cosmological surveys, which will increase
the precision and reduce the error bars on the cosmological parameters. If the
trend persists, the Sg tension can reach more significant levels.
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Beyond ACDM Models

This chapter discusses possible avenues to extend the ACDM model and
presents a non-exhaustive list of theoretical modifications to the ACDM model
proposed in the literature.

41 Remarks about ACDM

Before presenting modifications to the ACDM model, I make a non-exhaustive
list of some ACDM model assumptions and properties. These predictions are
aspects of the ACDM model that can be broken within extended cosmological
models. Challenging these predictions is a method of testing the consistency of
the ACDM model and exploring the effect of new physics in the cosmological
tensions.

4.1.1 General Relativity

ACDM assumes General Relativity as the fundamental gravity model. The
Einstein equations can be obtained from the Einstein-Hilbert action

M2 R
%14_5”1

S:/d‘lx\/?g

, (4.1)

where Ml%l = hc/87G is the (reduced) Planck mass and L, is the matter lagran-
gian. This action leads to the Einstein field equations

Gy]/ — SNGTHV, (4.2)
which ultimately dictate how the Universe expands and how matter clusters.

Modified theories of gravity introduce new terms in the gravitational action,
altering the expansion of the Universe and the clustering of matter.

96



Chapter 4. Beyond ACDM Models 97

4.1.2 Constant Dark Energy Density

In ACDM, dark energy has a constant energy density. One may challenge this
assumption by considering models in which dark energy is described by a fluid
with dynamical density p(t) and equation of state w(t) = P(f)/p(t). A dynamical
dark energy behavior would alter the late-time expansion, affecting predicted
distances. A common strategy is to parametrize p(t) or w(t). Another possibility
is to consider dark energy as a scalar field ¢, solve the equation of motion for ¢,
and then derive its energy density p. This is a more fundamental approach than
creating phenomenological parametrizations, and some scalar field models have
inspirations in string theory [81]. Canonical scalar fields in the FLRW spacetime
are defined via the action

Sp = / d*x\/—g {—%algpaﬂ(p —V(p)| . (4.3)

Knowing the field ¢ as a function of time, we can derive its energy density and
equation of state,

(]52
pp =5 +V(9), (4.4)
2 V(g)
-2 45
We o0 (4.5)

Notice that, if the potential energy is much greater than the kinetic energy in
absolute value, V >> ¢?, then wy &~ —1: a cosmological constant can be realized
by a scalar field with negligible kinetic energy.

In scalar field models, the extra degrees of freedom are in the potential V(¢)
and the scalar field initial conditions ¢(z = zjy;) and ¢(z = zin;) at high enough
redshifts, z;,; > z.. To solve for the scalar field evolution, the Klein-Gordon
equation must be integrated numerically.

4.1.3 Negligible Dark Energy at Early Times

In ACDM, dark energy is only relevant to the background energy density at
low redshifts z < 2. In recent literature, Early Dark Energy (EDE) models have
gained attention as a candidate solution for the Hubble tension [82]. EDE models
assume that dark energy has a significant contribution to the total energy density
near recombination. It is common to separate EDE from late-time dark energy,
the latter controlling the late-time expansion acceleration. If at z ~ z, ~ 1100,
around 10% of the total energy budget of the Universe, the sound horizon r; would
decrease, and the value of Hy inferred from CMB would increase, relaxing the
Hubble tension. This early dark energy contribution must quickly dissipate after
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recombination to restore the ACDM expansion history at late times.

4.1.4 No Interactions in the Dark Sector

In ACDM, dark matter and dark energy only interact through gravity. Dark
sector interactions have been first considered to solve the so-called coincidence
problem [83]: the fact that current observations imply that dark matter and dark
energy currently have energy densities of the same order of magnitude. Assuming
the ACDM model, dark matter dominated the energy budget in the past, and in
the far future dark energy will dominate. Therefore, we are living in a special
time, the transition from a matter-dominated era into a dark energy-dominated
era. This coincidence could be explained by interactions between dark matter
and dark energy. Nowadays, these interactions were revisited in the context of
cosmological tensions [84, 85].

4.1.5 Smooth Dark Energy

In ACDM, dark energy has no perturbations. Even when assuming phenome-
nological parametrizations or quintessence, it is common to assume a comoving
sound speed of c? = 1, which damps subhorizon dark energy perturbations. Non-
canonical scalar fields can have cg ~ 0 [86, 87, 88], which means that dark energy
has no pressure support against gravitational collapse and may have appreciable
perturbations.

4.1.6 Presureless Dark Matter

In ACDM, dark matter is a pressureless fluid. While this model works, one
could assume that dark matter has an equation of state wpy; and, using the
synchronous gauge fluid equations 2.138 and 2.144, one could assume nonzero
sound speed c? and viscosity c2, altering structure formation.

4.2 Testing ACDM Assumptions

All cosmological models must provide predictions to the observables menti-
oned in Chapter 3, and through statistical methods which will be described in
Chapter 5, these observations provide constraints on the values of cosmological
parameters. In ACDM, the fundamental parameters are: Hy, Qy;, Oy, As, 115, and
when analyzing CMB, the reionization optical depth 7. One way to challenge
the ACDM model is using statistical null tests: introducing additional physical
assumptions that are parameterized by some parameter p in such a way that, when
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p = 0, the model reduces to ACDM. If data prefers values p # 0, then the data is
inconsistent with the null hypothesis, ACDM, at some statistical significance.

I now present in more detail several cosmological models that challenge the
assumptions discussed above.

4.2.1 Late-Time Dynamical Dark Energy

Late-time dynamical dark energy is a class of models consisting in time-varying
dark energy densities. We can divide them into two subclasses:

* Phenomenological parametrizations: ad-hoc parametrizations of either the
dark energy density p or its equation of state w as a function of redshift or
scale factor, targetting specific behaviors;

¢ Scalar field models: ad-hoc parametrizations of the dark energy action as a
scalar field ¢.

Phenomenological Parametrizations

To solve the perturbation equations 2.95a, 2.95b, 2.96a-2.96d, one must find
a(T) by integrating the Friedmann equation in conformal time, Equation 2.32. To
perform this integration, one must know the total energy density p as a function
of the scale factor a. For radiation, matter, and massive neutrinos, the density as a
function of scale factor is known a priori. For the cosmological constant model, the
energy density is simply a constant, pp = Qppcr. However, one can provide an
alternative parametrization of the dark energy density ppg(a), which would also
allow for the numerical integration of the Friedmann equation. From ppg(a), one
can find the dark energy equation of state wpg(a) using the continuity equation,

ppE + 3H(1 + wpg)ppE = 0, (4.6)
. 1 dlnpDE
w= 3 dlna (4.7)

Alternatively, one can parametrize the dark energy equation of state wpg(a) as
a function of the scale factor a. To obtain ppg(a), one must integrate the continuity

equation,
z1+ wpg(z
PDE(2) = PerCDE €XP (/0 %];/()dz/) : (4.8)

Due to the ACDM success in fitting multiple cosmological datasets, the ex-
pansion history must not deviate from ACDM much radically. Viable dynamical
dark energy models must have ppg(a = 1)/per ~ 0.7 and wpg(a = 1) < —1/3, a
requirement for cosmic acceleration.
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If we only consider the expansion of the Universe, nothing prevents dark
energy of having wpg < —1, a behavior named phantom dark energy. Phantom
dark energy cannot be realized by canonical scalar fields, as we will see ahead.
Furthermore, the fluid perturbation equations 2.138 and 2.144 are unstable when
w = —1, and having a negative adiabatic sound speed makes the perturbati-
ons unstable. Despite these theoretical issues regarding phantom dark energy,
phenomenological models may realize these exotic fluids.

The simplest, most widely used dynamical dark energy model is the wow,
parametrization [89], also known as the Chevallier-Polaski-Linder parametriza-
tion, a phenomenological ansatz for the dark energy equation of state as a linear
expansion in the scale factor,

w(a) = wo+ w,(1 —a). (4.9)

The parameter wy is the current equation of state of dark energy, and w, is (minus)
the current derivative of w with respect to the scale factor. The CPL parametri-
zation is used to probe departures from ACDM: any indication of wy # —1 or
w, # 0 would put the cosmological constant model in check.

Other examples of phenomenological parametrizations are: the generalized
emergent dark energy [90], parametrized by

=

1 — tanh (A x log < 11’2))

PDE = PDE,0 , (4.10)
1+ tanh (A x log (111;»
the Barboza-Alcaniz parametrization [91], given by
z(1+z)
= =~ = 411
w(z) = wo + w =2 (4.11)
oscillating parametrizations [92], such as
w(a) = wy+ Asin(Blna+ C), (4.12)

a transition parametrization [93],

w(z) = wy + L b, adl (1 + tanh (Z ;ZC)) , (4.13)
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a general binned parametrization [93] of the form

wo, if z < z1,
wy, ifz1 <z < 2y,

w(z) = wy, ifzp < z < z3, (4.14)

\wN*l' if zy_1 <z < zn,wy, ifz > zy.

among many others. These parametrizations are phenomenological: they are only
ansatze made to target specific dark energy behaviors.

To model the dark energy perturbations, we can employ the synchronous gauge
fluid equations 2.138 and 2.144. These equations, however, cannot be integrated
if the equation of state crosses wpg = —1 at some point. The Parametrized Post-
Friedmann framework is an approach to dark energy perturbations that is stable
even when the equation of state crosses wpg = —1 [94].

Quintessence

Quintessence models use a scalar field to describe late-time (z < 3) dark energy
and the Universe’s expansion acceleration. The action of a scalar field ¢ is given
by Equation 4.3. The term X = —d,¢d"¢/2 is the kinetic energy of the field.
Assuming homogeneity, the kinetic term evaluates to

__1 0 __1 00'2_¢_2
X = —500p2°p = —55"¢% = ©-. (4.15)

The field potential V(¢) determines the evolution of the scalar field. By using the

Euler-Lagrange equations, we obtain the classical equation of motion for the field
¢ in the FLRW spacetime (a derivation is shown in Appendix A.4),

¢ +3Hp+V'(¢) = 0. (4.16)

Equation 4.16 is the Klein-Gordon equation for a homogeneous scalar field in the
FLRW spacetime. The energy-momentum tensor of the scalar field is given by

2 6L 2 (X —-V) 5\/—g)
T"V:——z—(\/— — L+ (X=-V)>—=). (4.17)
\/_8‘58#1/ a’ § 5gptv ( ) 58W
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Since X = —g;,9"$0"¢/2, then

S(X-V) 1. .,
“gm 509" ¢. (4.18)

The variation of the metric determinant is given by

g = —\/_ gl (4.19)

Therefore, the energy-momentum tensor is

3
THY — ;_3 (_%aﬂ(l,avgb 4+ %aS(X — V)g’“’) = —d'¢pd"p +g"" (X - V). (4.20)

Its energy density is given by

» H2 H2
Too = —p = —¢* + <_ - V> === V(g). (4.21)
Its pressure is given by

h2
Ti=P=X-V= (P——V((p). (4.22)
Therefore, the quintessence equation of state is given by

_ ¢ —-2V(p)
w0 = e (4.23)

In the limit where the kinetic energy is much greater than the potential energy,
wy = 1; conversely, if the potential energy is much greater than the kinetic energy,
then wy ~ —1. Since the kinetic energy X is positive, the quintessence equation of
state is always 1 > wy > —1.

To solve the Friedmann equation, one must know the quintessence energy
density as a function of scale factor. This can be achieved by integrating the
Klein-Gordon equation in terms of the scale factor a as

d d
5 =i, (4.24)

dp ¢
da = al (4.25)

dp _ 9 V(9
=3 (4.26)
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This system must be integrated from a high redshift before recombination, z; ~ 10°.
The initial conditions for the scalar field, ¢(a;) and ¢(a;), are free parameters of
the quintessence model.

The Klein-Gordon equation 4.16 is analogous to the Newtonian equation of
motion for a particle with position x(t) subject to a potential V(x) and a time-
dependent dissipating force F; = b(t)x, related to the term 3H¢: the Hubble
friction. In the initial conditions, the Hubble friction term is usually much greater
than the potential term V’'(¢), and the field remains in a regime called slow roll,
where the kinetic energy is greatly suppressed. For this reason, it is common to
assume ¢(a;) = 0.

Given an arbitrary choice of V(¢) and initial conditions, it is not guaranteed
that the scalar field will obey the energy density condition

p(p(ll =1) = pcr(1 = Qu — Q). (4.27)

Since py(a = 1) is a function of the potential parameters and initial conditions, it
is common to choose one of the available parameters to perform numerical root-
finding algorithms, finding the value of the parameter that satisfies the energy
density condition.

The scalar field potential determines the evolution of the scalar field and its
dynamical properties. Depending on the potential, scalar fields can model dark
matter, dark energy, dark radiation, or other behaviors. Usual potential functions
that can model late-time cosmic acceleration are exponentials and power laws,

V() = Voef?, (4.28)
Vig) =W <$) : (4.29)

Depending on the choice of the potential function, quintessence may exhibit a
tracking behavior [95], when the scalar field evolution is largely insensitive to the
initial conditions.

The quintessence dynamics is usually classified into two types depending on
their behavior after the slow roll phase ends:

¢ Thawing behavior: when wy ~ —1 in the past, and the field eventually
becomes dynamic with wy > —1. Power law potentials with a > 0 fall into
this category.

* FPreezing behavior: when wy > —1 in the past, but asymptotically approaches
w¢ = —1. Exponential and inverse power law potentials fall into this
category.
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We may also introduce position-dependent perturbations in the scalar field,

¢ = P(t) + 5p(x, ). (4.30)

For conciseness, the bar will be omitted from the homogeneous term. Assuming
an arbitrary gauge (i.e. the metric is given by Equation 2.93), the perturbed
Klein-Gordon equation in Fourier space becomes [29]

0¢" 4+ 2Ho¢' + (K> + a®V" (9))op = —2a°V'(¢p)A + ¢' (A’ +3H] — kB + HY).

(4.31)
The quintessence perturbed energy-momentum components are

1

Spgp = —3(¢'0¢" — ¢"(38H — Hy)) + V' ()59, (432)
1

0Py = 5 (¢'6¢" — ¢"*(38H] — Hr)) = V'(9)d9, (433)

1
(g + Pp)vg = —k¢'39, (4.34)
Iy = 0. (4.35)

K-Essence

Even though quintessence can have many different behaviors, its equation of
state is restricted to the interval wy € [—1,1]. One may construct a different scalar
field action from the field ¢ and the kinetic term X,

s¢:/%hﬂ§mx@, (4.36)

where P(X, ¢) is an analytic function of both variables. For quintessence, P(X, ¢) =
X — V(¢). Scalar fields with non-canonical lagrangians are called k-essence. One
of the simplest non-canonical scalar fields is the phantom scalar field, whose
action is given by

P(X,9) = —X — V(¢). (4.37)

This phantom scalar field is interesting for having an equation of state possibly
below —1. The quintom models [96] are characterized by two scalar fields: one
phantom and one quintessence. The effective equation of state of both fields can
cross Wegs = —1 even if the individual equations of state cannot.

The kinetically-driven scalar field [86] models impose a second-order Taylor
expansion of P in X. By suitable field redefinitions, the function P becomes

P(X,¢) = V($)(—X + X?). (4.38)
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For general P(X, ¢), the energy density and equation of state of the field are
given by

opP
PK = 2X8_X — P, (4.39a)
wg = M (4.39b)
PK

Finally, to find the field evolution in time, one must solve a generalized form of
the Klein-Gordon equation,

2 2
(ap .zap) or. PP, 4.40)

ax TP ax2 ) PTOHRRP Y 5xae? e

Non-canonical scalar field perturbations are characterized by its effective sound
speed

oP

2 o

ST 50 9P L oyoP
op 98 +2X3h

(4.41)

If 2 < 0, perturbations are unstable and grow exponentially [96, 97].

4.2.2 Early Dark Energy

Early Dark Energy (EDE) models postulate a past epoch in which a dark energy
component had significant energy density,

PEDE . 10%. (4.42)
Otot

While this hypothesis can be applied at any point in the cosmological history, recent
studies show that an EDE component right before recombination, at z ~ 3000, can
solve the Hubble tension [82].

CMB can measure the sound horizon angular scale at recombination, given by

00 ¢5(z)d
) nz) oS

- DA(Z*) B foz* Hd(zz)

(4.43)

If we add another fluid with significant contribution to the total energy density
just before recombination, the sound horizon decreases, as H ,/p. To keep 0. fixed,
the angular distance to the last scattering surface D 4 (z.) must also decrease by
increasing the value of Hy.

The general recipe for early dark energy is to have a fast transition in the EDE
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equation of state between two values,

-1, ifz > z.,
WEDE = (4.44)
w, >0, ifz <z,

Since EDE is constant before z, its relative contribution to the total energy density
increases, because matter and radiation energy densities are decreasing. After z,
if w, > 1/3, then the EDE density decays faster than radiation, and EDE quickly
becomes negligible. The EDE model was created to change the expansion rate
near recombination without spoiling the good fit to late-time observables such
as BAO and Supernovae distances. The general idea of EDE can be realized in
several ways described in the following.

Fluid EDE

A first model for EDE is a fluid whose energy density is given by [98]

2 a
peo(a) = —LEDELE) (4.45)
1+ (£)
Using the continuity equation, its equation of state is given by
1+w
WEDE (Cl) = u (4.46)

L+ (5)

Its perturbations are given by the fluid equations in synchronous gauge, Equati-
ons 2.138 and 2.138. Therefore, the model has four parameters: pgpg(ac), ac, Wy
and a fourth parameter ®; which controls the effective sound speed [98]. The two
former parameters can be redefined as

_ 1 _ PEDE(Zc)
o= 1fepE(zc) = otz (4.47)

Axion-like EDE

This is a canonical scalar field model inspired by axion potentials arising from
string theory [99]. The potential is given by

V(p) = m?f> [1 — cos (?)r (4.48)
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At early times, the Hubble friction dominates and wy ~ —1. As the Universe
expands, the Hubble friction decreases and the field starts oscillating around the
potential minimum with an average equation of state

1
(wp) = Z+ - (4.49)

For n > 1, the scalar field energy density decays faster than matter.

In practice, one would like to control the parameters z. and fgpg(z.) instead
of the potential parameters m and f. Implementations of scalar field EDE models
perform a two-dimensional shooting to map given z. and fgpg(z.) into potential
parameters m and f.

Rock 'n’ Roll EDE

For values ¢ < f, the axion-like potential in Equation 4.48 can be expanded as

2n
V(g) = Vo (%) . (4.50)

This simple power law is the so-called Rock 'n” Roll EDE model [100]. It exhibits
the same behavior as the axion-like EDE model, but with one less parameter. In
this case, the parameter Vj and the initial field value ¢; are adjusted to give the
desired z. and fgpg(zc).

4.2.3 Modified Gravity

Modified gravity theories generalize the Einstein-Hilbert action introducing
new terms. For instance, f(R) theories use a generalized action of the form

Mg, ( R+f( )

(4.51)

S—/d4x\/_

Among f(R) theories, an interesting example is the Starobinsky model [19] given
by
R2
f(R) = Yk (4.52)
where M is a constant controlling the deviation from General Relativity. Another
f(R) gravity model is the Hu-Sawicki model [101], which evades Solar system



Chapter 4. Beyond ACDM Models 108

constraints on modified gravity, given by

B c1(R/m?)"
f(R) - _mZCZ(}{/mZ)n +1°

(4.53)

In 1974, Gregory Horndeski developed a very general gravitational theory
described by the metric tensor g, and a scalar field ¢, assuming only second-
order equations of motion [102]. The Horndeski action is given by

5
5= / d*x\/—g [Z M%lﬁi] , (4.54)
i=2
where we have five different terms

EZ = GZ((P/ X)/
(4.55)

L3 = G3(¢, X)g""'V Vi,
(4.56)
9Gy(¢, X)

£4 = G4((P’X)R+ aX

(VIV$)? + Y, Vup Vi Vg,
(4.57)

Ls = GS(QDIX)Gvavv‘P
¥ P X) [(919,0)° + 29, 949, V4OV — 3V, Vg VTV Vg

(4.58)

where R is the Ricci scalar and X = —d,,¢9"¢/2 is the kinetic term of the scalar
field. In Horndeski theory, we need to specify four functions G; of two arguments:
the scalar field ¢ and the scalar field kinetic term X. Horndeski theory is a very
general framework, encompassing many modified gravity models, such as Brans-
Dicke gravity [103], and scalar-tensor models, such as quintessence and k-essence.

Finally, one can also introduce phenomenological modifications of gravity, such
as the y — X model [104]. Assuming negligible anisotropic stress, the Newtonian
gauge metric equations are

K® = —41Ga®Spe, (4.59)
(P —¥) = —81Ga’Sp,, (4.60)
(4.61)

where dp. = dp + 3H(p + P)v/k is the comoving gauge density perturbation. The
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i — X parametrization modifies these equations as

Ko = —47(Ga2y(k,a)5pc, (4.62)
(P —¥) = —81Ga*%(k, a)dp.. (4.63)
(4.64)

Since yu and X are free functions of both scale factor and k, parametrizations of
these functions are often assumed.

4.2.4 Dark Sector Interactions

The energy-momentum conservation equations imply
VuT" =0 = p+3H(1+w)p =0, forall non-interacting fluids.  (4.65)

The conservation equation is a statement that the energy and momentum of the
fluid are conserved. However, when there are interactions among two fluids, each
fluid’s energy and momentum are not individually conserved anymore due to
exchanges among them. Their joint energy and momentum are still conserved. In
the case of interacting dark matter and dark energy, we have

where we defined Q" as the energy-momentum flux between DE and CDM. With
this definition, a positive Q" implies a transfer of energy and momentum from DE
to CDM.

From a field theoretical standpoint, Q" is a function of the interacting fields.
Its form can be calculated at action level by introducing an interaction term in
the Lagrangian. Suppose that DE is modelled by a real scalar field ¢ and CDM
by a fermionic field ¢. A Yukawa interaction between them is modeled with the
following lagrangian

1 _ _
L= Vg { 3TV - Vg + 5@ mpragly), @)

where m is the dark matter rest mass, d = iy"d,, 7" are the Dirac matrices and «
is a coupling constant. This Lagrangian which can be rewritten as

L= 3V,9V %~ V() + 3@~ m(@)y, (4.68)

where m(¢) = m — a¢. This interaction can be generalized by letting m(¢) be any
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function of ¢. Another example would be one of a quartic interaction among two
scalar fields ¢ and x, representing dark energy and dark matter, respectively. An
example of such lagrangian is [105]

L=y-s {—%&pz — 3 - V(¢,x>}, (4.69)

with A . ,
V(g x) =7 (M* =) + 28%¢°X° + 517, (470)

where M is the symmetry-broken dark matter mass, u is the dark energy mass, A
and g are coupling constants. We can obtain the explicit form of Q" by defining
the individual energy-momentum tensor of any species and verifying the absence
of conservation.

However, dark matter and dark energy are usually not modeled as fields,
instead, they are commonly modeled as fluids. One approach to interacting dark
matter and dark energy models is to propose phenomenological parametrizations
of QY as a function of the fluid variables p, w, dp, 6P, v, T17 and the cosmological
expansion rate H. Assuming CDM as a pressureless fluid, DE as a fluid with
constant w, one example of interaction parametrization is

Q" = CHppeUcpwm/ (4.71)

where u¢n, is the CDM bulk 4-velocity and ¢ is a coupling constant. This inte-
raction is one particular choice of a more general prescription Q" = ¢xyHpxuy,
where X and Y can be either DE or CDM. This particular choice avoids early-time
instabilities and previous studies have shown this model can help alleviate the
Hubble tension [85, 22]. A positive constant { would indicate energy transfer from
DE to CDM and vice-versa.

At the background level, the Einstein equations are not altered by the inte-
ractions: the only fluid quantities involved in the Friedmann equation are their
densities. However, the evolution of those densities will be affected by the interac-
tion, and the continuity equation will change according to equation 4.66. The CDM
velocity components are u¥ = (1,0,0,0). Thus, we get the following conservation
equations

px +3H(1+w)px = —CHpx. (4.73)

The DE equation can be readily integrated,

_ 4
ox +3H (1 +w + g) Px = Px = Px,0 3(1“”3).

; (4.74)
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Notice that this would be equivalent if DE was non-interacting with w = weg =
w + ¢ /3. We can now substitute and solve for the CDM density

pe +3Hpe = EHpyga S 1He) (4.75)

First, we change the derivative from 7 to 4,

ddIOCa + 37‘[{% — CHPX,OQ73(1+weff)

dp —3(1+wesr)
da + - CP ﬂ

Second, to help the integration, we define §. = p.a>. A simple chain rule can show

that _
dpe | qpc _ L dpe
da a a’da’

Inserting into the continuity equation, we get

(4.76)

1 dp. —1-3(1

S = &0y 04 (1+wefr)
dpc — =3(1+wef)
dﬂ épx ﬂ

and this can be readily integrated,

~ Cpx 0 —3w £
—_ 2 e C
Pe 3weffa *
épx 0 —3 —3Wefs -3
= e Ca.
e 3weff M

The constant can be related to the CDM energy density today,

a=1: pcloz—gfuxz—kC
e
vl
e

and we can finally write the CDM energy density as a function of 4, after rearran-
ging terms,

_ CPXO —3 _ —3weff
pe = pepa " + 3 < (1—a30e). 4.77)
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Within this parametrization, the perturbation equations are

/

o= =) (6+ 3 ) —3H(E =) o+ HB(+ w0+ |, @79

Oc +k Ox

,  (4.79
1+ wy 1+ wy ( )

v, = 2H (1+1—|—€w )vx—HC

h/
c

vl = —Ho.. (4.81)

Out of all the models presented in this Chapter, only a few have been analyzed
during my PhD. An analysis of early dark energy models is presented in Chapter 6,
and late-time dynamical dark energy, including phenomenological parametrizati-
ons and an oscillating k-essence model, are analyzed in Chapter 7. Additionally,
I am conducting an analysis of interacting dark energy models within the DES
collaboration, to be published in the next months.



Chapter 5

Cosmological Data Analysis

This chapter explains the methods employed to analyze data and extract in-
formation about the cosmological model. I will present concepts from Bayesian
statistics, explain how observational data is modelled and how to infer cosmologi-
cal model parameters from data. In the end, I explain the computational structure
necessary for performing such analysis and the costs involved.

5.1 The Bayesian Interpretation of Probability

Probability is a fundamental mathematical concept, useful for modelling sto-
chastic processes such as a coin toss or quantum measurements. The field of
statistics relies heavily on probability to describe properties of populations and
data. Probability can be defined by the frequentist point of view. Consider a
repeatable experiment with outcomes x € X. After repeating the experiment N
times, each outcome x will have a frequency fx(x). The probability of x is defined
as:

In(x) (5.1)

However, there are questions such as "what is the probability that a given can-
didate wins the presidential elections?" in which frequentist probability cannot
be used, as the experiment in question is not repeatable. Bayesian statistics is a
branch of statistics with another interpretation of probability, but still based on
the same mathematical tools. The Bayesian perspective can be stated as follows:
given a random variable X with possible outcomes x, the probability of a given
outcome, p(x), is the degree of confidence in that outcome. This degree of confi-
dence assumes perfect knowledge and impartiality of whoever is attributing the
probability. As we will see later, the confidence in a certain outcome is affected
by experiments and by prior knowledge. Bayesian probability is a more general
concept than frequentist probability, since more quantities can be interpreted as
random variables even if the experiments are not repeatable. Bayesian probability
is widely used in science, as one can calculate the probability of model parameters
given experimental data, obtaining constraints on the model parameters starting
from zero prior knowledge.

In the Bayesian interpretation, every quantity that can have uncertainties is

113



Chapter 5. Cosmological Data Analysis 114

modelled as a random variable. The measurement of some observable (i.e. the
data) is a random variable, because there are uncertainties related to the measure-
ment process; the underlying model M used to describe the measurements is also
a random variable, usually fixed throughout the analysis, since we don’t know
the exact model; within a model, model parameters 6 are random variables. In the
context of cosmology, we can think of measurements of observables described in
Chapter 3, models such as ACDM and those described in Chapter 4, and model
parameters include standard cosmological parameters Hy, (), (), As, 115, T and
other parameters describing more complex behavior.

5.2 The Bayes’ Theorem: likelihood, prior and poste-

rior distributions

In the context of data analysis, where some data is observed and a theoretical
model M with parameters 6 is assumed to describe the data, we can specialize
Bayes’ theorem as

p(data|0,/\/l)p(0|/\/l)'

p(data| M) 62

p(6|data, M) =

In Bayesian statistics, we interpret each term as:

e p(6|data, M) is the posterior distribution, the confidence we have on model
parameters after taking the data into account;

e p(6| M) is the prior distribution, the amount of confidence we have on
model parameters before taking the data into account;

e p(datalB, M) is the likelihood, also denoted as £, which assumes the model
and the parameters as true and quantify how likely it is to measure the
observed data under that model;

e p(data|] M) is the Bayesian evidence of the model.

The prior distribution is usually very large, a reflex of our complete uncertainty
about the model parameters before data is taken into account. The Bayesian
interpretation of 5.2 is that using the likelihood function, we can update our prior
distribution, obtaining a posterior distribution that is much more constrained than
the prior. In Bayesian statistics, observations serve to update our prior beliefs.
The goal of a cosmological analysis is to obtain the posterior distribution of the
cosmological parameters Hy, (), (0, As, 115, T, (Y, among others, from multiple
probes described in Chapter 3.
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A fundamental ingredient in this process is the likelihood: a function that
incorporates all measurement uncertainties and systematic errors that affect the
observations. Each cosmological probe must take into account different systematic
effects in the likelihood. In general, an experiment measures quantities that can
be put together in a column vector d, the data vector. Given a model M and
its parameters 6, we obtain a theoretical prediction for the measured quantities,
which we also put together in a column vector d'(8). The likelihood usually
depends on how different the theoretical predictions are from the actual measured
observables, d — d'(8). A gaussian form for the likelihood is usually assumed,

L—— 1 o (—%(d _dh(e)T.c . (d— dth(e))> . 53

/2 det(C)

where - denotes matrix multiplication, T denotes matrix transposition and C is the
data covariance matrix, which encodes all systematic and theoretical uncertainties
in the analysis. Each different survey estimates uncertainties in a different way, and
each covariance matrix is unique; the form of likelihood, Equation 5.3, remains the
same. It's common for collaborations to publish their data vectors and covariance
matrices, as well as other important data, so independent science groups can
implement the likelihood and perform different analyses.

One example of simple covariance is that of the 1998 High-z Supernovae
Search Team analysis [17]. Their data vector consisted of distance moduli, a
proxy of the luminosity distance given by u = 5log(d;/1Mpc) + 25, of Type Ia
supernovae as a function of their redshifts. They assume that each supernova is
measured independently, so the data points are independently distributed, and the
covariance matrix is diagonal. The diagonal elements of the covariance represent
the variance in the estimation of the data vector elements. They directly measure
the distance moduli with errors ¢; at each measurement, whose values are listed
in the article. Another contribution to the uncertainty comes from the velocity
dispersion of the galaxy, which affects the redshift measurement of the galaxy;
assuming a velocity dispersion of Av = 200km /s, they compute the uncertainty
in distance moduli due to the redshift uncertainty, which can be approximated by

5 Av

Summing the contributions from measurement errors and velocity dispersion
uncertainty, their covariance is given by

C = diag(o; + 0v,). (5.5)

Other datasets may have more complicated covariance matrices. This is the
case of the 3x2-point analysis of galaxy surveys, where the covariance matrices are
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not diagonal and include a myriad of statistical uncertainty sources, for instance:
cosmic variance is the intrinsic stochasticity of the matter fields, shot noise or
Poisson noise comes from the finite sample of galaxies, super-sample covariance
is the error due to fluctuations in long-wavelength modes bigger than the survey
footprint, among other sources [52].

5.3 Markov Chain Monte Carlo and the Metropolis-
Hastings algorithm

In possession of a likelihood £, one wants to assess in region of the model
parameter space the posterior distribution is concentrated, unknown a priori. One
way to do this is to make a rectangular grid in the parameter space, covering
each dimension with N points, calculating the posterior at each grid point and
finding those points with higher posterior. The total amount of sampled points
is NP, where D is the dimension of the parameter space. Rectangular grid sam-
pling scales exponentially with the dimension of the space. Unfortunately, the
cosmological parameter space is already large: with three parameters controlling
the background Hy, (), ()p, two controlling the perturbation power spectra As,
ns, one controlling the optical depth to reionization 7, the ACDM model has six
parameters. In addition, each survey treats systematic effects with nuisance para-
meters, increasing the parameter space dimensionality drastically. This makes grid
sampling - or other methods like random sampling - unpractical for cosmological
analyses.

This impracticality has to do with the fact that, out of the NP rectangular grid
samples, only a very small amount of them will have appreciable posterior value.
For high-dimensional parameter spaces, the posterior distribution is concentrated
in a very small volume. Sampling would be optimized if the sampled points would
be spread where the posterior is concentrated, neglecting other regions. This is
the idea behind the Metropolis-Hastings algorithm, a central tool of cosmological
analyses.

Out of the full posterior distribution, we are interested in statistical properties
such as the posterior average for a model parameter 0,

g = / dP6 p(6|data, M)6;, (5.6)

where the integral is performed over the full parameter space. If we have a sample
of points in the parameter space {6, }_, drawn from the posterior distribution
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p(0|data, M), we could approximate 0; by

- 1 N
0; ~ ﬁngl(en)i' (5.7)

In general, in order to extract statistical properties of the posterior distribution, one
needs samples of points drawn from that distribution. Unfortunately, we don’t
know the explicit form of p(60|data, M) as a function of the model parameters.
The Metropolis-Hastings algorithm draws points from a distribution whose
explicit form is unknown, such as the posterior. The algorithm goes as follows:

¢ Step 1: Start from a random point Oy, the current point, drawn from the
prior distribution. Calculate the posterior of this point using Bayes’ theorem.

e Step 2: Consider a proposal distribution p(A8), which can be uniform or
gaussian, whose only requirement is to be centered at zero and have a
significantly smaller width than the prior distribution p(6|.M).

¢ Step 3: Draw a step A6 from the proposal distribution. Use it to go to a new
point in the parameter space, Onew = Ocurr + AO.

* Step 4: Calculate the posterior at the new point.

e Step 5: Take the ratio of posteriors between the new and current points,

r = p(Onew|data, M)/ p(Ocurr|data, M).

e Step 6: If ¥ > 1, include the new point in the sample and go to Step 3, now
considering the new point as the current point.

e Step 7: If r < 1, draw a number s from an uniform distribution ¢[0, 1].
¢ Step 8: If s > r, discard the new point and go to Step 3.

¢ Step 9: If s < r, include the new point in the sample and go to Step 3, now
considering the new point as the current point.

It can be shown that, as the number of samples approaches infinity, the samples
follow the posterior distribution. Notice that it’s more likely to draw samples that
have a higher posterior value, and thus this sampling process does not explore
regions of the parameter space with negligible posterior. The Metropolis-Hastings
algorithm is an example of a Markov Chain Monte Carlo (MCMC) method, a
way of sampling points where the probability of the next point being drawn only
depends on the current point. The algorithm is implemented for cosmological
purposes in the programs Cobaya [106], CosmoMC [107] and CosmoSIS [108], and
it’s widely used in most cosmological data analyses.
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5.3.1 The Gelman-Rubin Convergence Criterion

How many samples should we draw using the MCMC? The Metropolis-
Hastings algorithm is proven to reproduce the target distribution as the number
of samples tends to infinity, but we cannot affirm the same for a finite number of
samples: we only know that the distribution of sampled points converge to the
target distribution as more and more points are sampled. In 1992, Gelman and
Rubin [109] proposed a method to assess the convergence of an MCMC. Suppose

that N, chains are performed, each one with N5 samples. I denote by 6](.i) the j-th
sample of the i-th chain. Let

(i) — (i)
0 _Pkgﬁf (5.8)
be the average of chain i,
Ne
0= ). 00 (5.9)
o

Y (8% — 8)> (5.10)

5w)zif% L fw@_mwz (5.11)
NS \Ne—1 5

be the average of the chain variances. As N5 goes towards infinity, all ) approa-
ches the average of the posterior distribution, and (). approaches the variance
of the posterior distribution. ¢ (0). represents the scatter of the chain averages,
since each chain is a stochastic process. The Gelman-Rubin statistic measures the
scatter of the chain averages relative to the true variance of the target distribution.
Ideally, 0(0). must be much smaller than 7(6),: this is a way of measuring how
the chains have converged. The Gelman-Rubin statistic is defined as

R—lzggt. (5.12)

During the sampling process, R — 1 may be checked periodically. If |[R — 1] is
below a chosen threshold, the chain is considered converged and stops. It’s usual
to set this threshold to 0.01, but more costly analyses may relax this threshold.
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5.3.2 Confidence Contours and Marginalized Statistics

With a good sample of the posterior distribution, we may now obtain relevant
statistical properties of the cosmological parameters. The easiest quantity is the
mean, which would be the average of all samples

1 N, samples
W%ZN——— Y. 6. (5.13)
samples j—1

We may also obtain the distribution of a given parameter 8U) by making a
histogram of the samples. This way, we obtain the 1D marginalized posterior
distribution of the parameter 6(/). Often, this marginalized posterior distribution
is Gaussian with mean y and standard deviation ¢, and so results are usually
reported as

oU) = u+o. (5.14)

The 1D marginalized distribution for all parameters, however, disregards
correlations between pairs of parameters. One common visualization method is the
triangle plot, which shows 2D marginalized constraints for all pairs of parameters.
An example of triangle plot is shown in Figure 5.1 The 2D marginalized constraints
are shown as a 2D contour plot. Usually, two contours are shown, corresponding
to 68% and 95% confidence levels. To obtain the 2D marginalized distribution, it’s
common to use the Kernel Density Estimation (KDE) algorithm, which transforms
a multidimensional set of samples into a continuous distribution by smoothing
each sample. This algorithm is implemented in the Python package GetDist [110],
widely used by the cosmological community.

5.3.3 Optimizing MCMCs

MCMCs are computationally expensive simulations, often requiring dozens of
CPUs and taking several days to converge. Each project usually requires dozens
of MCMCs, and so this is usually a bottleneck. There are several techniques to
optimize the convergence time of MCMC:s:

* Reference points: The MCMC starts from a random point drawn from the
prior. This usually is a point with negligible posterior, and it takes a few
thousand steps until the chain actually samples the high-posterior region. If
this region is known a priori, one can fine-tune the initial point to be around
that region, saving valuable time.

* Proposal: If the proposal distribution is too large, steps may overshoot the
high-posterior region; if the proposal distribution is small, the steps would
take long to sample a good volume of the parameter space. A gaussian step
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Figura 5.1: An example of triangle plot showing 2D marginalized posterior of
four parameters: Hy, Sg and the early dark energy parameters z. and fgpg(z.) (see
Chapter 4 for an introduction to early dark energy).
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distribution with covariance 2.4 times larger than the posterior covariance is
an optimal choice [111, 112], balancing acceptance rate and step length. The
posterior covariance is usually output by MCMC codes, and can be used as
the proposal step distribution for future chains.

* Speed hierarchy: Changing one of the cosmological parameters, such as
O, requires recomputation of the Einstein-Boltzmann equations, usually
the most expensive computation during the MCMC. However, if only A
or 15 is changed, the transfer functions don’t change, just the initial power
spectrum. Therefore, by taking more steps in the A; and 7, directions, one
can explore more of the parameter space in less time, since the transfer
function calculation doesn’t need to be repeated. This fast-slow parameter
hierarchy was first explored in [113] and used to optimize cosmological
analyses.

* Choice of sampling parameters: If a certain experiment is sensitive to a
particular parameter combination, it might be optimal to sample in this
combination rather than in the original parameters. One example is when
analyzing CMB data, which places very stringent constraints on the para-
meter 0, = 75(z.)/Da(z«). Sampling on 6, instead of Hy optimizes the
acceptance rate.

¢ Parallelization: MCMC codes often mix two parallelization techniques. MPI
parallelization launches multiple processes each with their own memory,
while OpenMP parallelization employs multiple CPUs to a single process. In
Cobaya, each MPI process corresponds to a random walker performing the
Metropolis-Hastings algorithm. Each walker must call CAMB, which uses the
OpenMP parallelization to solve the Einstein-Boltzmann equations. Finding
an optimal configuration of MPI processes and number of CPUs per process
is difficult and requires a lot of testing, but can definitely save time in the
long run. Also, each cluster might benefit from specific settings, and the
support staff might help optimizing the simulations.

5.3.4 Importance Sampling

Importance sampling is the process of inferring properties from one statistical
distribution using samples from another statistical distribution. This technique
uses the samples from an MCMC simulation as a basis to perform other statistical
analysis modifying the data vector or the modelling.

One of the examples that importance sampling can help is when the precision
settings make MCMC sampling too expensive. Current CMB datasets, such as
those from the Atacama Cosmology Telescope, require the calculation of high mul-
tipoles in the photon Boltzmann hierarchy, which can make Einstein-Boltzmann
codes slower. One technique is to run MCMCs with lower accuracy settings,
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take the resulting samples and recalculate the posterior distribution with higher
accuracy settings. This process avoids rejecting points that were too expensive to
calculate.

Another example of importance sampling application comes in model robust-
ness analyses. Theoretical and systematic modelling in galaxy surveys can have a
big impact on the inferred values of cosmological parameters. Model robustness
is a process where MCMC samples are taken using a fiducial data vector, and
then the posteriors of the samples are recalculated swapping the data vector by
a contaminated data vector which includes systematic effects that have not been
taken into account, i.e. nonlinear modelling differences, magnification offsets,
reduced shear instead of just the shear, among other effects. If any contamination
shifts the parameter posteriors by over some threshold, this indicates that the
cosmological parameter can mimic the effect of this contamination.

5.4 Model Selection

As a function of the cosmological parameters, the likelihood can be maximized
using numerical algorithms, finding the minimum value of x? that a cosmological
model can achieve, as well as the best-fit model. The minimum x? is a measure
of goodness-of-fit and can be used to choose between models. However, in the
context of cosmological models, the models described in Chapter 4 that extend
ACDM are likely to achieve a better fit than ACDM due to their increased genera-
lity. Therefore, statistical methods have been proposed to penalize models with
extra parameters. One of them is the Akaike Information Criterion (AIC) [114]: if
a model has N, parameters and its minimum X2 is anin, then we define

AIC(Model) = xZn + 2Np. (5.15)

The preferred model is the one that has the lowest AIC.
Another model selection metric is the Bayesian Information Criterion (BIC) [115],
defined similarly as AIC. If n is the length of the data vector, then

BIC(Model) = x3;, + N, In(n). (5.16)

Once again, the preferred model is the one with the lowest BIC.
The probability to exceed (PTE) is based on the fact that if the likelihood
is Gaussian, then x? follows a y2-distribution with n — N, degrees-of-freedom.

Therefore, if we have two models with N;gl) and N;§2) parameters, then Ax? =

X2 — x2,, also follows a x? distribution with N ) N degrees-of-freedom. Let
1~ A p " p CC8

A anin = X%l),min — X%Z),min be the difference in the minimum x? of the two models.
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Then, the PTE is defined as the probability that Ax? exceeds Ax2. ,
PTE = P(Ax% > A)x2,,). (5.17)

This probability to exceed is usually related to a z-score. Let Z be a random
variable following a standard Gaussian distribution. We define the z-score as the
value z such that

P(-z< Z <z)=1-PTE. (5.18)

The PTE, or equivalently the z-score, is a measure of how much model 2 can
improve the fit upon model 1. In a cosmological context, model 1 is ACDM and
model 2 is any extended model.

Finally, the Bayes factor requires the computation of the Bayesian evidence,
the denominator of Equation 5.2, which in turn requires integrating the posterior
distribution over the parameter space. This is usually not done when performing
the Metropolis-Hastings algorithm, but more sophisticated sampling techniques
such as nested sampling [116] can obtain the Bayesian evidence. If two models
M and M; have evidences E; = p(data| M) and E, = p(data|] M3), the Bayes
factor is

Bio = - (5.19)

A common interpretation of the Bayes factor is usually done using the Jeffreys’
scale (see e.g. [117]):

* |In(By2)| < 1: Inconclusive;

e 1 < |In(Byp)| < 2.5: Weak evidence;

® 2.5 < |In(Bp)| < 5: Moderate evidence;

* |In(By2)| > 5: Strong evidence.

The sign of In(Bj,) determined to which model the evidence points towards: a
positive sign points towards M and a negative sign points towards M.

5.5 Cosmological Analysis Pipeline

Using concepts from previous sections, I can now describe the full process of
obtaining information about cosmological model parameters from observational
data.

First of all, the homogeneous background description and linear perturbation
equations for a given cosmological model must be implemented. Two public codes
perform the numerical integration of the Einstein-Boltzmann equations in the
ACDM theory: CAMB [118] and CLASS [119]. To study a specific extended model,
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one must derive the background and linear perturbation equations, implement
the modified equations in the Einstein-Boltzmann solver, and recompile the codes,
effectively implementing the specific extension.

After integrating the Einstein-Boltzmann system of differential equations, the
model vector must be calculated in order to be compared with the data vector.
CAMB and CLASS were created to perform CMB anisotropy analysis, and thus
the codes can already perform the necessary projection integrals to calculate the
temperature and polarization angular power spectra Cy. In the case of galaxy
surveys, where the data vector consists of angular correlations between galaxy po-
sitions and shapes, codes such as Cosmolike [120] and CosmoSIS [108] can take
the matter power spectrum prediction from the Einstein-Boltzmann solver and
calculate the correlation functions. Supernovae, BAO, and Cosmic Chronometers
data only require distance predictions, so they don’t require perturbation theory
predictions; however, Einstein-Boltzmann codes can also output distances.

The likelihood of the model is given by Equation 5.3, and the posterior can be
obtained by simply multiplying the likelihood by the prior distribution. When
multiple datasets are considered and their cross-correlations are negligible, we can
simply multiply the likelihoods.

One can use the MCMC algorithm to sample the parameter space consisting
of cosmological parameters and nuisance parameters. Even though the poste-
rior is not normalized from the prescription, MCMC algorithms don’t require
a normalized likelihood, and we can still obtain constraints for the model para-
meters. Examples of software that perform posterior sampling are Cobaya and
CosmoSIS.

With the MCMC samples, one can obtain 1D and 2D marginalized posteriors
using GetDist, which performs Kernel Density Estimation to transform the
samples into continuous distributions. With the MCMC samples, one can also
perform importance sampling, where some of the samples can be chosen to
be recalculated after changing minor settings such as accuracy or data vector
contamination.

Another statistical technique is to perform likelihood maximization, finding
the minimum value of x? that the model can achieve and the best-fit model. The
minimum x? is a measure of goodness-of-fit, and can be used to choose between
models using, for instance, the Akaike Information Criterion.

A typical MCMC requires O(10° — 10°) computations of the Einstein-Boltzmann
system of equations until it converges. Furthermore, numerical Einstein-Boltzmann
solvers take O(1) seconds to complete. While the precise time varies, an MCMC
using Planck CMB data to analyze the ACDM model takes around one day to con-
verge using 4 MCMC walkers, each with 8 CPUs. A complete statistical analysis
of an extended cosmological model considering multiple probes requires dozens
of chains to test different theoretical models, priors, dataset combinations, and
choices within a dataset (i.e. scale cuts, systematic error modelling, precision para-
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meters, etc). Therefore, a single project might require thousands of CPU-hours!.
Such computations are performed in High-Performance Computers (HPCs), or
cluster computers, which share resources among hundreds of scientists. It is para-
mount to optimize the MCMC simulations in order to obtain the desired results
in a practical time frame, given that bugs might be present, mistakes may hap-
pen and preliminary results may motivate new explorations and new rounds of
MCMCs. UNESP provides access to the GridUnesp cluster?, which enabled many
science applications during my PhD. Through the Laboratério Interinstitucional
de e-Astronomia (LIneA), I have also obtained access to the the Santos Dumont 3
national cluster.

1CPU-hour is a measure of computational expense, defined by the usage of a single CPU for
one hour.

thtps://www.ncc.unesp.br/gridunesp/docs/v2/

3https://sdumont.lncc.br/
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Chapter 6

Early Dark Energy Constraints with Late-

Time Expansion Marginalization

This chapter presents Early Dark Energy (EDE), a model under great debate at
the time of writing this thesis. I present the theoretical model, an overview of the
literature discussion regarding the model, and an original analysis of EDE combi-
ned with late-time modifications. This analysis culminated in the article Early dark
energy constraints with late-time expansion marginalization [23], which is reproduced
below with permission from the Journal of Cosmology and Astroparticle Physics.

6.1 Introduction

A viable cosmological model must be able to consistently explain the myriad
of observational data stemming from a large span of the history of the Universe,
from the formation of light nuclei in its first minutes to the distribution of galaxies
formed in the past couple billion years. The spatially flat ACDM model has
emerged as the standard cosmological model over the past decades: it is the
simplest and most viable cosmological model (see e.g. [121]). It is based on a
cosmological constant A to account for the current acceleration of the Universe
[17], cold dark matter (CDM) necessary for structure formation and the existence
of an early phase of inflation responsible for generating primordial perturbations
with a power spectrum characterized by its amplitude and slope.

New physics beyond ACDM would manifest itself through tensions in the
derived parameters from different observations as a consequence of the model
incompleteness. Potentially, we are starting to see the first hints of such incomple-
teness from the recent tensions in measuring the Hubble constant Hy. Although
this tension appears in several measurements of early-time and late-time observa-
bles (for a review, see [122, 123]), it is most acute in the comparison between an
indirect determination from the Cosmic Microwave Background (CMB) obtained
by the Planck collaboration [33] and local measurements using the cosmic distance
ladder [124, 42, 125], where a tension of the order of 5¢ is reported.

In addition to the discrepancy in Hy, a less severe tension has also been reported
in a quantity related to the amplitude of matter fluctuations, the so-called Sg

126
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parameter, with Sg = 03/(),,/0.3, where oy is the RMS amplitude of matter
fluctuations at the scale 81~ !Mpc and (), is the current matter density fraction
[126]. Measurements of two-point correlation functions in galaxy surveys such
as the Dark Energy Survey [127, 128, 129, 130, 131, 132, 133, 134], the Kilo-Degree
Survey [135, 136, 79, 55] and the Hyper Suprime-Cam Subaru Strategic Program
[137, 57, 56], report a significantly smaller value for Sg than the Planck 2018 result.
For instance, this difference is at a 2.3¢ level with the cosmic shear analysis from
DES in harmonic space [132], while the recent analysis from KiDS reports a 30
difference [55].

While these differences could be explained by unaccounted-for systematic
errors in any of the experiments (see e.g. [138, 139, 140]), cosmological tensions
could also be an indication that the standard ACDM model is unable to explain
all data simultaneously, calling for new physics effects beyond this model. There
has been a large body of research exploring different possibilities of extending the
ACDM model in order to alleviate these tensions (see e.g. [141, 142, 22, 143]).

Among these possibilities, the presence of an early dark energy (EDE) compo-
nent, proposed before the rise of the Hubble tension [144, 145], has been actively
studied in this context (see e.g. [146, 98, 100, 82]). A non-negligible amount of dark
energy around the recombination era that quickly dissipates afterwards would
decrease the sound horizon relevant for CMB while leaving the diameter distance
to the last scattering surface unchanged and hence could in principle ameliorate
the Hubble tension [147].

EDE has been the subject of discussion in the recent literature, with ups and
downs [148]. For instance, in [82] a 20 detection of EDE was reported in combined
Planck 2018, SHOES and Pantheon data, reducing the Hubble tension to 1.7¢. Re-
cent CMB data from the Atacama Cosmology Telescope (ACT) favors significantly
the presence of EDE. ACT reports a 30 preference for EDE in comparison with
ACDM [47], whereas [149] reports a 2.60 evidence when combining ACT and
SPT-3G and [150] reports a 3.3¢ evidence for EDE when combining ACT, SPT-
3G and Planck 2018 data, even without the SHOES late-time priors on Hy [151].
However, recent studies have shown that large-scale structure (LSS) data disfavors
EDE because the model causes an increase in the Sg posterior mean, aggravating
the Sg tension [152, 153, 154]. In such works, LSS data limits the amount of EDE
during recombination to values insufficient to solve the Hubble tension. While
this is a strong argument against the EDE model, the discussion is not yet settled
[155, 156, 157, 158].

Moreover, modifications in the late-time expansion history can affect the
growth of structure, such as dynamical, smooth dark energy models! [159, 160,
161, 162, 163, 164]. Several models combining EDE with other modifications were
studied in order to tackle both Hy and Sg tensions, such as decaying dark matter

1Smooth in the sense that these dark energy fluids have negligible perturbations inside the
horizon.
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[165], interacting dark energy [85, 166], models with spatial curvature [167] and
constant w [168], models with a (wy, w,) parameterization for the equation of state
[169], models with massive neutrinos [170] and models with massive neutrinos
coupled to dark energy [171], models with an anti-de Sitter vacuum phase [172]
and axionic dark matter [173], to mention a few. For a recent review see [174].

The main goal of this work is to test new EDE models with modifications
in the late-time expansion history of the Universe using recent LSS data and
how they affect Sg and the EDE constraints. We will model late dark energy as
a fluid with negligible perturbations inside the horizon, also known as smooth
dark energy. Also, we choose to employ a general parametrization for the late-
time equation-of-state w(z) as a piecewise constant function over several redshift
bins. The redshift bins are chosen for z < 3, when dark energy starts becoming
relevant to the background expansion. This model goes beyond the usual (wy, w,)
parametrization, allowing for a more general study that is more suited for our
goal. By marginalizing EDE constraints over the parameters describing w(z), we
obtain predictions that are independent of late-time expansion behaviour. We
use different combinations of available cosmological datasets to assess the EDE
parameter posteriors in these modified models. We primarily use CMB data from
ACT which favors EDE models, and therefore allow us to better quantify the shifts
in the posterior distributions of the EDE parameters. In addition, we use the recent
DES-Y3 data on LSS in our analysis.

This Chapter is organized as follows: section 6.2 describes the dark energy
models used in our analysis; section 6.3 describes the data used in our work and
analysis methods; section 6.4 display the results of the analysis; we present our
conclusions in section 6.5.

6.2 Dark Energy Models

In this section we describe the models we adopt to describe early and late dark
energy.

6.2.1 Early Dark Energy (EDE)

There are two approaches to model EDE: using a microscopic scalar field
description or using an effective fluid description. In the first case, EDE can be
realized by a minimally-coupled scalar field and is fully described by its potential
and initial conditions. It is usually assumed a generalized “axion-like"potential of

the form )
V(p) = m?f> [1 — cos (%)} : (6.1)
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The usual axion potential is obtained for n = 1, where in this case m is the axion
mass and f is the scale of spontaneous symmetry breaking that gives rise to the
axion as a pseudo-Nambu-Golsdtone boson. Initially, the field is frozen at its
initial value by the large Hubble friction, with an equation of state wy ~ —1.
As the Universe expands, the Hubble friction decreases and at a critical redshift
denoted by z. the field starts to oscillate around the minimum of the potential,
with an average equation of state w, = (n —1)/(n + 1) [175]. For values of n > 2,
the energy density in this field decays faster than matter and quickly becomes
negligible with respect to the matter density. Although lacking a well-motivated
fundamental origin, there are recent attempts to derive these models (for n > 1)
from an ultraviolet theory [176]. The axion-like potential is used by most EDE
analyses in the literature (e.g. [152, 47, 146, 153, 151]). A similar scalar field model
is the so-called “Rock 'n” Roll"EDE [100], where a power-law potential is adopted:

2n
V(g) = Vo <Mi> , (6.2)

pl

where M, is the reduced Planck mass. We have also analysed this class of scalar
tield EDE models in this work. In order to do so we used the implementation of
the scalar field perturbations in CAMB with different potentials.

Although exact, the scalar field description may suffer from numerical issues
arising from the rapid oscillations around the minimum of the potential. The
corresponding equation of state also experience fast variation and in this case one
may use an effective fluid description with time-averaged quantities. In the case of
axion-inspired models of EDE an effective fluid description was developed in [98]
and it is characterized by the critical redshift z. mentioned above and the energy
density fraction of EDE at z., fepg(zc) = PEDE(2¢) / Ptot (2c). We parameterize the
background quantities as:

20EpE(zc)

3(1+wy)”’
14z,
1+ (ﬁ)

PEDE(2) = (6.3)

where z. and w, are defined as above. The corresponding EDE equation of state
WgpE is given by:

1+w
WeDE(z) = . -1 (6.4)

3(1+wy)
1+ (£2)

At early times (z > z.), the EDE energy density is approximately constant with
wgpg — —1 since the field is frozen and behaves as a cosmological constant,
while for z <z, the energy density scales as pppg o (1 + z)3(1F%), We will
assume n = 3 in this work, since this is the preferred value determined in previous
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analyses [82], [177].

In order to study perturbations in the EDE fluid one also needs to specify the
effective sound speed c; (the adiabatic sound speed ¢, is fixed by the background
quantities). For a slow-rolling canonically normalized scalar field ¢2 = w and
2 = 1 [29]. However, this is not valid anymore when the scalar field is rapidly
oscillating. In this case, the adiabatic sound speed takes into account variations of
the equation of state:

2 wEDE
prm— i" — 7 6-5
C(Z EDE 3(1 E E)/}! ( )

where the overdot denotes derivative with respect to conformal time, and the
effective sound speed is given by (see [98]):

2a%(n — 1)@

2
k,a) =
¢s (k. a) 2a2(n+ 1)@

(6.6)

which follows from averaging both background and perturbations of the scalar
tield over its fast oscillations around the minimum of the potential.

The function @y depends on an parameter ®;, which is related to the scalar
field initial value by ®; = ¢;/f. Although this is a fluid model, it reproduces
the oscillation-averaged behavior of the axion-like scalar field and therefore both
models have the same number of parameters [98].

In summary;, the effective fluid description of EDE is characterized by three
parameters: z., fgpg(zc) (wWhich, for brevity, we will refer to as fgpg) and ©;, which
fixes the effective sound speed c;. In the following we will mostly use the effective
fluid description of EDE and we will briefly compare our results with a field
theoretical description of EDE using both the axion-inspired and the "Rock 'n’
Roll"models.

The background and linear perturbation equations for the EDE models have
been incorporated in the Einstein-Boltzmann code CAMB?. For the scalar field
evolution, we set the initial value of the field, ¢; at a = 10~7, when the field is
still frozen. When comparing results from the scalar field with the effective fluid
description of EDE we use a shooting method implemented in CAMB to transform
the potential parameters m and f (or Vj and ¢; in the Rock 'n” Roll model) into the
effective fluid parameters z. and fppg.

6.2.2 Late Dark Energy

Late dark energy has a significant impact on the growth of perturbations and
hence it affects the cosmological parameter Sg. In this work we want to assess if a
general model for late dark energy can ameliorate the Sg tension found in EDE
models. Models with a canonically normalized, slow-rolling scalar field have an

2github.com/cmbant/CZ—\MB
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effective sound speed cs = 1 and hence behave as smooth dark energy since in
this case perturbations are suppressed inside the horizon.

Smooth dark energy models only affect the growth of structure through its
contribution to the background expansion, determined by its equation of state
w(z). In order to be agnostic about the behavior of dark energy at late times, we
consider a piecewise equation of state for different redshift bins:

¢

wo if 0 <z<z,

w(z) =<¢ (6.7)
Wy—1 ifz, 1 <z<z,,
w, =—1 ifz >z,

This parameterization can approximate any dynamical dark energy model that
does not vary rapidly within the redshift bins.

In this work we test three different bin choices such that have a significant
number of redshift bins inside the Pantheon supernovae range of z € [0.01,2.3],
when late dark energy becomes relevant to the background energy density. The
choices are:

o z; ={07,14,21},
e z; ={05,1.0,15,2.0,3.0},
e z;={0.3,06,09,12,15,1.8,2.1,2.4,2.7,3.0}.

We show that these three cases are sufficient to test the impact of a general late
dark energy model on Sg. Adding extra parameters slows down the convergence
of Monte Carlo Markov Chains (MCMCs), and thus we limit our investigation to
10 bins.

We implement both early and late dark energy models in a modified version
of CAMB, which allows the combination of multiple dark energy fluids. The late
dark energy perturbations are calculated using the parametrized post-Friedmann
approach [178]. In this approach there are no instabilities in the perturbations
from either phantom crossing (w = —1 crossing) or from discontinuities in the
w(z) which arise in our parametrization.

6.3 Datasets and Analysis

In this work we assess posteriors for EDE parameters marginalized over the
behaviour of late dark energy using different datasets from CMB, SNe Ia, LSS and
strong lensing measurements. We detail below these datasets and present our
analysis strategy.
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6.3.1 CMB data

We choose to use ACT data as our primary CMB dataset because the strongest
claim of EDE detection comes from its analysis3 [47]. With ACT data, we can
more clearly quantify the effects of late-time DE marginalization on the EDE
constraints, the main focus of this work. We use the ACT CMB TT, TE and EE
power spectra included in the ACTPOL DR4 likelihood [46] and implemented in
PYACTLIKE?. The spectra are measured in the multipole range ¢ € [600,4500] for
TT and ¢ € [350,4500] for TE and EE. We restrict ourselves to the multipole range
¢ < 3000 in order to avoid biases due to baryonic feedback processes, as explained
in [180]. The only nuisance parameter in the likelihood is the polarization efficiency
Yp.

’ We complement ACT data with a subset of the Planck 2018 CMB data [33].
Following [47], we combine the ACT power spectra with the Planck 2018 TT
power spectrum for ¢ < 650, where Planck has more precise data compared to
ACT. ACT data by itself cannot constrain the reionization optical depth 7. Instead
of imposing a Gaussian prior on T as in the ACT official analyses [46, 47], we
choose to include Planck 2018 large-scale polarization spectrum (¢ < 30) data in
order to constrain 7. The combination of ACT spectra up to ¢ = 3000, Planck 2018
TT spectrum cut at £ = 650 and low-{ EE will be henceforth referred to simply as
CMB. We also study the inclusion of CMB Lensing from Planck 2018, and we refer
to this dataset as CMBL.

6.3.2 SNe Ia data

We use the Pantheon sample of 1048 SNe Ia in the redshift range 0.01 < z < 2.3
[181] to test the recent expansion history in our models®. We refer to this dataset
as SNe.

3While this paper was in the referral process, a preprint appeared in the arXives reporting
improved constraints on a similar axion-like early dark energy model using a new temperature
and polarization Planck likelihood, finding fgpg < 0.061 [179], without including DES data. We
expect our results that smooth dark energy cannot be used to alleviate the Sg tension to be valid
in such a scenario as well. We left a detailed comparison between Planck and ACT data on EDE
models fitted simultaneously with generalized late-time physics for future work. We thank the
referee for bringing this reference to our attention.

4https://github.com/ACTCollaboration/pyactlike

5We use Pantheon rather than the very recent dataset Pantheon+ [36]. Pantheon is a subset of
Pantheon+ with 1048 (of the 1550 in Pantheon+) spectroscopically confirmed Type-IA supernovae.
The cosmological constraints from both datasets are compatible within 1¢. In addition, the SNIa
data does not constrain Sg, one of the major purposes in our work. Thus, we do not expect
significant changes in our results by using Pantheon+.
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6.3.3 Large-Scale Structure data

We use Baryonic Acoustic Oscillation (BAO) data from multiple sources: the Six-
degree Field Galaxy Survey (6dFGS) [59], the SDSS DR7 main galaxy sample [182]
and from SDSS BOSS DR12 consensus sample [68]. We refer to this combination
simply as BAO. The galaxies included in these surveys range from z = 0.1 to
z = 0.6. Thus, the evolution of the BAO feature can provide information about the
low redshift expansion history.

In addition, we use Dark Energy Survey (DES) measurements of two-point
correlation functions of galaxy shear, galaxy clustering and their cross-correlations
(the so-called 3x2pt analysis). DES data provides detailed information about
the clustering of matter at low redshifts, strongly constraining Sg and (2, and
complementing other geometrical probes of the Universe. Since the most stringent
constrains on Sg comes from cosmic shear we also perform analyses with cosmic
shear data only. All data was obtained from the DES-Y1° and DES-Y3’ data release
repositories.

We use the results from two galaxy catalogs: the source METACALIBRATION
shape catalog and the REDMAGIC lens galaxy sample. The source shape catalog
[183] contains the ellipticities and photometric redshifts of over 100 million galaxies
and it is divided in 4 redshift bins, each bin with limits at z = [0, 0.36, 0.63, 0.87,2.0].
The REDMAGIC lens sample [130] contains 2.5 million galaxies whose positions are
used to measure clustering correlations and galaxy-galaxy lensing. This lens sam-
ple is divided in 5 redshift bins with limits at z = [0.15, 0.35, 0.50, 0.65, 0.80, 0.90].

The galaxy clustering two-point angular correlation function in real space w(0)
is calculated in the following way [52]: the lens sample of galaxies is divided in
redshift bins, each bin i with a galaxy number density 7!(z). The source galaxy

sample is also divided in redshift bins, with density n}(z). Let

dz

7 (6.8)

Ti(x) = b x m(z(x))
be the radial weight function, where b! the linear galaxy bias, assumed constant on
each redshift bin and scale independent, and x is the comoving radial distance. We

can calculate the two-point angular correlation function in real space by summing
the correlations in Fourier space:

w'(0) =)

14

20+1 ;
p- Py(cos G)C(;g(;g(f), (6.9)

where Py(x) is the ¢-th Legendre polynomial.

bhttps://des.ncsa.illinois.edu/releases/ylal/key-products
"https://des.ncsa.illinois.edu/releases/y3a2
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The Fourier space correlations could be calculated using the Limber approxi-
mation:

cls (0= [ gl o (0) P (k _ 2,z<x>) . 610
X X

where Pyp (k, z) is the nonlinear matter power spectrum. However, for galaxy
clustering, it has been shown that the Limber approximation leads to biases in
cosmological constraints, and thus we use the FFTLog method proposed in [32].
For cosmic shear and galaxy-galaxy lensing, the Limber approximation is still
used. The calculation of the shear auto-correlations is performed in a similar way.
Defining the lensing efficiency as:

iy L BQmHE xe X =X G 2
o0 =25 M (K uogs e

we calculate the correlations in real space as a sum in Fourier space:

ii 1oy 2@+12(GZ2(X):|:GZ2(X)) ij
tO =Y a0 (612)

where x = cosf and G are analytic functions described in appendix A from [52].
The Fourier space correlations are given by:

Clh(f) = /%qi(x)qi(x)PNL (k _ 1/2,2(2()) : (6.13)

The correlation between galaxy shear and lens position is given by:

20 +1 PEZ(COS 9) ij

7?(9):; i (et ol

(6.14)

where P?(x) is the associated Legendre polynomial P/"(x) with m = 2 and:

ij dx . i {+1/2
C(S]gK(g) = /X_)zclﬁ(X)q{c(X)pNL (k = +X/ ,Z(X)> : (6.15)

DES measures angular correlations averaged over a given angular bin. There-
fore, one needs to modify the theory predictions to account for this procedure. In
order to average over a finite angular bin [fmin, fmax), One assumes that galaxies are
uniformly distributed. It can be shown that for the galaxy clustering correlation
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function w(0) this leads to the modification in eq. (6.9):

emin
[P[_A'_l (-x) - Pﬁ—l (x)]zg: emax

(20 + 1) (oS Omin — €OS Omax)”

Py(cosB) — Py(cosb) = (6.16)

and the corresponding modifications for the galaxy-galaxy lensing correlation
function 7;(0) and for the cosmic shear correlation functions ¢ (0) can be found
in [52].

The angular separations 0 in the correlation functions are divided into 20
logarithmically spaced bins between 2.5 arcmin to 250 arcmin. After scale cuts
to mitigate unaccounted for nonlinear effects such as baryonic feedback from
active galactic nuclei (AGN), the final data vector for the Y3 3x2 analysis has 533
elements.

DES analyses assume several modelling choices that are described and tested
in [184]. A simple linear, scale-independent model is used to describe galaxy
bias for each redshift bin, §; = bi 5. Intrinsic alignment is modelled using the
Tidal Torquing and Tidal Alignment (TATT) model [185]. Photometric redshift
uncertainties in both the lens and source galaxy samples are modelled as off-
sets in each bin Azl /s~ Uncertainties in the shear measurements are modelled
as multiplicative bias parameters m'. Yet another correction factor called point-
mass parameter B; is introduced in the modelling of the galaxy-galaxy lensing
correlation <y;. The DES nuisance parameters that are sampled and marginalized
over in our analysis are summarized in Table 6.2 [127].

We notice that the fiducial DES-Y3 3x2pt analysis uses an alternative lens ga-
laxy sample, the so-called MagLim sample [131]. The main reason is that the 2x2pt
analysis (i.e. without the shear correlation functions) revealed an unexplained in-
ternal tension which manifested itself in, among other places, the linear galaxy bias
by derived from galaxy clustering and galaxy-galaxy lensing [130]. This result was
further scrutinized in the final DES-Y3 3x2pt analysis, where an extra parameter
denoted by Xj.,s was introduced to account for this tension in a phenomenological
manner [127]. The inferred cosmological parameters from the fiducial analysis
in ACDM are consistent with the ones obtained from the REDMAGIC lens sample
with and without marginalizing over Xj.,s. We will corroborate these results in
our case by showing consistency between a 3x2pt analysis with Xj.,s = 1 and a
shear-only analysis, where the latter is insensitive to Xjeps.

6.3.4 Strong Lensing

The HOLiCOW collaboration [186, 187, 188] measured time-delay distances
from six quasar-lens systems, providing an Hy constraint that agrees with local
distance ladder measurements while being completely independent from those:
Hy = 73.3ﬂ:gkm s~ Mpc~!. We refrain from using SHOES priors in our chains,
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as their Hy constraints are in severe tension with CMB constraints, which would
lead to a degradation of the CMB fit and an artificial tightening of our constraints.
Therefore we chose to use strong lensing measurements from HOLiCOW instead
of local SHOES measurements. We refer to using the HOLiCOW likelihood prior as
SL.

6.3.5 Analysis

We perform our analysis using the cOcoa® pipeline [189], which combines
the COBAYA? sampler [106] with the COSMOLIKE! code [120] for computing like-
lihoods for galaxy surveys using a halo-based theoretical covariance matrix [190]
that was validated in DES-Y1 [191] and DES-Y3 [52] analyses. We use the Limber
approximation to calculate cosmic shear and galaxy-galaxy lensing correlations,
but not for galaxy clustering. The likelihoods from the other independent datasets
are combined assuming no correlations.

We use our implemention of both early and late dark energy models in a
modified version of CAMB with a Halofit model for the nonlinear matter power
spectrum [192] supplemented by the Casarini prescription to account for the
variable equation-of-state w(z) model for late dark energy [193, 194]!. Neutrinos
are modelled using the default CAMB configuration, with an effective number of
relativistic species at recombination Ng¢ = 3.046, and only one massive neutrino
species with mass m, = 0.06 eV. In order to validate our CAMB version, we have
reproduced results from literature, specifically Fig. 2 from [100], Fig. 1 from [82]
and Fig. 14 from [47].

We sample over the base cosmological parameters {6, Qyh?, Q:h?%, In(101° Ay), ng, T}
with large, uninformative priors. We also sample over the EDE parameters
{log,(zc), fepE, ©; }? instead of sampling over the potential parameters m and
f. This choice is widely used in previous EDE analyses (for instance [47]) and
we adopted it here since it allows for easy comparison with these works. The
piecewise-constant equation of state in each redshift bin {w;} are also sampled
with wide priors. The priors for base cosmological parameters and dark energy
parameters are listed in Table 6.1. We also sample over nuisance parameters from
ACT, DES-Y1 and DES-Y3. The priors for nuisance parameters follow the respec-
tive collaboration papers [46, 133, 127], and are shown in Table 6.2. Following
the fiducial DES-Y3 analysis, we also analytically marginalize over a point-mass
parameter describing small-scale effects in galaxy-galaxy lensing. We use the

8https://github.com/CosmoLike/cocoa

https://cobaya.readthedocs.io/en/latest/

Whttps://github.com/CosmoLike/

UFollowing [47], we increase the standard CAMB accuracy in order to calculate higher order
multipoles. We use the increased accuracy settings AccuracyBoost =1.2 and max_1 = 10000.

12We follow [82] and use ®; = ¢;/ f as a parameter instead of the effective speed of sound of the
fluid.
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Gelman-Rubin convergence criterion |R — 1| < 0.05 to stop the chains. We use
GETDIST'® [110] to analyse the chains, obtain marginalized statistics and plot con-
tidence contours. We emphasize that the main goal of this work is not to obtain
state-of-the-art EDE constraints or compare the EDE model against ACDM. Rather,
our main goal is to assess if general late-time dark energy models can affect EDE
constraints, shifting fgpg and Sg posterior distributions, especially after including
DES-Y3 LSS data. Thus, we refrain from performing model comparison analyses
such as Bayesian evidence and Akaike Information Criterion (AIC): we simply
compare the posterior distributions for different models and assess the changes in
mean and variance.

In order to study the effects of different datasets on the estimation of cosmolo-
gical parameters we run MCMC chains with five dataset combinations (DCs):

e DC1: CMB + BAO + SNe + CMBL;

e DC2: CMB + BAO + SNe;

e DC3: CMB + BAO + SNe + CMBL + SL;
e DC4: CMB + SNe + CMBL,;

e DC5: CMB + SNe + SL.

We chose the combination DC1 as the baseline dataset. By comparing it with DC2
we assess the effect of including CMBL. In the same way, comparing DC1 with
DC4 allows us to gauge the effect of including BAO in the analysis. DC3 includes
SL, which tends to worsen the CMB fit, since the two datasets are somewhat in
tension. Finally, DC5 also combines the datasets that are in tension, CMB on one
side and SNe and SL on the other side of Hy. In order to study the impact of DES
data on the EDE constraints, we run chains with and without DES data, using
cosmic shear only and full 3x2pt data, for each combination of the datasets above.
We also compare results between Y1 and Y3 analysis, where we use the respective
data vectors, covariances, scale cuts and prior choices.

For each dataset combination, we run chains with EDE+A and the combined
EDE+w(z) model with 3, 5, and 10 bins. Including tests and validation, we have
run roughly 160 chains for this project. We describe our results in the next section.

6.4 Results and Discussion

6.4.1 Early Dark Energy

We start by discussing constraints on early dark energy models with the usual
cosmological constant as late dark energy. The results in this subsection expand

13https ://getdist.readthedocs.io/en/latest/
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Parameter Prior
Base Cosmological Parameters

Qch? 1[0.001, 0.99]
Qh? 1[0.005, 0.1]
100 x 6, U[0.5, 10]
In(1010Ay) U[1.61,3.91]
N U[0.85, 1.1]
T U[0.01, 0.8]
Dark Energy Parameters

log,o(2¢) UJ[3, 4.3]
fEDE (Zc) Z/{[OOOL 05]
Q; U[0.1,3.1]
wo Ul-3,-0.1]
W1 U3, 11

Tabela 6.1: Priors for cosmological and dark energy parameters sampled in our
MCMCs. U|a, b] represents an uniform distribution with edges [a, b].

on previous analyses with the inclusion of DES-Y3 data and the mitigation of
baryonic effects on ACT data by considering multipoles ¢ < 3000 in the TT, TE
and EE power spectra.

One of the main arguments given by previous works in the literature in favor
of the EDE model is its ability to improve the CMB fit with respect to the ACDM
model. The EDE analysis from the ACT collaboration [47] has reported a 3¢
evidence for EDE using full ACT spectra, Planck TT spectrum cut at £ = 650, CMB
lensing and BAO, finding fepe = 0.0911)020. This is in agreement with our results
using the DC1 dataset, which differs from [47] by the inclusion of SNe data and
the cut in the multipoles in the ACT power spectra.

Figure 6.1 shows our results for the posterior distributions for the parameters
Hy, Oy, Sg and fgpg, using both the EDE model and a standard ACDM model
for the base dataset DC1; we find fppg = 0.088f8:8§§. The figure shows that a
preference for nonzero EDE has the desirable property of relaxing the Hubble
tension by increasing the Hy posterior mean. On the other hand, one notices
that EDE also leads to a less dramatic increase in the Sg posterior mean, from
Sg = 0.820 £ 0.012 (DC1, ACDM) to Sg = 0.8401 )05 (DC1, EDE). This effect
further increases the disagreement with galaxy survey results, which prefer a
significantly lower value in the ACDM scenario: the DES-Y3 fiducial analysis, for
instance, reports Sg = 0.776 £ 0.017 [127]. In order to verify the effects of different
implementations of EDE models, we show in Table 6.3 the consistency among the
marginalized constraints for the parameters Hy, Sg and fppg obtained using dataset
DC1 from the three different implementations of EDE models, namely an effective
fluid description and the two scalar field models described in section 6.2.1. We
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Parameter Prior
ACT Nuisance Parameter

Yp 1[0.9,1.1]
DES-Y3 Nuisance Parameters

Photometric redshift offsets

AZL e N0, 0.018]
AZ2 e N0, 0.015]
AZ3 e N0, 0.011]
AZE e N0, 0.017]
Azl N10.006, 0.004]
Az N10.001, 0.003]
Az N0.004, 0.003]
Az} N-0.002, 0.005]
Az N-0.007, 0.010]
Intrinsic Alignment (TATT)

al? U[-5, 5]

n'? U[-5, 5]

bl Ulo, 2]
Linear Galaxy Bias

bl U[0.8, 3]
Shear Calibration

m! N[-0.006, 0.009]
m? N-0.020, 0.008]
m3 N[-0.024, 0.008]
m* N[-0.037, 0.008]

DES-Y1 Nuisance Parameters

Photometric redshift offsets

AZ3ource NT-0.001, 0.016]
AZ3purce NT-0.019, 0.013]
DZource NT0.009, 0.011]
AZgurce NT-0.018, 0.022]
Azl N10.008, 0.007]
AZ N-0.005, 0.007]
Az NT0.006, 0.006]
Az} NT0, 0.01]
Az N0, 0.01]
Intrinsic Alignment (NLA)

al U[-5, 5]

/A U[-5, 5]
Linear Galaxy Bias

bj U[0.8, 3]
Shear Calibration

m', i€ [1,4] NT0.012, 0.023]

Tabela 6.2: Priors for nuisance parameters sampled in the MCMC. U|a, b] repre-
sents an uniform distribution over the real interval [a, b], while N[a, b] represents
a Gaussian distribution with mean 4 and standard deviation b.
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Model/Dataset Hy (kms ' Mpc™') 10xSg 100 X fgpg

DC1

ACDM 68.1+ 0.50 820+ 0.12 -
Axion-like 71-63% 8-35J_r8:£ 10'63:3
Rock ‘n’ Roll 714713 8341016 95+27
Effective Fluid 719716 8411017 88+28

Tabela 6.3: Marginalized constraints (mean and 68% limits) for the parameters
Hy, Sg and fgpg for three EDE models: Axion-like EDE, Rock 'n” Roll EDE and
effective fluid EDE. We use the dataset combination CMB (ACT power spectra
with fmax = 3000, Planck 2018 TT spectrum with ¢, = 650 and EE spectrum
with Zmax = 30) + BAO (6dFGS, SDSS DR7 MGS and SDSS BOSS DR12 consensus
sample) + SNe (Pantheon) + CMBLens (Planck 2018 CMB Lensing potential).

verified that this consistency remains when including DES data. In the following
most of our analyses are performed in the effective fluid description.

We can assess the goodness-of-fit of each model by comparing the values
of x? at the minimum. We find that the difference between ACDM and EDE

scenarios is concentrated in the CMB part of the data vector: )(éls/%CDM) = 966.3
and x2\"F) — 957.0, with difference AxZ g = Xore ") — xerm ™ — 9.3 We

remark that our CMB data vector consists of 911 components. Assuming Ax? is
x>-distributed with 3 degrees of freedom due to the extra EDE parameters, this
difference corresponds to approximately a 2.2¢ preference for EDE over ACDM,
or a 97.5% significance.

The simplest way of quantifying tensions in the parameter constraints between
two analyses is by the 1D standardized difference [195, 78]:

T — M, 6.17)

[ 2 2
0'1+O'2

where y; is the marginalized mean value of the parameter posterior distribution
for each analysis and o; is the marginalized 68% confidence limit. If the posteriors
are skewed, we take the average of the upper and lower limits. We remark that
this simple tension metric does not capture the multidimensional correlations
between different parameters and it only reflects a statistical significance when
the posteriors are approximately Gaussian, which is the case for Hy and Sg but not
for fEDE-

In Fig. 6.2 we show the tensions arising from our analysis compared with
a recent Hy constraint reported by SHOES [21] and the DES-Y3 constraints for
Sg [127], using the simple 1D metric of Equation 6.17. As expected, the Hubble
tension is decreased from roughly 4.5¢ in ACDM to less than 1 in EDE models
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DC1 [ACDM]

I DCI1 [EDE]
—— DCI1 + DES-Y3 Cosmic Shear [EDE]

N ---- DCI + DES-Y3 3x2pt [EDE]

| |
S
N Qr

Qn Jepe(ze)
Figura 6.1: Constraints for the ACDM and effective fluid early dark energy models
using the dataset combination DC1: ACT TT, TE, EE spectra with ¢, = 650,
Planck 2018 TT spectrum with #max = 650 + Planck 2018 low-/¢ EE spectrum, BAO
from 6dFGS, SDSS DR7 main galaxy sample and SDSS BOSS DR12 consensus
sample, Pantheon supernovae and Planck 2018 CMB Lensing spectrum. We also
include DES-Y3 3x2-point correlation function as well as cosmic shear alone.
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and the different EDE models are in reasonable agreement. Regarding the Sg
parameter, one notices that the Sg tension increases from roughly 20 to 2.3 — 2.5¢
when EDE is included. Thus, data from galaxy surveys should limit the amount
of EDE in order to accommodate lower Sg values. We find similar results for the
other datasets that we show as robustness tests in appendix C.1.

We now turn our attention to the effects of including DES data on EDE cons-
traints. Previous works such as [152] and [153] concluded that the evidence for
EDE decreases when including galaxy clustering or cosmic shear data. Such works
have used Planck 2018 CMB data for primary CMB and DES-Y1 or KiDS data
for large-scale structure. We confirm their conclusions by reanalysing early dark
energy models with recent data from DES-Y3. A word of caution is needed since,
as mentioned earlier, there is an internal tension in DES-Y3 analysis using the
REDMAGIC lens sample, which could introduce biases in the dark energy para-
meter constraints. For this reason in addition to the complete 3x2pt analysis we
also present an analysis using cosmic shear data only, which is insensitive to this
tension that appears only in the clustering amplitude.

Figure 6.1 shows confidence contours using the dataset DC1 combined with
DES-Y3 data. More details are presented in Table 6.4, where we show the margina-
lized constraints on the parameters Hy, Sg and fgpg for DC1 and DC2 comparing
the effect of including DES-Y3 3x2pt and cosmic shear-only data. We observe no
significant differences between 3x2pt and cosmic shear only constraints and thus
conclude that the REDMAGIC internal tension does not significantly affect the EDE
constraints. We plan a future in-depth analysis comparing EDE constraints from
each of the galaxy lens samples and using a Xj.s bias correction factor [127] in
order to assess this robustness.

Due to the Sg tension and its positive correlation with fgpg, adding large-scale
structure data decreases the EDE contribution and worsens the Hubble tension.
For the combination DC1, we find:

fepe = 0.0871(038 (DC1),

fepe = 0.067 10032 (DC1+DES-Y3 1), (6.18)

fepe = 0.063100°7 (DC1+DES-Y3 3x2pt).
As expected, including DES-Y3 data results in a significant decrease on the estima-
ted amount of EDE during recombination, disfavoring fgpg values which solve
the Hubble tension, i.e. around 10%.

We also compare our results of including either Y1 or Y3 data in our analyses
below. For the combination DC1, the EDE constraints are

fepe = 0.07215052 (DC1+DES-Y1 ¢2),

_ +0.018 ~ (6.19)
fepe = 005779918 (DC1+DES-Y1 3x2pt).
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In the Y1 analysis, we observe a small difference in the posterior means between
3x2pt and cosmic shear constraints, as the former imposes tighter constraints
on fgpg than the latter. This difference is smaller in the Y3 analysis. The same
happens for the combination DC2, without CMB lensing:

fepe = 0.08170:03% (DC2+DES-Y1 ¢&4),
fepe = 0.064 10027 (DC2+DES-Y1 3x2pt),
fepe = 0.0751 0032 (DC2+DES-Y3 1),
fepe = 0.06875:920 (DC2+DES-Y3 3x2pt).

(6.20)

The inclusion of DES-Y3 3x2pt correlation functions shifts Hp by —0.6¢ (increa-
sing the tension with SHOES data) and Sg by —1.3¢ (decreasing the tension with
DES-Y3-only constraints on Sg). Figure 6.2 shows that the inclusion of DES-Y3
data worsens the Hj tension solution, now above 1c level. Figure 6.3 also shows
that the inclusion of DES data slightly worsens the CMB fit. This effect is the
main motivation to further extend the EDE scenario. In the following section, we
explore whether substituting smooth dark energy for the cosmological constant
can increase again the EDE contribution that results in a smaller Hy tension.

6.4.2 Marginalization over Late-time Expansion

In this section we are interested in the study of models with modifications
to the standard ACDM model that account simultaneously for both early dark
energy and a generic late dark energy parametrization, the latter characterized by a
piecewise constant equation of state in different redshift bins. This parametrization
will be tested with the different datasets described in section 6.3.5.

Analysing the dark energy equation of state in detail during the so-called
rise of dark energy age [196] is an ambitious task by itself. Since this study is
not directly related to EDE, we describe it in appendix C.2, where we show an
estimation of the reconstruction of the late dark energy equation of state and a
principal component analysis on its components w;.

Since we are interested in the possible impact of these models on the EDE para-
meter estimations together with the Hy and Sg tensions, we focus our attention on
the results obtained from marginalizing over the late-time dark energy parameters.
More specifically, we show results marginalized for 3, 5 and 10 redshift bins of
constant w(z), using the effective fluid EDE model with n = 3.

Our investigations are summarized in Fig. 6.4, which shows marginalized
1D constraints (mean and 68% limits) for the parameters Hy, Sg and fgpg for the
dataset combinations DC1 and DC2, without and with DES data and for three
different number of bins for late dark energy. Results for DES-Y1 and DES-Y3 are
shown in order to assess the impacts of the updated data set and analysis in our
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DC1 DC1+DES-Y3 Cosmic Shear

B H, Tension
B S Tension

ACDM Fluid Axion RocknRoll Fluid Axion Rockn Roll

(oY)

1D Tension
o

0_

Figura 6.2: 1D tensions between our analysis and [21] (for the Hj tension) or
[127] (for the Sg tension). To the left of the vertical dashed line, we are using
the dataset combination DC1 ACT TT, TE, EE spectra with ¢max = 650, Planck
2018 TT spectrum with ¢max = 650 + Planck 2018 low-¢ EE spectrum, BAO from
6dFGS, SDSS DR7 main galaxy sample and SDSS BOSS DR12 consensus sample,
Pantheon supernovae and Planck 2018 CMB Lensing spectrum; to the right, we
add DES-Y3 cosmic shear data. The horizontal axis represents different early dark
energy model choices.
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FE, EDE, no DES
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Figura 6.3: x4\ (911 points) distributions in the MCMCs using the dataset com-
binations DC1 (ACT TT, TE, EE spectra with /max = 650, Planck 2018 TT spectrum
with fmax = 650 + Planck 2018 low-/ EE spectrum, BAO from 6dFGS, SDSS DR7
main galaxy sample and SDSS BOSS DR12 consensus sample, Pantheon super-
novae and Planck 2018 CMB Lensing spectrum) and DC2 (same as DC1 without
CMB Lensing), combined with DES-Y3 cosmic shear data, under the effective fluid
EDE model and EDE + w(z) with 3, 5 and 10 bins. We also include EDE results
without DES data.

results. The values for the posterior means and 68% limits are shown in Table 6.4.
Constraints for the datasets DC3, DC4 and DC5 are shown in appendix C.1 as
robustness tests.

For DC1, DC3, DC4 and DC5 combined with DES data, we have found that
adding the binned w(z) model does not make a significant difference in fgpg
constraints, regardless of the number of redshift bins.

Interestingly, for the DC2 dataset (i.e. without CMB lensing) combined with
DES data, the inclusion of a dynamical smooth dark energy fluid at late-times does
slightly affect the Sg and fgpg constraints. The effect, although very small, can be
seen in all DES analyses and redshift binning choices. As shown in Table 6.4, when
including the binned w(z) model, the fgpg posterior mean is increased by 0.01.
This corresponds to a 0.5¢ shift, well within the error bars. The Sg posterior mean
also slightly decreases by approximately 0.40, which improves the fit to DES data.
Figure 6.3 also shows that, for the combination of DC2 and DES-Y3 cosmic shear,
the late-time modification can also slightly improve the CMB fit. However, this
increase in fgpg does not come with an increase in Hy: we observe no significant
shift in Hy posterior. It seems the w(z) models that are able to decrease Sg also
tend to decrease Hy. As CMB lensing further constrains the dark energy equation
of state in redshifts z < 3, no fgpg shifts can be detected in the other dataset
combinations.
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Figura 6.4: Marginalized constraints for Hy (in km s 1 Mpcfl), Sg, QO and fepE,
using the dataset combinations DC1 (ACT TT, TE, EE spectra with ¢, = 650,
Planck 2018 TT spectrum with £max = 650 + Planck 2018 low-/¢ EE spectrum, BAO
from 6dFGS, SDSS DR7 main galaxy sample and SDSS BOSS DR12 consensus
sample, Pantheon supernovae and Planck 2018 CMB Lensing spectrum) and DC2
(same as DC1 without CMB Lensing). For each combination, we add DES 3x2-
point correlation functions and cosmic shear-only data. DES-Y1 and DES-Y3 are
shown in order to assess the impacts of the updated data set and analysis in our
results. We use the effective fluid EDE model presented in section 6.2.1 combined
with a late-time fluid with piecewise equation of state, described in section 6.2.2,
using 3, 5 and 10 redshift bins. We observe no significant shifts in the parameter
constraints due to the modification of smooth dark energy at late times, regardless
of the number of redshift bins in our model.
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Model/Dataset Hy (kms 'Mpc™!) 10xSg 100 x fgpg
DC1

ACDM 68.09104 8.21+£0.13 -
EDE 71.972% 8.401018 8.7+28
EDE + 3-bin w(z) 71.8%17 841+0.19 87733
EDE + 5-bin w(z) 71.8737 8.38+£0.19 8738
EDE + 10-bin w(z) 71.6+18 8417018 4732
DC1+DES-Y3 ¢

EDE 71.0"12 818+0.12  6.7712
EDE + 3-bin w(2) 70.6+13 817+0.13 6.7
EDE + 5-bin w(z) 71.0773 8.17+0.13  7.2*30
EDE + 10-bin w(z) 70.9+14 8184013  7.072]
DC1+DES-Y3 3x2pt

EDE 70.7" 74 821010 63727
EDE + 3-bin w(z) 703113 819+0.11 637172
EDE + 5-bin w(z) 70.7112 819+0.11  6.6727
EDE + 10-bin w(2) 70.6+12 8194011 64739
DC2

ACDM 68.061028 8.22+£0.17 -
EDE 73.3154 8.5310%  11.273%
EDE + 3-bin w(z) 73.0154 849+041 11.0737
EDE + 5-bin w(z) 72.813 838039 107733
EDE + 10-bin w(z) 72.9+21 8.46+0.40 109'3¢
DC2+DES-Y3 &

EDE 714123 811+£017 7577
EDE + 3-bin w(z) 71.271¢ 8.037019 86723
EDE + 5-bin w(z) 712718 8.027040 84727
EDE + 10-bin w(z) 71.3735 803+0.19 87733
DC2+DES-Y3 3x2pt

EDE 709113 815+0.13  6.875Y
EDE + 3-bin w(z) 70.9+12 8.127501>  8.073]
EDE + 5-bin w(2) 711413 813+014 79737
EDE + 10-bin w(z) 71.0+13 8124014 79732

Tabela 6.4: Marginalized constraints (mean and 68% limits) for the parameters
Hy, Sg and fgpg for the dataset combinations DC1 (ACT TT, TE, EE spectra with
lmax = 650, Planck 2018 TT spectrum with ¢max = 650 + Planck 2018 low-¢ EE
spectrum, BAO from 6dFGS, SDSS DR7 main galaxy sample and SDSS BOSS DR12
consensus sample, Pantheon supernovae and Planck 2018 CMB Lensing spectrum)
and DC2 (same as DC1 without CMB Lensing). We also combine both P1 and Base
with DES-Y3 3x2-point correlations and cosmic shear.
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6.5 Conclusions

Cosmological tensions in Hy and, to a lesser extent, in Sg, are challenging the
standard ACDM model. If not explained by systematic effects, they may point
to new physics. The presence of a non-negligible amount of dark energy around
the recombination era, postulated in early dark energy models, has become a
candidate solution for the Hubble tension, especially in light of new CMB data
from ACT and SPT-3G. Cosmic shear and galaxy clustering data, however, disfavor
the presence of EDE, since they aggravate the Sg tension with CMB. This has been
observed in previous analysis using Planck 2018, DES-Y1, KiDS and HSC data
[152, 153]. Our work extends previous ones in several directions: incorporating the
recent DES-Y3 data, analysing different combination of datasets and modifying
the late dark energy model by allowing a smooth (unperturbed) dark energy
completely characterized by its equation of state.

We also find that including recent large-scale strucuture data from DES-Y3
decreases the contribution for EDE and that this is robust for different combi-

nations of datasets. For the combination DC1 we find fgpg = 0.087J_r8:8§§, com-

pared to fgpp = 0.067“:8:8%593 when DES-Y3 cosmic shear data is included, and
fEDE = 0.0631’8:8%3 using DES-Y3 3x2pt data. This effect makes EDE more unli-
kely as a Hubble tension solution. Our main conclusion is that smooth, late-time
dark energy modifications cannot restore the EDE contribution to its significance
without large-scale structure data. Using the DC1 combination and DES-Y3 cosmic
shear data, we find fgpg = 0.067 1007 for 3 redshift bins, fgpg = 0.0727053" for 5
bins and fgpg = 0.070f8:8§é for 10 bins. Varying the number of redshift bins does
not add information to early-time dark energy constraints.

If we are to consider EDE as a solution to the Hubble tension, we must address
the Sg tension with either systematic effects or theoretical models beyond the smo-
oth dark energy paradigm, for instance changing the mechanisms for clustering of
matter, as done in [165, 197, 198]. In future works, we will analyse the combination
between EDE and more general dark energy paradigms such as including anisotro-
pic stress, modifying the sound speed, adding interactions between dark energy
and CDM, among others. Our results drives future research to other mechanisms
affecting Sg beyond the smooth dark energy paradigm combined with early dark
energy models.



Chapter 7

Late-time Dark Energy Dynamics and
Massive Neutrinos In Light of DESI Y1
BAO

This chapter discusses the recent DESI Y1 BAO results which indicate a strong
preference for dynamical dark energy [50], which could represent the first hint
for dynamical dark energy. This chapter also presents the article "Investigating
Late-time Dark Energy and Massive Neutrinos in Light of DESI Y1 BAO" [24],
which is reproduced below with permission from the Journal of Cosmology and
Astroparticle Physics.

7.1 Introduction

The nature of dark energy persists as one of the greatest mysteries in current
physics. Ever since the discovery of accelerated expansion in 1998 [199, 200], the
cosmological constant A has become the accepted model of dark energy, due to its
simplicity and ability to fit various independent observables: Type Ia supernovae
luminosity distances [201, 202, 181, 36, 37, 39, 40], distance measurements from
Baryonic Acoustic Oscillations (BAOs) [9, 66, 203, 60, 204, 205, 67, 206, 207, 208, 209,
210, 211, 212, 213, 214, 215, 216, 50, 217], Cosmic Microwave Background (CMB)
temperature and polarization anisotropies [10, 43, 11, 218, 44, 5, 45, 48], two-point
correlation functions of galaxy shapes and positions [219, 80, 58, 54, 53, 8], among
other probes. The success of the ACDM model, which assumes a cosmological
constant as dark energy, has ushered in an era of precision cosmology, in which
increasingly ambitious surveys can track the expansion of the Universe and the
growth of large-scale structure with great precision. However, the ACDM model
faces several challenges. From a theoretical standpoint, its connection with the
Standard Model of Particle Physics (SM) is not well understood: the dark energy
density is orders of magnitude lower than the vacuum energy density of the SM
fields [220, 221]. Furthermore, in recent years, different datasets have disagreed in
their measured values of the ACDM cosmological parameters. The most pressing
tension is in the Hy parameter, the current expansion rate of the universe, between

149
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local distance measurements [41] and those inferred by CMB measurements (see
[222] for a recent review). Less statistically significant tensions, such as the Sg
parameter tension between CMB and cosmic shear surveys [223, 54], aggravate the
ACDM crisis. In this context, the last decade witnessed an explosion of alternative
cosmological models trying to alleviate tensions and provide insights about the
fundamental nature of dark energy [142, 224, 225, 226, 227, 228, 229, 230, 231, 99,
232,233, 234, 235, 236, 237, 238, 239, 240, 241, 122, 242].

A recent hint on deviations from the ACDM model arising from new type la su-
pernovae analyses from both Dark Energy Survey 5-year dataset (DESY5) [40] and
Union3 [38] became more prominent with the new BAO distance measurements
from DESI [50]. The dataset combination of DESI BAO with Planck 2018 CMB
anisotropies [5] and Type Ia supernovae distances from either Pantheon+ [36],
Union3 [37], or DESY5 [39] significantly prefers a dynamical dark energy behavior,
with confidence ranging from 2.5¢ — 3.9¢ depending on which supernovae catalog
is being used. DESI analysis relied on the widely used wow, parametrization
of dark energy: a phenomenological model where the equation of state evolves
linearly with scale factor as w(a) = wp + w,(1 — a). The preferred dark energy
behavior in the DESI analysis has a phantom behavior (w < —1) [243] for redshifts
z > 0.5 and a thawing behavior with w > —1 nowadays. The main driver of this
evidence is still under debate [244, 245, 246]. While [50] points that the Luminous
Red Galaxy samples between redshifts 0.6 < z < 0.8 drive this preference [247],
reference [248] has shown that under the ACDM model there is a mild tension in
the (), parameter between DESI BAO and the Pantheon+, Union3, and DESY5
supernovae catalogs, which is alleviated by thawing dynamical dark energy. Pa-
rameter constraints using the Pantheon supernovae catalog, which agrees with
DESI on (), are consistent with ACDM. However, the Pantheon+ analysis im-
proves over the original Pantheon on several aspects, such as an updated light
curve model, which takes into account galactic dust and an improved model for
intrinsic brightness evolution [249], among others. It has also been noted that the
preference for an evolving dark energy equation of state depends on priors for wy
and w, [250, 251, 252].

These intriguing clues for dynamical dark energy resulted in a flurry of studies
considering more complex behaviors for the dark energy equation of state than
the monotonic wow, parametrization. Some examples are scalar field quintessence
models [248, 253, 254, 255, 256], higher order terms in the Taylor expansion of
the equation of state of dark energy around the present epoch [257], different
2-parameter descriptions of the equation of state [258] and other generalizations
[259], modified gravity [260, 261], Gaussian Processes [262, 263, 264], interacting
dark energy models [265], non-minimally coupled gravity [266], emergent dark
energy model [267] and a modified recombination history [268], sterile neutrinos
and modified gravity [269], a negative cosmological constant [270], early dark
energy [271], among others [272].

A preference for dynamical dark energy over a cosmological constant also
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has implications for other model components. Cosmological probes have been
putting increasingly stringent constraints on the neutrino mass sum [273, 274,
275, 276, 277, 278, 279, 280, 281, 282], culminating with the recent constraints
from the dataset combination of Planck 2018 CMB data and DESI BAO, assuming
ACDM: }_m, < 0.072 eV at 95% confidence level (CL) [50]. These results are
close to the lower bounds inferred from neutrino oscillation experiments, either
for the normal-ordered hierarchy (}_m, > 0.057 eV) or for an inverted-ordered
hierarchy (3 m, > 0.10 eV) [283, 284, 285]. One could argue that the inverted
hierarchy has been ruled out in the context of the ACDM model. In addition,
as large-scale structure surveys obtain more precise measurements, a tension
between cosmological and laboratory neutrino mass constraints could arise [286,
287,288, 289, 290, 291, 292, 293, 294]. Therefore, studying the bounds on the sum
of neutrino masses in other cosmological models and datasets and their robustness
under model assumptions and analysis choices is essential [295, 296]. Previous
studies have pointed to a preference for negative cosmological neutrino masses,
which tighten the neutrino mass constraints and could be a hint for new physics
[290, 291, 297]. Several works on neutrino masses, taking into account the DESI
data, appeared recently. For example, [289] and [290] study the robustness of the
DESI results concerning neutrino masses; neutrino mass constraints under ACDM,
wCDM and wow,CDM and with a non-phantom wyw,CDM with the different
hierarchy choices have been addressed in [286] and [287], and modifications due
to new interactions between neutrinos and dark matter were considered in [288].

This work investigates general dark energy models using DESI BAO data
alongside Type Ia supernovae distance catalogs and CMB anisotropy and lensing
data. We test three models: a phenomenological model with a transition of
w(z) between two values, a model-agnostic parametrization in which w(z) is a
piecewise-constant function over given redshift bins, and a scalar field model.
Quintessence models, where dark energy is related to a scalar field minimally
coupled to gravity with a canonical kinetic term, are restricted to have an equation
of state w > —1. To reproduce a phantom behavior, we focus on the monodromic
k-essence (MKE) model introduced in [298], in which the dark energy equation
of state can be oscillatory. After assessing the model parameter constraints and
the w(z) dynamical behavior preferred by different combinations of datasets,
we compare the dark energy models by how they can improve the goodness-of-
fit to each dataset, penalizing models with an increased number of parameters.
Furthermore, we reassess the constraints on the neutrino mass sum considering
the model-agnostic parametrization of dark energy as compared to the usual
wow,CDM model, obtaining constraints for )  m, that are marginalized over the
dark energy equation of state at late times.
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7.2 Dark Energy Models

To perform tests of dynamical dark energy, we consider models that allow a
phantom crossing of w(z). The transition parametrization in Section 7.2.1 captures
the transition between two values of w(z); the binned w(z) parametrization in
Section 7.2.2 is a more general model that is agnostic to the redshift evolution
of dark energy. Alongside these phenomenological choices, in Section 7.2.3, we
also analyze the monodromic k-essence model: a scalar field with non-canonical
lagrangian.

7.2.1 Transition model

This model represents an equation of state that smoothly transitions between
two values: w; at early times and wy at late times. The dark energy equation of
state is parametrized as

w(z) = wo + (@) (1 + tanh (Z _OZC)) : (7.1)

For high redshifts, z — z. > o, w(z) ~ wy; conversely, for z < z. and |z — z;| > 0,
w(z) ~ wp. The parameter z, is the redshift in which the transition is at its
midpoint: w(z.) = (wy + wy)/2. 0 is a parameter that controls the redshift width
of the transition: smaller values of ¢ represent faster transitions, while larger
values of o represent slower transitions. The energy density of this model is
obtained via the integral

21+ w(Z
PpE = QDEPcr eXp (3 /0 #dzl) , (7.2)

1+~Z2

where o, = 3H§ /(87G), Opg = 1 — Oy — O, and the integral is calculated
numerically. This model has four parameters: wg, wi, z. and ¢. We choose to fix
o = 0.05 throughout our analysis: this value is sufficiently small to guarantee a fast
transition within a redshift window of Az < 0.1. For completeness, in Appendix
D.3 we present results for varying o.

This model crosses the phantom barrier at w = —1 if wy and w; are chosen
such that (14 wp)(1 + wy) < 0. To avoid instabilities, we use the Parametrized
Post-Friedmann (PPF) approach to calculate the dark energy perturbations [299,
94, 300].
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7.2.2 Binned w(z)

In this model, the dark energy equation of state is given by constant values
inside several redshift bins with limits {0, z1, 2, ..., zy }. The equation of state can
be written as

(
wo, if z < z1;

wy, ifz1 <z < zy;
wo, if zp < z < z3;
w(z) = (7.3)

wn-1, ifzy-1 <z < zp;

\—1, if z > zy.

At redshifts larger than the last bin, we set w = —1. This model can approximate
any smooth dark energy model that varies slowly inside each redshift bin. Increa-
sing the number of redshift bins improves the generality of this parametrization
by making the bins narrower. However, adding many extra parameters to the
model makes the analysis more computationally expensive. We focus on the dark
energy behavior at very low redshifts z < 1, when dark energy becomes dominant
in the background energy density and many supernovae are detected.

Thus, we choose two strategies of redshift binning, with 5 and 10 bins, respec-
tively, with constant redshift intervals:

e 2=03xi,i=1,..,5

e z,=01x11=1,..,10.

Even though there are SN and BAO distance measurements at higher redshifts,
we restrained ourselves to the low redshift windows of z < 1 and z < 1.5. For
z > 2, dark energy comprises less than 10% of the Universe’s energy density,
having a reduced impact on the expansion history. Furthermore, there are fewer
supernovae measurements for redshifts z > 1 and no DESY5 supernovae for
z > 1.13, degrading the dark energy constraints above those redshifts. In addition,
it is claimed by [50] that the DESI measurements that cause the preference for
dynamical dark energy are those inferred from the Luminous Red Galaxy samples
at redshifts 0.6 < z < 0.8. As previous analyses from literature (e.g., [301]) suggest
a phantom crossing at redshifts z ~ 0.5, we focus on the dynamics close to this
redshift.

By imposing the continuity of the dark energy density in the edge of two
consecutive redshift bins, we obtain the following expression for the evolution of
the energy density

PDE(Zi <z<zZiy1) = QpEper <H(1 +Zj)3(wj1wj)> (1 +Z)3(1+Wi). (7.4)
j=1



Chapter 7. Late-time Dark Energy Dynamics and Massive Neutrinos In Light of DESI Y1
BAO 154

As before, we use the PPF framework to compute the dark energy perturbations
for this model. For robustness, we have implemented a continuous version of the
discontinuous binned w(z) given in Equation (7.3). In Appendix D.2, we compare
results between the discontinuous and continuous versions of the model, assessing
differences in parameter constraints and goodness-of-fit. We conclude that the
discontinuity in w(z) does not affect our analysis.

7.2.3 Monodromic k-essence

K-essence is a scalar field, minimally coupled to gravity, differing from quintes-
sence by having a non-canonical lagrangian [86, 302, 88, 303, 304]. Assuming the
flat Friedmann-Robertson-Walker metric with signature (—, +, 4, +), a general
scalar field action can be written as

5= / dx\/—gP(X, ¢), (7.5)
where X is the kinetic term of the scalar field given by
X = —%vyzpw(p. (7.6)
Non-canonical kinetically-driven fields [86], in which P(X, ¢) is of the form

P(X,¢) = V() (=X +X?), (7.7)

can exhibit tracking behavior and scaling solutions as in some quintessence models
but are not restricted to an equation of state w > —1. We use the monodromic
k-essence (MKE) model introduced in [298], where the function V(¢) is given by

—&
V(g) = C <$> (1— Asin(ve)). (7.8)
0
The energy density and equation of state of the field are given by
oP
PK = ZXﬁ —P=V(¢)X(-1+3X), (7.9a)
WK = 0K = 1-3x" (7.9b)

To find the field evolution in time, we must integrate a second-order differential
equation for ¢, a generalization of the Klein-Gordon equation for quintessence.
Considering the specific form of the lagrangian P(X, ¢) in Equation 7.7, the equa-
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tion of motion is

. —V'($)V2X(=X +3X2) — 6HV ($)X(—1 +2X)
*= V) eX 1) . (10

where overdots indicate derivatives with respect to cosmic time ¢t and H is the
Hubble factor. Our implementation solves the equation above numerically for X,
alongside the equation for the homogeneous background field ¢

¢ = V2X. (7.11)

Like quintessence, this scalar field model exhibits tracking behavior: many initial
conditions quickly converge to an attractor that determines the field evolution
[305]. This makes today’s dark energy behavior highly insensitive to the field’s
initial conditions. Thus, we choose initial conditions according to the tracking
solution [298]. We adjust the parameter C to ensure the closure relation today,
Yall species i/ Per = 1, using the secant method. The remaining model parameters
area, A, and v, as ¢y is fixed to 1 M, without loss of generality. The MKE equation
of state wy is approximately constant at high redshifts; when dark energy starts
dominating the background density, wx begins oscillating. Figure 7.1 shows
evolutions of wk varying each parameter a, A and v individually. The parameter
« controls the mean value of wg, denoted by wg, which is approximated by

o = —1+ 5. (7.12)
While the original reference [298] restricted its description for « > 0, we also
consider the cases where a < 0, in which the function V(¢) has a positive power
law. This makes the equation of state wg oscillate around @wx < —1, which is
relevant in light of the DESI results. The parameter A controls the amplitude of
the oscillations, and v controls the frequency of the oscillations. Frequency values
vl M;ll are too small such that wk(z) does not perform a complete oscillation,
providing a monotonic behavior as shown in the bottom panel of Figure 7.1.
The perturbations of the k-essence field é¢ in the synchronous gauge are
governed by the equation [87]

Abs¢" + Bé¢' + Cép+ D =0, (7.13)

where the primes " denote derivatives with respect to conformal time dt = dt/a,
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Figura 7.1: Evolution of the monodromic k-essence equation of state wg for selec-
ted potential parameter values. The top row shows variations of the a parameter,
the middle row shows variations of A and the bottom row shows variations of v
(in units of M}:ll).
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and the coefficients are

12

A= PIXX(IZ_Z + Px, (7.14a)
X/ 2 13 ! 1 H 2
B =2HPx + Pxxx ;P + P,Xchq;_z + Pxx (3% - [jz) ) +Pxgd/,
(7.14b)
C = —a’Pgp + k*Px + PxxpX'¢' + Pxyp@" + Pxpp®” + 2HPxp¢',  (7.14c)
D = 3Pxh¢/, (7.14d)

where the commas represent partial derivatives (i.e. Px = 0P/dX), H =a'/ais
the conformal Hubble factor and / is the synchronous gauge curvature perturba-
tion. The perturbed energy-momentum tensor components in synchronous gauge
can be written as

6px = Px0X — Pybp +2XPxx0X + 2XP x50, (7.15a)
6Px = Px6X — Pydo, (7.15b)
(ox + Px)vk = Pxke'd¢/a?, (7.15¢)

where 6X = ¢/6¢'/a*>. While we are interested in its background properties, this
model is also interesting for having a sound speed c? ~ 0, which can induce dark
energy perturbations and impact structure formation significantly. We include the
k-essence perturbations in our numerical implementation of the model. While a
phantom crossing for a general scalar field lagrangian would evoke instabilities
in its perturbations [96, 97], these instabilities are avoided by the fact that the
effective sound speed c2 vanishes at the phantom crossing [306].

7.3 Datasets and Analysis Methodology

7.3.1 DESI 2024 BAO

The Dark Energy Spectroscopic Instrument has measured the baryonic acoustic
oscillation signal from galaxy clustering correlations using three different tracers
of matter: galaxies, quasars [64] and the Lyman-a forest [307]. The tracers are
spread over a redshift range 0.1 < z < 4.2, divided into seven bins. Measuring the
2-point correlation function of tracer positions, one can identify the sound horizon
at the baryon drag epoch, z;, defined as

= [T (7.16)

2o H(z)
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where c;(z) is the baryon-photon fluid sound speed. This physical scale can be
used as a ruler to measure the transverse comoving distance to the tracers at each
redshift bin, which, in a flat Universe, is given by

z d7
Dpy(z) =¢ 0 HEZY (7.17)

and the Hubble factor at the tracer redshift, which can be mapped to a distance
measurement via

(7.18)

The BAO measurements constrain the quantities Dps(z) /7y and Dy(z)/r4. Th-
roughout the rest of this work, we refer to this dataset simply as DESI.

7.3.2 Type la Supernovae Catalogs

Type Ia supernovae catalogs provide luminosity distance measurements, given
by
z d7
Dy (z) = c(1+2) 0 HZ)' (7.19)
In this work, we use four different catalogs. The Pantheon light-curve sample is a
collection of 1048 Type Ia supernovae, covering the redshift range 0.01 < z < 2.3
[308]. The Pantheon+ catalog comprises 1701 light curves measured from 1550
Type la supernovae over the redshift range 0.001 < z < 2.26. The Union3 catalog
consists of 2087 Type Ia supernovae over the redshift range 0.01 < z < 2.26,
and the public data consists of binned distance measurements [38]. The Dark
Energy Survey Year 5 (DESY5) catalog consists of 1635 Type la supernovae over
the redshift range 0.1 < z < 1.13 [40]. We will refer to these supernovae catalogs
for conciseness as Pan, Pan+, Uni3, and DESY5, respectively.

7.3.3 Planck 2018 CMB

We use the Planck 2018 CMB temperature and polarization angular power
spectra, including the p1ik likelihood for the TT, TE and EE spectra at multipoles
30 < ¢ <2508, and the low multipole likelihoods Commander and Simall for TT
and EE spectra at multipoles ¢ < 30 [309]. For conciseness, we will refer to this
dataset as P18.

7.3.4 ACT DR4 CMB Temperature and Polarization Anisotropies

We use the ACT TT, TE, and EE power spectra from their Data Release 4, up
to multipoles ¢ = 4000. Due to the lack of large-scale polarization measurements,
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ACT CMB data alone cannot constrain the reionization optical depth 7. Following
[47], we supplement ACT data with Planck 2018 power spectra up to multipole
¢ = 650. We will refer to this combination of ACT and Planck CMB data as
ACT+P650.

7.3.5 ACT DR6 CMB Lensing Power Spectrum

The CMB lensing power spectrum, ¢??, with multipoles range of 40 < ¢ < 763
in 10 bandpowers, are reported by the Atacama Cosmology Telescope (ACT) Data
Release 6 (DR6) [310, 311]. ACT is a ground-based CMB survey that minimizes
foreground and noise using a new pipeline, and from a lensing mass map covering
9400 deg? of the sky, they report measurements of the CMB lensing amplitude
with a precision of 2.3%.

The theoretical prediction for the CMB lensing power spectrum, c?? is given
by the line-of-sight integral projected onto the non-linear power spectrum Py,
[311]

H
CZ)(P = /dZCX(Z)z [WK(Z)]szL(E/X(Z)/Z) (7.20)
where W¥*(z) is the lensing kernel
K(p) — O 1+2x(2) [x(z4) = x(2)
W*(z) = EQmHgH(Z) ; [ ) } : (7.21)

Since massive neutrinos suppress the matter power spectrum on scales smaller
than the free-streaming, and dark energy also impacts the structure formation,
CMB lensing is a good source of information for these components. We will refer
to the ACT DR6 lensing dataset as ACTL.

7.3.6 Dataset Combinations

Among the individual datasets, several combinations can be analyzed. BAO
measurements alone have a degeneracy between Hy and r;, which can be broken
by the inclusion of CMB data. Supernovae distance measurements add extra
geometric information, constraining the dark energy behavior at low redshifts.
Thus, we consider combinations of CMB, BAO, and SN datasets. To assess the
differences in parameter constraints among the multiple supernovae datasets, we
combine each SN catalog with Planck 2018 CMB data and DESI BAO data, forming
four different dataset combinations:

¢ Planck 2018 (P18) + DESI-Y1 BAO (DESI) + Pantheon (Pan);
e Planck 2018 (P18) + DESI-Y1 BAO (DESI) + Pantheon + (Pan+);
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e Planck 2018 (P18) + DESI-Y1 BAO (DESI) + Union-3 (Uni3);
e Planck 2018 (P18) + DESI-Y1 BAO (DESI) + DES-Y5 (DESY5).

We also assess neutrino mass constraints changing the CMB dataset from Planck
2018 to ACT+P650, as described in Section 7.3.4:

o ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + Pan;

o ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + Pan+;

o ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + Uni3;

o ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + DESY5.

As a probe of large-scale structure, CMB lensing provides tight constraints on the
neutrino mass sum. We also include ACT DR6 CMB Lensing (ACTL) data with
the ACT+P650 anisotropy data:

e ACT + P650 + ACT DR6 Lensing (ACTL) + DESI + Pan;

e ACT + P650 + ACT DR6 Lensing (ACTL) + DESI + Pan+;

¢ ACT + P650 + ACT DR6 Lensing (ACTL) + DESI + Uni3;

¢ ACT + P650 + ACT DR6 Lensing (ACTL) + DESI + DESY5.

We neglect correlations between datasets; thus, the total likelihood is simply the
product of each likelihood. The different supernovae catalogs cannot be trivially
combined since they significantly overlap in supernovae.

7.3.7 Analysis Methodology

The three dark energy models discussed in Section 7.2 were implemented in a
modified version of CAMB! [118] and are publicly available. The phenomenological
models (transition and binned w(z) models) are in the same code?, while the scalar
field monodromic k-essence model is implemented in a different one>.

For every dataset combination and each dark energy model, we sample over
the parameter posterior distribution with Markov Chain Monte Carlo (MCMC)
methods, specifically using the Metropolis-Hastings algorithm implemented in
the Cobaya* code [312, 313, 113]. We use CoCon?, the Cobaya-Cosmolike Joint
Architecture [120] framework, to run our two modified CAMBs with Cobaya. We
make use of GetD1ist® [110] to perform statistical analysis of the MCMC samples

and produce the figures shown in this work.

Thttps:/ /github.com/cmbant/CAMB

Zhttps:/ / github.com/SBU-COSMOLIKE/CAMBLateDE

3 https:/ / github.com/SBU-COSMOLIKE /CAMB-Monodromic
4https:/ / github.com /CobayaSampler/cobaya

5https: / /github.com/CosmoLike/cocoa

6https:/ /github.com /cmbant/ getdist
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Model Parameters Priors
ACDM Qch? 1[0.001,0.99]
Oph? 14]0.005,0.1]
In(10'0Ay) U[1.61,3.91]
1 1[0.8,1.2]
T 1[0.01,0.8]
100 x 0, [0.5,10]
Y m, (eV) F[0.06] or 14[0.01,0.6]
Wow, wo U[-3,—0.01]
Wy Ul-3,1]
Transition wo U[—-3,—-0.01]
w1 Ul-3,1]
Ze 1[0.2,1.0]
v F[0.05]
Binned w(z) wo U[—-3,—-0.01]
Wi>0 Ul-3,1]
k-essence « U[0.01, 3]
A 2[0.01,0.9]
v(M;ll) Ulv, —2,v;+2],i=1,2,3,4"

7 See Section 7.4.1 for the values for v1, 15, v3 and vy.

Tabela 7.1: Priors for ACDM and dark energy parameters. U/ |[a, b] represents an
uniform distribution from a to b, whereas F|x] represents a fixed value.
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The MCMC:s are performed in two scenarios: fixing ) m, = 0.06 eV or varying
Y. m,. We use a single massive neutrino and two massless neutrinos in the former
case. In the latter, we adopt three degenerate massive neutrinos to avoid the
choice of a given mass hierarchy [314, 315]. We explore the dark energy parameter
posteriors, as well as the six cosmological parameters {0., Q.h?, Qph?, A5, ns, T}
with/without varying ) m, according to priors shown in Table 7.1. We choose to
sample over 6., the angular scale of the sound horizon at recombination, instead of
Hy. Since CMB data puts very stringent constraints on 6., this choice optimizes the
number of accepted points during the MCMC. We also run MCMCs considering
the cosmological constant and wyw, parametrization models for dark energy. We
use the Casarini prescription [316, 317] for including nonlinear effects in the matter
power spectrum. We use the Gelman-Rubin criterion to assess whether the chains
converged, stopping when |R — 1| < 0.01. For datasets with ACT DR4 or CMB
lensing from ACT DR6, we use increased CAMB accuracy settings: 1max = 7000,
lens_potential_accuracy = 4, lens_margin = 1250, 1SampleBoost
= 1,and 1AccuracyBoost = 1 asrecommended by [310].

To compare how well each dark energy model fits the datasets, we maximize
the likelihood and find the minimum value of x? starting from the maximum
a posteriori sample obtained in the MCMCs. Recent works [112, 318, 319] have
shown that classical minimizers, such as Py-BOBYQA, fail to reach the global
minimium of x?, getting stuck in local minima. Simulated annealing, a stochastic
minimization heuristic, has been proposed as a means to reach global minima of
cosmological likelihood functions, outperforming deterministic minimizers. We
have implemented a simple simulated annealing optimizer in Cobaya and we use
it to find the minimum values of x? and assess the goodness-of-fit of each model.

During our initial MCMC runs, we observed that the v parameter, represen-
ting the oscillatory frequency in the MKE model, has a multimodal posterior
distribution. The Metropolis-Hastings algorithm cannot explore the v modes
efficiently. To avoid this issue, one can employ a nested sample algorithm such
as PolyChord [320, 321] or perform a minimization procedure; we opted for the
latter. We minimize the total x> with fixed values of v € [0.1,1,2,...,50], finding
the four frequency values with lowest xZ.,. Then, we run MCMCs varying v by
i2M1;11 around each of those values. We validate our pipeline by reproducing the
DESI results for the wyw, parametrization.
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Figura 7.2: 2D confidence contours (68% and 95%) of dark energy parameters wy,
w1 and z, from the transition parametrization in Equation 7.1, as well as ().

7.4 Results

7.4.1 Model Parameter Constraints

Transition model

Figure 7.2 shows confidence contours for the transition model described in
Section 7.2.1. For Pantheon+, Union3, and DESY5, the 95% confidence region is
contained in the quadrant of the wy — w; plane where wy > —1 and w; < —1, sug-
gesting a transition between a phantom regime to a non-phantom behavior. Recent
works [322] show that quintessence models that satisfy w > —1 can mimic the
phantom crossing woyw, models preferred by DESI BAO. Our result corroborates
the mild preference for phantom crossing using an alternative parametrization that
directly probes the equation of state via wy and w;. Results considering Pantheon
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SN are compatible with wy = —1 but also show a mild preference for w; < —1.
The difference in w( constraints between the different SN datasets are caused by
the correlation between wp and (), observed in the lower left panel of Figure 7.2.
As with the wow, parametrization, SN datasets that prefer higher (2, values will
also prefer higher wg values. The transition redshift z. is weakly constrained at
around z. ~ 0.6. The 1D marginalized constraints (68% limits) for the dark energy
parameters are:

e P18+ DESI + Pan:  wp = —0.982 4 0.044, w; = —1.247918 2. — 0.6579%;

e P18+ DESI + Pan+: wp = —0.9247003% wy = —1.301020, z. = 0.631013;

e P18+ DESI + Uni3:  wp = —0.848700°% wy = —1.281021 2. = 0.56 +-0.17;

e P18 + DESI + DESY5: wy = —0.878100%, wy = —1.241002 z. = 0.57105.

Figure 7.3 shows the constraints in the equation of state as a function of redshift,
w(z), and the dark energy density ppg(z). Compared with ACDM, the phantom
crossing behavior implies increased dark energy at redshifts z < 0.5 and a smaller
density at higher redshifts. These results agree with previous literature analyses
using the wyw, parametrization and other reconstruction methods such as [301].

We have also assessed constraints with varying values of ¢ with a prior
1[0.01,0.5], and the results are qualitatively equivalent, with wider posteriors for
all parameters. The results are shown in Appendix D.3.

We have verified by running the corresponding chains changing Planck 2018
CMB data by ACT data, as well as the inclusion of ACT CMB lensing, have no
significant effect on the dark energy parameter constraints.

Binned w(z)

Due to the large number of dark energy parameters and the complex correlati-
ons among them in the binned w(z) model, it is difficult to visualize and interpret
the constraints on the individual w;’s for each redshift bin i. For this purpose, we
perform a principal component analysis (PCA) [323, 324, 325, 326, 327] of the w;
samples obtained in the MCMC:s. This process consists of extracting the sample
covariance matrix of the w; parameters from the MCMC. Since this matrix is real
and symmetric, it can be diagonalized. The eigenvectors of the sample covariance
are the principal components ¢;, i = 1, ..., Npins. Any given sample of parameters
{wo, ..., wN,, ,~1} represents a w(z) evolution given by Equation 7.3 which can be
rewritten in terms of the principal components as

Nbins
w(z) = -1+ ) wiei(z), (7.22)
i=1
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Figura 7.3: Reconstruction of the dark energy equation of state and density con-
sidering the transition dark energy parametrization, Equation 7.1. The blue line
represents the mean model, and the darker and lighter gray bands represent the
68% and 95% confidence regions, respectively. The dashed black line indicates the
corresponding ACDM values. Each row indicates a different dataset combination,
all containing DESI BAO and Planck 2018 CMB data but using a different SN
dataset.

where we choose a = (0, ..., 0) to be equivalent to w(z) = —17. Figure 7.4 shows
the principal components e;(z). We order the principal components by increasing
variance. We remark that, for both Np;,s = 5 and Ny = 10, the first principal
component e; represents a thawing behavior, progressively deviating the dark
energy equation of state from -1 in the lowest redshift bins.

Figure 7.5 shows the 1D marginalized distributions for the x; components for
both binning choices, Npins = 5 and Npjns = 10. We observe that Pantheon+,
Union3, and DESY5 show a mild preference for the thawing principal component,
«1 > 0, which is not observed in the Pantheon analysis. This is connected to
previous analyses from the literature using the wyw, parametrization [50, 37, 40]

“In implementations of PCA, the null vector in the principal component space maps to the
mean value of the parameters in the feature space. This translation of the a; parameters does not
affect the eigenvectors e; since the covariance matrix is invariant by translations.
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Figura 7.4: Principal Components e;(z) of the binned w(z) model, defined in
Equation 7.3, obtained from the samples using the P18 + DESI + Pan+ dataset.
The left panel shows the PCs for the case with 5 bins, while the middle and right
panels show the PCs for the 10 bins case.

and the results from the transition model, in which all supernovae except for
Pantheon show a preference for wy > —1. Reference [248], which uses thawing
quintessence models, argues that this signal is caused by a mild discrepancy in
the (), parameter between P18+DESI and the newer SN datasets: Pantheon SN,
which prefers a value of (), compatible with BAO and CMB, does not prefer
thawing behavior.

For Npins = 5, we also observe a preference for a negative amplitude of the
e3 principal component, a3 < 0, and other components are compatible with zero
amplitude. The 1D marginalized constraints (68% limits) on a3 are:

e P18+ DESI +Pan: a3 = —0.94 +0.35;
e P18 + DESI + Pan+: a3 = —1.17+0.31;
e P18 + DESI + Uni3: a3 = —0.86+0.33;
e P18 + DESI + DESY5: a3 = —0.47103%.

With negative amplitude, the behavior of e3, depicted in Figure 7.4, increases
the equation of state in the bin 0.3 < z < 0.6 and decreases the equation of state in
the subsequent bins, slowly converging to w = —1 at the last bins. This behavior is
non-monotonic and cannot be described by a monotonic model such as the wyw,
parametrization. To visualize this non-standard w(z) behavior being picked up by
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Figura 7.5: 1D marginalized constraints on the Principal Component amplitudes «;.
The top row shows constraints for Ny;,s = 5, while the middle and bottom rows
show constraints for Ny;,s = 10. Each panel shows the constraints for a single PC
amplitude «;, and each line type corresponds to a different dataset combination.
At each panel, a vertical line indicates a; = 0.

data, we present in the left panels of Figure 7.6 the filtered constraints on the dark
energy equation of state, where the mean and error bars are inferred solely from «
and a3, i.e., setting the other amplitudes to zero. We emphasize that the error bars
shown in Figure 7.6 correspond to the uncertainties of physically motivated models
only if they have vanishing projections on the noisier principal components. In
Appendix D.1, we show the full reconstruction of w(z), with the full error bars
on w;. Although Figure 7.6 shows noticeable differences on the filtered w(z)
constraints across the datasets, the full error bars indicate that there is no tension
between the predicted evolution of w(z) from different datasets. For Pantheon,
Pantheon+, and Union3, we notice an increase of w(z) in the second redshift bin
0.3 < z < 0.6, followed by a decrease in the third bin 0.6 < z < 0.9. Interestingly;,
assuming the binned w(z) model, the dark energy equation of state today is
consistently lower than that of the best-fit wyw, model, with w(z) peaking at the
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Figura 7.6: Filtered constraints of the dark energy equation of state using the
binned w(z), Equation 7.3, for the different SN datasets. Here, we only show the
effect of the principal components whose amplitude constraints deviate from zero:
for the 5 bins, we only show the effect of e; and e3, while for 10 bins we show
the effect of e, e4 and e5. The mean and confidence intervals are inferred from
the corresponding PC amplitudes «;. The blue line indicates the mean value, and
the darker and lighter gray bands indicate 68% and 95% limits. We also include
the best-fit wyw, model as a red dashed line for comparison purposes. The left
panels show the filtered constraints for Ny, = 5, while the right panels show the
filtered constraints for Ny;,s = 10. Each row corresponds to a different dataset
combination. We emphasize that, since we are discarding principal components
amounting to noise, the error bars shown in this Figure are smaller than the actual
constraints obtained from the MCMCs, and therefore there isn’t necessarily a ten-
sion between the reconstructed w(z) across different datasets. See Appendix D.1
for the full reconstruction of w(z).

second bin. Looking forward at the 10 bins result, in the right panels of Figure 7.6,
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we can further localize bins with increased w(z) at redshifts 0.3 < z < 0.5. The
DESY5 case shows the least preference for the e; principal component and is
consistent with a monotonic behavior.

For Npins = 10, apart from the thawing principal component e;, we observe
a mild preference for the two additional principal components: Pantheon+ and
DESY5 show evidence for a4 > 0, whereas Pantheon and Union3 show evidence
for a5 > 0. Finally, DESY5 also slightly prefers ap < 0. The 1D marginalized
constraints (68% limits) are:

e P18+ DESI + Pan: &g = 0.50 0.48, a5 = 1.94107%

e P18 + DESI + Pan+:  ay = 1.55 +0.42, a5 = 0.55 £ 0.70;

e P18+ DESI + Uni3:  ay = 0.58 & 0.45, a5 = 2.097 0

e P18 + DESI + DESY5: &g = 0.89 £ 0.44, a5 = 0.45+0.75, ap = —0.381)15.

The two principal components e; and e5 represent oscillatory behavior with mul-
tiple phantom crossings. In the right panels of Figure 7.6 we show the filtered
constraints on w(z) inferred from aq, &y and as. We remark that we choose the
same filtered principal components for all datasets. As in the case of Np;ns = 5,
we also observe an increase of w(z) in the redshift window 0.3 < z < 0.5. Once
again, DESY?5 is the SN dataset that shows the least preference for an oscillatory
behavior, consistent with the wyw, behavior. The full constraints on w; are shown
in Appendix D.1.

In Figure 7.7, we show the 2-dimensional marginalized distributions of 3,4
versus the amplitudes of the principal components listed above. For the 5 bins
case, we observe a clear trend that )(ZB AO 1S minimized at around a3 ~ —1. For the
10 bins case, considering Pantheon+ or DESYS5, XZB A0 is minimized for ag ~ 1.5,
whereas for Pantheon and Union3, the minimum occurs for a5 = 2. In all cases,
DESI BAO is decisive to push the amplitude constraints away from zero.

One may be concerned that the discontinuities in w(z) plague the analysis. In
Appendix D.2, we present a continuous version of the binned w(z) model and
we show that the impact of the discontinuities in x> does not lead to significant
differences.

Monodromic k-essence

Due to the multimodal posterior distribution of the parameter v, we minimize
the total x> over all other cosmological parameters with fixed values of the fre-
quency v € [0.1,1,2,3,...,50], finding the values preferred by data. The results of
this minimization process are shown in Figure 7.8, showing X%N' X3 AOY )(éMB and
X2 for each value of v for all datasets. Out of the tested frequency values, those
that minimize xZ, are, in M;llz
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Figura 7.7: 2-dimensional marginalized distributions of XZB A0 and the principal
component amplitudes whose mean deviates from zero. In the left panel, we show
a3 for the 5 bins case, in the middle panel we show a4 for the 10 bins case and in
the right panel we show «s, also for the 10 bins case.

P18 + DESI + Pan: ve[lvy =10,vp, = 24,v3 = 30,v4 = 38];

P18 + DESI + Pan+: v € [1,v1 = 10,1, = 22,v3 = 29,v4 = 36|;

P18 + DESI + Uni3: v € [1,v1 = 9,1, = 24,v3 = 30,v4 = 37];

P18 + DESI + DESY5: v € [1,11 = 9,v5 = 23,v3 = 30,14 = 36].

As shown in Figure 7.1, with a frequency v = 1M};11, w(z) doesn’t complete a full
oscillation during the cosmological history, thawing at low redshifts, a behavior
similar to wyw,. We remark that, for DESY5, v = 1Mrjl1 is the frequency value that

overall minimizes x?. However, higher frequency values can yield lower x? values
for other supernovae, improving the overall fit. To explore the low-frequency
region of the parameter space, we run MCMCs varying the frequency with a prior
of v € [0,3] in M;ll.

It is interesting to notice that, for the different datasets, the preferred frequen-
cies are similar, differing by at most 2M;11. However, since the minima of x? are
very narrow, this difference can be enough to make one frequency value not be
preferred by another dataset: for instance, v = 24M;11, which minimizes x? under
Pantheon, is not preferred by Pantheon+. We run MCMCs varying the v parameter
by j:2M;11 around the four preferred values of each dataset with v > 3. We label
the central values them in ascending order as vy, 12, v3, and vy.

Figure 7.9 show a triangle plot with k-essence parameter constraints for the
low frequency prior. All of the frequency posteriors peak at v ~ 1. Interestingly,
the a posterior is shifted towards negative values, indicating oscillations around
w < —1. Finally, the posterior peaks towards high values of A. Except for the
results using Pantheon, a zero amplitude value is excluded at above 20 confidence
level. These parameter combinations suggest a behavior similar to the preferred
wow, behavior from the DESI results, in which the equation of state is below —1
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Figura 7.8: Minimum x? values for different fixed frequencies v. The black circles
indicate the four frequency values that minimize x2,, and were chosen to run the
MCMCs.

in the past and starts oscillating slowly in the present, reaching values above —1.
The constraints at 68% confidence level are:

e P18+ DESI + Pan: A > 0405, & = —0.37707%, v = 1.13 £ 0.62;

e P18 + DESI + Pan+: A > 0.596, 0 = —0.407033, v = 1.11703%;

e P18+ DESI+ Uni3: A > 0.754,« = —0.59703° v = 1.287070;

e P18+ DESI + DESY5: A > 0.753, &« = —0.56103¢, v = 1.23703¢.

Figure 7.10 shows 2D confidence contours for the MKE parameters « and A.
For v varying around vy, all datasets present a mild preference for oscillations,
A > 0, with constraints (68% limits):

e P18 + DESI + Pan: A= 0’1461_8:(1)80;

o P18+ DESI + Pan+: A = 0.169700%6.

e P18+ DESI + Uni3: A = 0.26670%L
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Figura 7.9: 2D confidence contours (68% and 95%) of monodromic k-essence
parameters «, A and v. Here, we impose a prior on the frequency v of ¢/]0, 3].

e P18 + DESI + DESY5: A = 0.226100¢%.

For v varying around the next frequency 1,, the posteriors are shifted towards
higher values of the amplitude A. Except for Pantheon, all dataset combinations
exclude A = 0 with over 95% confidence, with a strong preference for A > 0 when
either Union3 or DESY5 SN are considered. The 1D marginalized constraints on A
are:

P18 + DESI + Pan: A =0.29707;;

P18 + DESI + Pan+: A = 0.361015;

P18 + DESI + Uni3: A = 0.5870%;

P18 + DESI + DESY5: A = 0.5001%.

No significant preference for A > 0 is observed for the other frequency values,
although the posterior distribution is compatible with high amplitude values.
Since the energy density is an integral of w(z), and the luminosity distance is an
integral containing the energy density, high-frequency oscillations are averaged
and A has limited impact on the distance calculations. As for the a parameter, all
datasets are consistent with « = 0, suggesting oscillations around w = —1, see Eq.
(7.12).
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Figura 7.10: 2D confidence contours (68% and 95%) of monodromic k-essence
parameters « and A. Each panel represents a different v prior (see Figure 7.8)
while each line type corresponds to a different dataset combination.

To visualize the w(z) behavior being preferred by the data, in Figure 7.11 we
show w(z) for different parameter samples in the MCMCs?®, color-coded by their
X3A0 s+ The oscillation feature of w(z) in this model is noticeable, and are more
pronounced for the v values that yield a lower x? according to Figure 7.8.

7.4.2 Goodness-of-Fit

Using the MCMC samples, we can use a simulated annealing algorithm as
described in e.g. [112], finding the global minimum of x? and the difference
with the minimum x? obtained assuming ACDM. To assess which specific da-
taset drives the results, we report the x? value divided into three components:
(X3a0 Xan Xoup)- For each dark energy model, we assess Ax? = X2 4.1 — XACDM”
as a measure of the performance of the model to fit the data when compared to
ACDM,; the Ax? is divided into three components similarly. Table 7.2 shows the
minimization results for each dark energy model and each dataset. For MKE, we
perform minimizations starting at the minima for each MCMC with different v
prior and select the one that yields the minimum x2.

Despite having one additional parameter, the transition parametrization fits the
BAO and SN datasets similarly to the wyw, parametrization. For the analyses using
Pantheon, Pantheon+ and Union3, the transition parametrization can fit DESI BAO
slightly better than wyw,. We observe that the binned w(z) parametrization can fit
DESI BAO data considerably better than ww,: using 5 bins, the binned w(z) model
can reduce XZB A0 by —5.4, —=5.3 and —4.2 when compared to wow, in the Pantheon,
Pantheon+ and Union3 analyses, respectively. However, except for Pantheon+, the
binned w(z) with 5 bins cannot improve the fit to the SN datasets. For this reason,
we conclude that the non-monotonic features observed in Figure 7.6 are driven
by DESI BAO data rather than the SN datasets. Due to the increased generality,

8We burn-in and thin the MCMC samples to ensure uncorrelated samples.
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Figura 7.11: K-essence equation of state evolution for various MCMC samples
of the model parameters A and «. Each panel corresponds to a different dataset
combination and is divided into five subpanels, one for each frequency prior:
v ~ 1 indicates v € [0, 3] and the other values indicate v € [v; — 2, v; + 2]. Each

w(z) curve is color-coded by Axgao oy = XBaorsn(® A V) — Afgli)fﬁ/[ XBAOLSN/

with darker shades indicating lower values of A, gy- The vertical dashed
lines represent the BAO effective redshifts.
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DX, 25 (-0.7,02,-2.0) 70 (-2.1,-2.6,-2.2)

Axrns 37  (-15,0.3,-2.5) 86 (-2.9,-33,-2.4)

AX3 pinw) | 67 (-61,10,-1.6) 149 (-74,-5.8,-17)

AXTo binw(z) | 156 (-9.3,-5.2,-1.1) 20.0 (-8.9,-9.7,-1.5)

AXRxe 6.8 (-3.0,-44+05) (v~ vy) |72 (-2.6,-4.9,+04) (v = 1)
P18 + DESI + Uni3 P18 + DESI + DESY5

DX, 119 (-3.0,-6.7,2.2) 154 (-4.0,-10.3,-1.0)

AXZne 11 (-35,-6.2,-14) 150 (-3.3,-11.3,-0.5)

AXE binw(z) | 137 (7.2,-52,-13) 150 (-5.3,-8.6,-1.2)

AX3) pinw(z) | 267 (-10.7,-14.3,-1.7) 252 (-5.8,-20.3,+0.8)

A ixe 103 (-2.9,-6.7,-0.7) (v € [0,3]) | -13.8  (-4.1,-10.4,-0.7) (v € [0,3])

Tabela 7.2: Ax? = )(fno dol — X%\CDM of the dark energy models, compared to the
best-fit ACDM model. The value is broken down into (Ax3,0, AXZn, AXeMp)-
The reference X%\CDM for each dataset combination is the format P18+DESI+“SNIa”

where “SNIa” refers to one of the Supernovae datasets from Pantheon: x> =

3804.6 (X300 = 13.6, x3 = 1034.7,x2\p = 2756.3); Pantheon+: x? =
4176.0 (X350 = 144, x3y = 14055 x4 = 2756.1); Union3: x> =
2798.7 (Xaao = 145, x3y = 28.1, xiyg = 2756.1); and DESY5: x* =
4418.7 (X300 = 15.9, X3y = 1647.8, X2\ = 2755.0).

10 redshift bins can fit both BAO and SN datasets better than all other models.
Even in the P18 + DESI + DESY5 dataset, in which no other dark energy model
could improve on the wyw, fit, the 10-bins model showed an improvement of
Ax? = —9.8 over wyw,. Finally, the MKE model performs similarly or better
than wow, with respect to the SN fit: comparing x3,; between both models, MKE
reduces x3\ by —4.6 considering Pantheon and —2.3 considering Pantheon+, with
no significant difference in x%y; for the other SN datasets. However, the MKE
model has a considerably worse fit to CMB than the other dynamical dark energy
models: while most dynamical DE models present a A2, with respect to ACDM
ranging from —1 to —2.5, MKE has a Ax2, s ranging from —0.7 to +0.5.

To penalize models with an increased number of parameters, we transform the
AXZ. 4o Value into a z-score, the same measure used by DESI to quote the wow,
significance levels over ACDM [50]. Under the assumption that the likelihood is
Gaussian, the quantity x? is a random variable following a x? distribution with
Ngy — Nparams degrees of freedom, where Ny, is the number of elements in the
data vector and Nparams is the number of model parameters. Due to the additivity
property of the of the x? distribution, the random variable X = X3 cpm — Xuodel
is also )(Z-distributed with ANparams degrees of freedom, where ANparams 18 the
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difference in number of parameters between the dark energy model and ACDM.
We have ANpiahs = 2, ANSZRS o = 3, ANpIY, o = 5 or 10, and AN = 3. We
then calculate p, the probability of X > |Ax2 ;|- Defining Z as another random
variable following a standard normal distribution, the z-score is the value z such
that P(—z < Z < z) = p. We refrain, however, from interpreting the z-score as a
statistical significance, only using this technique to quantitatively compare dark
energy models while penalizing extra parameters.

The z-score of each dark energy model is shown in Figure 7.12. We recover
similar z-score for wow, reported by the DESI collaboration [50]. For Union3 and
DESYS5, wow, is the model with the highest z-score. Even though the binned
w(z) model improves the fit significantly, the increased amount of parameters
overall amounts to a lower z-score. However, one could conceive a dark energy
model that reproduces the filtered w(z) behavior shown in Figure 7.6: this model
would have a similar Ax? to the binned w(z) model but with less parameters, and
therefore would be less penalized by statistical model comparison techniques. We
also remark that the z-score of all models is below 2 when Pantheon is conside-
red, pointing to the fact that the discrepancy in (), between DESI BAO and the
newer SN datasets is a decisive factor for the observed dynamical dark energy
preference [248].

[N P18 + DESI + Pan E== PI8 + DESI + Pan+ NZN P18 + DESI + Uni3 E== P18 + DESI + DESY5
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Figura 7.12: Z-score for each dark energy model and each dataset combination.

Another way to penalize extra parameters is to use the Akaike Information
Criterion, AIC = 2Nparams + Xz. The preferred models are those with the mini-
mum value of AIC, representing a better fit with few parameters. For this purpose,
we calculate AAIC,,oqe1 = AICh0del — AICAcDM for each dataset and model, and
the results are shown in Table 7.3. For Union3 and DESY5, wyw, is the model
with the least AIC, with AAIC = —7.9 and —11.4, respectively. For Pantheon+
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the binned w(z) with Npi,s = 5 has a lower AIC, with AAIC = —4.9 compared
to AAIC = —3.0 for wow,. These results are consistent with those shown in Fi-
gure 7.12, indicating that wow; is still the most cost-effective model in terms of
goodness-of-fit.

P18 + DESI + Pan | P18 + DESI + Pan+
AAIC 0, 115 3.0
AAICrans +2.3 -2.6
AAICs bin (2) +3.3 49
AAIC ) pin o) +4.4 0.0
AAICykE -0.8 (v &~ 1p) 1.2 (v = 1p)

P18 + DESI + Uni3 | P18 + DESI + DESY5
AAIC 0, 7.9 114
AAICtrans -5.1 -9.0
AAICs pin () 3.7 5.0
AAIC1) bin w(2) 6.7 5.2
AAIC\kE -4.3 (v € ]0,3]) -7.8 (v € [0,3])

Tabela 7.3: AAIC = AX?nodel + 2ANparams of the dark energy models, compared to
the best-fit ACDM model.

7.4.3 Constraints on ) m,

Hitherto, our analysis has assumed two massless neutrinos and one massive
neutrino with Y} m, = 0.06 eV, i.e. the minimal value for the sum mass in the
normal hierarchy scenario. This assumption is recurrent in the literature [5, 310, 50]
when ) m, is kept fixed. In this Section, we consider the neutrino mass sum ) m,
as a free parameter, assuming three massive neutrinos and a degenerate hierarchy
with priors shown in Table 7.1. For these constraints, it is interesting to assess the
difference among the CMB datasets and the effect of including CMB lensing data.
The constraints on )  m, are assessed for different dark energy equations of state
models of w = —1, wyw,, and binned w(z) models.

The results are illustrated in Figure 7.13, which shows the marginalized cons-
traints on the neutrino mass sum assuming different dark energy models; Table 7.4
shows the 95% upper limit. Previous works have shown that constraints on ) m,
under the ACDM model prefer negative neutrino masses [290]. This effect is
aggravated by the “lensing anomaly"present on the Planck 2018 temperature and
polarization power spectra in the P1ik likelihood’: the lensing of the spectra

9The Planck collaboration has released two likelihoods in which the lensing anomaly is dimi-
nished: CamSpec and HiLLiPop. Analyses using the new likelihoods show relaxed constraints
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Upper limit (95% C. L.) on )} m, (eV)

P18 + DESI + | Pan | Pan+ | Uni3 | DESY5
ACDM 0.10 | 0.11 | 0.11 | 0.12
WoW, 0.18 | 0.17 | 0.21 | 0.19
5 — bin w(z) 0.19 | 0.19 |0.19 | 0.18
10 — bin w(z) 0.16 | 0.16 | 0.16 | 0.15

ACT+P650 + DESI + | Pan | Pan+ | Uni3 | DESY5
ACDM 0.16 | 0.18 | 0.18 | 0.20
WoW, 031]028 |0.34 |0.32
5 — bin w(z) 0321033 |0.32 |0.31
10 — bin w(z) 026 | 026 | 026 |0.24

ACT+P650 + ACTL + DESI + | Pan | Pan+ | Uni3 | DESY5
ACDM 0.10 | 0.11 | 0.11 | 0.12
WoW, 022021 [0.24 |0.23
5 — bin w(z) 023023 023 | 022
10 — bin w(z) 0.17 | 0.18 |0.17 | 0.17

Tabela 7.4: Upper limit on the sum of the neutrino mass at 2¢ for different dataset
combinations and dark energy models.

exceeds the theoretical ACDM lensing effect [5]. Extra lensing would be caused
by an increased formation of structure. Therefore, the anomaly makes Planck 2018
data disfavor mechanisms that suppress the growth of structure; in particular, this
anomaly causes a preference for even more negative neutrino masses, and the
Bayesian posterior upper limit, assuming ) m, > 0, gets lower. ACT CMB data
does not present a lensing anomaly [45], and we observe an increase in the upper
bound on ) m, compared to Planck 2018 [292]. The constraints obtained with the
ACT+P650 dataset are wider by a factor of 1.5 — 1.9 compared to P18. However,
including ACT DR6 lensing data puts the constraints on the same level as P18.
Assuming the wow, parametrization, the ) m, constraints are relaxed by a
factor of 1.8-2.2 compared to ACDM, depending on the dataset considered. The
binned w(z) with 5 redshift bins shows similar constraints to wow,; however,
although having an increased number of parameters, the case with 10 redshift
bins has slightly tighter constraints on ) m, than wow, by 75% — 90%. One might
expect that a more general model with many more parameters would yield relaxed
parameter constraints; however, if the binned w(z) model makes the preferred
value of ) m, become more negative than that of wyw,, the Bayesian posterior
gets tighter as a consequence, since the physical prior excludes negative neutrino

on ) m, when compared to the original plik likelihood [292, 289], but the preference for negative
neutrino masses persist.
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Pan Pan+ Uni3 DESYS5
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ACT+P650

ACT+P650+ACTL
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Figura 7.13: 1D marginalized posteriors for the neutrino mass sum ) m, for
datasets and models presented in Table 7.4. Each panel represents a different
dataset combination with BAO from DESI. The top row represents constraints
with Planck 2018, the middle row shows constraints using ACT DR4 + Planck 2018
TT TE EE (¢ < 650), and the bottom row is the same as the middle row with the
addition of CMB lensing from ACT DR6. Each column has a different supernovae
catalog: Pantheon, Pantheon+, Union3, and DESY5.
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masses'’. Our current results cannot confirm such hypothesis, and we leave this
for future investigations. A similar effect has been noted in [328], where the wow,
dark energy parametrization with priors such that wy > —1 and wog + w, > —1
has tighter constraints on ) m, than ACDM.

7.5 Conclusion

DESI 2024 BAO data, combined with recent supernovae data from Pantheon+,
Union3, and DESY5 catalogs, has shown an intriguing hint in favor of a dynamical
dark energy equation of state. Analysis of the wyw, parametrization, where w(z) is
a linear function of the scale factor, favors a transition from phantom dark energy
at redshifts z > 0.5 to a quintessence behavior with w > —1 for z < 0.5. This
exciting result, if confirmed, puts even more pressure on the ACDM model, and
several studies have investigated this result using more general models that go
beyond the simple wow, parametrization. Another surprising result from DESI
data is the constraints on the neutrino mass sum, whose upper limit in the ACDM
model is not far from the minimum possible value allowed by neutrino oscillation
experiments, ) m, > 0.06 eV. If the trend persists, the next generation of large-
scale structure probes, such as Euclid and LSST, could put ACDM in tension
with laboratory experiments. As cosmological data analyses show correlations
between the inferred dark energy equation of state and neutrino mass sum, those
constraints should be reassessed considering more general dark energy models.

To investigate the dynamical dark energy behavior preferred by DESI data, we
have analyzed three general dark energy models: a transition parametrization, a
model-agnostic parametrization with a binned w(z), and an oscillating k-essence
model. We investigate the dark energy parameter constraints from each dataset,
assessing the preferred forms of w(z) and pointing out differences and similarities
among each supernovae catalog, especially between Pantheon and the other
catalogs. We found that, for the transition parametrization, the transition redshift
z. is weakly constrained, and the overall w(z) behavior is compatible with those
obtained from a wyw, analysis. For the binned w(z), we tested two choices of
redshift binning, one with 5 bins and the other with 10 bins, and we performed a
principal component analysis of the obtained MCMC samples. While the error bars
on the equation of state w(z;) are large due to the increased number of parameters,
we found a preference for non-monotonic principal components in both choices of
redshift bins, driven by DESI data. To assess the non-trivial behavior preferred by
data, we have filtered the principal components with nonzero amplitude means,
finding an interesting non-monotonic signal. Furthermore, the thawing behavior
discussed in reference [248] is parametrized by a single principal component, and
all SN datasets prefer it except for Pantheon. For the monodromic k-essence model,

OWe thank Daniel Green for this remark.



Chapter 7. Late-time Dark Energy Dynamics and Massive Neutrinos In Light of DESI Y1
BAO 181

we have minimized x? for fixed values of frequency v, finding the values that yield
a better fit to the data. Among the different SN datasets, the preferred frequency
values are very similar, all showing evidence for a nonzero amplitude.

To assess the goodness-of-fit of each model, we have minimized the x? for
each dark energy model analyzed in the MCMC explorations, using the simulated
annealing technique. Overall, the transition parametrization fits all datsets we
investigated as well as wyw,, despite having one extra parameter. The binned w(z)
parametrization can improve the fit to DESI BAO significantly. The monodromic k-
essence model, while having competitive goodness-of-fit to BAO and SN datasets,
cannot improve the fit to CMB data. We penalize the increased parameters by
translating the Ax? into a z-score and calculating the Akaike Information Criterion.
Among all dark energy models, wow, is the most cost-effective model, significantly
improving the fit of all datasets with only two additional parameters compared to
ACDM. However, a theoretical dark energy model that reproduces the dynamics
shown in Figure 7.6 with fewer parameters than the binned w(z) would be less
penalized by model comparison techniques.

Furthermore, we have investigated the constraints on the neutrino mass sum
Y_m, considering four different dark energy models: the cosmological constant
A, wow,, and the model-agnostic binned w(z) with 5 and 10 redshift bins. The
tight constraints on ) | m, under the ACDM model are greatly relaxed when wow,
or the binned w(z) with 5 bins are assumed, while the two latter models show
similar constraints. For the case with 10 bins, we observe an overall tightening of
the constraints by 70% — 90% depending on the dataset combination.

Future DESI releases [64]'!, as well as BAO distance measurements from Euclid
[62, 330], galaxy clustering, weak lensing and cross-correlation, as forecasted by
Euclid [331, 332], in combination with future supernovae observations, such as
from the Roman Space Telescope [333, 334] and the Vera C. Rubin Observatory
[61] will be able to pinpoint the expansion history and the behavior of dark energy
at low redshifts with increased precision. Determining the low redshift dark
energy dynamics with general parametrizations is extremely important in the
current era of precision cosmology: it can shed light on the standing cosmological
tensions and point towards fundamental dark energy models that can reproduce
the observed features.

"During the review of this article, DESI has released its cosmological constraints from the
full-shape power spectrum [329], which agrees with the BAO-only analysis.
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Conclusions

The field of cosmology has seen remarkable progress over the last few decades.
Theoretically, cosmological perturbation theory has provided a robust framework
to describe inhomogeneities and anisotropies in the matter distribution, enabling
predictions of observable effects such as cosmic microwave background (CMB)
anisotropies and cosmic shear. Observationally, ambitious surveys have measu-
red cosmological probes with unprecedented precision, yielding vast amounts
of data. Statistically, we have developed techniques to control systematic errors
in observations and optimize the extraction of cosmological information. Com-
putationally, advanced software has been created to produce fast and accurate
theoretical predictions, facilitating efficient data analysis.

As is often the case in physics, progress has brought new questions and chal-
lenges. The standard cosmological model, ACDM, relies on the existence of dark
matter and dark energy, whose fundamental nature remains unknown. Further-
more, tensions between different cosmological analyses, such as the Hubble and
Sg tensions, suggest potential shortcomings in the ACDM paradigm. These unre-
solved issues have motivated an extensive body of research, including the work
presented in this thesis.

During my PhD at IFT-UNESP, I conducted an extensive study on the cosmo-
logical background and linear perturbation theories, detailed in Chapter 2. This
theoretical foundation underpins our understanding of cosmological observables,
discussed in Chapter 3, as well as extensions to the standard cosmological model,
presented in Chapter 4. These extended models were analyzed using advanced
statistical techniques and computational algorithms, as described in Chapter 5.
This background enabled the original research I conducted in collaboration with
researchers from Stony Brook University, Centro Brasileiro de Pesquisas Fisicas,
University of Arizona, University of Portsmouth, and University of Oslo.

In Chapter 6, our group explored whether the Hubble and Sg tensions could be
addressed simultaneously by employing Early Dark Energy to adjust the sound
horizon at recombination and late-time dynamical dark energy to modify the
growth of matter perturbations. We found that late-time smooth dark energy
cannot simultaneously accommodate the high values of Hy measured by the local
cosmic distance ladder and the low values of Sg inferred from galaxy surveys.
Chapter 7 examines recent indications of dynamical dark energy reported by
the DESI collaboration and multiple supernova datasets, including Pantheon+,

182
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Union3, and DESY5. We analyzed complex dark energy models to identify the
dynamics preferred by the data and reassessed neutrino mass constraints under
these extended parametrizations. Our findings suggest a non-monotonic dark
energy equation of state and relaxed neutrino mass constraints compared to
ACDM.

In addition to the work presented in this thesis, I contributed to other projects
during my PhD. In collaboration with Stony Brook University and CBPF, we
developed an emulator for the nonlinear matter power spectrum using the Como-
ving Lagrangian Acceleration (COLA) algorithm, an approximation for N-body
simulations. This work culminated in the article "Modelling Nonlinear Scales
with COLA: Preparing for LSST-Y1" [25]. Additionally, I am analyzing interacting
dark energy models as part of the Dark Energy Survey collaboration, using the
complete dataset from six years of observations. I am also a member of the LSST
DESC collaboration, where I am leading a project aiming to forecast constraints on
the dark energy equation of state using LSST 3x2pt data.

In the coming years, Stage-IV cosmological surveys, such as those conducted
by the Rubin Observatory’s LSST, the Euclid mission, and the Roman Space Teles-
cope, will provide an unprecedented volume of data about the Universe. These
surveys will illuminate current challenges and likely reveal new ones. As precision
increases, inconsistencies in the ACDM model may become more apparent, neces-
sitating careful data analysis to isolate cosmological signals and the development
of sophisticated methods to manage the growing data volume. Exploring extended
cosmological models has never been more critical, as the potential falsification of
ACDM could usher in new physics, shedding light on the fundamental nature of
matter and gravity. I hope to contribute to these efforts by advancing theoretical
models and analysis techniques to address the pressing challenges of modern
cosmology.
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Derivations

In this Appendix, I make specific derivations that were left from the main text
for clarity and conciseness.
A.1 The Homogeneous and Isotropic Spatial Metric

The 3-space with zero curvature is the well-known Euclidean space, whose
metric in cartesian coordinates is

dsé) = dx?* + dy2 + dz2. (A1)

The positively curved 3-space can be thought as a sphere embedded in a 4-

dimensional flat space. Let’s add an auxiliary coordinate w and the embedding
4-dimensional flat space with metric

ds%4) = dw? + dx* + dy* + dz*%. (A.2)

Imposing the sphere equation w? + x2 + y? + z2 = R?, we can write the auxiliary
coordinate w in terms of the 3-space coordinates

w?> = R> — x% — yz — z2. (A.3)

We can also use the sphere equation to find the induced metric on the sphere. The
sphere obeys the following equation

wdw + xdx + ydy + zdz = 0. (A4)

Therefore, the induced metric becomes

2
ds%g) _ (xdx+yZ}2/+de) + dx2 —|—dy2 12 (A5)
(r-dr)? ) ) )
Ul = R gz T Ay Az (A6)

184
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where r = (x,y,z), dr = (dx,dy,dz) and - is a standard element-wise dot product.
Introducing spherical coordinates, we can rewrite some terms as

dx? + dy* + dz? = dr? 4+ r*(d6? + sin® 0d¢?), (A.7a)
r-dr = rdr, (A.7b)

and the metric becomes

g2 — A0 20 ¢ in? 0P A8
8(3)_R2—1’2+ =+ r=(d6” + sin” 6d¢~), (A.8a)
R2dr?
2 20902 | 2 Aga2
dS(3) = m + 7 (d@ 4+ sin Gd(P ), (A8b)
42 = I L2047 ¢ sin? 0dg?) (A.8¢)
(3) 7 1 —kr2 ’

where we introduce k = 1/R2.

The negative curved space can be thought as a hyperbola in a flat Riemannian
space. Let’s again introduce an auxiliary dimension w and an embedding flat
space with metric

ds%4) = —dw? +dx® + dy? + dz2. (A.9)

The hyperbola in question is the hypersurface defined by
—w? 4 x* + y2 + 22 = —R2. (A.10)

We take analogous steps as in the spherical case. The induced metric on the
hyperbola is

—wdw + xdx + ydy + zdz = 0 (Alla)
o (xdx + ydy + zdz)? ) s
ds(?’) ~ R2 + x2 +y2 T+ 22 +dx® + d}/ +dz (Allb)
rdr)?
dsé) - —152 +),,2 +dx? + dy? + d2? (A.11¢)
d 2
dsty) = 1 ;krz +72(d6? + sin® fd¢p?), (A.11d)

where once again we have used k = 1/R?. This metric only differs from the
positively curved metric in the sign of k. Finally, notice that, for k = 0, the metric
reduces to the usual euclidean space metric in spherical coordinates. Therefore,
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we can describe all three cases with a single expression

k > 0 — positive curvature,

dr? .
ds? 4 + r2(d6? + sin® 6d¢?), where { k = 0 — no curvature,

G) " 1—k2

k < 0 — negative curvature.
(A.12)

A.2 Christoffel Symbols, Ricci and Einstein Tensors
for FLRW Metric

For simplicity, I describe the FLRW metric as
ds* = —dt* + a*y;dx'dx/. (A.13)

The Christoffel symbols are given by

1
Tip = 58" (9agup + Ipgua — ugup)- (A.14)

Two important remarks that simplify the calculations are:

* The metric components do not depend on spatial coordinates: 9;g;,y = 0,
i=1,2,3.

* The metric is diagonal: if 4 # v, then g;,, = 0.

We can then compute

o =0; (A.15a)
Iy, = 0; (A.15b)
Th =0; (A.15¢)
o1 11 .
T = 58" 08jk = 537" (2a8)yj = HJj; (A.15d)
1 1 . .
I = —58%008i; = —5 (—1)(2ad)y;; = adyij (A.15¢)
1.
& = 57" @1k + %mj — Arvie). (A.15f)

The Ricci tensor is given by

Ry = 0T%, — 3,1%, + T%Th, — % Th,. (A.16)

o
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Fortunately, assuming isotropy, the components R;y vanish. We then proceed to
calculate the components

Roo = 0Ty — oI + I%4Thy — Il (A.17)
Roo = =0Ty + T;To — Tl (A.18)
Roo = —3H — 3H? = —32. (A.19)

There is a trick to simplify the calculation of R;j. The Ricci tensor is a combina-
tion of first and second derivatives of the metric components. We can calculate
the Ricci tensor at the origin, R;;(t,r = 0) in terms of the metric g;;(t,r = 0), and
then use the fact that the origin is an arbitrary point to imply that our final result
holds everywhere. Since we are only interested in first and second derivatives of
the metric at x; = 0, we may expand the metric components in second order in the
spatial components xi,

kxix]' 4
Yij = 5ij + Txkxk = (51']' + kx,-x]- + O(X ) (A.20)
Thus, its derivative is
OkYij = k(Oixj + Okjxi), (A.21)
and the spatial Christoffel symbols are
ik i :
k= E’)/ ((S]Zxk + 5]'kxl + §klx]- + (Sijl - 51]'xk - 5lkx]~), (A.22)
ko
I";-k = 5(511(5]13(?]( + (5jkxl + §klx]- + (5ij1 - 51]'xk - (Skaj); (A.23)
.k
;’k — E((S]zxk + (5]-kxi + (Skix]- + 5iji - 5i]'xk - 5ikx]~); (A.24)
; k
;‘k = E(Z(Sjkxi); (A.25)
r;ik = kéjex'. (A.26)
(A.27)

The spatial Christoffel symbols vanish at the origin x' = 0, but their derivatives
are . ’
ol = kdj0jk. (A.28)
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We may now evaluate the spatial components R;; at the origin,
Rij = 1% — 9jT% + T4 L — T4 T (A.29)

The first two terms reduce to

9uT'%; — 0;T; = Aol + akr — T} (A.30)
9uT% — 9jTy; = 9o (ad) i + kfdi — kéj’fé‘ki (A.31)
9T — 9Ty, = (4 + aid)5ij + 3kéy; — ko (A.32)

9l — 9Ty = (° + aii + 2k)ij, (A.33)

where, evaluating at the origin, 7;; = ;;. The other two terms in the Ricci tensor
expression evaluate to

TerE — T4TF, = T TY — TETY, — )T, (A.34)
ﬁrﬁ ﬁZr’8 = 3Haad;; — Haad;; — aady; Ho! (A.35)
ﬁrﬁ rﬁlrﬁ = i%6;; (A.36)

where we already use the fact that the pure spatial Christoffel symbols are zero at
the origin. Finally, we obtain

Rii(t,x' = 0) = (ad + 24° 4 2k)é;; = [ +2H?+2 k} gij(tx'=0).  (A37)

Finally, we use the fact that if a proportionality relation between two tensors holds
at the origin, it must hold at all spatial points, as the origin is not a special point
in the homogeneous space. An alternative argument is that our homogeneous
and isotropic spacetime is a maximally symmetric space, and a property of those
spaces is that the Ricci tensor is proportional to the metric. Thus, we only need to
calculate the proportionality constant in any point of space. Therefore,

k
Ri]-:{ +2H% 42— } Sij- (A.38)
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The Ricci scalar is

R = g" Ry = §"Roo + §'R;; (A.39)

R=(-1) (—32) +gUR;; (A.40)

R=3%43 F +2H? + 252] (A41)
a a a

k

R = 6=+ 6H>+ 6. (A.42)
a a

Finally, the Einstein tensor has components
Goo = Ropo — ERgoo = —35 -3 2 + H” + 2 (—1) =3H"+3k/a*; (A.43)

1 ii k i k
Gy = Ry~ 1Rgy - [a vart 2k ol g 3;2] Py (A4d)

il k
Gi= |2 ~H~ | (a9

A.3 Gauge Transformations

In this Appendix, I calculate the gauge transformation equations 2.102 explicitly.
Let’s assume that we change the coordinate system from x* to ¥ such that

=t (A.46)

Where @f‘ is a position-dependent linear perturbation. We define g",‘o =T, g",‘i =
o'L + L!, where 9;L! = 0. For the metric, we use the coordinate transformation
equation

- . Ix* 9xP

S (%) = ﬁﬁgmﬁ(x)- (A.47)

Since x* = ¥* — ¢%, the partial derivatives are

ox“
oxH

= 0% — 98", (A.48)

Each transformation equation comes from a different set of combinations of
uand v. Let’s start with 4 = v = 0. We have defined goo = —a?(7)(1 + 24),
and thus §oo(%) = —a?(%)(1 +2A). We are interested only in the first order
part of the equation, and thus we can neglect any term that is not linear in the
perturbations. We need to be careful, because the tilde part of the equation is
calculated on transformed coordinates, and thus a(?) = a(t+ T) ~ a(t) +a'(7)T
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and a%(%) ~ a?(7) + 2a(7)a’'(t)T = a®(7)(1 4 2HT). Inserting these expressions
into the coordinate transformation, we get

goo = (8 — 30&") (8F — 302 )00

00 = 800 — 908" 8a0 — %0&Pgp0

$oo = 00 — 2005" ga0

—a*(2)(1+2A4) = —a*(1)(1 +2A) +24*(7) T
—a?(T) (1 +2HT)(1 +24) = —a*(7)(1 +2A) +22*(1)T’
—(142HT)(1+2A) = —(1+2A) + 2T

—(142HT 4+ 24) = —(1+2A) + 2T

HT+A=A-T

A=A—-T —HT.

Now, y =0andv =1

G0 = (36 — ") (6] — 3iF)gup
Soi = oi — 008" gui — 0i¢Pg0p
a*(T)B; = a®(T)B; — 90/gji — 0:8°g00
a*(T)(1+2HT)B; = a*(7)B; — a*(7)doL; + a*(7)d; T
B; = B;— L+ 9;T.
We may perform the SVT decomposition, separating divergence and divergen-
celess terms

and defining the Fourier modes B(k) = 0;B/k, L(k) = 9;L/k, we obtain

3B+ B =0B
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For the spatial part, y =i, v = j, we have
$ij = (6] — az’@“)@f —0;2P)gup
3ij = 8ij — 9i6"gaj — 9jCPgip
a*(T) (i + hij) = () (i + hig) — a* (1) Yyuj — a>(T) ;8" Yinm
a?(T) (14 2HT) (i + hij) = a* () (7ij + i) — a(7)9;L; — a*(T)9;L;
(1+2HT) (')’ij + flij) = Yij + hi]' — aiL]' — ale-

hz’j = hzj — 2HT’)/,] — E)ZL] — a]Ll

Performing the SVT decomposition on L; = 9;L + L; and hi; according to
Equation 2.67, we obtain

2Hy7yij + o} Ar + (9iHrj + 9;Hri) + Hryj = 2Hyy;; + 9;' Hr + (9;Hrj + 9;Hr;)
+HT1']' — ZHT’)/Z']‘ — alﬁ] — a]tl — Zaia]‘L.
The term E),-ij — a]-ti is traceless, since 'yijaiﬁj =0 ﬁj = 0. The trace of the term

BZBJL is
799;0,L = VL. (A.49)

Thus, separating trace and traceless parts, we have 20;9;L = 2V2L’yi]~ /3 + 28£TL.
Taking the trace part, that proportional to 7;;, we get

~ 2
2H1vij = 2Hpvij — 2HTyij — gsz’Yzj,
~ 1
Hy = H] —HT — gsz-

T

Taking the terms inside 0; i

we get
Hr = Hy — L. (A.50)
Taking the vector part, we get
Hy; = Hp — L. (A.51)
Finally, the pure tensor part is unchanged,

Ar; = Hri; (A.52)

Let’s turn our attention to the matter perturbations. The energy-momentum
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tensor perturbations are given in terms of Equation 2.94, and transform as

oxtoxP ., % (). (A.53)

.
v(¥) = oxt oz B

Therefore, we can repeat the same steps to derive the transformation equations.
Starting with y = v = 0, we have

TO() = (60 +042°) (8 — 202 ) T3 (x)
—(p(T) +6p) = —(p +p)
p(t)+p'T+p=p+6p

5p=206p—p'T.

For y =iand v = 0, we obtain

T§(%) = (8] +3u5) (6 — %) T (x)

—(p(T) + P(%))0" = —(p(7) + P(1))0' + T§8ag" — TgdoG"

—(p(T) + ' T+ P(1) + P'T)5" = —(p(7) + P(7))0' + TJ9pL' — T]iaoLj
—(p(T) +p'T+P(1) + P'T)3" = —(p(7) + P(1))v' + —pL"" — PL"

o =v + L

This equation automatically works for each component of the SVT decomposition.
Finally, for 4 = i and v = j, we obtain

Ti(®) = (3} + ug") (8 — 9;8P) T (x)
Ti(x) = Tj(x) + Traue' — To,ef
Ti(%) = Tj(x) + P5}"9u’ — P8j0,¢°

Ti(%) = Tj(x) + Po;L' — Po;L".

Decomposing into the trace and traceless parts, we obtain

81(P(T) + 6P) + P(T)IT; = 8:(P(t) + 6P) + P(7)IT,

8 (P(T) + P'T + 6P) + P()IT; = 8.(P(t) + 6P) + P(7)IT,
oD = 6P — P'T,

[T =TT
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A4 Klein-Gordon Equation in FLRW

Sp = / vy /—g (—%ayq)awp - V((p)) . (A.54)

The term X = —d,¢0d"¢/2 is the kinetic energy of the field. Assuming homoge-
neity, the kinetic term evaluates to

X = —1 ¢’ = —1g004‘>2 _# (A.55)
27" 2 2" '
The field potential V(¢) determines the evolution of the scalar field. By using the

Euler-Lagrange equations, we obtain the classical equation of motion for the field
¢ in the FLRW spacetime

V-g=a’;
L 5dV
ap ="y
0L 5.
a P
dAL 5. 5.
Eﬁ—&zac[ﬂru(p,
(¢ +3Hp +V'($)) =0

¢ +3H¢ + V'(¢) = 0.



Appendix B

Perturbed Cosmological Equations using
xPand

In this Appendix, I describe the process of using xPand to obtain the cosmolo-
gical perturbation equations described in Section 2.

Notation and Definitions

xPand’s FRW metric perturbations dg,, are given by (e is the perturbation
parameter, /1;; is the spatial metric 1y;; and D is the spatial covariant derivative)

Figura B.1: Metric output from xPand.

This translates to

g00 = —a*(1+2A) (B.1a)
goi = 4°B; (B.1b)
gii = a*(vi; — 2Hpvij + 20;9;Hr) (B.1c)

Note that xPand already did SVT decomposition in my quantities. The signs of B;
and Hj are changed. A very important thing to notice: xPand defines the scalar
mode of Hr;; as H§9]? — V;V,;H{" instead of H§9]? = (V;V; — 19;;v2)HY. This

redefinition is important to make H%Q]? trace-free. The only thing we have to do

is to add and subtract this %’)/UVZH(TO), subtracting it on Hr and adding it on Hj,

and hence H;, — H] — %VZHT is necessary to make equations right.
Now, for the energy-momentum tensor (quantities with a red "(1)"are linear
perturbations)

194
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Figura B.2: Energy-momentum tensor output from xPand.

This translates to

OTY = —ép (B.2a)

6Ty = —(p + P)v' (B.2b)

OT) = (p+ P) (' + BY) (B.2¢)
ST} = 6P} (B.2d)

xPand does not include anisotropic stress PIT;;.

Figure B.3 shows the list of rules that are used to convert xPand definitions
to the definitions and notations used in this thesis. After every calculation, these
rules (and other rules that may help simplify the equations) can be applied to
xPand’s output.

PrintAs [¢h] ~= "A"; (|
PrintAs [¢h] *= "H ";
PrintAs [Esh] "= "H;";
PrintAs [Evh] "= "H:";
PrintAs [Eth] "= "H;";
PrintAs [Vvhu] "= "V";
PrintAs [Vshu] *= "V";
eq@0 = ExtractComponents [ExtractOrder[einsteineqs, 1] *xah[]*2, h, {"Time", "Time"}];
% /.cd[-a]@cd[a] [x ] = -k*2%Xx;
% /. (Yh[LI[z1 ], LI[22 ]] » -¢h[LI[z1], LI[22]]};
% /. {¢h[LI[z1_], LI[z2 ]] - (¥h[LI[z1l], LI[z2]] +k"2xEsh[LI[z1], LI[z2]]/3)};
% /. {Esh[LI[z1 ], LI[z2 ]] - Esh[LI[z1], LI[z2]] /k"2};
% /. {Vshu[LI[z1 ], LI[z2 ]] » -Vshu[LI[z1], LI[z2]] /k};
% /. {Bsh[LI[z1 ], LI[z2 ]] -» -Bsh[LI[z1], LI[z2]] /k};
% /. {Bsh[LI[z1 ], LI[z2 ]] - -Bsh[LI[z1l], LI[z2]]}};l

Figura B.3: Commands to adjust notation and definitions

From xPand output to Wayne’s equations

Let’s start from the perturbed continuity equation. The raw output from xPand
before applying the rules is given in Figure B.4.
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| 1 1), 1 1 . Y X 1jr\ {1 L o N A (. L R
3H P| +3H o) o-6HP ®)-6Ho| o] -20 @ -3P g)-3p | ¥|+P|[DD* "E|+p |DaD* E| +P (DaD* " Vu| +p |DaD*  Vu

Figura B.4: xPand output for the perturbed conservation equation

Figura B.5: xPand output for the vector part of the conservation equation.

The output can be translated as

6p' +3H (8p+06P) —2A(0' +3H(p+P)) —3(p+P)H} + (6 +P)V*v+ (6 + P)V?H} = 0
(B.3)

The @ term is just the continuity equation for the background, and therefore

vanishes. The remaining terms are

60’ +3H(6p +6P) —3(p+P)H, + (p+ P)V*0 + (o + P)V*H; =0  (BA4)

Now, we have to make the substitution H;, — Hj; — %VZHT. This cam be make
using a simple rule in Mathematica. When we do this, the laplacian of Hr cancels,
and we obtain

60’ +3H(6p +P) —3(p+ P)H, + (5 + P)V*0 =0 (B.5)
o0’ +3H(dp + 6P) = (p+ P)(3H] — V?v) (B.6)

The only thing to do now is using the Fourier modes. Since the 1 modes are
transverse, we get

V200 = v.v = 0O vi(Q") = —v(o)%ViViQ(O) = ko(® (B.7)
and we get the continuity equation,
50" +3H(6p + 6P) = (p + P)(—kv + 3Hy). (B.8)

As noted before, the sign of H} is changed, so this result agrees exactly with Wayne.
I remark that, due to our conventions for the laplacian eigenfunctions, we always
substitute v — —%v and all other scalar modes of vector quantities. In the same
way, scalar modes of tensor quantities need to be substituted as Hr — kleT.

After applying the rules from Figure B.3, we obtain the following result for the
vector part of the conservation perturbation

The first terms are vector terms, and the rest are gradients of scalar terms.
Since the vector parts are transverse and the gradient parts are longitudinal, they
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separate due to linear independence. Therefore, we can pick only the gradient
part and equal it to zero. If the gradient of a function is zero everywhere, then it’s
a constant function. After discarding the gradients, we obtain

(H(P+p)+P)B+ (p+P)B' +kéP— (4H(p+P)+P' +p')o— (p+P)d' + (p+P)kA =0
(B.9)

Using the continuity background equation 3H (g + P) + ¢’ = 0, we see that the

coefficients of B and v are equal

[AH(p+P)+ P +p'|(B—v)+—(p+ P)(B'—7')+kéP+ (p+ P)kA =0 (B.10)

The first terms look like a product rule for the time derivative of (g + P)(VB + Vo).
In fact,

(i+4%)[<p B)(B— V0)] = 4H(p+ P)+ P+ §')(B—v) + (p+ B)(B' )

T
(B.11)
So, we can rewrite the equation as

(% - 4%) [(p+ P)(VB—V0)] +kéP+k(p+P)A =0 (B.12)

Therefore, we obtain

(37 +4) o+ PP = op+ (o P (B.13)

Let’s proceed to the Einstein equations. Figure B.6 shows the xPand output for
the space/time equation.

1 g (1) .\ , 1y’
— (3K | B4 (K eant-am e 2k) -3 ( ¥ (k*-2K%k)
12k% ! |

- 1)\ L - 1 - 1) - - 1) ¢ ( 1 \ e 1 e . 1 1A
4(3k+* (D" "B| -3kw [D* "B| -k* [D* "Hy) +3k (D" THr|+12Gknma® (P+p) (k| V4| -D* TV|+3KH (D* TA| -3k [D* TH]|

Figura B.6: xPand output for the Einstein equation 0i.

Only the last terms are from scalar modes, and they can be set independently
to zero since Fourier modes are independent. Dividing by 3k?, we get:

H/
A — 211

K
3 HY = 47Ga? (B.14)

I q42
(M —H)B+ 5 .

Using the Friedmann equations, we get H' — H? = —47Ga?(p + P) + K. There-
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fore,
/
HA — H| — % — %(—471Ga2(p +P) +K)B+ kEZH’T = 4Ga*(p + P)% (B.15)
H! _ (v—
HA — H} — TT — k—Kz(kB — H}) = 4nGa*(p + P) (” - B) . (B.16)

The xPand output for the 00 Einstein equation is given in Figure B.7.

k("B #+ | HT}‘ — .a-‘ a6na® | o) - (K-3k) [ H|+3% |H | A)-"TH]

Figura B.7: xPand output for the Einstein equation 0i.

In the last term, we are going to substitute HA — H] = HT/T + & (kB — Hf) +

471Ga?(p + P)(2=8) from the previous result. We then get
Y K P g

4mGa*sp = (k* — 3K)(Hp + %) — H[-kB+3(HA — H})], (B.17)
471Ga*Sp =
(K~ 3K)(Hy + 120) ~ H[-kB +3 (HT/T + 55 (kB — HY) + 47Ga? (5 + P) <” - B))],
(B.18)
4mGa? <5p+37—[(p+15) (” = B)) _
(k* —3K)(H + %) — H[—kB + (H} + %((kB — H})), (B.19)
47Ga? <5,0 +3H(p+ P) (v ; B>> = (k* = 3K)(H + %) +H(1 - i—lj)(kB — H}),
(B.20)
47Ga? <5p+3H(p+P) (v ; B>> = (k* — 3K) (HL + % + %(kB — H})) .
(B.21)

Finally, the xPand output for the spatial part ij of the Einstein equation is
shown in Figure B.8

Which is a mess, but we can always take the trace to eliminate all the trace-free
components. Before we do that, the tensor part has only a few terms and can be
obtained easily:

d? (
g2 Hr

2 27{6%1{?2) + (K +2K)H = 0 (B.22)
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Figura B.8: xPand output for the Einstein equation ij.

Which, considering H slow-varying, is the equation for a damped harmonic
oscillator: the tensor modes generate gravitational waves! It’s also important to
notice that these modes are gauge-invariant. Also, it’s easy to generalize this to
include anisotropic stress, since the only tensor modes are PIT(*2), so just add
87 Ga*PTI(*2) to the RHS.

Now, taking the trace (in Mathematica, just contract with the converse metric),
we obtain

Figura B.9: xPand output for the trace of the Einstein equation ij.

Notice that the laplacian terms didn’t vanish, because, as noted before, xPand
defines the scalar mode of tensors as being just the laplacian, not the trace-free
definition. However, all of the other modes did vanish. This is actually useful,
since the laplacian terms are the trace-free scalar modes and the other are the trace
terms, so it’s easy to recognize and separate them. The traceless part is

H d
kZ(A—I—HL—|—7T)+ (E_ZH) (kB—H7) =0 (B.23)
It’s easy to generalize this to include anisotropic stress, since the scalar trace-free
part of the energy-tensor is only PI1. Therefore, one should simply add 871Ga?PI1
to the RHS.

Our last equation is the spatial trace part, which can be written as

k2 0 d k2 Hr 1d HY, A
(—E—i‘?’[ +H +HE> A+ (—§+K) (HL—F?)—F (§E+H) (—kB—l-? —ZHL) =
(B.24)

There is actually some work to do here, since I need to insert the 00 equation to
get to Wayne’s equation. Now, instead of doing everything by hand, I am going to
do the whole process in Mathematica, shown in Figure B.10.
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q00 = k (‘1'5) He ('i‘ur) l-:_»’k] +4Gal ('“p) - (K -3%) ('1'HL) +39 (7{ (‘“A) s '1‘H'L);

1 (1)r 1, (m 1 [y (1) 1 /1y 2 () 1 1,[m 2 [(D) o Lt
aqspacetrace:-—k( B)--k( HT)+—( HT)-k( B)ﬁ+—( Hr)ﬂ-467ra ( P)+-—( Hr)k--k( A)«-’H ( A)v—Zﬁ( A)e
2 6 6 3 3 2
(1)s 1.,/ (1) (1) (1)rr
#(VA) - = () ok (V) -2 (T - T
2
eqspacetrace - eq@@ / 3 // FullSimplify

Also, I need to remove the traceless equation:

-y (1 -y (1) ¢
H (D,, i )s) = o (0 H (DL, D" m) = oy
D,0" B

10 ! D, D" H 1. _, N
eqtraceless = - -—-—|D,D HT)+ + ——(DuD A)—-(DHD HL) /.ed[-pl@cd[u] [x ] »Xx
3k 6k 18 3K2 6 k2 6 6
1 1 | J'B‘ Ho ;H’ ?
B 1 oo S A TR T
_— | Hr| - Al - H |
6k 18 | I sk? 3k 3k? 6 ! I 6\

eqspacetrace - eq@@ / 3 - eqtraceless xk"2 // FullSimplify

u Y (11

(x| B) -3k Y8) 3 - 46 ra? (3 o)+ M) - (k2 6#) ilA: an (YA~ ) -3 (M)
Figura B.10: Treating the xPand output with Mathematica rules.
Which translates to

a’ d\* d K d kB, ) 8o
(72 (2) &) (o) (42 1) = ancet (30 0).
(B.25)

We then have the fundamental equations for cosmological perturbations in ACDM.
The full Mathematica code can be accessed in this link.


https://github.com/CoupleDE-UNESP/Joao_repository/tree/main/Mathematica_notebooks/perturbation-equations

Appendix C

Appendices to Chapter 6

C.1 Constraints for Dataset Combinations 3,4 and 5

In this appendix, we show results for DC3, DC4 and DC5, which corroborate
our conclusions from the main text. In all dataset combinations, adding DES
data does limit the amount of EDE during recombination and worsens the CMB
tit. Furthermore, including the late-time modification does not restore the EDE
detection to the significance it had without DES data. Figure C.1 shows the 1D
marginalized constraints for the parameters Hy, (2, Sg and fppg, including DES
data. Figure C.2 shows the X%MB distribution in the DC3, DC4 and DC5 chains,
including DES-Y3 cosmic shear data, and using the EDE and EDE+w(z) models.

C.2 Principal Component Analysis of Late Dark Energy

As a byproduct of our analysis, we present in this appendix constraints on the
smooth, late-time dark energy behavior using our baseline dataset DC1, including
DES-Y3 cosmic shear data. Figure C.3 shows constraints for w(z;), the dark energy
equation of state at each redshift bin |z;,z;,1] for the 5 and 10-bin cases. As
expected, above z = 1 our constraining power decreases to the point that our
constraints have no statistical significance. All constraints are well in agreement
with a cosmological constant at late-times.

Since the values of w(z;) are correlated, we perform a Principal Component
Analysis to find uncorrelated parameters. The procedure is as follows: from the
MCMC sample, we compute the sample covariance matrix for the equations of
state in each bin, w(z;). This matrix is real and symmetric, and can therefore be
diagonalized. The principal components are the eigenvectors ¢; of the sample
covariance matrix. In the principal component basis, the covariance matrix is
diagonal and thus the components are uncorrelated with each other. Thus, the
dark energy equation of state can be expanded in the Principal Component basis

as:
Nbins

w(z) = -1+ ) wiej(z), (C.1)
i=1

201



Appendix C. Appendices to Chapter 6 202

—— EDE
DC3r C e C = -~ EDE + w(2) [3 bins]
- ] + e~ + ] .
C Yorrborered C Yooeornd C borrooeee] —%—- EDE + w(z) [5 bins]
+DES-Y13x2ptr == N ] «+ EDE + w(z) [10 bins]
- [ ] + e + [ ]
F o haet C Yoot L st
+ DES-Y3 3x2pt- e - et - —e—if
= - = Fed = F-—e--l
- e = el = [ ]
L et C ol C boreedren]
+ DES-Y1 Cosmic Shear —— r —— - ——i
- b - F-o-4 - b=l
- e —e— o = e = e ——-o
L e C oottt C o
+ DES-Y3 Cosmic Shear —— - —e— - ——i
- F--e--4 + -l + ]
o k= o [l o k=i
L forreoore] C Joord C P
DC4+ - ——i +
= = [ ] =
C C e C
C C Forroeyerrond C
+ DES-Y1 3x2ptr- F o -
= = F-e-i =
o - el -
C L e C
+ DES-Y3 3x2pt- B e F
= = ] =
- - e -
C C ol C
+ DES-Y1 Cosmic Shear[ r - T
C C et C
C C ooy C
+ DES-Y3 Cosmic Shear - —e—i -
- - F--4 -
= = el =
C L o C
DC5F —e—i - - ——i F
- [ S - ~ e e -
- e - - [t ] -
L [ L r brerroeyorreree L
+ DES-Y1 3x21 ——i r - e r
= F-—e--d = = F-—e--l +
- Fe—k—-d = = e — =
L ol L F e L
+ DES-Y3 3x2| —e— F B B
- - + - +
C ot C C C
L poerttoed C C C
+ DES-Y1 Cosmic Shear- e T C r
- bl = - L
L Froedd C C C
+ DES-Y3 Cosmic Shear - ——i - F -
- F--e--4 = = +
C e C C C
L bt L C C

73 77 077 083 0.890.26 0.9 0.32 0.03 0.09 0.15
H, Ss Qn fEDE

L
=}

Figura C.1: Marginalized constraints for Hy, Sg, (2, and fgpg, using the dataset
combinations DC3 (ACT TT, TE, EE spectra with ¢max = 650, Planck 2018 TT
spectrum with £max = 650 + Planck 2018 low-¢ EE spectrum, BAO from 6dFGS,
SDSS DR7 main galaxy sample and SDSS BOSS DR12 consensus sample, Pantheon
supernovae, Planck 2018 CMB Lensing spectrum and HOliCOW strong lensing
time delays), DC4 (same as DC3 without BAO and strong lensing) and DC5 (same
as DC3, without BAO and CMB Lensing). For each combination, we add DES
3x2-point correlation functions and cosmic shear-only data. DES-Y1 and DES-Y3
are shown in order to assess the impacts of the updated data set and analysis
in our results. We use the effective fluid EDE model presented in section 6.2.1
combined with a late-time fluid with piecewise equation of state, described in
section 6.2.2, using 3, 5 and 10 redshift bins. We observe no significant shifts in
the fgpg constraints due to the modification of smooth dark energy at late times,
regardless of the number of redshift bins in our model.
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EDE, no DES
=== EDE
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Figura C.2: x2,; (911 points) distributions in the MCMCs using the dataset
combinations DC3 (ACT TT, TE, EE spectra with ¢max = 650, Planck 2018 TT
spectrum with £ = 650 + Planck 2018 low-¢ EE spectrum, BAO from 6dFGS,
SDSS DR7 main galaxy sample and SDSS BOSS DR12 consensus sample, Pantheon
supernovae, Planck 2018 CMB Lensing spectrum and HOliCOW strong lensing
time delays), DC4 (same as DC3 without BAO and strong lensing) and DC5 (same
as DC3, without BAO and CMB Lensing), combined with DES-Y3 cosmic shear
data, under the effective fluid EDE model and EDE + w(z) with 3, 5 and 10 bins.
We also include EDE results without DES data.
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3 bins 5 bins 10 bins
1+ mm 68% limits T T
95% limits
0+ Mean value

Z Z Z

Figura C.3: Mean (black line), 68% and 95% limits (darker and lighter blue contours
respectively) of the constraints for w;, the dark energy equation of state within
redshifts z € [z;,z;,1]. Vertical widths represent the confidence limits and the
horizontal widths represent the chosen redshift binning. The constraints are for
the dataset combination DC1 (ACT TT, TE, EE spectra with ¢max = 650, Planck
2018 TT spectrum with ¢max = 650 + Planck 2018 low-¢ EE spectrum, BAO from
6dFGS, SDSS DR7 main galaxy sample and SDSS BOSS DR12 consensus sample,
Pantheon supernovae and Planck 2018 CMB Lensing spectrum) combined with
DES-Y3 cosmic shear. We remind our MCMC priors w; € [—3,1] for i > 0. For
redshifts z > 1, we have no constraining power.Left panel: constraints using the
3-bin model, with bin limits z = [1,2,3]. Middle panel: same constraints for the
5 bin analysis, where the bin limits are [0.5,1.0,1.5,2.0,3.0]. Right panel: same
constraints for the binning z; = 0.3 x 7,i =1, ...,10.
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Figura C.4: First (ordered by least variance) three w(z) principal components, ¢;(z),
i =1,2,3. The PCs are constructed using the MCMC sample from DC1 (ACT TT,
TE, EE spectra with £max = 650, Planck 2018 TT spectrum with £max = 650 + Planck
2018 low-£ EE spectrum, BAO from 6dFGS, SDSS DR7 main galaxy sample and
SDSS BOSS DR12 consensus sample, Pantheon supernovae and Planck 2018 CMB
Lensing spectrum) combined with DES-Y3 cosmic shear. The components of each
PC are focused on each redshift bin, which we use to label the PCs. Left panel: PCs
for the 3 bin analysis, where the bin limits are [1,2,3] . Middle panel: First three
PCs for the 5 bin analysis, where the bin limits are [0.5,1.0,1.5,2.0, 3.0].Right panel:
First three PCs for the 10-bin analysis, where the bin limits are z; = 0.3 x i,i =
1,...,10.

where Ny is the number of redshift bins and «; is the component of w(z) in
the Principal Component ¢; direction. Figure C.4 shows the first three principal
component basis functions. Each principal component is localized in a redshift
bin but receive contributions from all other bins. The components «; can then be
interpreted as deviations from w = —1.

Figure C.5 shows marginalized constraints for the components «; of the three
first principal components. All constraints are compatible with the fiducial ACDM
model.
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Figura C.5: Marginalized posterior distributions of the first four principal compo-
nent weights, «;, under the datasets DC1 (ACT TT, TE, EE spectra with /max = 650,
Planck 2018 TT spectrum with £max = 650 + Planck 2018 low-/¢ EE spectrum, BAO
from 6dFGS, SDSS DR7 main galaxy sample and SDSS BOSS DR12 consensus
sample, Pantheon supernovae and Planck 2018 CMB Lensing spectrum) and DC2
(same as DC1, without CMB Lensing). We also show results including DES-Y3
cosmic shear data combined with DC1 and DC2. Top Panel: Constraints for the
weights of the first four principal components for the 5 bin analysis. Bottom Panel:
Same constraints as in top panel but for the 10 bin analysis.



Appendix D

Appendices to Chapter 7

D.1 Appendix: Full Reconstruction of the Equation of
State

In Figure 7.6, we have presented the filtered constraints on w;, the model-
agnostic dark energy parameters in Equation 7.3. In this appendix, for complete-
ness, we show the unfiltered reconstruction, i.e., the full reconstruction for w(z)
in both cases of 5 and 10 bins inferred directly from the w; samples. The result is
shown in Figure D.1.

We also classify the binned w(z) MCMC samples into different categories
according to the bins in which the first phantom crossing occurred and in Tables D.1
and D.2 we show the percentages of MCMC samples in each class.

P18 + DESI +
Pan | Pan+ | Uni3 | DESY5
1—2 70.1% | 30.8% | 17.0% | 55.5%
23 28.5% | 69.1% | 82.6% | 41.9%
34 0.82% | 0.06% | 0.5% | 2.4%
4—5 0.04% | 0.03% | 0.03% | 0.2%
No crossing | 0.02% 0 0 0

Tabela D.1: Percentages of 5-bin w(z) MCMC samples that present the first phan-
tom crossing between the bins. After burn-in, each MCMC contains around 300000
samples.

D.2 Appendix: Continuous Binned w(z)
The binned w(z) model presented in Section 7.2.2 has discontinuities in the

equation of state. To ensure that such discontinuities do not invalidate the model,
we implement a continuous version, in which the equation of state is parametrized
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Figura D.1: Reconstruction of the dark energy equation of state using the binned
w(z), Equation 7.3, for the different SN datasets. The blue line indicates the mean
value, and the darker and lighter gray bands indicate 68% and 95% limits. We also
include the best-fit wyw, model as a red dashed line for comparison purposes. The
left panels show the reconstruction for Ny;,s = 5, while the right panels show the
filtered constraints for Ny;,s = 10. Each row corresponds to a dataset combination
including a different SN catalog.



Appendix D. Appendices to Chapter 7 209

P18 + DESI +
Pan | Pan+ | Uni3 | DESY5
1—2 94.1% | 83.4% | 63.3% | 79.5%
2—3 5.7% | 15.7% | 35.1% | 17.3%
3—4 02% | 0.6% | 1.5% | 3.0%
4 -5 0 0.2% | 0.02% | 0.1%

5—6 0 0.1% | 0.04% | 0.1%
6—7 0 0 0.02% 0
7—8 0 0 0 0
8—9 0 0 0 0
9—10 0 0 0 0
No crossing 0 0 0 0

Tabela D.2: Percentages of 10-bin w(z) MCMC samples that present the first
phantom crossing between the bins. After burn-in, each MCMC contains around
500000 samples.

as
N

w(z) =) {wi_l + % {1 + tanh (Z ;Zi)} } . (D.1)

i=1

This parametrization preserves the same parameters z; and w; of the discontinuous
case, while adding one extra parameter ¢ controlling the width of this transition.
The smaller the widths are the closer this model is to the original binned w(z)
model. We have post-processed the binned w(z) MCMC samples with this new
model, assessing the difference in Xz between both cases. We have chosen to fix
the o parameter to three values of ¢ = 0.01, ¢ = 0.03 and ¢ = 0.05.

Figure D.2 shows the constraints on ), 03, wp, w1 and w; for the discontinuous
case and the three continuous cases. We observe almost perfect agreement between
all cases.

A histogram of x? differences is shown in Figure D.3 for the three o values. For
o = 0.01 and o = 0.03, the percentage of points with |Ax?| < 1 is 96%, falling to
94% for ¢ = 0.05. The percentages of points within a threshold of [Ax?| < 0.5 are
81%, 79% and 71% for the respective ¢ values.

D.3 Appendix: Transition Model: Varying o

In this Appendix, we show parameter constraints for the transition model
described in Section 7.2.1, but now varying the ¢ parameter with a prior 2/[0.01, 0.5].
The results are shown in Figure D.4.
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Figura D.2: 2D parameter constraints for the binned w(z) model and the continu-
ous version with three values of o = 0.01, 0.03 and 0.05. We observe no significant
differences between the constraints.
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Figura D.3: Histogram of x? differences between the binned w(z) model described
in Section 7.2.2 and the continuous version in Equation D.1



Appendix D. Appendices to Chapter 7 211

n -==-- PI8 + DESI + Pan

\ [ P18 + DESI + Pan+
N P18 + DESI + Uni3

N [N P18 + DESI + DESY5

\
'
v

-0.9 -1.7 -1.1 04 08 02 04 0.31
wo wi Ze 4 Qn

Figura D.4: Parameter constraints for the transition model described in Sec-
tion 7.2.1. Here, we vary the ¢ parameter with a prior /[0.01,0.5].
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