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Abstract

It is an exciting period for research in gravity and cosmology. Since the
detection of the Cosmic Microwave Background, cosmology has achieved an
impressive level of precision. The accuracy is such that we can discuss the
origins of our universe. For instance, from the CMB temperature fluctuations
we have robust evidence that inflation, an epoch of accelerated expansion,
took place in the earliest stages of our universe. In a remarkable simple
way, inflation sets the universe in a hot, homogeneous and isotropic plasma
state with tiny fluctuations. These are the required initial conditions for the
standard model of cosmology to explain the current structure of our visible
universe in the context of General Relativity. However, this is not the end of
the story.

There is strong evidence that there is more than General Relativity to
gravity from both observational and theoretical point of views. Observation-
ally, on cosmological scales we are aware of dark matter, dark energy and
inflation. The last two are often modeled by gravitating scalar fields; but
what are their fundamental origins? On the theoretical side, we believe that
there should be a unifying framework, e.g. string theory and quantum gravity.
These latter approaches generally involve higher dimensional spaces in which
our 4D world is embedded. Interestingly, when the dimensionality is reduced
the resulting effective theory is often General Relativity plus a non-minimally
coupled scalar field. These general class of theories which involve gravity and
a scalar field are called scalar-tensor theories.

To discern what theory of gravity rules our universe, we need to test and
compare predictions coming from several theories of gravity. In this regard,
the very early universe and specially inflation are the window to probe new
physics, in particular involving gravity, due to the extremely high energy
densities that took place. Furthermore, the recent detection of gravitational
waves has re-sparked the hope to detect gravitational waves produced during
inflation. If they were detected, we would have access to the value of the
energy scale during inflation. Thus, with ongoing and future surveys, which
will provide new data, it is worth to deepen our knowledge in theories of
gravity and test its predictions.

It is the purpose of this thesis to focus on the study of scalar-tensor theories
in the inflationary epoch. We will study theoretical aspects of scalar-tensor
theories, providing interpretations and concrete models. In particular, we will
focus on the role of transformations of the metric within scalar-tensor theories.
We will see that they are a crucial element to understand scalar-tensor theo-
ries. They are meaningful not only mathematically but physically as well. In
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this respect, the first result of this thesis is a proof of the physical invariance
of scalar-tensor theories under a general class of metric transformations. This
proof is relevant in two ways. First, one can work in the simplest form of the
action without changing the predictions of the model. Second, we can map
apparently different theories that share the same predictions. Furthermore,
this result can be applied not only in the context of scalar-tensor theories
but it provides a potential generalization to vector-tensor theories and other
theories involving metric transformations.

As a second result, we present a class of models in which by using metric
transformations and an additional scalar field we obtain interesting features
in the CMB temperature power spectrum. For example, we provide a model
that could enhance the formation of primordial black holes, perhaps leading to
binary black hole mergers, or explain the large scale suppression of the CMB.
The great achievement of this result is its simple and intuitive derivation, yet
allowing for a wide range of applications. Moreover, these class of models
are general enough so that they provide a new approach to study inflationary
models. The results of this thesis are based on two publications in the Journal
of Cosmology and Astroparticle Physics (JCAP).
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It is incredible that we can ask questions such as “What was the origin of
our universe?” and that we are actually able to give a pretty good answer.!
Not only this, we can even test it with experiments. Answering this question
and many more are possible thanks to huge theoretical advances in gravity
and particle physics as well as technological developments providing precise
experiments to probe these theories. In this thesis, we will approach deep
theoretical aspects of theories of the very early universe, discussing possible
observational consequences. To introduce the topic, we will first briefly explain
the current status of gravity and cosmology (see [1] for a review). We will start
by giving a taste of the big picture of gravity and cosmology in Sec. 1.1. We
will briefly discuss the tests of General Relativity (GR) and why we do think
GR should be modified. In Sec. 1.2 we will introduce some of the alternatives
theories of gravity and we will then focus on scalar-tensor theories. Once
they are introduced we will have all the necessary background to explain the
purpose of this thesis. Last, Sec. 1.4 contains the organization of the thesis.

LObviously it is not the final answer, but it is a remarkable one.
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1.1 Gravity and Cosmology

We are all familiar with the fact that gravity is the dominant force at large
distances.? By large we mean our solar system and beyond. The gravitational
constant is well measured from 0.1 mm, roughly the size of an Amoeba, to
10* m, roughly the boundary of our solar system (see Ref. [2,3] for a detailed
review on the measurements and Ref. [4] for a discussion on the scales in which
we can probe gravity). However, we know that our universe is roughly as big
as 10 m and that it was as small as 107°m in the past. Does the same
gravitational law apply along this huge span of scales? Actually, at galactic
and cosmological scales there remain some open questions. They are related
to the so-called dark matter, dark energy and inflation.

We are aware of the existence of dark matter for several reasons (see Ref .
[5] for a review on this topic). Mainly, we find solid evidence of dark matter in
galaxies to explain rotation curves. It also explains the formation of large scale
structure in our universe. We do not “see” it since, as far as we know, it only
interacts with us gravitationally. Dark energy is another interesting story. It is
known that the universe is expanding and that it is doing so in an accelerated
way. Evidence of the accelerated expansion comes from studies of supernovae
and primordial radiation (the cosmic microwave background). See Refs. [6, 7]
for a review. It turns out that the expansion is driven by something very close
to, if not, vacuum energy density® (also called cosmological constant). We call
it dark energy.

More interestingly, it is not the first time that our universe undergoes
an accelerated expansion; or at least it is widely believed so.* This leads to
the introduction of inflation [13-16], on which this thesis is based. Inflation
is a period of accelerated expansion previous to the hot big bang where (7)
the exponential expansion smooths inhomogeneities and anisotropies and (i)
primordial fluctuations, i.e. the seeds of our universe, originate from quantum
fluctuations [17,18]. In other words, inflation sets up the initial conditions
of our universe, that is a hot, homogeneous and isotropic plasma with tiny
fluctuations on the order of 1 : 10°. The subsequent evolution of the universe
filled with such hot plasma is known as the hot big bang (we will review it in
more detail in Chap. 2). We know inflation occurred, or something very similar
to it, because we receive the first radiation that escaped from the primordial

2Luckily the electromagnetic force can be screened and matter is on average neutral.
Take the ratio of the electrostatic and gravitational force between two electrons. Electro-
static force is 104 time stronger!

3Interestingly, with our current knowledge of particle physics we fail in spectacular fash-
ion to explain the current value of the cosmological constant. This is called the cosmological
constant problem. See Ref. [8,9] for a review.

4See Refs. [10-12] for a review on alternatives to inflation.
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plasma. It is the so-called Cosmic Microwave Background (CMB).” Just like
astronomers know what is going on inside the sun by looking at the seismic
oscillations on the surface, we know what was going on inside the CMB sphere
by studying its tiny fluctuations.%

To summarize, we have a model that describes very well what we observe
in our local universe from its earliest stages until today, the so-called standard
model of cosmology. However, as the reader might begin to realize it is not
fully satisfactory from a fundamental point of view, as it leaves many crucial
questions unanswered. What are dark matter and dark energy? What drove
inflation? What was going on when the universe was extremely tiny, around
the Planck scale? Is there a theory of quantum gravity? Honestly, we do
not know the answers to these questions yet and this is the reason why we
must study modifications of gravity and confront it with observations. Before
jumping into modified gravity in a broad sense let me briefly review what are
our observables.

1.1.1 What do we measure?

This is an important question. One should know the predictions of a theory
that can be tested. For example, we measure the expansion of the universe
through the red-shifting of photons. Note that in this case the observable is
the red-shift rather than the expansion itself (see Chapter 3 for a concrete
example). Thus, as stringy as our universe might be, if we cannot detect it
then it does not matter. For this reason, let me introduce what measurements
are used to probe gravity theories. For an extensive review see Refs. [19,20].

Einstein’s General Relativity’s predictions on solar system scales are im-
pressive.” Thus, stringent tests of gravity are placed on solar system scales.
Some examples of these experiments are:

(i) In the Laboratory one uses torsion experiments like the E6t-Wash ex-
periment [19].

(74) In the solar system we have the bending of light measured by the Cassini
probe and Lunar Laser Ranging [19].

5Tt is in the microwave band due to the expansion of the universe. As the universe
expands the wavelength of radiation is stretched, red-shifted.

6Inside means prior to. I actually heard this analogy from a talk given by Scott Douglas
(from UBC) and I found it quite illuminating. The study of the inner structure of the sun
by seismic oscillations is called Helioseismology.

“For example, the perihelion advance of Mercury and the bending of light around the
Sun. Actually, GPS systems are so precise that their clocks advance with respect to ours
and this is predicted by General Relativity.
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(74i) Astrophysical sources like binary pulsars and dwarf galazies also place
bounds [21-23].

It should be noted that these experiments, however, only tell us that today
and at solar system scales gravity is very close to that predicted by Einstein’s
general relativity. In other words, they probe the weak-field limit of gravity,
i.e. non-relativistic regime.®

We will be more interested in tests of gravity in the strong field regime
and at large scales, i.e. when full general relativistic effects are required. For
example,

(i) Compact objects like Neutron Stars and Black Holes [4].
(74) High redshift supernovae [24,25].
(ii) Large Scale Structure, e.g. galaxy and redshift surveys [26-28].
(iv) The very early universe with the Cosmic Microwave Background [29].

In this thesis we will focus on the very early universe, in particular on inflation.
The very early universe is the perfect playground® to study strong gravity
and high energy physics as the temperature of the universe gets as hot'? as
T ~ 102 K and the density as large as p ~ 10% g/cm?
said, the window to the early universe and inflation is the Cosmic Microwave
Background. The CMB is our observable. Remarkably, from correlations of
the temperature fluctuations in the CMB we can prove the predictions of
inflation. Let me make a brief note. It is often said that there is a “zoo” of
inflationary models.!! This does not undermine, however, the predictions of
inflation as a paradigm.'? Whether we will know the exact model of inflation,
that is another challenge.

. As we previously

Recently, a new window to explore the universe has been opened with the
detection of gravitational waves from a binary black hole merger [34]. This
confirms the tensor structure of gravity and with more detections it will be
a crucial test for theories of gravity [35]. Polarization of the CMB radiation
gives access to gravitational waves created during inflation with the so-called
B-modes [36].

8In this regime one uses the perturbative Parametrized Post Newtonian (PPN) formalism
which includes deviations from General Relativity [19].

90r as Zel’dovich said [30]: “an accelerator for poor people.”

10The exact value depends on the model one considers.

See Ref. [31] for an approximate idea of the size of the “zoo”.

12See [32,33] for a recent controversy in that point.
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1.2 Alternatives to General Relativity

We have seen that an important question to pose is: “How do we know that
General Relativity is the theory of gravity?” To answer this question we should
contrast GR’s predictions with experiments and compare them with predic-
tions from other theories of gravity [19,20,35,37|. This is in fact a very good
reason to study alternative theories of gravity. Another good reason is that
just like Newtonian gravity could not explain the advance of the perihelion of
Mercury which led to GR, the fact that we need dark matter and dark energy
suggests that on cosmological scales there might be a more fundamental the-
ory of gravity. Furthermore, the CMB data shows that the simplest model of
inflation within general relativity is almost excluded [38§].

Is there any indication that gravity should be modified from the theo-
retical point of view? As it turns out, there is plenty of motivation (for an
extensive review see Ref. [39]). Let me present some examples. First GR is
non-renormalizable [40-43] and thus quantum corrections yield extra curva-
ture invariant terms. This led to f(R) theories, i.e. an arbitrary function of
the curvature scalar (see [44,45] for a review), which are used to model dark
energy and inflation. It turns out that one of the favored models of inflation
falls within this category [14,46]. Another way of seeking a renormalizable
theory is for example to break Lorentz invariance, i.e. treat time and space
in a different way, as in Hofava-Lifshitz gravity [47,48|. These theories' are
related to Ultra-Violet (UV) corrections of GR, i.e. high energies.

Second, in general relativity the graviton is massless, i.e. the interaction
range of the gravitational force is infinite. However, if the graviton were
massive the interaction would decay much faster with distance (like a Yukawa-
type exponential suppression). At large distances gravity would be weaker and
this could explain the current acceleration of the universe (dark energy) [49].
These type of modifications are in the Infra-Red (IR) regime of GR. In a
similar direction, one could consider that there are two gravity sectors with
two different metrics, the so-called bigravity [50].1* One interesting feature is
that gravitons could oscillate between sectors [53].

Another interesting approach comes from symmetry arguments. What is
beyond the Planck scale? Well, if at high energies one has conformal symmetry
[54-56] then there is no privileged scale and the question is meaningless. We
could say that just like the spontaneous symmetry breaking of the Higgs field,
a similar process happened in the very early universe. Actually inflation is
quite close to a de Sitter universe which is a maximally symmetric spacetime

13 f(R) theories are also used to model dark energy and thus they could be regarded as
IR modification in that case.
147t can also be motivated from brane-world models [51,52].



6 Chapter 1. Introduction

(see Appendix I).

Among all the alternatives of gravity, there is one class of theories which
are particularly attractive. Historically, it started with Dirac’s large number
hypothesis [57], i.e. that universal constants should depend on time, and it was
followed by Jordan [58], Brans and Dicke [59].'> The latter was motivated by
Mach’s principle but failed to include it into General Relativity. These classes
of theories are called scalar-tensor theories and, as the name says, they involve
adding an extra scalar to General Relativity. With the detection of the Higgs
field we are sure that scalar fields are present in our universe [61-63].

It was later realized that scalar-tensor theories are quite natural from
higher dimensional theories [64], e.g. string theory, and that f(R) theories
can be mapped into a subclass of scalar-tensor theories [44,45]. Scalar tensor
theories have several applications. For example, they are interesting from a
renormalization point of view [65,66]. Most inflationary models are based on
scalar fields [31] and they are used as an alternative to explain dark energy
[67,68]. Moreover, as we will see, they considerably helped to improve our
understanding of gravity. For all these reasons, we consider scalar-tensor
theories a promising alternative to GR and are the main subject of this thesis.

1.3 Scalar-tensor theories

Our current understanding of the gravitational force says that gravity is re-
lated to the geometry of space and time and is described by General Relativity.
The energy distribution of matter (e.g. momentum, mass and pressure) de-
termines the geometry and at the same time matter lives in that geometry.
Geometry is described in terms of a metric tensor which essentially represents
the measures of length and time, i.e. using rulers and clocks.!®

It is further assumed that gravity follows the strong equivalence principle,
that is gravity affects all matter fields equally in any point of space and time.
This assumption can be relaxed to the weak equivalence principle which states
that gravity affects all matter fields equally. Both principles are consistent
with current experiments.

Let us now see where do scalar-tensor theories originate from a theoretical
point of view. The quest for a theory that rules them all, i.e. a unifying
framework like string theory, has led the scientific community to consider that
our space-time may actually not be 4 dimensional (3 spatial dimensions and 1

15See [60] for a review on Nordstrém’s early attempt to use a scalar field to describe
gravity.

16 An alternative interpretation of scalar-tensor theories is that those rulers and clocks,
i.e. our units, depend on space and time [69, 70].
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dimension of time). Just like habitants of a (spatially) 2D world, flatland [71],
are unaware of our 3D space. For example, we are talking about Kaluza-Klein
or Braneworld models [72-76] where a wrapped 5th dimension is present.

It is particularly interesting that in higher dimensional theories after re-
ducing the dimensionality down to our 4D world, scalar fields naturally appear
everywhere. For example, a scalar field can be regarded as a coordinate of
the extra dimensions. Furthermore, most of these scalar fields do not inter-
act with gravity and/or matter in the usual way, i.e. they are non-minimally
coupled. One can have an idea as follows. Imagine that we live in a 4D brane
inside a 5D spacetime. In the 5D spacetime there might be a gravitational
potential well which depends on the extra coordinate. Thus, the location of
our 4D brane in that extra coordinate, call it a scalar field, will be important
and play a role in the dynamics. From our point of view, we can expect that
gravity in our brane interacts in a non-trivial way with the scalar field. For
example, the gravitational constant could depend on time (see [77] for a re-
view on variation of universal constants). Thus, in scalar-tensor theories only
the weak equivalence principle holds. For the interested reader two books
dedicated on scalar-tensor theories of gravity are Refs. [64] and [78].

It should be noted that now that we opened the door to non-minimal
couplings, the theory space has expanded a great deal. We may ask then
“Which theory is the one that best describes our universe?” There are two
different ways to approach this question, usually referred to as top-down and
bottom-up. Let me pose them into two questions respectively:

1. What kind of couplings do we obtain starting from a more fundamental
theory, if any? What are its predictions?

2. What is the most general Lagrangian for a non-minimally coupled field?
How much do observations constrain the form of the Lagrangian?

In fact the former is clearly more relevant, as it gives definite predictions.
The second approach becomes useful when we ignore high energy physics that
might come into play. This is used in Horndeski theories [79] and in the so-
called Effective Field Theory (EFT) [80]. In this thesis, we will focus on the
applications of scalar-tensor theories to cosmology and its consequences in a
generic way. Rather than deriving an effective theory from a more fundamen-
tal theory, we will assume that such non-minimal couplings are present and
study them in a general way.
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1.3.1 Metric transformations

At the beginning of section 1.3, we have discussed that gravity is geometry and
geometry is described by a metric. Scalar-tensor theories can be thought as
follows. First assume that there is a dominant field that drives the evolution of
the universe, e.g. the inflaton during inflation. This dominant field determines
the metric. All other subdominant fields play in that metric. However, there
is no reason to assume that the metric given by the dominant field is the same
metric that affects matter. This is exactly the point of scalar-tensor theories.
Relations among these metrics are called metric transformations. Following
this line of thought Bekenstein gave a general form of such transformations
[81]. To give an example of a metric transformation, take flat space and do a
time-dependent conformal transformation, i.e. a global rescaling of the metric.
We obtain an expanding universe!

Metric transformations as a non-trivial coupling to matter have been used
in the late time acceleration of the universe (see for example Refs. [82,83])
and it has attracted a great deal of attention recently [84-90|. In this case,
however, the presence of the scalar field introduces time (or space) dependence
of the gravitational constant and an extra force, a so-called fifth force, which
are severely constrained on solar system scales [37,39,64,90-94]. For example,
the time variation of the gravitational constant is constrained to be [95]

g <6-10"Byr . (1.1)
Consequently, considerable effort has been placed on how to avoid such con-
straints by screening mechanisms [82,96-104].

However, during inflation the situation is quite different. The inflaton field
completely dominates the universe and apparently matter has nothing to say
until radiation domination. Then whether matter coupled in a different way
becomes a question of interpretation. For instance, the matter universe could
avoid!” the initial singularity [105-108]. These kind of couplings could be
constrained if they were present during the hot big bang [109-111|. However,
if after inflation one recovers General Relativity it seems hard to find any
signature from the matter coupling, i.e. from non-minimal couplings. In
Chapter 4 we show that even if that happens, the matter coupling could be
relevant during inflation and we also present some interesting examples.

On the theoretical side, metric transformations connect different scalar-
tensor theories and are a crucial element to understand scalar-tensor theories
(see Refs. [59,112-116]). In particular, metric transformations leave physical

17 Actually, there is no way to avoid singularities by a metric transformation. However,
they can be postponed to past or future infinity.
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observables invariant. In other words, one can work with the metric one
pleases and obtain the same predictions. Thus, its a powerful tool in two
ways: (i) two apparently different theories might be mathematically related
and (77) these two different theories are physically equivalent. We will show
this in Chapter 3.

1.4 QOutline of the thesis

This thesis focuses on interpretations of metric transformations in cosmology
and applications to the very early universe in the context of scalar-tensor
theories. At the end of each chapter a summary is provided where we will
further discuss extensions and issues.

In Chapter 2 we give a broad review of the current status of cosmology
and in particular we focus on inflation. We will mainly follow two great books
in cosmology: S. Dodelson [36] and V. Mukhanov [30]. We also benefited from
lecture notes by M. Sasaki [117,118], D. Baumann [119, 120] and Cambridge
DAMTP public lecture notes [121,122]. We will review the notion of an
expanding universe in General Relativity and explain the standard model of
cosmology; the components of our universe and their observational evidence.
Next, we will introduce inflation and its predictions, paying special attention
to understand the connection between inflation and CMB observations.

We will dedicate Chapter 3 to understanding theoretical aspects of scalar-
tensor theories. First, we will explain what non-minimal couplings are and
we will present examples of how they naturally appear in higher dimensional
theories. Then, we will introduce the notion of frames. We will focus on
the couplings to matter and introduce two types of metric transformations,
conformal and disfromal transformations. Afterwards, we will review the
observable invariance for the case of conformal transformations with simple
examples. Next, we will present the work “cosmological disformal invari-
ance” [123] published in JCAP where we proved the observable invariance
for the case of disformal transformations in collaboration with M. Sasaki
and A. Naruko. We will provide a thorough study with interpretations and
explicit formulas.

In Chapter 4 we will focus on the applications to inflation of what we have
seen in Chapter 3. This chapter is basically the work “conformal dependence
of inflation” [124] published in JCAP in collaboration with M. Sasaki. We will
start by reviewing the notion of frames in an explicit example. Then, we will
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review a particular inflationary model, called power-law inflation [125], and
its predictions. The advantage of considering that particular model is that all
the calculations can be done analytically and we do not have to rely on any
numerical computation (except for the last section). Next, we will present
the main results of our work. We will show two different examples of how
matter fields could experience super-inflation or a bounce (in their frame)
during inflation. Furthermore, we will see how this can leave interesting
observational effects if the matter field is a curvaton [126-128|. Concretely,
we will see how we can obtain a blue tilt spectrum which could potentially
create primordial black holes (and binary black holes which would merge and
emit gravitational waves). We will also provide an explanation for the large
scale suppression of the CMB power spectrum with another example. Matter
experiences a bounce, i.e. the universe contracts and expands, which renders
the spectrum blue at large scales. Lastly, in Chapter 5 we will summarize
this thesis and provide further discussions and extensions of this work.

We provide complementary explanations and formulas in the appendices.
They are organized as follows:

e Appendix A gives detailed formulas of metric transformations.
e Appendix B introduces the Horndeski Lagrangian.

e Appendix C studies a singular metric transformation and mimetic grav-
ity.
e Appendix D provides examples of the cosmological disformal invariance.

e In appendix E we review cosmological perturbation theory applied to
inflation.

e Appendix F presents the 0 N formalism.
e Appendix G is a review of the curvaton model.
e Appendix H gives a taste of the Hamiltonian formalism of GR.

e Appendix I discusses in more detail de Sitter spacetime.
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Our everyday experience tells us that the world is quite inhomogeneous.
When we look at the night sky, we see the stars of our own galaxy, mainly
grouped along the milky way.! Perhaps, with a cheap telescope one can see
the galaxy Andromeda in a clear night sky, which is about 780 kpc (2.5 x 10°
light-years or 2 x 10! km) away. What is really amazing is that when we
look further away, coarse graining beyond 100 Mpc with redshift surveys,
the universe appears to be Homogeneous and Isotropic. By extension of the
Copernican principle, which says that the earth is not in the center of the
solar system, the Cosmological principle assumes that our visible universe is
homogeneous and isotropic in scales larger than O(100) Mpec. In other words,
there is no privileged location or direction in our universe.

Another strong piece of evidence is the CMB. It is formed by the first
radiation that escaped the early universe soup of matter and radiation. The
CMB is an homogeneous and isotropic black body radiation with temperature
around 2.73 K. This corresponds to thermal radiation with a Planck spectrum

!That depends whether you leave near a big city or not. In Beijing you might actually
see a homogeneous and isotropic dust cloud instead.
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that peaks at a frequency of 160 GHz (or a wavelength of 2 mm), i.e. mi-
crowave frequency band. How do we know that the CMB is what it is? First,
the fact that it is so cold already tells us that it does not come from any
star or galaxy. Second, if the universe expands radiation red-shifts, i.e. the
temperature and the peak frequency decrease. This means that this radiation
comes from far far away in time and space. To fully understand this we need
to review some of the current knowledge of General Relativity and Particle
Physics. See the books Refs. [30,36] for more thorough explanations.

2.1 Standard model of Cosmology
What we currently know about our universe is the following:
1. It is homogeneous and isotropic on scales larger than 100 Mpc.

2. Tt is expanding according to the Hubble law? [129]. Actually it is an
accelerated expansion, today [24,25]. The responsible for the acceler-
ation is unknown and it is called Dark Energy (DE). Furthermore, it
corresponds to ~ 70% of the energy density of the universe today.

3. There is matter that we do not see but which interact with us gravita-
tionally. It explains why the rotation curves are flat at large radius and
also how large scale structures formed [36]. This matter is called Dark
Matter (DM) and adds up to ~ 25% of the total energy density of the
universe.

4. It is composed by baryons, radiation (photons and neutrinos), dark mat-
ter and dark energy. Most of the baryons are contained in galaxies and
they are ~ 5% of the matter energy density.

5. It appears to be very close to a spatially flat universe.
6. We see the CMB with fluctuations 67/T ~ 107°.

Huge advances in Cosmology came with Einstein’s theory of gravitation,
GR, and technological advances which enabled us to explore into deep space.
Let us see what does GR tell us about cosmology. General Relativity says
that gravity is described by a curved space-time. Matter? bends space-time

2The Hubble law says that galaxies are moving apart at a rate which depends on the
relative distance between them. Formally, % = HL where L is the distance and H is the
Hubble parameter.

3By matter I mean any field.
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and at the same time lives in that bent space-time.* In fact, any form of
energy gravitates. Mathematically speaking® we have

G/u/ + Ag,uu = 8:_4GT;W ) (21)
where g, is the metric of the space-time, G, is the Einstein tensor, A is
the cosmological constant, G' is Newton’s constant and 7}, is the energy-
momentum tensor of the matter contents. As we said, our universe is homo-
geneous and isotropic on large scales. The simplest content which can give
rise to such a universe is a perfect fluid. Its energy-momentum tensor is given
by

T = (p+ /) uptt, + D guw (2.2)
where p is the energy density, p is the pressure and u, is the 4-velocity of
the fluid. The pressure is related to the energy density by what is called the

equation of state, i.e.
p

pet’
In fact the properties of a perfect fluid are well described within Statistical
Physics in terms of distribution functions. The distribution function f(k)

w =

(2.3)

gives us the probability to find a particle with a given momentum k. Thus we
can define the number density of particles as

n = (th)g /d?’k;f(k), (2.4)

the energy density as

__ 9 3
p= o [ AR EWIE), 25)
and the isotropic pressure as
_ 9 3 K’
p= (27rh)3 /d k3E(k)f<k) , (2.6)

where A is the reduced Planck constant, g is the number of internal degrees
of freedom (e.g. spin), the factor 1/3 comes from isotropy and the number of
dimensions and E(k) = vm?2c* + k2c?. Let us study what are the dynamics of
the universe in the presence of matter, radiation and a cosmological constant.
From now on I will set ¢ = h =1 for simplicity.

4One can expect a quite non-linear theory.
5This equations of motion can be derived from the Einstein-Hilbert action, i.e.

5= /d“x\/jg{R L)

where ¢ is the determinant of the metric, £,, is the matter Lagrangian and R is the Ricci
scalar.
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2.1.1 An expanding universe

The usual approach to introduce an expanding universe is to start from an
expanding shell of pressureless matter, a.k.a. dust, in Newtonian gravity and
study its equation of motion. The result matches that from GR since the fluid
has no pressure.® However, a fluid with non-vanishing pressure has a different
solution that in Newtonian gravity. Since we already introduced the Einstein
Equations, let us work directly in that case.

First of all, the metric of an homogeneous and isotropic spacetime is
given in general by the Friedmann-Lemaitre-Robertson-Walker (FLRW) met-
ric, that is

ds® = —dt* + a(t)Qda(K)2 , (2.7)

where a is the scale factor and do(K)2 is the metric of a homogeneous and
isotropic 3D-space with constant curvature K. The scale factor a(t) tells us
how the physical distances evolve with time and K = {0,+1,—1} for a flat,
closed or open universe respectively. In polar coordinates do (K )2 reads

Jo? dr?

K) = {2 +r?dQ?, (2.8)

with dQ? = dh? +sin? 0 dy being the 2-sphere. The Einstein equations in that
case reduce to the so-called Friedman equations:

@ 81G K

2> _ 2" 0 2.9

H - a? 3 a? (2:9)
and B i
a T

= 3n) . 2.10

- 3 (p + 3p) (2.10)

A complementary equation, which can be derived from the other two as a
consequence of the Bianchi identity,” is the conservation of energy. For an
expanding universe it is given by

p+3H (p+p)=0. (2.11)

This system of equations can be solved once an equation of state is specified,
i.e. once p(p) is given.

We can extract two important facts from this equations. First, H is the
relevant length scale in an expanding universe. Take for example de Sitter
space, where H is constant. In de Sitter space there is a cosmological horizon
which is given by 1/H (see Appendix I). Thus, 1/H (t) which called the Hubble

6As we saw any form of energy (that includes pressure) gravitates in GR.
"The Bianchi identity says that V,G** = 0 and therefore it follows that V, 7" = 0.
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radius is the causal patch at a given time ¢. In other words, two particles
separated over a distance 1/H (t) could not talk to each other at time t. Due
to the time dependence of the Hubble radius we can define an integrated
horizon, which is called the Hubble horizon. Consider the distance traveled by
a photon, which is the maximum distanced traveled by any known particle,
that is (ds* = 0)

dr = % =dn. (2.12)
1 is known as conformal time and it gives an idea of the comoving distance
traveled by a photon. It is called comoving since it does not scale with the
expansion. The relation between comoving distances and physical distances
is the scale factor, i.e. Lpnys = a(t)Leom. In the same way, 1/(aH) = 1/H
is called the comoving Hubble radius. We can see the relation between the
comoving hubble radius and the comoving horizon by rewriting Eq. (2.12) as

n:/dlna. (2.13)

aH

This notions will be important to discuss the causal structure of the universe
and the problems with the big bang theory. The current value of Hy is

Hy = (67.27 4+ 0.66) kms™* Mpc ™. (2.14)

This gives us an idea of the scales in our universe. For example, the current
Hubble length is ¢/ Hy ~ 10%° m or ¢/ Hy =~ 3 Gpc. The Hubble time is 1/Hy ~
4x10' s or 1/Hy =~ 12 Gyr. This is very roughly the size and age of our current
universe.

The other fact can be seen from the second Friedmann equation (2.10). If
p + 3p > 0 then the universe always decelerates, i.e. @ < 0 or %(aH) < 0.
Using this fact and Eq. (2.13) we see that 7 is finite in the past. This has
important consequences for our cosmological model and it is the reason why
we need inflation. We will see this in detail in sections 2.1.2 and 2.2.

Let us present the most relevant cases for our universe, that is dust, radi-
ation and cosmological constant. We will see that the universe evolves differ-
ently in each case.

Dust (or pressureless matter): In this case the equation of state is given
by wm = 0 (see Egs. (2.6) and (2.6) with m > k, or just p = 0). The
conservation of the energy can be integrated and yields

a 3
Pm = Pm,0 (E()) > (2]‘5)
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where pg is the energy density at ag. It is important to note that the energy
density of dust is proportional to a=2. With this solution one finds that the
scale factor evolves as

a oc t?3. (2.16)

It should be noted that at ¢ = 0 we encounter a singularity. This is not
important to us now, but we will go back to it later, in section 2.3

Radiation: For a perfect fluid made of radiation we have that w..q = 1/3
(see Egs. (2.6) and (2.6) with k£ > m) and therefore

a 4
Prad = Prad,0 <ED> . (217)

The energy density of radiation decays as a=*. Actually, we can use this fact
and the Stefan-Boltzmann relation, that is

Praa = 0T* (2.18)
to deduce that the temperature scales as
T=Ty2. (2.19)
a

This means that we can associate the temperature of radiation to given time.
Lastly, the scale factor is given by

a otV (2.20)

Again, it should be noted that at t = 0 we encounter a singularity.

Cosmological constant: The last example is the vacuum energy density
whose equation of state is wy = —1. In that case the energy density is constant
over all space and time, as one would expect from vacuum energy density, say

oA = Pro. (2.21)
In that case the universe expands exponentially, i.e. H is constant, and

a o el (2.22)

This is in fact the de Sitter space.
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For reasons that will be clear below, the first friedmann equation (2.9) is
usually recast as
1= Qag + O + Qr + Qp (2.23)

where we took into account all the species in the universe,

G Pi
O=—p =2 2.24
and p. = % ~ 107% g/cm? is the critical energy density of the universe,

i.e. the energy density above which the universe recollapses and below which
the universe expands in an accelerated way. We have seen how the universe
evolves depending on the dominant species at a given time. Observation tells
us that we are now living in an accelerated expanding universe. Tracing back
in time we had an epoch of matter domination where large scale structures
and galaxies formed. Before that we had an epoch of radiation domination.
As we go back in time, the universe shrinks and the temperature increases
to values at which particle physics becomes relevant. In the next section, we
start from the early universe and study the evolution as the universe expands
and the temperature drops. For simplicity, from the next section and hereafter
we will work in reduced Planck units, that is h =c = kg =1 and le = 8n(.
We can recover units later by looking at the Notation and units section, which
can be found below the table of contents.

Before moving into the next section, let me review how do we know that
the universe is expanding. Consider the energy of a photon with momentum
k,, measured by a comoving observer with 4-velocity u,,, that is

£ = —k"u,,, (2.25)

where u, = (—a(n),0), k* = (E, k), |k| = E = hv and v is the frequency of
the photon. If we compare the energy of the photon which was emitted at
Nemit and we compare it to the one observed at 7,,s we obtain

Eomit _ a(1hobs) - (2.26)

gobs a(nemit>

The ratio of energies of the photon is proportional to the amount of expansion
of the universe. We define the redshift z as

1+Z = a(nobs) _ Vemit _ )\obs .
a(nemit> Vobs >\emit

(2.27)

Note that if the universe expands, i.e. a(7obs) > @(7emit), then the wavelength
moves to the red side of the spectrum, that is Agps > Aemit-
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2.1.2 Hot big bang

With the current knowledge of particle physics we can know what occurred
in the early universe. Particles interact at a certain rate. Let I' be the rate of
interaction and let H be the rate of expansion universe. Thus, when I' > H
particles have enough time® to interact within a Hubble time. On the other
hand, if H 2 I' the particles no longer have time to interact and decouple.
The interaction rate is given by

I'=nov, (2.28)

where n is the number density, o is the cross-section and v is the average
particle velocity. The cross section depends on the interaction we are consid-
ering, i.e. strong, electroweak, compton, etc. To be more precise, consider a
radiation dominated universe where p;aq o< T and therefore H oc T?. Then
by dimensional analysis we know that n oc a™® o< T and o is usually given by
o o a? o< T72, i.e. proportional to the area. We can write the ratio of rates
as
L.t (2.29)
H T
where Tt is the temperature given by the theoretical parameters. That means
that below the temperature Tt the particles decouple. On the other hand, the

distribution function for particles in thermal equilibrium is given by

1
FE) = Fmey (2.30)

where + is for fermions and — for bosons. It is important to note that when
T < m the particle behaves non-relativistically and we have an exponential
suppression, i.e.

f(E) ~e™T, (2.31)

Thus relativistic particles dominate the energy density of the primordial uni-
verse. This fact is important when computing the total energy density which

1S
2

u

ad = — G (T)T 2.32
where g.(7T') is the total number of relativistic degrees of freedom. At early
times where all particles are relativistic g, = 106.75. Nowadays we have

photons and neutrinos, and so g, = 3.38.
Let us briefly sketch the evolution (see Mukhanov’s book [30] for more
details).

8The time scale is given by the inverse of the rate. ty = H~! and tr = 'L
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10.

. Leptogenesis [130] and Baryogenesis [131,132]. It is the origin of the

asymmetry between matter and anti-matter. It is still an open question.

Electroweak phase transition. Fields receive mass through the Higgs
mechanism below 7" ~ 125 GeV (around the Higgs mass) which roughly
corresponds to z ~ 10%%.

QCD phase transition. Strong interaction between quarks and gluons
dominates below T" ~ 150 MeV and the quarks get confined in baryons
and mesons. This occurs around z ~ 102,

Dark Matter freeze-out. Dark matter is weakly interacting and decou-
ples. The exact values depends on the dark matter particle model pa-
rameters.

Neutrino decoupling. The weak interaction decoupling is not efficient
below 7" ~ 1 MeV and neutrino decouples.

Electron-positron annihilation. Below 7" ~ 0.5MeV (the mass of the
electron) a photon cannot create an electron-positron pair. The energy
of the remaining pairs is transfered into photons. This occurs around
2z~ 10°.

Nucleosynthesis. Time were the light elements were formed at z ~ 4-10%
and T ~ 100 keV

Matter-radiation equality. The universe goes form a radiation domi-
nated stage to matter domination. Using cosmological parameters this
corresponds to z ~ 3 -10% and T ~ 0.75eV.

Recombination, Photon decoupling (CMB). The scattering between pho-
tons and electrons becomes inefficient. The photons will then barely

interact with matter and neutral hydrogen forms. This occurs around
T ~0.2eV and z ~ 103

Dark energy- matter equality. Time when dark energy dominates the
evolution of the universe, that is T" ~ 0.3meV and z ~ 0.4. Note that
it is quite close to today, i.e. z ~ 0. Why it started dominating so close
to our time? This is called the coincidence problem.
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Log L

A .
Matter

< Radiation

, i
— i ‘
: : Y » LOog a(t)

Oout of Mat-Rad Mat-DE
horizon equality equality

Figure 2.1: As we go back in time a given length scale L, in blue, exits
the horizon scale, in orange. How were the initial conditions set to be so
homogeneous if they were out of causal contact?

2.1.3 Shortcomings of the hot big bang

The big bang model does an incredible job in explaining the universe we see
today from a very hot and dense plasma at early times. However, there are
important facts that it fails to explain. Concretely, why is the universe so
homogeneous on large scales? The primordial plasma was in thermal equilib-
rium over a size much larger that the causal patch at that time. Why was
it in equilibrium without causal contact? The EW phase transition gave rise
to many topological defects. Why don’t we see them today? Let me briefly
present these problems with some numbers.

Horizon (or homogeneity) problem: As we have anticipated in section
2.1.1, the fact that radiation and matter satisfy the strong energy condition,
ie. p+ 3p > 0, implies that the conformal time is finite in the past. For
example, for a o< t? with p < 1 we have

dt
n= [ —oct?, (2.33)
a

which is finite as t decrease. This actually means that a photon emitted at
early times is only able to travel a finite fraction of the space-time, which is
tiny compared to the actual size we observe. For example, we can compare
the comoving distance traveled by a photon since the Last Scattering Surface
(LSS). We find that for a matter dominated universe

NLss a 2 —-1/2 234
m “\ @ = (1 + 21ss) (2.34)
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Now using the fact that zpss ~ 1073 we see that the comoving distance
traveled by a photon since the LSS covers only 1073 st of the total CMB sphere.
Of course, if we compare it to earlier times it is worse. For example, comparing
the comoving Hubble radius of our current universe with the comoving Hubble
radius at the Planck time, recalling that it is given by I, = (aH)~! we find

lo _ apHy 28

L aoty 10%°, (2.35)
where I used that ay/ag = Toy/T, ~ 1073 and Hy/Hy = E,/Hy ~ 10%.
Thus, our current volume of the universe is made of 10%* causally disconnected
Planck regions. We can see this fact in Fig 2.1. A given physical scale L
was out of the Hubble radius at early enough times. Why do we see such
an homogeneous universe then? This is called the horizon (or homogeneity)
problem.

Flatness (or entropy) problem: We can do a similar estimate on the
total energy density fraction of the universe at, say, the planck time. Using
previous estimates and that 2 — 1 = Qg o (aH)™? we find

aoHy \ 2
Qpl—1=(90—1)( 0 “) <107%. (2.36)

Qpidip]

Recall that from observations we have that nowadays
Qo <1072, (2.37)

Note how precisely the universe must be flat at very early times. It must be
flat up to 56 digits of precision! This is what is called the flatness problem.

It is also called entropy problem since the same bound can be derived by
computing the entropy of the universe now and in the past. The entropy is
dominated by radiation and it is proportional to the total amount of radiation
(mainly number of photons nowadays), say Ny.q. Moreover in an adiabatic
universe entropy is conserved and we can compute its value as

3
alt) ( T, )3 iy ( T, )3 o
Nea =yt | —= | ~ (=) 1-0Q >(22) ~10 2.38
¢ d<~/|K|> H, | o H, (2.38)

where I used that n.,q o< a2, Ty ~ 107%eV and Hy ~ 1073%eV.

Monopole problem: I will only briefly mention this problem. As we
have seen, the history of the universe contains various phase transitions, e.g.
Grand Unification Theory (GUT) phase transition, EW phase transition,



22 Chapter 2. Predictions from inflationary theory: a review

etc. As a consequence, one expects plenty of topological defects [133]|. For
example, assume that there is at least one monopole created per Hubble
volume at the GUT scale, i.e. 10'%GeV. Then, nowadays there should
be of the order of (Igur/ly)’> ~ 107 monopoles. This is a huge number.
Roughly that is 1073 monopoles/m?. Compare it to the baryon density
pr =~ 107! nucleon/m?. The problem is that we do not see any effect of
topological defects and they are constrained to be less that 1073 per nucleon.
This is called the monopole problem.

We have seen the successes and shortcomings of the hot big bang model.
In next section we will see how we can explain the initial conditions of the big
bang with a simple mechanism.

2.2 Inflation

The biggest problem of the big bang model is the horizon problem. Recall
that it was due to the fact that the comoving hubble radius 1/(aH) increases
with time or equivalently ¢ < 0. What if there was a period before the
big bang were the comoving hubble radius decrease with time, i.e. it was
bigger at very early times? In other words, could have there been a phase of
accelerated expansion in the very early universe? This should not sound so
surprising, since we observe an accelerated expansion today. Thus, a small
patch of the universe, which was homogeneous and isotropic, would experience
an extremely fast expansion up to the big bang.

2.2.1 Alleviating the big bang problems

Let us review the big bang shortcomings assuming that previously there was
an accelerated expansion.

Horizon problem: Let us assume that there is a field which violates the
strong energy condition p+3p < 0 and that a o< t? with p > 1. The conformal
time is then

n= d (2.39)

a
We can see that as ¢ — 0, n — —o0. The comoving horizon was much bigger
in the very early universe and thus our current hubble patch was in causal
contact much before the big bang, as we can see in Fig. 2.2. A given physical
length scale which was out of the horizon before the big bang was in fact

inside the horizon at a much earlier time during inflation.
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How much did the universe had to expand, so it would set the initial
conditions for the big bang? Well, we can have an idea by again computing
the ratio of comoving hubble radius between some initial time and today, i.e.

lO aznsznz aendHend

e 2.40
lini aendHend a'OHO ’ ( )

where the subindex ini refers to initial time of inflation and end to the end of
inflation. Note that now we have a contribution from a epoch before the big
bang. If we take as a rough estimate that aengHena/aoHy ~ 10% then we see
that
Gend 428 Hini (2.41)
27 Hend
If we further assume that the expansion rate was almost constant at that
time, i.e. almost a cosmological constant (see Sec. 2.1.1), we find that the

scale factor ratio between the some initial time and the end of inflation is

Qend
> 8t

(2.42)

Aing

This means that the accelerated expansion lasted for 64 Hubble times, since
a o efl', or as it is usually called 64 e-folds. The total number of e-folds
is formally defined as the Hubble times,” or the logarithm of the expansion

factor, counted backwards in time from the end of inflation, i.e.

N®:m6$>:ij@# (2.43)

The number of e-folds is also useful to compute the perturbations during in-
flation (see Appendix F). This huge expansion does not only solve the horizon
problem but the flatness and monopole problems as well.

Flatness problem: By the same rule we find that

lim' lend ?
Qini —1=(Qo— 1) ; (2.44)
which implies
Qini —12Q—1. (2.45)

We see that the extreme 10756 fine tuning we needed before has been replaced
by a much weaker bound.

9In one Hubble time the universe expands by an amount of a o e
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Figure 2.2: Continuation of Fig. 2.1. The horizon problem is solved by an
epoch of accelerated expansion. See how the physical length, in blue, enters
the horizon, in orange, as we go back in time.

Monopole problem: A simple reasoning tells that since the universe
underwent an exponential expansion, the number density of monopoles was
washed away by a factor greater than 10%4.

We have just seen that an accelerated expansion of the universe is able to
alleviate the big bang problems. It should be noted that we say alleviate since
they are not a solution but offer a more plausible explanation. In the next
section we will see how this expansion could have been possible.

2.2.2 Slow roll inflation and quantum fluctuations

What was responsible for inflation? First of all we could say it was a cosmo-
logical constant but this would face several issues. For example, how would
the accelerated expansion end? Furthermore, a cosmological constant leads to
de Sitter space which due to the fact that it is maximally symmetric'® makes
the notion of an observer not well defined. Therefore, we must depart from a
strict cosmological constant. We will see in this section that in fact inflation’s
predictions are robust.

What could easily preserve homogeneity and isotropy and violate the
strong energy condition? As a first guess, a scalar field. First of all, mainly
because of its simplicity. Secondly, we now know that the Standard Model
contains the Higgs scalar field. Most importantly, observational data agrees
well with a scalar field. Perhaps inflation was driven by something else. Nev-

0The de Sitter isometry group is SO(4,1).
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ertheless, a scalar field captures the essential point. To understand it, we need
to use some quantum field theory in curved space time.

Slowly rolling scalar field: A spatially homogeneous and isotropic scalar
field which only depends on time, i.e. ¢(t), is described as a perfect fluid with
energy density and pressure respectively given by

p=5F + V() (2.46)
and ]
=5 -V(9), (2.47)

where ¢ is the time derivative of the field and V() its potential.'! We readily
see that in order to have an almost accelerated expansion, i.e. p = —p, the
field must be rolling very slowly, that is

¢ <V ~ 3H*MY,

(2.48)

where in the last step I used Friedmann equation (2.9). Note that the expan-
sion must last for at least 64 e-folds (see Eq. (2.43)), i.e

N($) = / ¢ende¢ / ¢e”dvd¢> / " T ew

How constant is the expansion rate is given by

-0 1 ¢
H? 2 H2M?

™M
Il

<1. (2.50)

In addition, as we want this expansion to last long enough we have to require

¢
= " «1. 92.51
n= g < (2.51)

Equations (2.50) and (2.51) also imply for a canonical scalar field that ¢ =
¢/(Ho) < 1, where we used the conservation of energy (2.11),i.e.

$+3H)+ V=0, (2.52)

' This equations can be derived from a canonical scalar field Lagrangian, i.e.

£(6) = ~5V,09"6 ~ V(9)
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Figure 2.3: A scalar field is slowly rolling along slope of its potential. Inflation
ends before reaching the minimum when ¢,7 ~ 1. Then reheating occurs
during the oscillations around the bottom of the potential.

where a subindex ¢ refers to a partial derivative with respect to ¢. Further-
more, we can translate this conditions into restrictions on the potential of a
canonical scalar field, that is

VM
and VoA
Ny = % <1, (2.54)

In particular, it should be noted that n ~ —2ny + 4ey < 1 implies ny < 1
which means that the potential must be flat enough.

We have seen that a slowly-rolling scalar field can drive an accelerated
expansion of the universe. Inflation will stop when € ~ 1 or n ~ 1. The fact
that inflation must end and give rise to the hot big bang is know as graceful
exit. The inflaton is thought to transmit its energy to the standard model
through a stage which is called re-heating [30]. There might have been also a
stage of pre-heating [134].

Quantum fluctuations: The most impressive prediction is that the struc-
ture we see today can be explained from quantum fluctuations during inflation.
Let us briefly see how did the quantum fluctuations originate and provide the
seeds to the big bang.

Quantum field theory in curved space-time is applied on top of a back-
ground, i.e. a leading order solution not affected by quantum fluctuations. In
our case it is a FLRW metric Eq (2.7) with a slowly rolling spatially homo-
geneous scalar field, ¢(t). Once we have our background metric we can study
quantum fluctuations of the inflaton, that is ¢ = @(t) + d¢(¢,z"). In fact,
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we should consider the fluctuations of the spatial metric as well, but for our
purposes we will neglect them for the moment. In fact, we can always choose
a coordinate system where those fluctuations are set to zero. See Appendix E
for a more rigorous explanation and derivation.

The expectation value of a quantum scalar field in an expanding universe
with comoving wave number k which satisfies k > aH, i.e. a comoving scale
well within the comoving hubble radius, is given by

L2
|(00IR)| = 196, (2.55)
where | "
~ —iwgt . -
5¢k ~ a3/2\/me 3 Wgk 4 > H. (256)

Eq. (2.56) is the lowest energy state with positive frequency which is de Sitter
invariant. It is also called Euclidean or Bunch-Davies vacuum. As the universe
expands there is a moment when &£ < aH, that is when the original comoving
scale is much greater than the comoving hubble radius. In cosmology, the
time when k ~ aH is called horizon crossing. After a mode exits the horizon,
the quantum fluctuations d¢y, stop oscillating and become constant. This is
regarded as “classicalization” of the quantum fluctuations. However, what is
going on is that the fluctuations get so squeezed that they look like classical,
i.e. the phase space (position and momentum) of the system gets confined
in a narrow range. This is to say that the uncertainty (Heisenberg) principle
actually is so narrow that it behaves like a classical variable. See Refs [135-138]
for a detailed study. Now, since the mode freezes after horizon crossing, we
can use Eq (2.56) at the time k ~ aH, which yields

H k
Sy =~ - < H. )
Pk T o< (2.57)

Thus, the mean square amplitude in unit of logarithmic interval of k,'? which
is called the power spectrum!® is given by

k3
(27)°

2 H ?
|0¢%|” ~ (%> : (2.58)

H=k/a

Pss(k) =

Actually, the quantity that is relevant for observations is what is called the

12The power spectrum is defined as

(66(2)56(z)) = / dink Pyy (k).

13The power spectrum gives us an idea of the amplitude of fluctuations at each wave-
length.
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Figure 2.4: As the quantum fluctuations are stretched the horizon radius
increases. The amplitude of the fluctuations is proportional to H. On the
right: the blue mode exits the horizon and freezes. On the left: the orange
mode exits the horizon some time later. Since the amplitude of fluctuations
are proportional to H the shorter wavelength orange mode has a smaller
amplitude. Thus we have a red tilt. Additionally, note that the wavelength
redshifted, i.e. increased. Obviously this picture is not at scale.

curvature perturbation on the comoving hypersurface R.. This quantity is
non-linearly conserved in scales larger than the horizon if perturbations are
adiabatic [139]. This fact makes it useful for later computations. The comov-
ing curvature perturbation is related to the inflaton perturbation by

H
5 ¢ (2.59)

See Appendix E for a derivation of this relation. Equations (2.59) and (2.58)
lead us to

PR(k') = ?27:;3

This power spectrum is the one we will use to compare with observations in
section 2.2.3. The tilt ng of the power spectrum is given by

dPr.(k)  dPg.(k)
dink Hdt

H?\? H?
279/ H—t/a (27) eMy 1H=k/a

|Rc,k’2 ~ <

The greatest success of inflation is encoded in the equation (2.60) we just
derived. Note that under the slow-roll approximation Pr_ (k) is almost scale
imwvariant and has a red tilt, i.e. the amplitude for large scales is larger than
small scales.
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Before ending this section it is interesting to note that inflation also gen-
erates gravitational waves, or more correctly tensor modes.!* Tensor modes
behave completely like a massless scalar field in our case. Thus, we can use
our previous results Eq. (2.58) and find

Ark?

H 2
hil? ~ 2 ( ) , 2.62
(27T)3| H T Mpi H=k/a ( )

PT(IC) =2 X

where I defined h as the amplitude of the tensor modes. Note the extra factor
2 comes from the fact that tensor modes have 2 polarizations. The spectral
index is also red and given by

_ dPr(k)

_ _ o 2.63
"=k 2 (2.63)

Nevertheless, observations are able to constrain the contribution from tensor
modes to the power spectrum with what is called the tensor-to-scalar ratio,
that is

r=— = 16¢. (2.64)
For inflation theorists, the spectral index n, and tensor-to-scalar ratio r are

their doors to observations. In the next section, we will see how we compare
our theoretical predictions.

Predictions of inflation: Let us summarize what are the main predictions
of inflation.

1. Primordial fluctuations are gaussian, since they have a quantum origin.

2. They are adiabatic, e.g. if there is only a single inflaton field. This
also roughly means that the fluctuations initially affect all matter fields
equally.

3. Slow-roll implies that the power spectrum is almost scale invariant and
has a red tilt.

4. Tensor fluctuations are also generated. However, they turn out to be
really hard to detect.

M Tensor modes are defined as the traceless and transverse part of the spatial metric.
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2.2.3 Connection to observations

The amount of work behind observational cosmology is remarkable; in the
sense that a great deal of physics from many areas are used to give an incredi-
bly good prediction. Let us briefly go through the evolution of perturbations.
Throughout the process, we have to bear in mind that our observations are
made using photons. Thus, the information of the early universe is in the evo-
lution of the distribution function using Boltzmann equations in an expanding
universe. Finstein and Boltzmann equations tell us that in the very early uni-
verse, well before recombination, the gravitational potential was constant in
time. Furthermore, in the case of adiabatic perturbations the gravitational
potential acts equally for any field. We have seen in Sec. 2.2 that the ini-
tial seeds for the gravitational potential were set by inflation. The relation
between the curvature perturbation R., which is constant on super-horizon
scales, and the Newtonian potential (—®) is given by (see Appendix E)

20+ d/H

2.65
3 14w ( )

Re=P+
Note that for a matter dominated universe where w,, = 0 on super-horizon
scales, i.e. ® = 0, then R, = %CD. On the other hand, for a radiation
dominated universe, i.e. wpg = 1/3, we have R, = %fb. The Newtonian
potential ® is the one directly related to the temperature fluctuations in the
CMB, which are of the order of §T/T ~ 107°.

Now the question is: how does one go from the initial conditions set by
inflation Eq. (2.60) to the anisotropies we see today in the CMB and the
galaxy distribution on large scales? The answer is that one has to consider the
evolution of each fluctuation for every field and its interactions in a radiation-
matter dominated universe up to recombination and then until today. What
we see today is a snapshot of recombination, or the LSS. We will not deal
with the derivation here but will outline the important points.

After inflation and re-heating our universe is thermalized and in a deceler-
ation phase. The comoving Hubble radius starts to decrease and modes which
were outside the horizon start to enter again. This is the horizon re-entry. On
top of that, baryons and photons are tightly coupled,'® while dark matter only
interacts gravitationally. Neutrinos interact only through weak interactions.

I5Electrons interact with photons exchanging momentum, i.e.

— —

e” (p1) +v(k1) — e (p2) + v(k2).

This process is called Compton scattering. Since nucleons are much more massive than
electrons they barely contribute to the exchange. Tight coupling implies that baryons and
photons behave like a single fluid, i.e. they have the same velocity. In that case, only
monopole and dipole contributions are relevant.
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Figure 2.5: Map of the CMB fluctuations with the background removed from
Planck 2015.

As the modes enter the horizon, they start to oscillate and we see its last
behavior at the time of recombination. That is the peaks on the power spec-
trum are the modes which peaked at recombination. On the other hand, dark
matter clusters under the effect of gravity and baryons fall into such gravi-
tational potential.!® The growth rate of dark matter fluctuations is roughly
proportional to the scale factor itself and the function which captures this evo-
lution is called the Growth Function. Furthermore, the baryon sound speed
depends on the ratio of density in the universe. Thus, the photon-baryon
fluid oscillates at a frequency related to c, after they enter the horizon. This
creates the Baryon Acoustic Oscillations peaks.'” On scales small enough we
find the Silk Damping due to the fact that the photon mean free path is finite
and that recombination is not instantaneous. After recombination, the CMB
photons will travel to us in a matter dominated and a late stage of dark energy
dominated universe. The main effects imprinted in the CMB can be roughly
classified into:

1. Sachs-Wolfe effect (monopole): due to the fact that photons have to
climb up the gravitational potential.

2. Dopper Shift (dipole): Our galaxy is moving with respect to the CMB
rest frame.

16There is no exact one-to-one correspondence between the number of galaxies and the
number of dark matter halos. The relation is given in terms of a bias factor.

"They can be used as a standard ruler in cosmology as its position in time and space is
very well measured [7,140].
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Figure 2.6: Planck 2015 temperature power spectrum. The position of the
peaks confirm inflation and the standard model of cosmology.

3. Integrated Sachs-Wolfe effect: contribution from the dark energy domi-
nation stage.

4. Cosmic variance: For very larges modes, i.e close to the size of our
causal universe, the number of samples is obviously very scarce. Thus,
there is a fundamental uncertainty in the knowledge of those modes.

All of this is captured in what is called the transfer function. Since all
these peaks depend on the cosmological parameters, we can constrain our
cosmological model from the CMB. The current constraints are from the latest
Planck 2015 mission (Temperature and polarization 68% confidence level):

1. Hubble parameter today: Hy = 67.27 & 0.66 km /s/Mpc

2. Baryon density parameter today: Qph? = 0.02225 % 0.00016. Note that
h = Hy/ (100 km/s/Mpc).

3. Dark energy density parameter today: 2y = 0.6879 + 0.0087
4. Matter density parameter today: €2, = 0.3156 £ 0.0091
0.038

5. Spatial curvature density parameter today: Qx = —0.0407037

6. Matter-Radiation equality redshift: z., = 3395 + 33
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Figure 2.7: Tensor-to-scalar ratio r vs. primordial tilt ns from Planck [38].
Note how a simple m?¢? potential, black line, is out of the 20 contour! Also
see how R? just lies on the sweet spot of the data.

7. Recombination redshift: z,... = 1090.06 £ 0.30

8. Dark energy equation of state: wy = —1.557045%. In fact combining
supernova Type Ia data we have a tighter constraint: wy = —1.006 £+

0.045.

9. Effective number of relativistic species: N,;; = 2.9978:33

10. Sum of neutrino masses: »_ m, < 0.492

Constraints on inflation: What kind of information can we obtain from
the CMB about inflation? As we said before, CMB places constraints on the
spectral tilt of the power spectrum as well as the tensor-to-scalar ration. For-
tunately, that is not all. From the power spectrum we also have constraints on
the running of the tilt. Even more, we can compute correlation functions be-
tween more than two points. These will give us information about non-linear
effects during inflation.'® The three and four-point correlation function are
respectively called bispectrum, also called Non-Gaussianities'®, and trispec-

80ne must be careful since gravity is non-linear and therefore non-linear effects are
expected from the evolution after inflation as well.

19The name non-gaussianity comes from the fact that a gaussian random field is com-
pletely specified by the two-point function. Any departure of such is called non-gaussianity
in cosmology.
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trum. The current bounds are (temperature and polarization 95% confidence
level):

1. Amplitude of power spectrum: A, = (2.207 4 0.074) - 107°
2. Spectral index: ng = 0.9645 + 0.0049

3. Tensor-to-scalar ratio: r < 0.0987

4. Running of spectral index: dn,/dInk = —0.006 4+ 0.0014
5. Local Non-Gaussianity: fyr, = 0.8 5.0

6. Local Trispectrum: gy = (—9.0 £ 7.7) - 10*

Before ending this section, let us mention that similar conclusions can be
extracted from the E-mode polarization and Weak lensing of the CMB [29].
This helps to get tighter constraints. Unfortunately, no B-mode polarization
has been detected so far and thus we only have an upper bound on the amount
of tensor modes.

2.3 Summary and discussion

We have seen that our universe is well described by the standard model of
cosmology, a.k.a. ACDM, plus inflation. In section 2.1 we have seen that our
universe is homogeneous and isotropic on cosmological scales. It is composed
by matter (baryons and dark matter), radiation (neutrino and photons) and
dark energy and its dynamics is well described by GR plus perfect fluid. Then
in section 2.2 we have introduce inflation to provide the initial conditions for
the hot big band. We have seen that inflation is an epoch of accelerated
expansion most likely driven by a scalar field which smooths out inhomo-
geneities and anisotropies. Furthermore, quantum fluctuations of the scalar
field are amplified and stretched out of the horizon. The power spectrum of
the fluctuations is almost scale invariant with a slight red tilt.

In section 2.2.3 we have seen that we can test the predictions of inflation
with the CMB temperature fluctuations and we have given the best fit values
for the standard model of cosmology. Note that these results are currently the
best fits to data once a theoretical model is given. We use ACDM plus inflation
since we have very strong evidence to believe in that model.?Y An interesting
result from Planck data [144] is that it seems to favor inflationary models with

20Note that despite the good agreement of the standard ACDM model with current
data [141,142], some tension appears from direct measurements of the time evolution of the
Hubble parameter [143].
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a non-minimal coupling (see R* model in Fig. 2.7), i.e. scalar-tensor theories
of gravity 59,64, 78] which includes the so-called f(R) theory [145,146].

Despite inflation’s successes, it is not free from issues (although they do not
change its predictions). In particular regarding the initial conditions and the
initial singularity. For example, Ekpyroptic, Bouncing universes and quantum
creation of the universe from nothing try to tackle these issues. Particularly
interesting is the model of open inflation [147] where inflation occurs after
a bubble is nucleated from vacuum decay [148]. Since the bubble is created
by quantum tunneling it will be maximally symmetric and, therefore, the
universe inside the bubble will be homogeneous and isotropic. This model
is attractive because of its well defined initial conditions. Observationally,
if Qg is found to be negative, open inflation would be a great candidate.?!
Another interesting direction is the presence of other fields during inflation.
They usually produce small oscillations in the power spectrum [149-151] and
non-negligible amounts of non-gaussianity [152,153]. Looking at these features
one could obtain information of extra fields during inflation.

21Bubble nucleation always create an open universe inside the bubble.
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In Chapters 1 and 2 we have argued that scalar fields are present in our
universe and that in fact these scalar fields often non-minimally couple to
matter and/or gravity. These class of theories are called Scalar-Tensor the-
ories. Furthermore, we saw that in order to explain observational data, e.g.
CMB, we must depart from simple GR and a canonical scalar field.

So far, we have not yet specified what non-minimal couplings are. To see
this more clearly, let us start with the meaning of minimal coupling. A field is
minimally coupled when its Lagrangian is of the simplest form. For example,
the action of a massles scalar field ¢ minimally coupled to gravity is given by

S— % / oy =g {MAR — gV, 6V,6} | (3.1)

where R is the Ricci Scalar, i.e. the scalar curvature of space-time, g, is
the metric, ¢ is the metric determinant and V,, the covariant derivative. Any
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departure from Eq. (3.1) is called non-minimal coupling. To be more concrete,
an easy extension® to the previous action could be

S = % / d*z/—§ {¢2R - gwmgzﬁm} . (3.2)

Naively, we expect physics derived from Eqs (3.1) and (3.2) to be different.
The truth is that we must be careful about what we mean by physics. This
is important since, as we will see, two apparently different theories may give
exactly the same predictions, the same observables. Actually we will see in
more detail later that by doing a change in the metric, i.e. a metric transfor-
mation, the non-minimal coupling can be eliminated. Roughly speaking we
could do the following:

Gy — M;@’ng, = R M l2q§2R+ and +/—g — ot l\/
( )

Then we can show that

V=§¢*R — /=g M2R + .... (3.4)

We removed the non-minimal coupling by working with another metric! The
metric transformation we used is called conformal transformation and its gen-
eralization is called disformal transformation. We will see that metric trans-
formations play a very important role in the Scalar-Tensor theories:

(i) They simplify the form of the action.
(i) They relate apparently different theories.

)
)

(744) They maintain the causal structure.
v)

(¢

They do not modify physical predictions.

Actually, it was first realized by Brans and Dicke [59], that by means
of a field dependent conformal transformation the non-minimal coupling can
be absorbed and we are left with the usual Einstein-Hilbert action with a
scalar field. Thus, we have two different representations of the same physics
[113]. This led to the notions of frames, i.e. theories related by a metric
transformation. If gravity is as simple as Einstein-Hilbert it is called Finstein
frame. On the other hand, we can define the Matter frame, a.k.a. Jordan
frame, where matter takes the simplest form possible.

Before going into details, there is an important point to be clarified. Note
that the metric transformation in Eq. (3.3) is a passive metric transformation.

'We will see that this naive extension to the Starndard Model is actually well motivated
and can be derived from fundamental physics.
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We have replaced § by g(g). An active metric transformation would be a
transformation g — g. Obviously if we take the same functional form of the
action and replace the metric, i.e.

V—=39*R = V=g #*R, (3.5)

we do not have the same theory unless ¢ = g. For this reason, hereafter we
always deal with a passive metric transformation, i.e.

V=38R — /=3(g9) $*Rl3(9)]) = vV—9g MZR + ... (3.6)

In this case, we have rewritten our original theory in terms of new variables.
This might look like a trivial field redefinition, but as we will see it is not
straightforward to prove.

So far we have heuristically argued that scalar fields often non-minimally
couple in higher dimensional theories and that this non-minimal coupling can
be removed by a metric transformation. In section 3.1 we explore further the
meaning of such non-minimal couplings and metric transformations. Next,
in Secs. 3.2 and 3.3 we prove the invariance of physics under a metric trans-
formation. We will do so in detail, studying the gravity and matter actions.
We work in reduced Planck units, i.e. h = ¢ = 1, and we will keep M, for
illustrative purposes.

3.1 Non-minimal couplings and metric transfor-
mations

Let us spend some time to see where non-minimal coupling originate from.
For example, it is interesting to see how they naturally appear in higher di-
mensional theories (see Ref. [64] for other examples). In this set up, one
considers that we (matter) are restricted to live in a 4D brane embedded in a
higher dimensional space. Here, for simplicity, we will take that gravity acts
only on one extra dimension. The non-minimal coupling will appear after di-
mensional reduction. Note that we will not consider the full dynamics of the
metric in the extra dimensions. We will present some examples to motivate
and illustrate the form of scalar-tensor theories.
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3.1.1 Conformal transformation

A well known example are dilatonics scalars, often present in string theory.
Consider a 5D metric given by

dsgD = g,ul/ (ma’ y) dl.lide + dy2 ; (37)

where g, is a 4D metric and y is the extra dimension. Let us assume that we
are restricted to live in a 4D brane fixed at some y = Yprane. Our 4D effective
line element can be written as

dsip = Gu (z%) dada” (3.8)

where g,, is the metric for matter fields. What is the exact form of g,
depends on our initial set up. Nevertheless, it is interesting to note that a
simple coupling ¢, (%, ¥ = Ybrane) = G (2*), i.e. no dependence on the extra
dimension, is not expected at all. In most cases, our effective metric takes the
form

gﬂl/(‘xa? Y= ybrane) = ey(xa)g#y(l‘a) . (39)

This is what is known as conformal (or dilatonic) coupling. As we advanced
before, this kind of relation between the metrics g,, and g, is known as a
conformal transformation. Now, if we regard y as a scalar field, say ¢, we can
write this relation in a more general form, that is

Guv = Q2<¢)§MV . (310)

Note that in this set up, there is no metric more physical than any other, as
we may choose to work in the variables we find more appropriate. In other
words, it is clear that there is no unique natural conformal or physical frame
a priori.

Let us be more concrete and study a particular case. Let us assume that in
Eq. (3.10) g, is the metric that interact with matter fields. Then we expect
that the action in terms of g, takes the form

S = /d4x\/—_g {%M;R + L(¢, X) + Q) Lm0, 9,0, A, )} . (3.11)

where L(¢) is the Lagrangian of the scalar field, X is the kinetic term of the
scalar field X = -V ,0V#¢, Q is the coupling due to the higher dimensions
and L,, is the matter field Lagrangian. For example, ¥ and A could be a
fermion and a gauge field respectively. This form of the action is called the
FEinstein (gravity) frame, as gravity is the Einstein-Hilbert action. Note that
¢ is minimally coupled to g,,. However, there is a non-minimal coupling
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between ¢ and matter fields. What would be the form of the action if we
decide work in terms of the metric §,,7 After the conformal transformation
Eq. (3.10) we find

S = /d‘*;c\/—_g{%Mle?(d))R+E(¢,f()+£m(g,¢,A,...)} . (312

This time matter fields do not couple to ¢ but we paid the price of a non-
minimal coupling between the scalar field ¢ and gravity. Note that the form
of £ is in general different than £. This form of the action is called Matter
(Jordan) frame. Some notation: from now on we will refer to the metric in the
Einstein frame gravity metric and that from the Jordan frame matter metric.

What is the use of the frames (3.11) and (3.12)7 Well, if one is interested in
studying the gravitational dynamics, it is appropriate to work in the Einstein
frame (3.11). In this case, we can apply well-known knowledge of GR such as
the energy theorems [154]. For instance, see how the area of a black hole in
the Jordan Frame decreases for a while during collapse in Refs. [155-157]. On
the other hand, if we are interested in matter dynamics we should work in the
Matter frame (3.12), simply because matter follows geodesics of the matter
metric.

A note is in order. It is often assumed that matter universally couples to
gravity. This assumption is experimentally consistent for baryons. However,
it could be the case that there is a non-universal coupling with matter fields,
i.e. each matter field couples in a different way. Then we could for example
write the matter Lagrangian as

> Qu(d)La(9,Qa), (3.13)

where Q4 = {1, A, ...}. In this case, there is no clear definition of a matter
(Jordan) frame and at best we may define a Jordan frame for each field @ 4.

3.1.1.1 Transformation rules

We provide a detailed derivation of the transformation rules for a metric trans-
formation in Appendix A. However, it is appropriate to show the relevant
formulas as make use of them later. We will follow Refs. [113,158]. Under a
conformal transformation given by

Guv = QQ&;W (314)
the Ricel scalar transforms as
- 00 VOV, Q
R=Q7?|R—(D-1) <2ﬁ — (D — 4)@#’/%) , (3.15)
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Figure 3.1: Scale transformation from ds? = da?+dy? to ds* = 4 (dx? + dy?).

where D is the number of dimensions. The matter fields also transform under
a conformal transformation and if at short scales we neglect the dynamics of
the scalar field, i.e. the scalar field is roughly constant, we find that they
transform according to:

x = Q- (P=2/2¢ for scalars,
A, =QP-H24, for vectors, (3.16)
Y = Q- (P-D/2 for fermions .

For illustrative purposes let us study in detail the fermion coupled to a
gauge field. Dirac fermion’s action reads

S = / d*z\/—g l—mﬁymw — mapth — ;lFWF“” , (3.17)

where m is the mass of the fermion, F),, =V A, -V, A, v are the gamma
matrices, D, = 0, + ieA, — wep, B%, 2% = 1 [7%,7"] and wap, = €a V ey
We now do the conformal transformation (3.14) to the action (3.17). We find
that the factors €2 can be completely absorbed into new variables if we redefine
At = QAR ) = Q32), m = Q 4m and we do not need to touch the gauge
field A, as it is conformal invariant in 4 dimensions. Then the action becomes

S = / d*z\/—g {—zﬁ;&“DMﬂ — g — iFWF“” . (3.18)

The mass of the fermion is highlighted in bold to emphasize the basic effect
of a conformal transformation; on cosmological scales the mass of the fermion
has a spacetime dependence. Likewise, one can check that the mass of scalar
field becomes spacetime dependent in the same way.
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Figure 3.2: Conformal transformation from ds? = dx? + dy? to ds? = e**ds>.
Note how the 90° angles are kept.

3.1.1.2 Applications and interpretations

Conformal transformations are not exclusively used in cosmology. In fact, they
are used in a much broader context [159]|. For example, in GR they are used
to discuss initial value formulation and asymptotic flatness and they are used
to draw Penrose diagrams. They are also important in quantum field theory
in curved spacetime [43]. For example, it is believed that conformal symmetry
might be a key symmetry of the very early universe and inflation [159,160]. On
the particle physics side, they are constantly used in Conformal Field Theories
(CFT) with growing interest in the ADS/CFT correspondence [161,162]. As
a fact of curiosity, they are even used in optics under the name of conformal
mappings. See for an interesting application of conformal transformations to
build an invisibility device in Ref. [163].

Before ending this subsection, let us see what is the meaning of a conformal
transformation. Recall that a conformal transformation is given by

Juv = QquV . (319)
First we can see that a conformal transformation:
(i) Is a global rescaling of the metric.

(i) Keeps the angles.
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Figure 3.3: Conformal transformation from a static closed universe to a closed
expanding universe. Note how the 90° angles are kept.

(77) Does not modify the light cone, i.e. for a null vector field k, we have

g/’“”kuky = O :> guyk},uk‘y = 0 .

As an illustrative example see Figs. 3.1, 3.2 and 3.3. In Fig. 3.1 we see a
scale transformation of a grid which is defined by our metric, in our case a
flat 2D space. A scale transformation is a constant conformal transformation.
Fig. 3.2 shows a conformal transformation which depends on the exponential
of one coordinate. See how the angles do not change. Actually this latter
example shows us that Minkowsky space-time is connected to an expanding
universe by a conformal transformation (see Fig. 3.3).

3.1.2 Disformal transformation

In the previous example, we considered that the position of our brane in the
extra dimension is fixed. What would be our 4D effective metric if the brane
was actually moving [164-166|? This is easily seen from the following. Take
again the 5D line element as before, i.e.

dszp = gu (2%, y)dz"da” + dy?, (3.20)

and assume that the brane is moving in the y direction, that is to say y(z®).
Then, the effective line element in our brane is given by

o ayy . 9Y Oy v_ o (o v
ds3, = (gw(x vy =y(z®)) + %833”) dzt'dx” = gy, («®)dz"dz” . (3.21)
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This time, we can regard the effective metric as

G (%) = g (2*) + V,yV,y. (3.22)

Again, if we consider this extra dimension as a scalar field ¢ we can write
relation (3.22) in a general way given by

G = Guw + B(@)V,,0V 6. (3.23)

This transformation is known as disformal transformation.? In fact, this cou-
pling was first introduced by Bekenstein [81], although he relayed on com-
pletely different arguments.® Let us proceed as in section 3.1.1 and consider
that g, in Eq. (3.23) is the matter metric, i.e. the Einstein frame is given by

S = /d4x\/—_g {%M;R + L(, X) + F(¢, X)Lon(b, 9,7, A, )} . (3.24)

where F(¢, X) = /1 — BX. What is the form of the matter frame? As one
we may guess from the appearance of first derivatives of the scalar field in the
transformation (3.23) we will end up with a higher order derivative theory.
The form of the Jordan frame roughly reads

S = / d4x\/—_§{ M2V1+ BXR+ ——2 —+BX ((B9)° = VuV,0V Vo)
+ L(6, X) + Lon(G, 0, A )}
(3.25)

These form of the Lagrangian falls into the recent rediscovered Horndeski
theory [79,167,168|, which is a general scalar-tensor theory with second order
field equations of motion. Since it was first pointed out by Ref. [116] that
disformal transformations connect Horndeski theories, they have received a lot
of attention [169]. Furthermore, such transformations were useful to discover
new scalar-tensor theories, which are known as beyond Horndeski or GLPV
theory [170-173] (see also its further extensions [174-179]). It has been proven
that these generalized higher derivative theories are closed under disformal
transformations [116, 169,176, 180, 181]. It should be noted that a disformal
transformation is no longer just a simple field redefinition, because it involves
derivatives of the scalar field.

20ne could include a conformal transformation as well but we will keep it simple.

3Bekenstein looked for a general way in which matter could couple to a metric. He
started from Finsler geometry and then he used arguments involving covariance, causal
structure and the weak equivalence principle to reduce the Finslerian metric to a Rieman-
nian disformal metric.
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A note is in order. We started with an action in the Einstein frame form
Eq. (3.24). We could have started for example in a more general set up inside
Horndeski theories and we would have ended up with a more complicated
form of the Lagrangian. The important point to note is that in higher order
derivatives theories, the existence of an Einstein frame is not always true.
However, one could find an Einstein frame perturbatively [116,123,180]. On
the other hand, the matter frame is always present if there is a universal
coupling.

3.1.2.1 Transformation rules

Let us show some relevant transformation rules of a disformal transformation.
An extensive list of formulas can be found in Appendix A. Take a disformal
transformation with a constant coefficient B, i.e.

G = g,u,u - va¢vy¢ . (326)

Under this transformation the Ricci scalar transforms as

R=R+ ((0¢)? — V.V, oVIV"¢) +

(total derivative) ,

(3.27)

1
1+ BX V=g

where the last therm is a total derivative of g,, and can be dropped in
Eq. (3.25). For the matter fields one finds [123|

X=X for scalars ,
A=A for vectors, (3.28)
=1 for fermions.

We will see this in more details in section 3.3. Note that conformal and
disformal transformations commute as long as they are regular. See Appendix
C for a study of singular metric transformations.

3.1.2.2 Applications and interpretations

In cosmology disformal transformations appear in brane world models and
from massive gravity theories (see [49, 182-185] and references therein) and
have been applied to inflation [186, 187|, dark energy [99, 110, 188], varying
speed of light models [189-192|, atomic physics [193] and mimetic gravity
[115]. They have also been studied in the language of differential forms [194,
195] and used in generalized vector field theories [196-198].

Interestingly, the famous Kerr-schild ansatz that was used to find the Kerr
solution takes the form of a disformal transformation [199,200]. Furthermore,
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Xo

Figure 3.4: Disformal transformation of de Sitter space along the time direc-
tion. That is ds? = —dt? + e dz? to ds* = —(1 + f(t))dt* + e Hldx?. As
we stretch the time direction, the de Sitter hyperboloid opens. Alternatively
it can be understood as —z3 + 23 + ... = £* to —(zg/a)* + 2% + ... = (. See

Appendix 1.

in K-essence theories, perturbations of the scalar field follow a metric which
is disformally related to the original one [201,202].

Before ending this subsection, let us roughly see the interpretations of a
disformal transformation. Take a disformal transformation given by

G = guu + vu¢vu¢ . (329)
We can see that a disformal transformation:

(i) Is a stretching of the metric in a particular direction, i.e. there is a
preferred frame, given by the gradient of the scalar field. This is quite
usual in cosmology where a scalar field can be used as a time coordinate.

(7i) Keeps the same causal structure.

(73i) If two massless fields couple to two different disformal metrics, they
propagate at different speeds. For example, photons follow g, and
gravitons ¢,,,.

For a graphical interpretation, take a look at Fig. 3.4. A disformal transfor-
mation changes the aperture of the de Sitter hyperboloid. See Appendix I for
an introduction to de Sitter space.

Before ending this section, let us explain some notation. We will use g,,
for the Einstein frame metric, g,, and g,, for a conformally and disformally
related matter metrics respectively.
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3.2 Conformal invariance

Conformal transformations are used in many areas of physics [203]. Regarding
scalar-tensor theories, it has been proven that at a classical level they do
not modify observable quantities. Many works in the literature have studied
the observable invariance under conformal transformations in scalar tensor
theories, see for example Refs. [70,112-114,204-210|. There is also some work
following a different point of view within f(R) theories; see Refs. [211-214].
On the other hand, whether the physical equivalence holds at the quantum
level is still an open question (see Refs. [215,216]). On that point, the final
answer hopefully resides in the theory of quantum gravity.

In this section, we show an illustrative example [113,158] of this equivalence
and the difference in interpretations. For this purpose, we will consider the
simplest case where matter minimally couples to an expanding background.
In particular, we will focus on the redshift before and after a conformal trans-
formation. Later we will argue that the same applies to cosmological pertur-
bations.

Take the line element of a FLRW universe Eq. (2.7), that is

ds* = —dt* + a*(t)d*o k), (3.30)

where d?o (k) is the line element of an homogeneous and isotropic 3 dimensional
space, K = +1,0 and a(t) is the scale factor. The universe evolves according
to the first Friedman equation, i.e. Eq. (2.9)

N 2
a p K

Y =g L 2 31
<a) 3MZ a? (3:31)

Since the universe is expanding, the wavelength of the photons is stretched
and thus we observe a cosmological redshift (see Eq. (2.26)) which is given by

gemit
obs — , .32
Eob 1+2 (3:32)

where &, and &, respectively are the energy of the photon at the time
of emission and observation. Our interpretation of the data is that such
redshift is “proof” that the universe is expanding. However, we could give
an alternative interpretation by going to a different frame.

Now, let us work in a peculiar frame by doing a conformal transformation,
Eq. (3.14), with 2 = a and working with conformal time dn = dt/a. The line
element of the resulting frame is given by

d3* = Q%ds® = —dn® + doy, . (3.33)
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Note that the time dependence completely disappeared and thus we ended up
with a static universe. For obvious reasons, in a static universe photons do
not redshift in time. Is this frame unphysical? Actually, we can show that we
observe the same cosmological redshift and thus this frame is as physical as
any other.

First, we have seen that under a conformal transformation the mass
of a fermion, here we can consider an electron, gets rescaled according to
Eq. (3.18), that is

m
14z
1.

m=Qm

(3.34)

where we defined redshift as 1 + 2z = a~. As a consequence of this time
dependence in the electron mass, photons emitted earlier will have a different
frequency that photons emitted today. Recall that the Bohr radius scales
inversely proportional to the mass, that is Rpone o< m~!. Then, it is well
known that the energy levels of the atom depend on 1/Rpey,. Therefore, the
energy levels scales as o« m, which upon using Eq. (3.34) we have that

- Sn
gn: 5
1+ 2

(3.35)

where &, and &, respectively are the energy levels in the static and Jordan
(matter) frame. In this way, it is apparent that the frequency of photons
depend on the time they were emitted. For example, a transition from the
level n to the level n’ is given by

By = S
1+2

This exactly matches what we detect as the Hubble’s law. We have seen that
in these two very different frames, the observed redshift is exactly the same.
How does the interpretation change? Let us go quickly through it. In the
static frame, the universe has been in thermal equilibrium at a temperature
T = 2.73 K since the earliest of times, for example at the Last Scattering
Surface around a redshift z > 10%. At this high redshift, the electron mass
was 103 times smaller than today. After the LSS, the CMB photons have never
redshifted and they kept the black body spectrum. One may wonder if the
rate of scattering and interaction also follows the discussion in Chap. 2. We

(3.36)

can check that the Thomson cross section, call it o, is inversely proportional
to the squared of the mass of the electron, i.e. 67 oc m~2. Furthermore, the
electron number density in the static frame, say n., is obviously constant.
Now, if we compare the rate of scattering per unit of proper time in each
frame we find that

o1 Ne
1+2

OrNedn = dn = orn.dt. (3.37)
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As we expected it remains unchanged! In the first equality we have used that
the relation between static and matter frame quantities is respectively given

by

G = op(l + 2)2 and Mo = (li—z)g . (3.38)

This short example showed us that observables, in our case the redshift,
are frame independent. However, the way we interpret such observables could
be very different in various frames.* Note that this fact clearly illustrates that
the metric itself should not be regarded as an observable, as we mentioned
earlier in Chapter 1.

3.2.1 Cosmological perturbations

We have seen that background observables, such as the redshift, are invari-
ant under a conformal transformation. Does the same apply to cosmological
perturbations? It does and it is easy to understand why. The curvature per-
turbation, i.e. the responsible for the temperature fluctuations in the CMB, is
the perturbation of the total expansion in the uniform-¢ slicing (see Appen-
dices E and F). On super-horizon scales the expansion factor is roughly given
by the time derivative of the scale factor, which including perturbations is

a(t, z') = a(t)eR®) (3.39)

where R. is the comoving curvature perturbation. If we now do an arbitrary
conformal transformation (3.14) we have

a(t, ') = Q7 (¢) a(t)eRet") | (3.40)

where ¢ is the inflaton field. We can also split a into background and pertur-
bations as o
a(t,z') = a(t)et=) (3.41)

where R.(t,2%) is the curvature perturbation in the tilde frame. Recall that
we are working in the uniform-¢ slicing, i.e. ¢ = ¢(t) and d¢ = 0. Thus we
can absorb the background value of € into @ and rewrite Eq. (3.40) as

a(t, ') = a(t)eRe®) (3.42)

In this way we conclude that R.(t,2") = R.(t,z'). Since we have proven
that at the background observables are frame independent, we have that the

4For this reason, perhaps we should call them representations rather than frames [113].
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curvature perturbation is also invariant under a conformal transformation.
This was a rough explanation of the invariance, for more details see [114,204,
205].

Note however that if the conformal transformation involves a dependence
on the kinetic term X then the definition of curvature perturbation changes
from frame to frame. For example, consider that

a(t,2') = Q7 (6, X) a(t)eRe) (3.43)

where X = ¢?/N? in the uniform-¢ slicing. Assuming that perturbative
expansion holds, then we can write Eq. (3.43) as

a(t, 2') = a(t)eRete) =G 0X (3.44)

)

This means that

dln 2
dX

where N (t,z') = 1+ A(t, z"). See how the definition of the conserved curvature
perturbation changes with the frame! This was pointed out by Refs. [173,
217]. Thus a transformation that depends on first derivatives of the field is
clearly more involved. Then, what would happen in the case of a disformal
transformation?

Ro(t,z) = Re(t, zt) + 2¢° A(t, 2", (3.45)

3.3 Cosmological disformal invariance

In the previous section we have shown the physical invariance under confor-
mal transformations. Regarding disformal transformations, one might think
that the proof straightforwardly follows. However, recall that a disformal
transformation is a transformation involving derivatives of a field and we have
seen that the dependence on the kinetic term for a conformal transformations
changes the definition of curvature perturbation. Thus, the generalization
from the conformal transformation case is not straightforward. In this sec-
tion, we will see our work on the physical equivalence of two disformally related
frames. We will study as well the effect of a disformal transformation on the
matter fields. We closely follow our article in JCAP, Ref. [123].

There have been other works in this direction, e.g. Refs. [217-222| study
the disformal invariance of cosmological perturbations at the linear level with
a positive answer and Ref. [221] extends it to multi-field disformal transfor-
mations. The merit of our work is the non-linear proof of the invariance.

In what follows, we are first going to understand the meaning of a disformal
transformation in cosmology in Sec. 3.3.1 and we will do so on the cosmological
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background. We will show the disformal invariance of observables focusing on
the background dynamics, the sound speed of waves and the causal structure.
Then, we will generalize this result to include perturbations in Sec. 3.3.2.
First, we deal with the gravity sector in Sec. 3.3.2.1 and then we will move
on to discuss the effects of a disformal transformation to the matter fields in
Sec. 3.3.2.2. Lastly we will consider the whole system of gravity and matter
and discuss possible features.

3.3.1 Disformal transformations in cosmology

The general form of a pure disformal transformation is given by Eq. (3.23)

guy = Guv + B(¢7 X)Vu¢vu¢a (346)

where we generalized the function B to include the kinetic term. As we have
seen, in cosmology it is often assumed that there is a scalar field which drives
the evolution of the universe. This means that on cosmological scales V¢ is
regular and time-like everywhere. The presence of such scalar field, implies
the presence of a preferred time-slicing where the scalar field is homogeneous,
called uniform-¢ slicing (see Appendix D for the transformation in a general
slicing). In other words, there is a preferred frame where the time direction
is given by the gradient of the scalar field. In the language of the ADM 3-+1
decomposition, the homogeneous ¢ slicing is given by n, = V,¢/ Vv X. In that
slicing we can regard ¢ as solely a function of time, i.e. ¢ = ¢(¢t). From now
on, we make use of that property to simplify interpretations and discussions
without loss of generality. In the multi-field case, similar logic applies when
the adiabatic limit has been reached [223].

With that in mind, one easily realizes from Eq. (3.46) that only the lapse
function is affected by a pure cosmological disformal transformation, i.e. the
time-time component of the metric in the uniform-¢ slicing. We can write
this down explicitly by introducing the (3 + 1)-decomposition for each metric,
that is

ds® = —N2dt? + hy;(de’ + N'dt)(dx? + N'dt)
—  ds® = —N%dt? + hy;(de’ + N'dt)(dz’! + Ndt) , (3.47)

where bar and unbarred quantities are related by (3.46) and they are given

by
N2:N2062, NZ:NZ, I_lij:hija (348)
where for the sake of simplicity we defined

o®=1-B(¢, X)X, (3.49)
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As simple as it looks, it should be noted that X reduces to (ﬁQ /N?. Since the
lapse N has a spatial dependence in general, the disformal factor B and «
depend on the spatial coordinates as well. This is the reason why the proof
of disformal invariance is non-trivial. From (3.48) we infer that in order to
preserve the Lorentzian signature of the metric one must require o > 0 [81],
which is assumed throughout this paper. Due to the fact that just a particular
component of the metric is modified, one may naively think that the causal
structure and the propagation speed are altered as well. In fact, it is rather
the opposite as shown later.

A note is in order. There is a particular choice of B that leads to a
singular metric transformation (see Ref. [115]) and the resulting model is
called Mimetic gravity [224,225|. To be more concrete we can see that if

1

B(6.X) = 3 — b(0). (350

where b(¢) is an arbitrary function of ¢ with b > 0, then we are led to a
degenerate metric with no lapse function, that is

ds® = —b(¢)(0;p)*dt* + hij(dx' + N'dt)(da? + N7dt). (3.51)

This degeneracy removes the Hamiltonian constraint, which would result from
the variation of the lapse, and gives rise to the “mimetic” degree of freedom
which could potentially explain dark matter (see Appendix C for more details
on mimetic gravity). We will not consider this singular case in what follows.
We are now going to see the effects of a disformal transformation on a cos-
mological background, i.e. homogeneous and isotropic, in Sec. 3.3.1.1. Then
we generalize our discussion to non-linear perturbation level in Sec. 3.3.1.2.

3.3.1.1 Cosmological background

The metric for a spatially homogeneous and isotropic spacetime is given by
ds® = g, datdz” = —dt* + a*(t)d*ox) (3.52)

where we set N = 1, i.e. we work with cosmic proper time, and d?o( is
the metric of a homogeneous and isotropic 3-space (see Eq. (2.8)). We use
Eq. (3.46) to find that the metric in the disformally related frame is

ds® = gy da'ds” = —o?(t)dt* + a*(t)d*o(x) . (3.53)

Note that « is only a function of time on the cosmological background. This
means that we can relate the cosmic proper time in the barred frame, i.e.
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N =1, with the cosmic proper time in the unbarred frame, i.e. N =1, by a
time coordinate transformation, that is given by

dt = a(t)dt . (3.54)
With this new time coordinate, the barred metric is expressed simply as
ds* = —dt* + a*(t) o) - (3.55)

A note of warning. It should not be confused with time translations of the
diffeomorphism invariance. A disformal transformation leads to a completely
different metric. However, the effect of a disformal transformation can be
removed by a proper time redefinition df = adt, if we work with the proper
time of the original frame.

What we learned from the previous calculation is that a disformal trans-
formation at the background level is a replacement of the proper cosmic time
coordinate, i.e. t — t. At the same time, the scale factor has to be understood
as a function of ¢, i.e. a(f) = a(t(f)). As a scalar function, the value of the
scale factor does not change, but its functional form could be quite different.
From this, we can anticipate that the form of the action would be a replace-
ment S[g;t] — S[g;?], i.e. the change in the metric § — ¢ is absorbed by a
change in the time coordinate ¢ — ¢. This might be slightly confusing and we
show the invariance of the action explicitly in Sec. 3.3.2.1.

At the practical level, we can conclude that a (cosmological) disformal
transformation (3.48) is equivalent to a rescaling of the time coordinate (3.54).
As such, we expect that all physical observables remain unchanged under a
disformal transformation. Again, interpretations from frame to frame could
greatly differ. Let us show that this reasoning is valid by studying the causal
structure and the propagation speed between two disformally related frames,
which led to some confusion in the literature. We will explicitly see the cos-
mological disformal invariance. Here it is important to note that no scalar
function is modified by such a passive disformal transformation. Essentially,
the functional form has apparently changed but not its value. We will use this
fact below.

Wave propagation. Consider first a scalar wave in the barred frame of
comoving wavenumber k and propagating with sound speed ¢, in the cosmo-
logical background, that is

1 d (4d k2] -




3.3. Cosmological disformal invariance 55

If we apply now apply the passive disformal transformation (3.48), we obtain

1 d (a® d 2k - N 1 [ad (a®d a?ck? - N0
FaNdi\aNdt) @ Or(t) = Zlea\aa) ™ e Or(t) =
(3.57)

where in the last step we set N = 1 so that we chose to work in the cos-

mic proper time of the unbarred frame ¢. In this form, we understand why
sometimes a disformal transformation is confused as a change in the sound
speed. Looking at Eq. (3.57), we see that apparently the sound speed has
been modified to ¢, n, = a€s. The subindex in ¢, ,, stands for apparent, as we
will see it is not a physical change of the sound speed.

Now, recall that the effect of a disformal transformation can be removed
by a time redefinition dt = adt. Thus, the real sound velocity should be read
off from the equation rewritten in terms of ¢, that is

=212
{%% (a3%> + Gk } o(t) =0, (3.58)

a?

where ¢y, (f) = ¢4 (£(t)) or equivalently ¢x(t) = ¢y (£(t)). Thus, it is clear that
the physical sound velocity ¢, is the same in both frames. In fact, this is
similar to that pointed out by Ellis and Uzan in [226,227|. We will make use
of this result again in section 3.3.3.

Causal structure. We can use a similar logic to discuss the causal structure
of two disformally related frames. For that purpose, it is useful to consider
a scalar quantity which will not be affected by our transformation. Consider
the norm of a vector k* in the barred frame, i.e.

K = g, k'k" = —N*(k')* + a2(t)a(K),ijl%ilgj, (3.59)
where k% > 0, = 0 or < 0 for a spacelike, null or time-like vector, respectively
and O'(K)J-jdl‘idl‘j = dQO'(K).

Note that, since we know that k? is a scalar and that N = oV, the effect
of the disformal transformation could be balanced if the vector components
k' change appropriately, similarly as we rescaled the time coordinate. With
that in mind, the passive disformal transformation (3.48) yields

K = g bR
= (g + B(¢, X)V 0V, 0) Kk = —a?(k")* + a®(t)o(x) ;K"K ,(3.60)
where again we have set N = 1 so that we work in the proper time of the

unbarred frame . We can now easily identify the transformation rules for the
vector components. They are given by

E'=a k' and k'=Fk', (3.61)
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and the covariant components transform according to
k, = ak, and ki=k;. (3.62)

It should be noted that if we look at the sound speed of the new vector, we
could wrongly conclude that the sound speed has been modified, i.e.

L dkt dR B

Cy, = m = Oém = acs,ap 3 (363)

where ¢, ,, is the apparent sound speed, as in the case of a scalar wave prop-
agation. Once again, we can redefine the time coordinate with Eq. (3.54) and
rewrite k% as

B = — (k") + gik'R (3.64)

where &k = ak’. In the proper time coordinate of the barred frame, we see
that the physical sound speed is frame independent as well, namely

c, =—=c, . (3.65)
14

3.3.1.2 Non-linear considerations

Before going into the explicit proof of the disformal invariance at non-linear
level, it is worth arguing why this might be the case. The argument goes as
follows. First, assume that perturbation expansion is valid, i.e. there exist
a homogeneous and isotropic background solution from which we can study
its perturbations. Then consider the previous discussion in Sec. 3.3.1.1 and
account for a spatial dependence of the scalar field and in turn a spatial
dependence of the metric and the disformal factor.

Under the assumption that there exists a homogeneous ¢ time-slicing, i.e.
the normal vector of constant ¢ hyper-surfaces is assumed to be time-like
everywhere, our conclusion can be generalized by introducing a local Lorentz
frame. Recall that in the homogeneous ¢ slicing, the only spatial dependence
in the disformal factor o comes through the spatial dependence of the Lapse
function. For this reason, in the local Lorentz frame we can reabsorb the effects
of a disformal transformation into a local rescaling of the time coordinate. In
this way, we generalized the disformal invariance of the background to include
the effects of non-linear perturbations.
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3.3.2 Action invariance

So far we have seen that a disformal transformation in cosmology can be
understood as a rescaling of time, at least at the metric level. We gave an
argument why we believe this invariance holds at non-linear level. Next, we
explicitly show that our expectations hold at the action level at non-linear
order in perturbation expansion. Afterwards, we turn into the transformation
rules for matter fields. Briefly, we proceed as follows. We start from a given
action in what we called the barred frame, i.e. the action in terms of g,,.
Then we rewrite the action in terms of the disformally related metric g, and
prove that both actions are equivalent upon a rescaling of the time coordinate.

3.3.2.1 Scalar-Tensor Theories

Let us focus first on the gravity sector, that is gravity plus a scalar field.
For clarity, we discuss only the Einstein-Hilbert action plus a canonical scalar
field. At the end of the section, we generalize our results to non-minimal
couplings.

So far our discussion has been based upon the existence of the uniform-¢
slicing and we will continue to do so otherwise noted. In other words, we set
the inflaton perturbations to zero, i.e. d¢ = 0. That ensures that the spatial
dependence of the transformation is due to the spatial dependence in the met-
ric perturbations only. Since we already sliced our space-time in a preferred
time-slicing, it is appropriate to work within the (3+1)-decomposition of the
unbarred /barred metrics. We use the following decomposition:

ds® = —N?(t, x)dt* + h;;(t, v)dx'dz’ | 366
ds® = —N?(t,x)dt* + h;;(t, v)dx'dz’ | (3.66)
where N, N and h;;j are respectively the unbarred/barred lapse and the spatial
metric.® To simplify more the discussion, we chose a particular set of spatial
coordinates where the shift vector is set to be zero, i.e. N* = N = 0. One
may include a non-vanishing shift without difficulties.
We proceed by expanding the action in the ADM decomposition, i.e.

2

M ~ - _
Sy = / d?’xdtN\/ﬁ{R(?’) + Ky KY = K? + M >N~ (0,¢)°

MGV (9) 429, (VA 7V
(3.67)

SWe are using the fact that a disformal transformation does not affect the spatial com-
ponents. We use h;; not to overload notation.
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where G R, f(ij and n,dz" = — Ndt respectively are the spatial Ricci scalar,
the extrinsic curvature and the normal vector of the spatial hyper-surface.
Since we want to see the explicit dependence of the action with respect to NV

and h;;, we show the values of the extrinsic curvature and the gradient of the
normal vector from Eq. (3.66), that is
K;; = ilﬁathij, K =hiK,;, (3.68)
and
Vi, = 6,0, N; + 6,6, K;;. (3.69)

Thus, we find that the action is given by

M2 _ _
Sy =" / PrdtNVh R { )+ KK — K? + M > N2 (0,¢)°
) ) (3.70)

Note that the last two terms are total derivatives. We keep them as they will

—2M*V () + ai(\/ﬁh"jaj]v)} :

be necessary for the generalization to non-minimal couplings.
We do a disformal transformation to the action (3.70), i.e. we write the
barred quantities in terms of the unbarred ones, and we find that

2

M
Sy =~ / d%dmN\/ﬁ{R@ +a7? (KyKY — K2+ M°N72 (0,6)°)

0; (Vihi9;(an)) } .
(3.71)

— 2M 2V (¢) + d(Vha'K) —

2
\/_ haN VhaN
We remind the reader that N (¢, 2%) = a(¢, X)N (¢, %) from the transformation
rules, Eq. (3.48). We also defined the extrinsic curvature in the unbarred frame
as K;j = ﬁ@thlj.

So far we have not used any perturbation expansion. Recall however that
we showed in Sec. 3.3.1.1 that the disformal transformation can be absorbed in
a time coordinate redefinition at the background. Therefore, we assume that
perturbation expansion is valid and we split the lapse and disformal factor
into background and perturbation as follows:

N(t,zh) = ") and  a(t,2') = ag(t)e’*") | (3.72)

where «(t) is the value of the disformal factor at the background. It should
be noted that we cannot straightforwardly define the time coordinate since
the disformal factor depends on the spatial coordinates through the lapse, i.e.

(¢, X) = a(t,N) = a(t,z"). (3.73)
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A similar expansion for the barred Lapse function yields
N(t,2%) = ap(t) B30 = o ()7 (3.74)

where in the last step we defined n(t,z') = n(t,z') + s(t,2%). If we look
at Eq. (3.71) we can readily see that, under this perturbative expansion, we
can absorb the background value of the disformal transformation into a time
redefinition, that is given by

dt = ap(t) dt. (3.75)

This result implies that physics is invariant at the background level as long as
perturbation theory is valid. Whether the same applies for perturbations is
not straightforward. We dedicate next paragraph to study this case.

Implications for cosmological perturbations. Let us drop the total
derivative terms in (3.71) for the moment and perform the time redefinition
Eq .(3.75). We will recover the total derivatives at the end of this subsection.
In this way, we find that the action including perturbations is given by

M2 s i i
Sy = T”l / d*x div/h et st {R<3> — 2M*V (¢)
(3.76)
+ o 2ttt s(te)] <E¢jE” — E? + M,? (8g¢)2> }

where we factored out the lapse from the extrinsic curvature and we defined
E;; = %Gghij and E = h' E;;, following the notation of Maldacena [228|. Recall
that as we did in section 3.3.1.1 one should understand ¢(t) = ¢(¢(f)) and
hi;(t,2') = hi;(t(f),2"). Note that in this way the action take the same form
as the barred action (3.70) with N = 1 at the background, except that in the
present case the perturbations of the Lapse depend on ¢ and not ¢. In addition,
we have the perturbations of the disformal factor as well. Nevertheless, we can
find a solution to the lapse function by looking at the Hamiltonian constraint,
i.e. the variation with respect to the lapse (see Appendix H).

It is known that in the Hamiltonian formalism, the Lapse function acts
as a Lagrange multiplier, its variation yielding the so-called Hamiltonian con-
straint. Thus, we can redefine the Lapse n(t, z*) to absorb the disformal factor
s(t,z%) and the dynamics of the system remain unchanged. This new lapse is
what we previously defined as

n(t, ") = n(t, 2") + s(t, 2"). (3.77)
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We can now formally solve the new lapse 7 in terms of the time ¢. The
variation with respect to the new lapse yields

R® — et p B — B2+ M 2(0p0)?| — 2M,2V(¢) = 0. (3.78)

Note that it has the same solution as the barred frame (3.70) action with
N = 1 at the background level. The crucial difference is that the lapse
depends on t while the time derivatives are with respect to t. This leads
us to conclude that the perturbed barred lapse is equal to the unbarred one
with the replacement ¢ — ¢, that is

n(t,z") = n(t,z"). (3.79)
Therefore, the action in the unbarred frame (3.76) is exactly the same as the
action in the barred frame (3.67) but in terms of the redefined time ¢. Thus,
the cosmological disformal invariance holds for perturbations at full non-linear
order as well.

Before finishing this subsection, let us briefly consider the generalization to
include non-minimal couplings. The essential point is that from the disformal
transformation, i.e. N = aN, the disformal factor o only appears next to the
lapse N. Therefore, the background value of the disformal factor ag(t) can
always be removed by a rescaling of the time coordinate. At the perturbation
level, the same logic as before applies, i.e. the Hamiltonian constraint tells us
that ni(t, %) = n(t, z') and the time coordinate rescaling applies to perturba-
tions as well. Let us show this with an example. Take the total derivative
terms we dropped before from Eq. (3.71). If there is a non-minimal coupling
present, the previously total derivative term will contribute as

1
\/ECVN

where G(¢, X) is the non-minimal coupling. We proceed as before and absorb
the background value ay(f) in a new time coordinate. After integrating by
parts we find

S, D / d*xdt M aNVh G (¢, X) 8, (Vha'K), (3.80)

Sy D — / drdt M2 Ve " E 0,6, (3.81)
where the factor X inside G changes as well according to
1 ) e—2ﬁ(t,xi) )
X = ooy (09)" = —5—(09)". (3.82)

Once again, this action coincides with Eq. (3.67) in the presence of non-
minimal coupling except that n(t,2%) depends on ¢ and not #. Since all
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the other terms take exactly the same form, we conclude that the solution
n(t,x") = n(t,z") also holds in the presence of non-minimal couplings.

To conclude this section, a disformal transformation in a cosmological
space-time, in the homogeneous-¢ slicing is equivalent to a rescaling of the
time coordinate both at the background and perturbation level. This in-
terpretation is valid even for higher orders in pertubative expansion. Thus,
cosmological perturbations are invariant under a cosmological disformal trans-
formation, as long as perturbation theory applies.

3.3.2.2 Matter Fields

We saw that for the gravitational action a disformal transformation can be
understood as a rescaling of the time coordinate. For matter fields we expect
that the same result applies. The question we address in this subsection is
how are the matter fields affected by a disformal transformation. For exam-
ple, in the case of a conformal transformation the matter fields rescale (see
Eq. (3.16)). We deal with the scalar, vector and fermion field actions. We will
decompose the action in 3 + 1-decomposition, given in Eq. (3.66), and then
do a disformal transformation. We only deal at the background level as we
discussed the generalization to include perturbations in Sec. 3.3.1.2.

Scalar field. Consider a minimally coupled scalar field x with mass m, i.e.
S = /d4x\/_( " Ox0,x +m*x?) (3.83)

Let us explicitly expand this action in terms of the metric Eq. (3.66), yielding
S = /d?’x dtN\/_{ 2(0px)? — B9 0;x0;x — m2x2} . (3.84)

We now do a cosmological disformal transformation by rescaling the lapse
N(t) = a(t)N(t), recall the transformation rules (3.48), which leads us to

S = %/d% dt ozN\/E{N_Qa—2(8tx) — hY9;x0;x — m*x } (3.85)

Note that the scalar field action in the present form (3.85) may lead to the
conclusion that the sound speed has be modified, in a similar fashion as in
Sec. 3.3.1.1. Nevertheless, we already know that is an artifact which can be
removed by a time coordinate redefinition given by Eq. (3.54). In terms of
the new time ¢ the action reads

S = % / d*x di NvVh {N*Q(&fxf — h70;x0;x — m2x2} - (3.86)
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The action (3.86) looks as if we started in the unbarred frame and replaced
t — t. Alternatively, if we call a solution of the scalar field in the barred frame
X(t) the corresponding solution in the unbarred frame is x(¢) = x(¢).

Electromagnetic field. Let us focus on the electromagnetic field, since
photons are the ones that carry the information of the CMB. The electro-
magnetic field in 4D is known to be conformal invariant [229]. However, in
general, it is not disformal invariant.

Take the action for the electromagnetic field A, in the barred frame, which
is given by

1
S=—7 / d*v/=gg*" " FupF, (3.87)
where Fo,g = 0,43 —03A,. In the 3+ 1-decomposition (3.66) the action reads
1 3 *\/: NT—27 15 757 kl

The disformal transformation Eq. (3.48) leads us to the unbarred frame action,
le.

1 . .
S=1 / d*v dtaNVh (202N "2h Fy Fyy — WM Fy Fy,) . (3.89)

We readily see that the second term in the right hand side is unaffected.
However, the first term, i.e. Fj; = 0;A; — 0;A;, contains a factor a. We
already saw in Sec. 3.3.1.1 that the temporal component of a vector field is
redefined as

Ar=a A, (3.90)

under the time coordinate redefinition Eq. (3.54). Thus once we absorb the
disformal factor in the time coordinate and accordingly change the time com-
ponent of the vector, we end up with

1 _ y y
S=1 / &Pz dt NVh (2N 72hV Fy Fyy — R WM Fy Fy) (3.91)

Note that we assumed that a(t) is homogeneous and isotropic and therefore
it commutes with spatial derivatives, i.e. 9;4; = a~10;A4,. This action would
be the action in the unbarred metric but for a rescaling of the time coordinate
t— t.
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In simpler fashion, the same conclusion can be drawn within the differential
form approach. Take a 1-form and redefine the time coordinate. The change
in the time component is given by

A=A dx" = Aydt + A;dx’
= A,otdt + Aydat = Apdt + A;dx. (3.92)

This shows us that in terms of differential forms, the 1-form A is invariant
under cosmological disformal transformations.

Dirac field. To end this section, let us consider a fermion field, e.g. an
electron. A fermion field ¥ with mass m and charge e in curved spacetime is

described by [43]

l

5=3

/ A/ =5 (@fwbuqf n m\inlf> , (3.93)

where U = Wi40 is the adjoint spinor, D, = 8, +ieA, + T,, 4 are the
gamma matrices in curved spacetime and I', is the spin connection. The
gamma matrices and the spin connection are given in terms of the tetrad
components éé‘a), which are defined by

TNab = ééLa)é(Vb)g;w . (394)
In this way, we have ¥# = yaéé‘a) and

R
Lu = 50" 7"1et) Vieon - (3.95)

Let us expand the action in the (3+1)-decomposition, that is

?

§=-3 / Bz dt NV (iyoN—lth + U5 DU + m\I/\I/> . (3.96)
We find the tetrad components to be
By = 00N~ and  &(,e], = duh" . (3.97)

In particular, note that ¢ = ~° N1,
Now let us see the effects of a disformal transformation Eq. (3.48). First,
the barred and unbarred tetrads are respectively related by

€y =€ and &, = e, (3.98)
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which in turn yields a similar transformation for the gamma matrices,
3 =19tat, 3= (3.99)

Regarding the transformation of the spin connection I’ u» we have a contribu-
tion from the change in the tetrad as well as in the covariant derivative. The
change in the latter is given by the change in the Christoffel symbols, which
are defined by Ff;l, = %g” (04Gov + 0vGuo — OsGu)- Let us start by explicitly
showing the non-vanishing Christoffel symbols for the metric (3.53). These
are given by

I, = IN20N?, T = ho,N
[j, = sN?O,N?, Tt = SLN“20,h,; (3.100)
% = §h*0;hy;

where the pure spatial component f‘;k is not affected by a disformal transfor-
mation. We can now see how the spin connection transforms under a disformal
transformation. First, take a look the time component I', i.e.

1 _
T, = gw,yb] éﬁa)vtéw. (3.101)

The component affected by a disformal transformation is the tetrad and the
covariant derivative, which after expanding them we are led to

T %

€y Vi€ = €Oy + Eayiemyi — el heon — ewliem; — &wluemi — Ealtieor
(3.102)

If we take a close look at equation (3.102) we note that the terms with a time

derivative end up having no « dependence, these are the first four terms in

the right hand side. The time derivatives of a are canceled among each other.

On the contrary, the terms with a spatial derivative yield a common factor a.

Second, the spatial component I'; is given by
T 1 a b\ v 5

L= g[v , Y] €y Vi€ma- (3.103)

Again, the only part affected by a disformal transformation is the tetrad and

the covariant derivative, that is

P Viemn = € 0i€myt + €l 0iCmyi — Eay Lt — iy L iCye — Cry [tEmye — €y Db

(a) VIE(O)A ()70 T H(a)PiC®)i T C(a)* jt O T C(a)t i)k T Sa)t i)t T “(a)t jeC(0)i -
(3.104)

@]

This time the terms containing spatial derivatives yield no o dependence,
these are the first four terms in the right hand side of Eq. (3.104). On the
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other hand, the time derivative terms have a common factor o= . We can

summarize the transformation rules for the spin connection as follows:

Ft[at, 81] = Ft[é?t, 0401] = &Ft[a_lat, 81] and fi[&g, al] = Fi[@_lat, @],
(3.105)

where ', = £[v%, 7] e?a)Vue(b) A is the spin connection in the unbarred frame.

Consider now the total action. The term I'°D, after the transformation
gives rise to [Ya~'D,. In particular the factor a~! balances the factor a
coming from I';. In this way, every and only time derivatives are accompanied
by a factor a~! in front. As we may have expected, we can thus absorb the
disformal factor into the time redefinition Eq. (3.54). As a result, we find that
the disformal transformation of the Dirac action is given by

S = —% / & df NV (ivoN‘lD;\P + U DU + mW) ., (3.1006)

where Dy = 0;+ieA;+ 'y, I'y = [,[0F, 0;] and we have used the previous result
for the electromagnetic field (3.90). A disformal transformation is completely
a rescaling of the time coordinate, thus physics is invariant under such time
redefinition. Let us end this section by noting that neither the charge e nor
the mass m are modified by a disformal transformation.

3.3.3 Frame Independence

What we have learned is that every field is disformal invariant separately. The
situation is more interesting if there are two fields coupled to two disformally
related metrics. Does our results still apply?

For this reason, let us treat the whole system, gravity and matter. First, we
unwersally couple matter to g,,. In this way, the weak equivalence principle
is satisfied. We could consider different coupling for different matter fields but
it would not change the conclusion. For instance, it is known that if radiation
and matter couple to different disformal metrics we could see its effects in the
CMB [92,109]. Regarding the gravity sector, let us consider for simplicity
the Einstein-Hilbert action plus a scalar field with a metric g,,. Recall that
if the total action is written in terms of g,,, we refer to it as gravity frame.
On the other hand, if the total action is written in terms of g then we call it
the matter frame. In this section, we first show that the frame independence
holds in such a case and finally we discuss features of having two different
metrics.
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3.3.3.1 Gravity plus matter

In the presence of two conformally /disformally related metrics between gravity
and matter the action is usually cast as [84,92,101,103,109,190-192]

2
5= [ {V=a( "2 Bl + Lol 0)) +VFL(fun)} 307
where as we said we chose the Einstein-Hilbert action for simplicity, but in
principle one could chose non-minimal couplings as well. The scalar field ¢ is
the dominant field in the universe and thus we regard it as part of the gravity
action as well. We include matter fields v); minimally coupled to another
metric f. The metric of the matter frame is related to that of the gravity

frame by

f,ul/ = G + O(Cb, X)vu¢vu¢ . (3108)

As we did in previous sections, we take the uniform-¢ slicing as regard the
scalar field ¢ as a function of time only. Under this assumption, the two
metrics g and f differ only in the lapse function, i.e.

N2 = N? (1 — XCO(s, X)) = N23%(¢, X) . (3.109)

We will now proceed as follows. We first do a disformal transformation of
the metric g to a metric g. We absorb the background change in a redefinition
of the time coordinate and the perturbations into a redefinition of the lapse,
see Eq. (3.72) . Then we study what are the effects on the matter sector. Let
us take the relation between g and g to be

Guv = G + B(6, X)V,0V,0. (3.110)
Thus, the two lapse function as related by
2 A2 TV — 2204
Ny =N,(1-XB(¢,X)) = N,a*(¢, X), (3.111)
where X = (8,¢)?/NZ. The background value of « can be absorbed by a time
coordinate rescaling given by dt = ag(t)dt and perturbations go into a new
lapse, that is

Nydt = Nyadt = €™ ag(t)dt = e™dt, (3.112)

where we used Eq. (3.72) to define ¢™ = N,est+").
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At this point we know that the gravity action is disformal invariant up to
a rescaling of time. Does the same rescaling apply to the matter sector? In
order to see that we express the matter sector in terms of IV, i.e.

S= [ an Vi {72 Bl + £alg. ) + 806 ) (33 00, ) ).
(3.113)

We make use of Eq. (3.112) to write the action in terms of the barred time ¢,
which yields

S = /d% N,V {% R[g) + Ly(g,¢) + B(#, Xg) Ln (h, (BNg) ™ Oty - -- )} ,
(3.114)

where we defined

1 (06
Xg:ﬁg(%) =X. (3.115)

Note that the matter sector in terms of ¢ includes a non-minimal coupling
with the scalar field. Nevertheless, this non-minimal coupling can be removed
if we redefine the metric f by

f,lu/ = guu + C(¢; Xg)vu¢Vy¢, (3116)

or alternatively N; = N,3(¢, X;). With this new metric f the total action
reads

5= [ate ar{V5("2 Rl + £,0.00) 4y TEalFe} . G117

We readily see that the action looks exactly as the action (3.107) but for the
replacement ¢ — ¢. Furthermore, the relation between the gravity and matter
metrics Eq. (3.108) has not been modified according to Eq. (3.116). Therefore,
the total system of gravity and matter is unchanged up to a time rescaling,
which implies that that physics is disformal invariant.

3.3.3.2 Propagation speed of gravitons and photons

In the previous sections we have seen that the physical observables of a given
theory, including gravity and matter, are invariant under a general metric
transformation. This fact does not mean that one could not obtain observable
features due to, for example, matter being disformally coupled. As we will
extensively discuss in Chap. 4, the form of the coupling to matter could be
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very relevant. We have advanced in Sec. 3.1.2 that gravitons may propagate at
a speed faster or slower than the photons,’ as it was pointed out by Bekenstein
[81]. This will be the case if matter minimally couples to a metric which is
disformally related to the gravity metric.” Then, such relative difference in
the propagation speeds exists in any frame.

We can clarify the previous statement with a particular model. Consider
an action given by

5= [de{v=a("F Bl + £0.0) + V=3 Laloin)}. (3119
where g, is disformally related to g,,. We used the notation g so that it is
consistent with Sec. 3.3.2. In this action, photons and gravitons propagate at
a different speed. As this point may not be completely clear from Eq.(3.118)
let us rewrite it only in terms of the matter metric, that is

M2
5= [ de {V/=a)(~ Rlglgl + Llglgl.6)) + V=3 Lnlg.0n)} . (3119
Now, we can make use of the transformation rules® for a disformal transfor-
mation given by Eq. (3.70) we saw in Sec. 3.1.2. In this way, we are led to a
Horndeski action which we can roughly write as

S: /d4x\/__g{£Horndeski(g)K7R7 ¢7X) +£m(§7¢1)} (3120)

We can see that in the matter frame the interpretation has changed. The
gravitons propagate at a speed different than the speed of light because of a
modification of gravity, not due to the disformal coupling with matter. One
can check that, in this Horndeski Lagrangian, the propagation speed of tensor
modes will be given by ¢y = a~!. This result can be alternatively derived from
the relative factor a? in the disformal transformation. Note that using the
results of Sec. 3.3.2.1 we conclude that this effect cannot be observed in the
CMB temperature power spectrum [218], even if tensor modes were detected.
This can be easily understood by looking at the action Eq. (3.118). Since
matter fields are usually irrelevant during inflation, such model is physically
equivalent to GR plus a scalar field. This also means that during inflation the
propagation speed of tensor modes could be set to unity by going to the Ein-
stein frame (at least perturbatively). This is discussed in detail in Ref. [218].
Nevertheless, we could find the difference in propagation speeds if we test

6This depends on the sign of the disformal factor B in Eq. (3.46).

"Not to be confused with the fact that a disformal transformation by itself does not
change the speed of propagation.

8We have to switch the roles of the barred and unbarred metrics.
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the theory Eq. (3.118) using gravitational waves and their electromagnetic
counterpart.

To end this section, let us say that if we are interested in the causal
structure of the whole system, i.e. gravity and matter, we can use a disformal
transformation to go to a frame where the propagation speed of the fastest
species is set to unity, i.e. equal to the geometrical factor that defines the
causal structure often written as c¢. Thus, in the resulting frame any field has
a propagation speed less than one and we can apply the standard notions of
causal structure.

3.4 Summary and discussion

We have seen that scalar-tensor theories often involve a non-minimal cou-
plings. In the action, non-minimal couplings can be interpreted in two ways.
First, there could be a function of the scalar field in front of the scalar cur-
vature and matter be minimally coupled to the metric. Second, the gravity
sector could be GR plus a minimally coupled scalar field but matter interacts
non-trivially with the scalar field. This two representations of the same theory
are respectively called the matter (Jordan) frame and the gravity (Finstein)
frame.

In section 3.1 we have motivated scalar-tensor theories and non-minimal
couplings from higher dimensional theories. We have seen that Jordan and
Einstein frames are related by metric transformations, which in general are
conformal and disformal transformations. In Secs. 3.1.1 and 3.1.2, we have
provided interpretations, transformation rules and applications of metric
transformations in cosmology and other areas of physics.

After we showed the mathematical equivalence of frames, we proceeded
in Secs. 3.2 and 3.3 to prove that frames related by a metric transformation
are actually physically equivalent. We started with particular examples in a
cosmological background and then we moved to a proof for non-linear cosmo-
logical perturbations. We have seen that including first derivatives of the field
in the transformation makes it non-trivial and thus we presented an explicit
proof of the equivalence. We showed that the same applies for matter fields.
Interestingly, if photons couple to a disformally related metric then gravitons
and photons, would have different propagation speeds.

We end this section by noting that metric transformations can be also un-
derstood within Hamiltonian formulation of GR. In that case a metric trans-
formation is a canonical transformation of variables. Thus, one can show that
a (regular) metric transformation does not change the number of degrees of
freedom of the theory as it keeps the same constraint algebra (see [230] for
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a proof in a general disformal transformation). In Appendix H we provide a
brief introduction to the Hamiltonian formalism and metric transformations.
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We have devoted Chapter 3 to show that in scalar-tensor theories, phys-
ical observables do not depend on the frame one works in. We have seen
that a metric transformation give us an equivalent representation of the same
model, even if it involves derivatives of the scalar field. Does this mean that
all inflationary models which are related by a metric transformation, which in
principle is infinitely large, yields exactly the same predictions and thus they
are observably indistinguishable? The answer is obviously no. This degener-
acy is broken when we include matter fields into our system. For example, as
we have seen in Secs. 3.2 and 3.3 the relation between the gravity and the mat-
ter metrics is relevant. In other words, the important point is what is the form
of the gravity frame and what is the form of the matter frame. In this chapter,
we will see that this relation may in fact be observationally distinguishable,
e.g. has a distinct feature in the power spectrum.

This chapter is organized as follows. First in Sec. 4.2 we discuss how to
define inflation and review a particular analytic model. In Sec. 4.3 we study

two interesting cases of matter frames. We will follow our article in JCAP,
Ref. [124].
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4.1 Inflation and frames

In Chapter 2 we have defined inflation as an accelerated expansion. However,
if there is a non-minimal coupling as in Chapter 3 two questions appear. First,
which metric do we use to define inflation? Since, for example, the matter
metric need not be inflating (see Sec. 3.2). This has a simple answer and it
is that inflation should be defined as an accelerated expansion in the Einstein
frame.!

The second question is: If there is an Finstein frame, can we say that a
non-minimal coupling was present? During inflation the inflaton field com-
pletely dominates the dynamics of the universe and other fields are usually
completely negligible. Thus whether there was a non-minimal coupling or not,
just becomes a matter of taste.? The answer to this question is more subtle
and we will use some examples. We have seen that non-minimal couplings
in Scalar-Tensor theories (which includes f(R) theories), without any higher
order derivatives in the action, can be transformed into an Einstein-Hilbert
action form. The price to pay is a non-minimal coupling between matter
fields and the scalar field. Knowing this, we can turn around the question of
what non-minimally coupled theory took place during inflation to what was the
coupling to matter?

Assuming that there exists an Einstein frame, we can write our inflationary
Lagrangian in generality as

s/ dw_—g{MTﬁlmcmf <¢>}+ [V b (0 (0)

where Liy¢ and Lyaer Tespectively are the Lagrangian for the inflaton and
matter fields. In the limit where the scalar field ¢ completely dominates the
dynamics of the metric, we can split the system into the gravity sector, i.e.
metric and ¢, and the matter sector, here the field xy. Regarding the coupling
to matter, we will take a general approach and leave the relation between ¢
and g a free variable. In this way, we will see in which cases the coupling
becomes relevant, i.e. observable. What is the form of the Jordan frame? For
this purpose, let us be more concrete in the model.

First of all, we will assume that matter metric is related to the gravity
metric by

G = V(0) Gy - (4.2)

For the moment €2 is any well-behaved non-zero function of ¢. Second, we
take as a representative of matter fields a canonical scalar field xy with mass

n general it does not always exist. However, one can define it perturbatively [116,180].
2That applies to theories with an existing Einstein Frame.
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1, 1.
Lumasier (x) = =55 Quxdux — 5m°X° (4.3)

With this information, we can explicitly write down the form of the Einstein
and Jordan frames. The Einstein frame is given by

/ o= ( My 500,000~ V(cb))

(4.4)
—2 1 v 1 2.2
+ Q7 —yg —59 WXOuX — zm X |,

2

where M, is the Planck mass, ¢ is the inflaton field and m = Q7 'm (see
Sec. 3.1.1). The Jordan frame reads

/d4x\/_ ( pl Q2 - %guyaquaué - V(&))
1
+v-3 (—ﬁé“”aux&jx — 57”7"02)(2)

where we have redefined the scalar field so that it takes a canonical form by

~\ 2
do\ 9\’
<%) -0 |1 - (557

and the new potential is

V(9) = V(6(9)) 24(6(9))- (4.7)

According to what we have discussed in Sec. 3.2 (see also Refs. [204, 205])
both actions lead to the same curvature power spectrum and, a priori, they
cannot be distinguished observationally in the temperature power spectrum
of the CMB. Note that we will assume that at the end of inflation 2 — 1 and
therefore the Jordan and Einstein frame coincide. In this way, we do not spoil
the predictions of the hot big bang as at late times the form of the coupling
is very much constraint [64] (see the discussion in Sec. 1.3).

Now the question we want to address is the following: Does the functional
form of Q0 has any effect on the observables in the early universe? In other
words, would there be any observable difference if matter coupled to, say,
Q1 or 5 and so on? Note that if the answer is negative, that means that
plenty of models would be degenerate. To understand that we will make two
difference choices of {2 and show that in fact there is an observable difference,
theoretically speaking, in section 4.3. Nevertheless, we can advance the main
idea as follows. In conformal coordinates and in the uniform-¢ slicing, the

(4.5)

(4.6)
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effect of a conformal transformation is completely encoded in the change of

the scale factor, i.e.
a=0"a. (4.8)

Furthermore, recall that perturbations of the scalar fields follow the Hubble
parameter (see Sec. 2.2) corresponding to a, that is

F—1-Lma. (4.9)
dn

In this way, it is clear that by choosing 2 we are changing how the perturba-

tions evolve in the matter frame.

A note of warning. A theory is specified when both matter and gravity
sectors are given. In this chapter, we are considering a functional space of
theories, each theory specified by the functional form of €2, i.e. in notation
of distributions S = S[€2]. Then it is natural that different theories have
different predictions. This should not be confused with the frame invariance
of observables in Chapter 3. In other words, once € is chosen the resulting
theory is invariant under metric transformations.

4.2 Inflation in the Einstein frame

In this section, we will study the dynamics of the gravitational sector. Note
that if we were to work in the general case, we could not get any useful insight
since we have complete freedom in the form of the non-minimal coupling €.
However, if we just focus on a particular form of €2, then we would very much
narrow our considerations and we would not learn much from it. For these
reasons, we will focus on an inflationary model which is simple, exact and
analytic and still provides a wide variety of results. That is, we will make use
of power-law inflation [125] where the inflaton has an exponential potential
and we will assume this is the inflationary model in the Einstein frame. For
the interested reader, the exact general solution is shown in Refs. [231,232].

4.2.1 Power-law inflation

Power-law inflation was first introduced by Lucchin and Matarrese [125] where
they considered an exponential potential for the scalar field given by

V() = Voe /M, (4.10)

where V) is the energy scale of the potential and A is a given parameter. In a
flat FLRW background (see Eq. (2.7) with K = 0), recall that is

ds® = —dt* + a*dx?, (4.11)
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>\ V(9)

Figure 4.1: Phase space diagram for a given A. Black line stands for the
attractor power-law solution, whereas the colored lines are the two families
of general solutions (initially rolling-up solutions below the black line and
initially rolling-down solutions above the black line).

the Einstein equations (see Eqs. (2.9), (2.46) and (2.52)) yield

1.
3H*M} = §¢2 + Vo 2/Mu (4.12)
and NT
¢+3Hp— e M — (4.13)
M,y
We can now plug in a power-law ansatz for the scale factor, e.g.
t p
a = ag (t_> (0<t<o0). (4.14)
0
The solution from this ansatz yields that the scalar field evolves as
2M,y, t
= In( — 4.15
o= (1), (4.15
the parameter p is related to A by
p=2/), (4.16)

and the scale tj is related to the parameters of the theory by
N Votg =2M2(3p — 1). (4.17)

The Hubble and slow-roll parameters are given respectively by

(4.18)
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where a dot refers to the derivative with respect to the cosmic time t. We
can see that this solution describes an initial big bang followed by an eternal
expansion, i.e. the universe never stops expanding. Regarding the graceful
exit we will assume the inflaton eventually decays. There is a relation which
will be useful later and it is given by

AHM,, = 6. (4.19)

We have inflation if ¢ > 0, which implies p > 1. In fact, slow-roll inflation
requires £ < 1 and thus we will consider p > 1 (see Eq. (4.18)). The solution
we have shown is an attractor solution, i.e. solutions with initial conditions
lying outside the attractor solution tend to approach the attractor solution
with time (see Fig. 4.1). As one can see in Refs. [231,232], there are two types
of solutions a part from the late time attractor. Either the field starts rolling
down faster and then slows down or the field starts rolling up, stops and rolls
down again. These two latter class of solutions do not have a well defined
initial conditions for the perturbations and thus we decided not to consider
them further in this thesis.

Before ending this section, let us rewrite the variables in conformal time,
i.e. dt = adn, since we will make heavy use of them later.® First we have that

-

where 7y = _ao(;o—l)' Note that n runs from —oco < 7 < 0. Thus,
— 2 , 1
a=ag (ﬂ) o= __r - (4.21)
Mo a p—1-n
and
p n

o =—-\M, In (—> ) 4.22
"p-1 Mo (4.2

where a prime denotes derivative with respect to conformal time. Let us see
next what are the inflationary predictions of this model.

4.2.2 Primordial fluctuations

Now we will compute the power spectrum of quantum fluctuations and find
the scale dependence of the power spectrum of temperature fluctuations in
the CMB. We will make use of cosmological perturbation theory [18,233]. We
proceed as follows (see Appendix E for a detailed derivation). First we perturb

3Since we do a conformal transformation, conformal time is most appropriate.
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the inflaton and the metric around the FLRW background. For convenience
we choose to work in the uniform-¢ or comoving gauge in the conformal time
where the metric is given by

ds®> = a*(n) (— (1 + 2A) dn* + 20,8 dt dz’ + ((1 + 2R.) 85 + i) da'da’) |

(4.23)
and we only focused on scalar and tensor perturbations as the vector modes
are non-dynamical. We expand up to second order the action in the Einstein
frame Eq. (4.4) completely neglecting the field g for the moment. Since we
know there is only one scalar d.o.f. we have integrate to out the lapse A
and shift 3, i.e. we take the variation with respect to them and solve the
constraints. Once the system is reduced, only one scalar variable survives and
yields (see Eq. (E.35)) in Fourier space

Sor. = / &z dip 22 (Ri’ - k%@i) , (4.24)

2

where 22 = a?c and R, is the comoving curvature perturbation. The equations

of motion are the so-called Mukhanov-Sasaki equation [234,235], namely
R+ 2%/72; + k*R. =0, (4.25)
where
z=ad' /H = AaMy, (4.26)

and we used Eq. (4.19) in the last step. Now we have to quantize the system
and compute the power spectrum of quantum fluctuations.

Assuming that the field is in the slow-roll regime, i.e. p > 1, we can make
use of the WKB approximation® to solve Eq.(4.25) in the deep subhorizon

4The WKB approximation is a good approximation if the wavelength of the oscillations
is much shorter than the length scale of the system. In other words, if the frequency is
much faster than the time scale of the system. During inflation this is translated to k& > H,
which also means kn > 1, that is sub-horizon scales. For example, take an equation like

R +w?(k,n)R. =0.

The following is the solution at leading order if w? > «’,

Relbsm) ~ ) ot Wik}

Including a damping term, which is slowly varying in time as well, slightly changes the
amplitude of the wave function. For example, if we include 24 R/, the amplitude is modified
from w™1/2 to a~'w~1/2. In this way it is easy to find Eq. (4.27).
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limit, that is & > H. If we choose as initial conditions the Bunch-Davies
vacuum one has, once the canonical commutation relations are imposed,

CL_l

Relk,n) = ——=c~ 1. 4.27
k) = 7= (4.27)
After horizon crossing, i.e. k = H(n,), the mode freezes and becomes constant,
that is

Re(k,n) = Hn.) (4.28)

Vie k3’
where a H = H and it is evaluated at horizon crossing. This gives us a relation
between k and 7 at horizon crossing, i.e. —kn, = p/(p — 1). Thus we are led

to
1

1 T T
oM P (ﬁ) 1, <£) 7 (4.29)
a  —agnop—1 \no Ko

where Hy = p/ty and kg is the scale corresponding to the horizon crossing of
Mo, i.e. —kono = p/(p—1). The power spectrum of the curvature perturbation
is therefore given by

Ark? a2\’ B> H2 (k7
Pr.(k) = = !Rc<k>\2:< )— e 0( ) .

(2m)3 % 82 My 8w MY ko
(4.30)
Similarly, the tensor perturbation spectrum is given by
4k 2 H> 16
P.(k) = 72:——:—Pck’, 4.31
V( ) (2%)3‘ k| T2 M;?l D R ( ) ( )

where in the last step we used Eq. (4.30). These are the standard results of
power-law inflation [125] (see Ref. [236] for a more precise calculation).

In passing, we can compare it to observational constraints. The spectral
index is given in terms of the parameter p as

dlnPr, 2

s— 1= = , 4.32
" dink  p—1 (4:32)
which is slightly red, while the tensor to scalar ratio is given by
P, 16
r=—=—=—. 4.33
Pr. 1 (4.33)

The constraints by Planck 2015 [38], give 7 pianck =~ 0.96 and 7pjanee < 0.1
(see Sec. 2.2). From the spectral index we find p ~ 50, but at the same time
it results in a large r, i.e. r &~ 0.32. This is actually a common feature of large
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field inflation models. Despite the fact that this model is already excluded as
it is, we will consider that the matter scalar field x is a curvaton [126-128]. As
we will see in next section, the discrepancy can be alleviated in the curvaton

scenario.”

In any case, our purpose is not to resolve the discrepancy but
to study the matter’s physics in the Jordan frame. It turns out that we can
actually make power-law inflation observationally more attractive, if we regard

a curvaton as matter, as will be shown below.

4.3 Matter frame and its signatures

So far we reviewed power-law inflation in the Einstein frame while neglecting
the contribution of the matter fields, as it is usually done. To tackle the
question of whether the coupling to matter can leave some observable imprints,
we need a field which contributes to the curvature power spectrum and, thus,
to the temperature fluctuations of the CMB. There is an already existing
model capable of doing so and it is called the curvaton scenario [126-128].

Before going into details, let us see how the matter metric variables are
related to the power-law Einstein metric after the conformal transformation
Eq. (4.2). It is sufficient to consider only the modification of the background.
The line element of the matter frame is given by

ds* = Q73 (¢)ds® = Q72 (—dt® + a’dx®) = —dt® + a*dx”, (4.34)
and thus the proper time and the scale factor are respectively related by
di = Q=241 (4.35)
and
a=Q"1"%. (4.36)

On the other hand, the matter conformal Hubble parameter reads

~ , 0ln

H=H—-Q/Q H(l /\5¢/Mpl)7 (4.37)
where (4.19) has been used. With these transformation rules we are ready to
study the matter frame.

In section 4.3.1, we will briefly explain the curvaton mechanism and while
doing so we will show the equivalence of frames for the curvaton. Next, in
Secs. 4.3.2 and 4.3.3, we will consider two examples of the matter coupling,
i.e. two different functions of 2.

SEssentially because we will have two contributions to the scalar power spectrum but a
single contribution to the tensor power spectrum. Thus r is reduced.
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4.3.1 Curvaton

Let us present the basics of the curvaton mechanism, which was proposed by
Refs. [126-128]. See Appendix G for details. The curvaton is a scalar field
that:

(1) Has a non-vanishing initial background value and it is almost massless.%
(i) Its energy density is sub-dominant during inflation.

(i3i) After the end of inflation and the subsequent decay of the inflaton, the
curvaton dominates the energy density of the universe.”

(7v) The curvaton decays into radiation before primordial nucleosynthesis
(see Chapter 2). Its isocurvature (or entropy) perturbation is then con-
verted into adiabatic curvature pertubation and contributes to the scalar
power spectrum along with the inflaton.

Scalar fields which satisfy the first two conditions are often referred to as
spectator fields. The curvaton is a spectator field which contributes to the
curvature power spectrum. Note that its contribution could be larger than
that of the inflation if, for example, the mass of the inflaton is much smaller
than 1013GeV .8

In order to avoid any confusion let us see that the quantum fluctuations
of the curvaton are indeed frame independent. We take the curvaton to be
minimally coupled to the matter metric g, and therefore the curvaton action
is given by

1 1
S = / d*z\/—§ <—§gﬂ”auxa,,x — §m2x2) , (4.38)
where m is the mass of the curvaton in the matter frame. If we now per-

turbatively expand the curvaton around its background value, i.e. x(k,n) =
xo(n) + xx(k,n), up to second order in the action in Fourier space we obtain

~2
S2.x = / d’x dn % (xg — (K +a*m®) x3) - (4.39)

6Tf it is massive it oscillates and decays.

"There might be some amount of radiation if the inflaton decayed into radiation.

8If the mass of the inflaton is 10'*GeV, the Hubble parameter will be roughly H ~
10'3GeV. This means that the amplitude of the power spectrum is 10712, i.e. 3 orders
of magnitude smaller than what we observe. In that case, the curvaton contribution could
dominate as the amplitude of its power spectrum is inversely proportional to its background
value.
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Note that we assumed that the curvaton is completely sub-dominant and
therefore we can neglect metric and inflaton perturbations. The equations of
motion for the mode functions x, are given by

Xy + 2H, + (K2 4+ m2a?)x, = 0. (4.40)

On the other hand, in the Einstein frame where the action is

1 1
S, = /d4:1: 0 %/—g (—ig“”aux&,x — §m2X2) , (4.41)
the action for the perturbation yy is given by
Q—Z 2
So\ = /d?’x dn (xe — (K +a*Q7%m%) x7) - (4.42)
Thus, the equation for the mode functions reads
Xi +2(H = Q/Q)x;, + (K +m?a®)x, =0, (4.43)

where we redefined the mass by m = Q. We proceed as usual with its
quantization. Note that if we use the conformal time of the time coordinate,
the canonical commutation is trivially equal in both frames. Then the field
equation is automatically the same. In any case, for illustrative purposes we
presented the mode function equations of motions for both frames. We can
compare Egs. (4.40) and (4.43) and readily see that they are exactly equal
but for interpretations. Concretely, Eq. (4.40) is the e.o.m. of a canonical
scalar field in an expanding background whereas Eq. (4.43) has explicitly the
effect of the coupling between the inflaton and the curvaton. Nevertheless,
the important point is that the the curvaton perturbation power spectrum is
frame independent. Let us now see what is the contribution of the curvaton
to the power spectrum.

Assuming the sudden decay approximation [128], the curvaton curvature
perturbation spectrum is given by (see Appendix G)

Amk? | x|?
k) =r?
PX( ) T*(Qﬂ‘)g Xz )

where y, and r, respectively are the background value of the curvaton field
and the energy density fraction of the curvaton at the time of decay,” that is

(4.44)

Te = Px*/(Ptotal + ptotal)* . (445)

9The value Y, is related to yo by the background equations of motion, i.e. x” + 2Hy +
a*m?y = 0. In other words xx = X« (X0). See Appendix G.
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Note that Eq. (4.44) is valid as long as the curvaton has a non-vanishing
background value, which implies H > m [128,237]. We can understand this
fact from the e.o.m. of the curvaton, i.e.

¥+ 3Hxy +m*?*=0. (4.46)

If H > r then the curvaton cannot settle down to the minimum of its po-
tential due to a large Hubble friction. Then the total scalar power spectrum,
i.e. the one which sources the temperature fluctuations in the CMB, has a
contribution from inflation and from the curvaton and we express it as

Prot = Pr. + Py, (4.47)

It should be noted that as a result the tensor to scalar ratio (4.33) that we
observe in the CMB is given by [238]

P, r
Ptotal 1 + Px/PRC ’

T = (4.48)
where we used Eq. (4.33) in the last step. Therefore, we conclude that in
general 7 < r. In this way, we can make this scenario more consistent with
the current observational data if we assume the curvaton energy density at
the time of decay is comparable to or greater than that due to the inflaton
and radiation. Then 7 and the non-gaussianity parameter, fy, are small
enough [239,240].

In what follows we consider a couple of examples separately. Bear in mind
that we assume a slow-roll inflationary Einstein frame, i.e. p > 1, unless
otherwise stated.

4.3.2 Power-law matter frame

We start by considering that the coupling between matter and gravity metrics
is a simple conformal transformation given by

Q1 (¢) = e /M) (4.49)

where « is, for the moment, a free parameter and the dependence on A is
included for later simplicity. This type of exponential coupling is often present
in dilaton models in string theory, for example see Ref. [241]. Note that the
parameter « describes the theory space. In other words, different values of «
correspond to two different theories. Let us illustrate this point by showing
the total action in the matter frame. First, we need to calculate the inflaton
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field redefinition Eq. (4.6). For the case of the exponential coupling Eq. (4.49)
we have that Eq. (4.6) reads

d¢ No/(2My) [ O 26717 pjon
PN P 1 22 =2 @ ¢/ (2Mp1) 4.
e 5 e , (4.50)

where for simplicity we defined

(a))? a?

= = . 4.51
¢ 4—6(ar)?  2(p—3a?) (4:51)

After a simple integration we find that
O em1izgano/My (4.52)

M,

Now, we can write the Jordan frame Eq. (4.5) in terms of the redefined inflaton

field Eq. (4.52), which yields

4—2

5= fatev=s (WR L 9,80,6 - (-2 ) -

oM 2 o

- 1_,, 1.
++/—g <—§g” X0 X — §m2x2) , (4.54)

where V, = V€2~ Let us note a couple of important points. First, in this
form it is clear that each choice of «a leads to a different theory, in this case to a
different potential for the inflaton in the Jordan frame. For example, if o > 1
we have a quartic potential and if & = 1 then we have a quadratic potential.*’
Second, it should be noted that for a? > 2/(3)\?) = p/3, the gravitational part
of the Jordan frame action becomes ghost-like. Nevertheless since the original
Einstein frame action is perfectly normal, the system is stable in spite of its
seemingly dangerous form [242].

Let us now explore the corresponding evolution of the inflationary universe
in the matter frame. First, the coupling in terms of the cosmic and conformal
time respectively reads (see Eqs. (4.15) and (4.22))

e

() = e/ (M) — (i)a - (” )_pl . (4.55)

to 7o
We thus straightforwardly find that the matter frame scale factor is given by

a—p p

i— 0l = ag (E) " =g (2) T (4.56)
Mo Mo

10Tt turns out that the case a = 1 is quite particular, leading to an exponential expansion.
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where in the last step we defined a new power-law index p. Note that we have
obtained a new power-law universe with a different power-law index. In fact,
it is related to that in the Einstein frame by

p—1= . 4.57
jz T (4.57)
The conformal hubble parameter is now given by
- p o1
H=———. 4.58
P - (4.58)

So far, we have worked in conformal time for convenience. However, we know
that the cosmic time, the proper time for matter, also changes and it does so
according to

dt = Qy'dt. (4.59)

Integrating this equation we find
7 —a+1
(i) _ <i> (4.60)
to to

(4.61)

where

In terms of the matter proper time the scale factor and the Hubble parameter
respectively read

t\" -
a = ag <~—> and H =
Lo

|

(4.62)

This agrees with Ref. [210], where the condition to obtain the scale-invariant
tensor spectrum was discussed from the Jordan frame point of view. Depend-
ing on the value of a we obtain different power law indexes and, therefore,
different evolutions of the universe. Let us list all the possible cases:

1. If —oo < a < 1 we have an inflationary universe with p > 1 and
0<t< oo.

2. If « =1 we have an exact exponential expansion, which corresponds to
the limit p — oo, and —oo < t < 00.

3. If 1 < a < p we have a super-inflationary universe with p < 0 and
—o00 < t < 0. This case is quite interesting and we will study it further
below.



4.3. Matter frame and its signatures 85

H H
A L A -
—— Exponential i —— Exponential fi
Inflation /i Inflation i
----- Super-inf. ‘i ----- Super-inf. '::,

==z

n=0
> 1]

Figure 4.2: Jordan conformal Hubble parameter as a function of conformal
time 7. The black line is the exponential expansion p — oo, orange lines
stand for power-law inflation, p > 1, whereas green dashed lines stand for
super-power-law inflation, p < 0. Note how in the super-inflating case H
increases and H increases faster than the exponential case.

4. If oo = p we have flat space where p = 0 and —oo < ¢t < 0. This case
actually corresponds to 2 = a.

5. If p < a < 00, we have a decelerated contracting universe with 0 < p < 1
and —oo < t < 0. Note that a > p implies o > p/3 for p > 1/3. Hence
this last case corresponds to the ghost-like gravity mentioned before.

Interestingly, there are cases where power-law Jordan frame is not re-
stricted to p > 1 nor even p > 0. Thus, despite the fact that an almost scale
invariant spectrum is obtained independent of the frame, the matter frame
might not be an inflationary universe. It could even be contracting! In words
of Refs. [243], the non-minimal coupling “assists” inflation. That is to say
that we have inflation in the Einstein frame although the Jordan frame is not
inflationary, due to the non-minimal coupling with the inflaton.

Before computing the power spectrum, let us look in more detail what
is the meaning of a super-inflating universe. Take a look at Eqgs. (4.58) and
(4.62). We see that H,H > 0. The difference with an inflationary universe is
that for super-inflation H grows in time, while usually H always decrease. In

other words ~
ﬂ>0 for p<0. (4.63)
dt
This is the reason why we call it super-inflation. It expands faster than an
exponential expanding universe. Note that in usual General Relativity one
has that H oc —(p + p) (see Chapter 2) and thus H always decrease unless
the null energy condition (which says p + p > 0) is violated. This could
have catastrophic consequences for the singularity theorems. However, in the
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Figure 4.3: Rough idea of the quantum fluctuations in a super-inflationary
universe. On the left: the blue mode exits the horizon and freezes. The orange
mode keeps oscillating. On the right: the orange mode exits the horizon. The
Hubble radius decreased and the amplitude of the orange mode increased with
respect to the blue one. Thus we have a blue tilt of the spectrum.

presence of non-minimal couplings this is possible and in fact quite normal
in the Jordan frame. Recall that we started from an Einstein frame with
canonical scalar fields and therefore our theory is well defined. The behavior
of the Hubble and the conformal Hubble parameter for 0 < o« < p (p < 0
and p > 1) are respectively shown in Fig. 4.2. Let us turn now to the power
spectrum.

To calculate the scalar power spectrum due to the curvaton we assume
that we are in the slow-roll regime, i.e. |p| > 1. Then can make use of the
WKB approximation inside the horizon and assume that a mode freezes out
instantaneously at horizon crossing, which we call the instantaneous horizon
exit assumption. The mode function for the curvaton in subhorizon scales is
then given by

&—1

and after horizon crossing by

e kn (4.64)

(4.65)

The curvaton curvature perturbation spectrum, if we assume the sudden decay
approximation [128], is given by

- ~ 2
2477]{53 |Xk|2_ 2 H? 2 Hg (k>ﬁl

Ty =T, =T, T
(2m)% X3 (27 Mipix)? Mgz \ ko

Py(k) = (4.66)
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Figure 4.4: Power spectrum in logarithmic scale for the power-law Jordan
case. Inflaton curvature power spectrum (red line), tensor power spectrum
(black line), super-inflationary curvaton power spectrum (blue line) and total
scalar power spectrum (green line). We chose p = 50 and v = 4 (p ~ —15).

The curvaton spectral index can be easily extracted from (4.66). We obtain

-2

Ny — 1= P (4.67)
which need not be a red index. In particular, a blue tilt is obtained for p < 0,
which is a common feature of super-inflationary models [244-249|. See Fig. 4.4.
This blue spectrum contribution could be important on small scales.!! Inter-
estingly, it could enhance primordial black hole formation which can account
for a fair amount of dark matter [251] or explain 60M,, binary black hole
mergers [252]. See Ref. [253| for an interesting application of a similar model
to the detected GW and Ref. [250] for values of current constraints. It should
be noted that if the amplitude of the power spectrum becomes order unity,
one expects a back-reaction from the large curvaton fluctuations. However,
well before the back-reaction becomes relevant, we would most likely have an
over-abundance of PBHs and it would be rule out by observations. Thus,
there should be a cutoff in this model. In that respect, recall that at the end
of inflation we require that {2 — 1 and therefore the blue tilt does have a
cut-off. A detailed study on such a situation could be interesting but it is
beyond the scope of this thesis.

17f it were important at large scales, e.g. on CMB scales, this model would be completely
ruled out by observations. Recall that ngs ~ 0.96 for CMB scales. Well below that there is
no real constraint on ns. Note that PBH also create spectral distortions on the CMB [250].
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Figure 4.5: On the left: Scale factor of the matter frame a in terms of the
conformal time 7. On the right: Conformal hubble parameter of the matter
frame H in terms of the conformal time 7. At the time of bounce @ is mini-
mum and H = 0. There is another point where H stop decreasing and start
increasing, i.e. a saddle point H'(n,) = 0.

4.3.3 Bouncing matter frame

Let us now turn into the second and final example. In this case, we consider a
slightly more complicated function for the coupling between the Einstein and
matter metrics. Concretely, we choose to work with

() = (14+e70°) = (4.68)
= + e="pl > = , .

i 1+ (t/to) =

where again « is a free parameter which sets the theory space. The reason for

such functional form is obvious if we study the two limits in the proper time
t. For instance, we have that if a > 0 then

(W) <t
92<t>~{ A (4.69)

We see that at early times (¢ < ty) it reproduces the first example Sec. 4.3.2
and at late times (¢ > () it is just identical to the Einstein frame. For a < 0
we will have the inverse situation. The case o > p is particularly interesting
since at early times the universe is a decelerated contracting universe whereas
at late times it is an accelerated expanding universe. Thus, we expect that
this model experiences a bounce. From now on, we will only study the case
a > p and the other cases easily follow.

First of all, we can see that there is a bounce in the matter frame by
looking at the conformal Hubble parameter. Using Eq. (4.37) with Eq. (4.68)
we are led to

—a

m¢ —a
7:[:% 1—ge—7a)\ :H (1_%65/#)_&) . (470)
P i P1+(t/to)
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Figure 4.6: Conformal Jordan squared hubble parameter (blue line) for the
bouncing universe case and horizontal lines are constant k lines. Shadowed
region stands for super-horizon regime and the consequent freezing of the
modes. In orange we schematically show a mode with k£ < k.. At 7 is exits
the horizon and freeze. Then, at 7, it re-enters the horizon and oscillates
again.

Then at the time of bounce we have that H = 0. We can see that Eq. (4.70)

vanishes at
a 1/
thounce = o (E - 1) . (471)

Let us now turn into the scale factor and the matter proper time. The scale
factor in conformal time is given by

a=0"a=ag (1 + <E> . > <E> B (4.72)
Tlo "o

and the proper time, after integrating, reads

-t t/ty)
-t <1 - &) (1.73)
a—1

where the bounce occurs in the matter frame proper time at

aax—p—1/[« l/a-1
Ebounce = - p— <— — 1) . (474)
p a-—1 p

We can readily see that —oco < ¢ < co. The form of the scale factor in
terms of the time ¢ is algebraically involved and does not yield any insight.
However we can see the approximate behavior using the results of Sec. 4.3.2.
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Figure 4.7: Power spectrum for the bouncing universe (blue line), curvature
power spectrum (orange line) and total scalar power spectrum for the bouncing
case (magenta line). We chose p = 32 and o = 10 (p ~ —2.5).

In that case we find that

P _ - ~
agtp t> tbounce

Note that when a > p (0 < p < 1) the ¢ = 0 singularity in the Einstein frame
is sent to t — —oo in the matter frame. However, the universe bounces at a
finite time in both frames. We show numerically the behavior of @ and H with
respect to the conformal time in Fig 4.5. The difference of this model with
respect to the usual bouncing cosmologies [254-257| (for a review of bouncing
cosmologies see [258]) is that we only “avoided” the initial singularity in the
matter frame but it is still present in the Einstein frame. Not to create any
confusions, we call this model the Jordan bouncing universe. What is really
going on is that the inflaton prevents matter to experience the singularity
thanks to its non-canonical coupling. This implies that the initial vacuum
state for the curvaton is well defined, as H vanishes in the limit 7 — —oco (see
Eq. (4.70)), and we can compute the curvaton power spectrum in this Jordan
bouncing universe.

Before computing the curvaton power spectrum for the Jordan bouncing
universe, let us note two important points. First, we have a bounce at H = 0
and, thus, we also have a time when H' = 0, i.e we go from a contracting to
an expanding phase (see Fig. 4.5). Therefore, we encounter a critical scale,
let us say k.. We illustrate this point in Fig. 4.6 by showing the behavior of
#2. On one hand, the large scale modes k < k. exit and re-enter the horizon
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Figure 4.8: Power spectrum for the initially super-inflating universe (blue
line), curvature power spectrum (orange line) and total scalar power spectrum
for the super-inflating case (magenta line). We chose p = 32 and a = 62

(5~ 0.5).

once before the bounce, and they finally exit the horizon again during the last
inflationary stage. On the other hand, the small scale modes k > k. remain
inside the horizon until the last inflationary stage.

Second, we have seen that we need a non-vanishing background value of
the curvaton y = xo(n) and that it implies that the condition H >> 7 has to
be fulfilled at all times. We can satisfy the latter if the mass of the curvaton
depend on the inflaton, at least as m(¢) < Q(¢) at early times.*?

We can now proceed to compute the power spectrum. We will assume the
instantaneous horizon exit and reentry approximation for £ < k., that is we
will consider that the mode function instantaneously freeze after it exits the
horizon and we match such value when it re-enters again.'® In this way, we
find that the mode function of the curvaton before the final horizon crossing
can be approximated by

_1 a(m2) 1 —ikn+ia
e d VR Em© ¢ k<k (4.76)
L _1 _o—ikn k>Fk.
V2k a(n) ¢

12A dependence on the inflaton in the mass of the curvaton could be present in a general
case. However, there would be no frame in which the curvaton does not couple to the
inflaton. Nevertheless, we can still define the matter frame where the kinetic term of the
curvaton is minimally coupled to the metric.

131t is not a good approximation for modes near k. but it does not affect the general
behaviour.
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where modes with k£ < k. first exited the horizon at 7; and then reentered
at a time 7,. The factor ay is an irrelevant phase. It should be noted that
although the instantaneous horizon exit and reentry approximation would
break down for p < 1, we can still regard the obtained power spectrum as a
rough approximation.

The power spectrum for the curvaton in the bouncing case is given as well
by Eq. (4.44). We present a numerical plot of the power spectrum in Fig. 4.7
due to the fact that the scale factor has a non-trivial behavior around the
bounce. See how the spectrum becomes blue on large scales. This behavior is
also present in bouncing cosmologies. As a last example, we consider an initial
super-inflationary stage instead of an initial contracting phase, i.e. 1 < a <p
and p < 0. This yields a blue spectrum at large scales as shown in Fig. 4.8,
although the tilt is not as sharp as the Jordan bouncing universe. Note that
in this case we do not have to assume any dependence on the inflaton in the
curvaton mass. It is interesting to point out that the blue tilt at large scales
could potentially explain the large scale suppression observed in the CMB [38].

4.4 Summary and discussion

We end this chapter with a short summary and some discussions. We have
argued in Sec. 4.2 that inflation, as an accelerated expansion, is best defined
in the Einstein frame, even if it is defined perturbatively. Then we reviewed
power-law inflation and its predictions in Sec. 4.3. Then, in Sec. 4.3 we con-
sidered that matter fields are coupled to a metric related by a conformal
transformation with the Einstein frame inflationary metric. We presented the
curvaton mechanism and we showed that if the mass of the inflation is smaller
than 10'3 GeV then the curvaton could have the dominant contribution to the
CMB temperature power spectrum. Next, we have considered two examples,
a super-inflating and a bouncing matter frame. We find that its signals re-
spectively are a blue tilt on small scales or on large scales. The former yields
a possible formation of PBHs and the latter could explain the large scale
suppression of the CMB power spectrum.

In summary, we have seen that understanding the evolution from the mat-
ter frame point of view, considerably simplifies the interpretation and intuition
of the physics involved. One could even consider that the matter frame is our
interpretation of the evolution of the universe and thus one could provide
alternative interpretations of the origins of our universe [107,108].
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To end this chapter let us provide another point of view of the model
we built. For instance, it could be understood as a non-minimal coupling
between curvaton and inflaton and forget about the notions of matter and
gravity frames. We could have started with a given frame and study the
physics there. However, there is an important flaw in that method and it is
the following. If we are studying a wide class of couplings, i.e. we have a free
coupling between the inflaton and the curvaton, it would be harder to find out
which model yields interesting result without solving the equations of motion.
In this way, our interpretations makes the whole process much simpler and
intuitive.
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In the quest of unraveling the universe, we found out that it is made of
more components that we do not fully understand than those we do. For
example, in our universe’s latest stages, dark energy makes up to 70% of
the current energy density in our universe. In its earliest epoch, the inflaton
completely dominated the evolution before the hot big bang and provided the
seeds for the large scale structure of our visible universe. Thus, there is a vast
number of open questions than GR alone does not satisfactorily explain. For
these reasons, we must explore alternatives to GR, even if it is to find out
that GR is still the simplest and best description of our universe.

5.1 Summary of the thesis

We have seen in Chap. 1 that GR is very successful nowadays® and at solar
system scales. Thus, alternative theories to GR are very much constraint at
these scales. However, as we argued in Sec. 1.1, on cosmological scales where
gravity is the dominant force, we find the accelerated expansion due to dark
energy and we have robust evidence of inflation in the CMB. We see that we
have plenty of room and motivation to study theories of gravity in cosmology,
specially during inflation where the universe was in an extremely high energy
regime. In Sec. 1.2, we briefly presented alternatives to GR and in Sec 1.3
we focused on a general class of theories, called scalar-tensor theories. In
particular, we argued that transformations of the metric are a crucial piece
in scalar-tensor theories of gravity. Then to fully grasp the importance of
scalar-tensor theories and metric transformation we had to review the stan-
dard model of cosmology and the basics of inflation.

'In a cosmological time scale.



96 Chapter 5. Conclusions

In Chap. 2 we introduced the standard model of cosmology. We saw that
our universe is homogeneous and isotropic on scales larger than 100 Mpc and
that it is well described by GR plus radiation (photons and neutrinos), mat-
ter (baryons and dark matter) and dark energy (cosmological constant). In
Sec. 2.1 we have seen that GR plus a perfect fluid leads in general to an ex-
panding FLRW universe, where the power law of the expansion depends on
the equation of state of perfect fluid. For instance, for radiation and matter
the expansion is a decelerated expansion. For a fluid violating the strong en-
ergy condition, e.g. cosmological constant, the expansion is accelerated. In
this way, tracing back in time the evolution of our universe we find a period
where the densities and temperatures were extremely high, that is the hot big
bang.

As successful as the hot big bang is, we saw in Sec. 2.2 that it needs?
inflation to explain its initial homogeneity, spatial flatness and the tiny tem-
perature fluctuations. Inflation as a paradigm predicts that the CMB fluctu-
ations are: (i) gaussian, (it) adiabatic and (iii) almost scale invariant. This
is exactly what CMB observations find. Then, we showed in Sec. 2.2.3 that
using CMB data one can constrain inflationary models. Interestingly, a sim-
ple quadratic potential for the inflaton seems to be excluded at 20 C.L. and,
currently, the favored model is Starobinsky R? inflation, which belongs to
a sub-class of scalar-tensor theories. Since we had robust evidence of infla-
tion and a hint to consider non-minimal couplings, we moved to the study of
scalar-tensor theories in the inflationary epoch.

Scalar-tensor theories are a promising candidate for an alternative to GR.
They can be understood as an effective theory, whether they come from quan-
tum corrections (such as f(R) theories) or from higher dimensional theories
(like string theory). Their attractive point is that they are general enough
so that one can explore a wide range of applications, e.g. inflation and dark
energy, and understand symmetries of gravity, e.g. conformal symmetry and
metric transformations. In Chap. 3 we motivated non-minimal couplings in
scalar-tensor theories from dimensional reduction in higher dimensional theo-
ries. In Sec. 3.1 we introduced conformal and disformal transformations and
studied their interpretations and applications. A conformal transformation is
a local rescaling of the metric and a disformal transformation is a stretching
of the metric in a preferred direction, in our case given by the gradient of a
scalar field. We have seen that both transformations preserve causal struc-
ture. As two examples, we showed that a conformal transformation maps a
static universe to an expanding one and that a disformal transformation in

2At least it make the initial conditions more plausible.
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dS space opens or closes the dS hyperboloid.?> We also showed that metric
transformations can remove non-minimal couplings and thus one can relate a
non-minimally coupled theory to a minimally coupled one. The price to pay
is that in the minimally coupled theory, matter interacts non-trivially with
the scalar field. This led us to the notion of frames, i.e. theories related by a
metric transformation. The matter (Jordan) frame where matter minimally
couples but there is a non-minimal coupling between the scalar curvature and
the scalar field and the gravity (Einstein) frame where the scalar field is min-
imally coupled to gravity but matter directly couples to the scalar field. In
the case of a conformal transformation we went to Brans-Dicke theories and
for a disformal transformation we ended up in Horndesk: theories.

Then in Secs. 3.2 and 3.3 we proceeded to prove that while two frames re-
lated by a metric transformation are indeed mathematically equivalent, they
are also physically equivalent. By physical equivalence we mean those quan-
tities that are measurable, which we called observables, do not depend on the
frame one computes them. This is also known as frame independence. Next,
we briefly reviewed earlier works on the physical invariance under conformal
transformations in Sec. 3.2 and then we explained our work on cosmological
disformal invariance in Sec. 3.3. We discussed the gravitational action as well
as matter fields and we considered for completeness a scalar, a vector and a
fermion field. We also argued that if two massless species couple to two dis-
formally related metrics, they have different relative propagation speed. The
main result of this chapter is that even though a disformal transformation
contains first derivatives of the scalar field, two disformally related frames are
physically equivalent. Furthermore, a disformal transformation in cosmology
can be understood as a rescaling of the time coordinate, as long as perturbation
theory holds.

We have extensively discussed inflation and frames in scalar-tensor theo-
ries. We have seen that frames related by a metric transformation are physi-
cally equivalent in cosmology. Then we asked the question: are all inflation-
ary theories related by a metric transformation indistinguishable? We devoted
Chap. 4 to show that theoretically these related frames are in principle differ-
ent theories once the coupling to matter is taken into account. However, often
matter is completely negligible during inflation and, therefore, these related
frames are usually observationally degenerate. This degeneracy is broken if
there is a matter field capable of contributing to observables. Thus we chose to
consider a curvaton as a representative of matter as it contributes to the cur-
vature perturbations and consequently on the temperature power spectrum
in the CMB. We reviewed the curvaton mechanism in Sec. 4.3.1. We have

3See Appendix D for more examples of disformal transformations.
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seen that a curvaton is a scalar field that: (7) is almost massless, (ii) has a
non-vanishing background value, (i11) is subdominant during inflation and (iv)
after the inflaton decays it dominates the universe and decays into radiation
converting its isocurvature to adiabatic modes.

We started by arguing in Sec. 4.1 that inflation, as an accelerated
expansion, is best defined in the FEinstein frame. The reason being that
the Einstein frame is a suitable frame to study gravity as our knowledge
of GR straightforwardly applies, for example with the energy theorems. In
the Einstein frame inflation is seen an accelerated expansion whereas in the
matter frame the universe could look quite different (we showed an example
in Sec. 3.2). How different could the universe evolve in the matter frame
is discussed in Sec. 4.3. In order to study it analytically, we considered a
simple inflationary model in Sec.4.2.1, so-called power-law inflation, and we
reviewed it predictions and compare it with CMB data. Then in Sec. 4.3 we
considered that matter is coupled to a metric related to the gravity metric
by an arbitrary conformal transformation. We considered two examples
where the coupling to matter contains two different functions of the inflaton.
First, in Sec. 4.3.2 we considered an exponential (dilatonic) coupling and
we showed that the universe in the matter frame need not be inflating at
all. In fact, it could be contracting or super-inflating depending on the
parameter of the conformal transformation. In particular, we focused in the
super-inflating matter frame. In this case, we obtain a blue tilt at small scales
in the temperature power spectrum. We argued that this is interesting in
the formation of PBHs and the possible binary black hole mergers. Lastly,
we considered a bouncing matter frame in Sec. 4.3.3 by considering a slight
extension of the previous section. We have seen that this leads to a blue tilt
on large scales. This could explain the observed suppression of the power
spectrum on large scales in the CMB. These are the main results of this
chapter.

We can briefly summarize the results of this thesis as follows.
(i) Metric transformations are a crucial element of scalar-tensor theories.
In cosmology, they mathematically and physically relate models within

scalar-tensor theories.

(74) In cosmology a disformal transformation can be understood as a rescal-
ing of the time coordinate.

(73i) Frames related by a general disformal transformation are physically
equivalent in cosmology.
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(iv) The coupling to matter fields might be important during inflation, spe-
cially under the curvaton mechanism. In this case the notion of frames
gives us intuition on the evolution of matter fields.

(v) We obtained a blue tilt on small scales if the curvaton (matter) frame
is super-inflating. This potentially leads to the formation of PBHs and
possible binary black hole mergers.

(vi) We obtained a blue tilt on large scales if the curvaton (matter) frame
bounces. This leads to a large scale suppression of the CMB temperature
power spectrum, which although not entirely significant, the CMB data
seems to point in this way.

In short, scalar-tensor theories are a general and rich alternative to General
Relativity and metric transformations are useful and intuitive tool within this
class of theories.

5.2 Implications and future prospects

We have seen that in scalar-tensor theories there is freedom on the definition
of metric. Mathematically speaking, one can work in the frame one find most
suitable. From a physical point of view, we can map theories which describe
the same observable predictions. For example, in the vastness of inflationary
models, we can find those with equivalent physics. However, this is not the
end of the applications of metric transformations.

First, metric transformations can provide new solutions, for example one
can obtain the FLRW or Schwarzschild metrics from flat spacetime with a
conformal and disformal transformation respectively. They are also a help-
ful tool to discover new theories. This is the case of the so-called beyond
Horndeski theories [171]|. They also helped to realize that a Lagrangian which
apparently has Ostrograski ghost contains hidden constraints [169], which are
clear in the Hamiltonian formalism and the degeneracy of the kinetic ma-
trix [230]. In this way, Refs. [175,176] built a general class of scalar-tensor
theories with a degenerate kinetic matrix. On the other hand, certain metric
transformations could be a symmetry of the universe, for example conformal
symmetry in the early universe [54-56] or in mimetic gravity [224,225|. Thus,
the study of scalar-tensor theories and metric transformations is a promising
direction.

Second, we have seen that metric transformations allows us to split the
matter and the gravity sector, if there is dominant field which drives the evo-
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lution of the universe.* This notion of frames provides simple interpretations
of the physics in the gravity sector, e.g. inflation, and in the matter sector. In
this way, we easily found blue tilt spectrum by coupling a curvaton to a super-
inflating or a bouncing universe. Thus, we believe that simple interpretations
are necessary to fully grasp a theory. For example, we could have discussed
the system in Chap. 4 as a mixing of the curvaton and the inflaton. However,
in this approach one loses the meaning of the coupling and the intuition on
the curvaton’s dynamics as well. We conclude that metric transformations
are a powerful tool in the early universe.

It would be certainly interesting to study applications in other areas of
cosmology. For example in the early universe, one could look for an efficient
reheating model through a general disformal coupling to matter or one could
derive an specific model from higher dimensional theories and test it with
observations, in similar way to Ref. [166]. In the late time universe, even
though we have strong constraints form the solar system scales there are also
interesting applications of couplings to matter. For example, chameleon fields
[83], screening mechanisms through disformal couplings [101] or explaining
dark energy through a disformal coupling of standard model matter with dark
matter [89].

We would like to finish by saying that, hopefully, this thesis showed that
scalar-tensor theories are an attractive candidate for the theory of gravity.
Even though they might not be the fundamental theory, they can be viewed
as an effective theory with a wide range of applications. Thus all that was
discussed in this thesis could be applied in future theoretical models. We
expect that ongoing and future surveys® of CMB polarization and Large Scale
Structure will provide us with new data to test cosmological models and shine
some light on alternative theories of gravity.

4This is certainly the case in cosmology

For example, we have Squared Kilometer Array (SKA), Dark Energy Survey (DES),
extended Baryon Oscillation Spectroscopic Survey (eBOSS), Euclid mission among many
others.



APPENDIX A

Transformation rules

In this appendix we derive some useful formulas regarding metric transfor-
mations that are used in the main text. Since the order of the (regular)
metric transformations commute, we can study the change of variables under
a conformal and disformal transformation separately.

A.1 Conformal transformation

We start first with a conformal transformation given by
g,u,z/ - QQg,uu . (Al)
The connection, i.e. the Christoffel symbols, are related by [154]

=1, -T] (A.2)

pv

where one can explicitly compute that
Ch, =2003,V,yyInQ—g,V*InQ. (A.3)

With that, the Ricci scalar transforms as

R=Q2 [R—(D—l) (2%9—(1)—4)%)} .

A.2 Disformal transformation
We present now equivalent formulas for a disformal transformation given by
g;w = Guv + Bvu¢vu¢ (A5)

One can find that the inverse metric is given by

gl“’ — g/“/ _

— e V'OV's, (A.6)

and the determinants are related by

V=7 =+v—9v1- BX, (A7)
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where X = —V,0V#¢. Let us call the change in the connection as
Dy, =17, —-17,. (A.8)
Then, one can find that the explicit expression in terms of ¢ is

B
1-BX

1
Dj, = V¢ (Vﬂm + VoV, In B + §V”¢VWBVM¢V,,¢)
1
— §VUBVH¢V,,¢.
(A.9)
The Ricci scalar is longer than in the conformal case and we find
B

R=hR-1"p%

(1067 - 9,969 9%6 + v 3 (39,6 + ¥,000) )

1 B
4+ —— V| ——= (V,0oV"oV, In B+ XV, InB+ V,X + 2006V ,
m (m( #¢ ¢ n #n 14 ¢ #gb))

(A.10)

where note that the last line is a total derivative with respect to the metric
Guv- We also give here the expression for the Ricci tensor as we make use of

it to compute the transformation rules of L5, that is
_ B

R = Ry = 7= (A0V, V000 = V. VU6V, Vo) — Ry, V26V 0)

1 B?
-— (V, XV, X - 2V*%V, XV, V,

1
~ 30BV,4V,6 +

_|_

1
1-BX

1
+ (~XV.BV'B + 2BO§V0V" B + 2BV 6V'6V, V4 B) 1V,.0V 0

(ngv(ugzbvy)B

1
+ VOV OV VaB = VBV 0V, Vad + 5 XV,V, B + Vad V' BY,V,0)
1
(1-BX)?

+ ivwva (BX) (2V(,6V,) B + BVy¢V'BV,,6V,0) ) .

1 1
—|— <§V(MBVV)X + ZX2V;LBVUB

(A.11)
It is also useful to show

G, V'V’ X = G V'V’ X

1
(1- BX)®

e (VXX (06 g+ V,906) + Vao VX ((O)? — V, V.07 V"9) |

T o1 Bx

(A.12)



APPENDIX B

Horndeski Lagrangian

The Generalized Galileon or Horndeski Lagrangian |79] is a general Lagrangian
with second order equations of motion. Its form follows from particular anti-
symmetric combinations which eliminate second time derivative squared terms
in the action. It is given by

S= /d‘*:v\/—_gzﬁi, (B.1)

where
£2 — G2(¢,X), BQ)
‘C3 = G3(¢7 X)D¢7 B 3)
Ly = Ga(¢, X)R+ Gux ((O¢)° =V, V0V V"0) (B.4)
Ls = G5(, X)G""'V, V.0 (B.5)

+ G5 x ((O¢)° — 306V, V,0VIV’ ¢ + 2V, V, VIV GV, V ,,0) .

We have defined ¢ = V#V,¢ and G*” is the Einstein tensor. Note the
particular relation between the coefficients in front of R and (O¢)? as well
as in L5. In fact, we now know that this relation can be relaxed in several
extensions of the Horndeski Lagrangian. In this extensions they either use the
fact that the kinetic matrix might be degenerate, i.e. lead to extra constraints,
or they add higher derivatives spatially covariant terms [174-179].

We can see how the coefficients of the Horndeski Lagrangian change under
a disformal transformation given by

.g;u/ = Guv + BvuﬁbVUQZ) (B6)
We take B to be constant for simplicity. Then we see that
Gq [ X] = Gy [X’} V1+ BX, (B.7)
Gsx [X] = Gyx [X] (14 BX)™? (B.8)
Gi[X] = G4 [X] V1 + BX (B.9)

and
Gsx [X] = G5 x [X] (1 + BX)_S/z . (B.10)






APPENDIX C
Singular metric transformations:
Mimetic gravity

In the main body of the thesis we discussed what a metric transformation
is and how this notion is relevant for gravity. In particular, we found that
a general form of metric transformations is given by the so-called disformal
transformation (see Appendix A), that is

Guw = A9, X) (9w + B(¢, X)V,0V,0) (C.1)

where g, is the metric, V, is the covariant derivative of g,,, ¢ is an scalar
field, X is its kinetic term X = -V ,¢V”¢ and A and B are two free functions.
This transformation has a singular case though [115,169]. It is easy to see if
we consider the inverse metric, i.e.

g = AT(9, X) (9"” 1 ﬁgq}}é)){) V“W%) | 2

and contract it with the scalar field derivatives V,¢V,¢. This yields
A7, X)
— X B(¢, X)
We can guess that there is a singular behavior if g*'V,6V,¢ = b(¢), which
gives

FVu Vb= 1 VAV (C.3)

B(6, X) =%+—A(¢’;{)b(¢). (C.4)

This result can also be obtain from looking at the Jacobian of the transforma-

tion. For simplicity let us take b = —1. This actually gives rise to a constraint
in the original action given by
"V, oV, 0 +1=0 (C.5)

We can introduce such constraint directly into the action and study its be-
havior.

For simplicity let us consider a simple example to understand why it is
called mimetic gravity. First take the action to be

S = /d4x\/—_g {MTZ%R + L(¢, X)} (C.6)
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and we do a singular conformal transformation which is given by

glﬂ’ = Xff;w . (C?)

where X = —¢"'V, 0V, ¢ and X; = —f*V,0V,¢, and we have mimetic
gravity from a singular transformation. In that case, the action can be rewrit-
ten as

S = /d4x\/—_g {MTPQZR L L(6) + A(X — 1)} (C.8)

The equations of motion are given by

M2G = Gl + AV,0V,0, (C.9)
V, (A\V*¢) + Ly =0, (C.10)
X=1. (C.11)

Now consider a FLRW space-time (2.7). The constraint X = 1 in facts sets a
preferred reference frame where ¢ = t. Plugging this into the field equations
of motion (C.11) we find

(a®X) = Ly (C.12)

S

1
a3
Note that if £ = 0 then we have that A\ oc a=3. This tells us that actually
this constraint obtained from a singular metric transformation behaves just
like dust. Even the energy-momentum tensor of ¢, i.e. T, = AV, ¢V, ¢ is
identical to a pressureless perfect fluid with 4-velocity equals to the gradient
of the scalar field V,¢. The name mimetic gravity comes from the fact that
¢ mimics pressureless matter for £ = 0. There are several generalizations of
this model by including higher derivatives. For example, see Ref. [259] and
references within. It is interesting to note that mimetic gravity is a particular
limit of Horava-Lifshitz gravity and Einstein-Aether theories. It has been
shown recently that generalized mimetic gravity contains a ghost [259] which
can be cured by including higher spatial derivatives [260].



APPENDIX D
Disformal transformation:
Examples

In this appendix we will see some examples of the disformal invariance in
cosmology and some interesting cases where disformal transformation connects
solutions of the Einstein Equations.

D.1 General gauge
Take a disformal transformation given by
G = G + BV, 0V, 0. (D.1)
Under the 3 + 1-decomposition along the n, direction we have
hyw = gu +npny . (D.2)
The line element is
ds® = —N?dt* + hy; (Nidt + dx") (det + da;j) : (D.3)

where n,dz* = —Ndt, N is the lapse and N* is the shift vector. If we do a
disformal transformation the hypersurface orthogonal vector transforms as

1—-BX
n, = e — D4
and the spatial metric as
}_lz'j = hij + BD;¢D;¢, (D.5)

where D; is the covariant derivative with respect to h;;. Consequently, one
can check that the lapse and the shift respectively transform as

[ 1-Bx o BDi¢
NNy —— P d Ni=N 422 o D.6
¢1+BD@D¢ an * Ty BDepgE¢: (DO

where £,¢ = n#V ,¢ is the Lie derivative along the orthonormal direction.
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D.2 Cosmology

Let us see two applications to cosmology. In the first example I will show
that although a disformal transformation between two metric is interpreted
redefinition of the time coordinate, the two metric are indeed different and
have different evolutions. In the second example, I will show you that even so
the redshift is frame independent.

Example 1: power-law frames. Consider an expanding universe where
the scale factor is a power-law of time with power-law index p > 1. We have
seen in Chapter 4 that the line element is given by

ds* = —dt* + a*dx® = a*(n) (—dn* + dx*) , (D.7)
where 7 is the conformal time and the scale factor a is
axt? = aocy P, (D.8)
The time coordinates respectively run from

0<t<oo = -—-o00<n<0. (D.9)

For this universe the comoving hubble radius is given by H~!, where
H=—-"+=—7—. (D.10)

See how the comoving hubble radius decrease, as it is usual in an accelerated
expanding universe. Now, do a disformal transformation given by

G = G — (a(t) — 1)8,,0, - (D.11)
This transformation leads us to a line element given by
ds* = —dn® + A(n)*dx* = A*(1) (—dr? + dx?) . (D.12)

In this barred frame the scale factor evolves as

Alp) o< 7T = A(T) o 7P, (D.13)
where the time coordinates respectively runs from

—0o<n<0 = 0<7<00. (D.14)

The barred comoving hubble radius is given by H ™!, where
o P
==. D.1
H = (D.15)

This time the comoving hubble radius increase! It is like the super-inflationary
universe in Chapter 4.
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Example 2: Redshift. Let us briefly check the frame independence of the
redshift as we did in the conformal case. First, we start with matter universally
coupled to a flat FLRW background in the matter frame,

ds* = @*(7) (—dif® + dx?) . (D.16)

We can go now to another frame, e.g. the gravity frame, related by a disformal
transformation Eq. (3.48), which yields

ds® = —a*(n)a~*(n)di* + a*(7)dx* = a*(n) (—dn* + dx*) . (D.17)

Note that a(77) = a(n(77)) and in the last step we used the time redefinition
dn = adn.

Let us focus now on photons since we are the source of the observation.
Photons follow null geodesics of the metric g,,, that is ds* = 0. In the
matter frame, the four-momentum of the photon is given by k* = (k" k).
The energy measure by a comoving matter observer, i.e. its four-momentum
reads u,, = (—a(n),0), is given by

E = —k"'u, = a(n)k". (D.18)
It is important to remind the reader that scalar quantities are invariant under a
disformal transformation and so it is the above energy measured by a comoving
observer. We could also obtain the same results if we use the transformation
rules for a vector (3.61), that is k" = a~'k". For instance, the energy in the
unbarred frame reads

€ = —klu, = a(n)k". (D.19)

Now using that k7 = ak” = k" we are led to conclude the measured energy by
the comoving matter observer is frame independent, £ = £. As a result the
redshift defined as the ratio between the measured photon energy at emission
and observation,

a(nobs) — C_L<T_]obs)
a(Memit) — @(Temit)

1+ 2= Eemit/Eobs = , (D.20)
is also frame independent. Note that again this result is consistent with cos-
mological disformal transformations being equivalent to a rescaling of the
time.

As a final remark, the (physical) speed of light measured by a matter
observer is frame independent as well. To see this, take the null geodesics of
the photon, i.e. d3? = 0, which also means that k7 = |k| = k". Extensions of
this result include the frame independence of the luminosity distance. These
results agree Refs. [92,109] if matter is universally coupled.
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D.3 Kerr-Schild ansatz

There is one interesting application of disformal transformations. So far they
are only a mathematical trick, but if it were realized dynamically then we
would obtain an interesting model. In any case, it is known that we can use
the Kerr-Schild ansatz to obtain new solutions of Einstein Equations from
known solutions. For example, we can obtain Schwarzschild geometry by

2GM
dshy = dsg + GT (k. dzt)? (D.21)

where ds¥; is the Schwarzschild geometry, ds? is flat minkowsky spacetime and
k, is a null vector with respect to both metrics, i.e. gf"k,k, = gl kuk, = 0.
Note that it is exactly a disformal transformation! For example, take k,dz" =
—dt + dr in the minkowsky metric and see that you obtain the Schwarzschild
geometry in Eddington-Finkelstein coordinates, i.e.

2GM AGM
G >dt2—G

r

2GM
dtdr + (1 + G—) dr? + r2dSQ).
r
(D.22)

We can recover the Schwarschild coordinates by changing the time coordinate

r

to
2GM/r

1 —2GM/r
One can also obtain Kerr and Vaidya metrics in this way [200].

Another straightforward application is that we can obtain dS space from
flat Minkowsky as well. This time take

2
2
with again k,dz" = —dt 4+ dr. We obtain dS in the analogy of Eddington-
Finkelstein coordinates, i.e.

dsis = ds? + —k,k, , (D.24)

2

2 r’ 2 r’ r 2 240
dsgy = — 1_ﬁ dt —QEdtde— 1+€_2 dr® 4+ r=dSQ. (D.25)

We can recover the static dS metric by transforming time to

r? /02

dfys = dt + —
W= T T

dr. (D.26)

It is particularly interesting that a null disformal transformation creates a
horizon in the original spacetime.



APPENDIX E
Cosmological perturbations during
inflation

In this appendix we give details on calculations of cosmological perturbations
at linear order in perturbation, second order in the action. I will consider the
following action:

S = /d4x\/—_g{MT§lR+P(¢,X)} , (E.1)

where R is the Ricci scalar and P(¢, X) is a general function of ¢ is the inflaton
field and X its kinetic term, i.e. X = -V ,0V#¢. Note that Px > 0 so that
the system is stable. This model is known as K-inflation [261].We work in the
ADM decomposition [262], that is

ds? = —N%dt* + hy; (N'dt + da') (N7dt + da?) (E.2)

where N is the lapse function, N; is the shift vector and h;; is the spatial
metric, where h;; = a*§;; for an homogeneous, isotropic and spatially flat
universe. In this decomposition we have

M? M? ’
S = /d4x\/—nglR = /d%dtN\/ﬁTpl {®PR+ KK — K*}, (E.3)

where ®) R is the Ricci scalar of hi; and K;; is the extrinsic curvature, which
is given by

Ky = 5 (hij = 2DaN;)) (E.4)

o (

where D; is the covariant derivative of h;;. For the inflaton field we have that

1

X:m

(6-N'D) DD’ (E.5)
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The background equations of motion are given by

3H*M} =2XPx — P, (E.6)
HM}, = —X P (E.7)

and 1 d
= <a3PX¢) — P, (E.8)

Note that from the equations of motion we can identify the scalar field as a
perfect fluid with energy density and pressure respectively given by

p=2XPx—P and p=P. (E.9)
With this identification we find that the equation of state is

p 2
=—-=-1 + —€. E.1

The slow-roll parameters for this model are given by
é Py
He, o 0 1T HPy
(E.11)

—H & és
He

where ¢, is the scalar sound speed, i.e. ¢;?2 = 1 + 2XPxx/Px. There is
a relation among them, i.e. 7 = 2(¢+4) + ¢ and only one has to require
g,m,s < 1 for inflation to happen.

E.1 Perturbations

We can perturb the metric and the inflaton in a general way, that is

p=¢o+0p ; N=1+A ; N; =08+ B

E.12
hij = a2(t) ((1 + 2¢) (52-]' + 28,»(9jE + 2(9(,‘Fj) + %’j) , ( )

where 9;B" = 0;F" = ;v = 0 and 6"~,;; = 0. The trace of the perturbed
spacial metric is called the curvature perturbation and it is given by

R = — %AE, (E.13)

where A = 9;0°. However not all variables are independent since we have
coordinate transformation degrees of freedom, i.e. diffeomorphism invariance.
For that, we need to study how do the variables change under a coordinate
transformation.
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E.1.1 Gauge transformations

Let us study how the perturbations variables we have defined in Eq. (E.12)
transforms under a general coordinate transformation given by

¢ = % =ax" 4 £, (E.14)

where

£ = (T,0'L + S (E.15)
and 0;5" = 0. We know that under an infinitesimal coordinate transformation
tensors transforms according to its lie derivative along & [154], that is

Q=0Q—£Q, (E.16)
where () is any tensor with any indexes. In particular for the metric we have
G = Guw — £ Gpuv (E.17)
where
Le G = 205100 E° + € 0o G - (E.18)
Applying this formula to Eq. (E.12) we find the following transformation rules:
S — 6 —¢T, (E.19)
A= A-T, (E.20)
B—B—L+T, (E.21)
w—)w—HT—%AL, (E.22)
E—FE—-L, (E.23)
B; — B; — Sy, (E.24)
F,— F, - 5;, (E.25)
= (E.26)

In particular note that the tensor modes, i.e. the traceless and transverse part
of the spatial metric 7;;, are gauge invariant at first order. At second order
in perturbation tensor modes are not gauge invariant and scalar, vector and
tensor mode mix. One way to deal with this gauge freedom is to work with
gauge invariant variables.

E.1.1.1 Gauge invariant variables

One can build many gauge invariant variables as combinations of the previous
variables. Here we only focus on the gauge invariant curvature perturbation,
that is given by

H 1 H
C=v= 7003 el (E.27)
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It is easy to check that it is gauge invariant. For other variables see Refs. [18,
135]. This can be generalized to the case of a perfect fluid. Then one has that
1 19
(=t¢—-AE— P (E.28)
3 3p+p
where p and p respectively are the energy density and pressure of the fluid and
0p is the perturbation of the energy density. When one studies inflationary
cosmological perturbations there two popular gauge choices. We call slicing
when we fix the time coordinate degree of freedom and gauge when we fix
time and spatial gauges d.o.f.

Uniform-¢ or comoving slicing: In this slicing we choose d¢p = 0 and
then ¢ becomes the comoving curvature perturbation, i.e.

1
R.= C = wc - _AEca (E29)
5¢=0 3
where the subindex ¢ means that quantities are evaluated in the comoving
slicing. The comoving gauge is when ¢ = E' = F; = 0.

Flat slicing: In the flat slicing one chooses a gauge where the spatial cur-
vature is zero, i.e. R = 0, which yields

H
= ——0¢;, E.30
e 5 s (E.30)
where the subindex f means that quantities are evaluated in the flat slicing.
Then one usually works with the inflaton perturbation d¢;. The flat gauge is
when ¢ = E = F; = 0. Thus, we readily see that the relation among these
previous two gauges is

R, — —%5@. (E.31)

Newtonian gauge: In the Newtonian gauge one chooses a = ¥, ¢y = &
and 8 =5° = E = 0. Then

(yv=0— %MN, (E.32)

where the subindex N stands for Newtonian gauge. The ¢ — j Einstein equa-
tions yield ¥ = —®. With this result, after solving the 0 — ¢ Einstein Equa-
tions [18] one has

: 5
b+ HO = —XPX% (E.33)
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and thus )
d+d/H
(v=+ +—/ _ (E.34)

This is what we used in Chapter 2 Eq. (2.65), where 1 +w = %5.

E.1.2 Second order action

We are now ready to find the equations of motion for the perturbations and
later quantize it. The way to proceed is as follows. One expands the action
up to second order (the first order vanish as a consequence of the background
equations of motion) and find out that A, 8 and S* are non-dynamical. Tak-
ing the variation with respect to them yield the so-called Hamiltonian and
Momentum constraint. We have to solve them and use the solution in the
action. This is called the Faddeev-Jackiw method [263]. To simplify the cal-
culations we will choose a particular gauge a priori and reduce the system.
Furthermore, scalar, vector and tensor perturbations decouple at first order
so we can treat them separately [18].

E.1.2.1 Scalar

The second order action in the uniform-¢ slicing with £ = 0 and in conformal
time, that is dt = adn, is given by

a’e M?

Sas = / dndeT’” (RZ — (0R.)?) , (E.35)
where the constraints give [264]
R, AR, a’c .
Ac = ﬁ and ABC = — H + ?Rc (E36)

S
In this form, the scalar mode is indeed massless. On the other hand, the
second order action in the flat gauge is given by

a’P ,
Sus = [ s 25 (567 — 0560 — i 567) (B.37)
where
2 _ z ey SF9
mgpy = —(e+0)H <2+p+5 25+H(5+5)> . (E.38)

It can be shown that the effective mass is very small, ie. mesp/H < 1,
even though we did not require neither p nor 6 to be small. This time the
constraints yield

®Px a’ced (H

—0 d Afy=——5—(—=6 . E.39
o 0¢r and  Af; 2 d ¢ (E.39)

Af = ;
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E.1.2.2 Vector

For the vector perturbations we have that in both slicings the constraints yield
S = 0 and we obtain

Sy = / dnd*x a® M} 0, FlO'F7 . (E.40)

This means that the vector modes are non-dynamical and decay as a=3. We
knew from the beginning that vector modes are non-dynamical for two reason.
The first one is that the inflaton is a scalar field and thus it cannot source
vector perturbations. The second is that from the Hamiltonian analysis we
know that GR has only 2 tensor degrees of freedom (see Appendix H).

E.1.2.3 Tensor

Lastly, for the tensor mode one has
Sor :/dn Pz azle (%ﬂ”j — 3wij8k7ij) . (E.41)

They essentially behave like a massless scalar field in an expanding back-
ground.

E.2 Quantization of perturbations

E.2.1 Scalar modes

Proceeding as usual in canonical quantizations, one first goes to Fourier space,
that is

Re(n,x) :/%ﬁc(n, k:)e“;'f. (E.42)

Then we quantize the system by introducing creation and annihilation oper-
ators, i.e.

Re(n, k) = up(n)aw +u* y(n)a’y (E.43)

with the commutation relations
[ak, GL} = 21)°5(k — K (E.44)
which are equivalent to

{wr, mun} = wp(n)ug(n) — ur(n)u*y(n) = —i (E.45)
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where 7, = 0L/0u;. Recall that w; satisfies the same equations of motion

as R.(n, k) which are
!/
R +25R! + KPR, = 0, (E.46)
z

where 22 = a®¢/c?. This is the so-called Mukhanov-Sasaki equation [234,235].
First note that in the limit c;k < aH the e.oom. for 7~QC have a constant
solution. This means that the mode does not evolve on super-horizon scales,
i.e. the mode is “frozen”. Now, if the initial vacuum state on subhorizon scales,
i.e. csk > aH, is the lowest energy state, so-called Bunch-Davies, one has
that under WKB approximation and assuming €,7, s < 1 the mode function
is given by, after imposing Eq. (E.45),

-1

Re(k,n) e (E.47)

a
T MyVicek

in the comoving gauge. It should be noted in curved space time the vacuum
is degenerate to arbitrary Bogoliubov transformations [43]|. In inflation we
assume that the vacuum deep inside the horizon is given by the de Sitter
invariant vacuum, a.k.a. Fuclidean vacuum, which is de Sitter invariant. The
vacuum is defined by

ax|0) = 0. (E.48)

Then we can compute the two point function of the curvature perturbation,
i.e. the power spectrum, to be after horizon crossing at n,, i.e. at aH = ¢k,

- . 2
(0| Re(k, n)Re(K, 1)[0) = (2m)° 6(k — K') |Re(k, 7.) (E.49)
where
5 (k 2 H?
‘Rc( ,n)) = dee R (E.50)

Note that we solved the curvature perturbation in the sub-horizon regime and
match it with the super-horizon constant solution. This is a good approxima-
tion as long as €,7,s < 1. Thus the power spectrum, i.e.

(O]RC(X)RC(X’HO) = /dlnkPRc(k), (E.51)
is given by
Ark? | ~ 1 H?
Pr (k) = —=|R. 2 = _— . E.52
Rc( ) (27T)3 | 7k7| (27T)2 QCSEMPQZ H:k/a ( )
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E.2.2 Tensor modes

We do a similar procedure for the tensor modes taking into account their two
polarizations. Thus we decompose them as

Yoy, 5) = / Th S e (s (E53)

3
(2m)”

where ¢, are the polarization tensors. They satisty e;; = k'e;; = 0 and

g5 (ke (k) = 20,y . (E.54)
We now decompose 75 (1) into creation and annihilation operators and proceed
as we did before. Then, the equations of motion for the tensor modes are given

by

Y+ 2HA + K = 0, (E.55)
for both polarizations. Again, on superhorizon scales, that is k¥ < aH, we
have a constant solution. On the other hand, deep inside the horizon, i.e.
k > aH we have

a—l

~g _ o
Vk(n) Mplm

Thus power spectrum for the tensor modes after horizon crossing is found to

be
4k H \?
e k:}2—~32z2( ) : E.57
T( ) - (27T)3|/yk| Mplﬂ_ H:k/a ( )

It it important to note that if tensor modes were detected then we would know

ikn (E.56)

the value of H during inflation, i.e. the energy scale during inflation.
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ONN formalism

The idea behind 6 N formalism [265,266] is quite simple. First, note that, by
definition, the total number of e-folds N contains the information about all
the expansion of the universe at both linear and non-linear level. Formally
speaking, N is defined as the integral over time of the expansion parameter, i.e.

0 = V,n* where n* is the orthonormal vector of our space-like hypersurface
[154,267], namely

Tr(sf) 0
N(s;,sf,%) = / dTg. (F.1)
7i(8:)

Notice that the total value of N(s;,ss,x), in particular the perturbations,
depends on how one define the initial and final time slices, we called them
respectively s; and s;. That being said, the N formalism makes use of a
smart choice of slicing to subtract the fluctuations in the total number of e-
folds from the background value. Then, it relates them to the final comoving
curvature perturbation.!

To be concrete, on super-horizon scales, where the spatial variation is
negligible compared to the time variation, i.e. csk < Ha, one has that the
spatial metric at first order in gradient expansion [272,273] is given by

hij = CL2 (t)eZR(t’x)éij . (FQ)
The total number of e-folds, eq. (F.1), is then given by
T (sf)
N(si, s7,%x) & / dr (H+R') =lna(rs)/a(ri) + R(1s,%; 5¢) — R(73,X; 84)
7i(8i)

(F.3)

where the semicolon in the last two term indicates that they must be evaluated
at the slice sy and s; respectively. From this expression it is straightforward
to identify the perturbations in the total number of e-folds, i.e.

IN(sf,8,%) = R(Ts,x;57) — R(Ti, X5 81) - (F.4)

!This is related to the separate universe approach, where each point evolve like the
background as if it were independent [268-271].
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At this point, it is clear that if one further chooses the final slice sy to be a
comoving slice and the initial slice s; to be a flat slice, 0V is formally related
the final comoving curvature perturbation, i.e.

€
ON(sy = comoving, s; = flat,x) = R.(7s,x) + O (—H> : (F.5)
a
Once that relation is known, one would like to estimate §/V in a more practical
way. For that purpose, one integrates the total number of e-folds in terms of
the inflaton field. With the same prescriptions one finds

(1) do
N(sy = comoving, s; = flat, x) = / H(p)—

$(7i)+66(7:,%) ¢ (F.6)
1
= lna(Tf)/a(Ti) + N¢(5¢(Ti,X) + §N¢¢5¢2(Ti,X) =+ ... s

where we rewrote the integral in terms of ¢ so that the fact that we chose a
comoving slice is showed in the integration limit. In the last equality, we used
a Taylor series expansion and since we count the number of e-folds N from
the end of inflation we have

=N _ 1 (F.7)
0¢ )
Interestingly, the implications of equations (F.5) and (F.6) is that one can
estimate the power spectrum and non-gaussianities on superhorizon scales
by knowing the background evolution and the initial fluctuations of the in-
flaton field. A straightforward comparison with the definition of local non-
gaussianity [274], i.e.

c?.g )

3
Re=TRey+ ngLR2 (F.8)

where the subindex ¢ indicates it is assumed to be gaussian, yields

e BNgy 5 5
nawe _ ~ — _ = — — F.
A seto)=5m-p), (F.9)

where in the last step we used the slow-roll parameters of K-inflation [275],
ie. n=2(e+9)+p (see Appendix E). We called it naive due to the fact that

there is another contribution one should take into account. The intrinsic non-
gaussianity of the field. For a discussion on that topic see our work Ref. [275].



APPENDIX G

Curvaton model

In this appendix we will see in more detail the curvaton model. We make use
of the §N formalism explained in Appendix F. I will follow reference [276].
The curvaton model goes as follows [126-128]. Assume that a part from the
inflaton field, which drives inflation, there is another scalar field which we call
curvaton. The energy density of curvaton is much smaller than that of the
inflaton and therefore it has a negligible contribution onto the dynamics of
the universe. This is called an spectator field. Nevertheless, the curvaton field
fluctuates as any quantum scalar field in an expanding universe. The curvaton
contributes as an isocurvature component and the curvature perturbation is
not conserved. However, if the curvaton decays into radiation before nucle-
osynthesis, once the inflaton decayed, the isocurvature component is converted
into adiabatic one. If the spectator field has a non-vanishing energy density
then it contributes and may dominate the curvature perturbation. At the
time of decay the curvaton oscillates around the minimum of its potential and
therefore it behaves like pressureless matter. Let us compute the amplitude
of the curvature perturbation as well as the non-gaussianity in this case.

Since we deal with super-horizon scales, we make use of the separate uni-
verse approach. The 0N formalism in the case of multi-components can be
written as [139,277]

1 [PEx) g5
¢ = ON(t,x) + —/ L (G.1)
3Jowy P+D

where 0N is the perturbed expansion, p and p are the energy density and
pressure respectively and an upper bar refers to the background value. In the
epoch of interest we consider that there is radiation and the curvaton. We
may expand ( perturbatively to find

(=G+ ngLgf + ., (G.2)

where (7 is the first order perturbation and fyy is the local non-gaussianity
parameter.! The curvature perturbation for the curvaton, which we call y, in

IThe factor 3/5 comes from the definition of non-gaussianity in Ref. [274] which uses
the Newtonian potential instead of the curvature perturbation. See Sec. 2.2.3.
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the uniform-curvaton density slicing is given by

1 [Pt g5
Go=ON(t,x) + 5 / x (G.3)
px(t) Px

On the other hand for radiation we have

1 Prad (tvx) d ~ra
Coad = ON(t, %) + Z/ Prad (G.4)
ﬁrad(t) prad

We can use (G.3) to find that the curvaton density on spatially flat hypersur-
face is

Pxlsn=0 = e%(ﬁx : (G.5)

When the curvaton oscillates around the minimum of the potential we can
approximated it with a simple squared potential. Thus, the energy density of
the curvaton around its minimum when it oscillates is given by

_1 2.2 (G 6)

px - 2m X .

where m is the mass of the curvaton. Recall that the curvaton was present
during inflation and it developed quantum fluctuations that exit the horizon
and froze. Let us split the value of the curvaton at horizon crossing as

X = Xx + 0Xx s (G.7)

where a subindex * refers to horizon crossing and dyx is the perturbations.
We can then related the value of the curvaton at horizon crossing y, to the
amplitude of the oscillation y by a given function x = g(x.). Thus during the
curvaton oscillation we have

py = 5m*G", (G.8)
for the background and

1
Px = -m?

. (G.9)

2
) 1 g oy \>
g+g (L) 4og (Z22) 4+
9 X 2 9 X

for the perturbation expansion. The same applies to the curvature perturba-
tion on uniform-curvaton density slicing, that is

2
go 1 g oy
g+g (L) 49 (£22) 4
9 X 2 g X

3x —
€7t = —
G2

(G.10)
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We are now left to expand and identify term by term. We find from Eq. (G.9)
that

oWMp, = m2goy (G.11)
and
99" 2
0 p, =m? (1 + e ) (0x)” . (G.12)
From the curvature perturbation Eq. (G.10) we have
20x
=== G.13
=37 (G13)
and 5 ,
2 99 1
We can then identify that the local non-gaussianity is given by
5 gg//
f%LZ—Z<1—gﬂ : (G.15)

Note that depending on the form of the curvaton potential, i.e. the form of the
function g, we can have large or small non-gaussianity, i.e. bigger or smaller
than 1.

Now the question is, what is the contribution to the power spectrum? For
that we need to consider the radiation field as well. For simplicity, we assume
the sudden decay approximation. That is the curvaton decays instantaneously
into radiation. In the uniform-total energy density slicing we have that the
total energy density is given by the contribution of radiation and the curvaton,
ie.

P(tdec) = prad(taec; X) + px(taec, X) (G.16)

note that this include perturbations. On the other hand, if the total energy
density is homogeneous we have from Eq. (G.1)

¢ =6N. (G.17)

From Egs. (G.3) and (G.4) we can find the local energy density of each field,
le.

o 1 Prad
Crad - C + Z In (prad> (G18)
and .
R 4
@—C+3m(&). (G.19)

Thus we can rewrite Eq. (G.16) dividing by the total energy density, that is

(1 _ Qx,dec) e4(<rad_C) + Qx,dece?)(CX_C) — 1 ) (GQO)
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Px
W hel"e Q — = —
x,dec Px T Prad

bation and the energy densities. For simplicity, let us assume that (.q = 0.

. We have the relation between the curvature pertur-

Then expanding at first order we have

G=r., (G.21)
where
30,
Ty = -—°"— G.22
3px + 4prad dec ( )

This gives the well known result that the power spectrum from the curvaton
is
4k3 r2oxk)?
P, (k) = - . G.23
X( ) (27’(‘)3 X,% ( )

If we expand up to second order we have

G = (2?« (1 + 5;%) —2- r> 2. (G.24)

Thus the non-gaussianity after the decay of the curvaton is given by

5 gq” 5 br,
= 1 - == . G.25
Inc ir. ( + 77 3 6 ( )

Again, by choosing g we can make non-gaussianity of O(1) or less.
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Hamiltonian Formalism

In this appendix we review the Hamiltonian formalism for General Relativity
[278,279]. We study the number of degrees of freedom and show that there
are only two tensor modes, i.e. gravitational waves. Then we show that a
conformal transformation is a type of canonical transformation, which does
not change the number of degrees of freedom as long as the transformation is
regular.

Start with the Einstein-Hilbert action, that is

M2
S = /d4x\/—g7le. (H.1)
We now perform a 3+1 decomposition with the line element given by
ds® = —N?dt* + hy; (dz' + N'dt) (dz’ + N7dt) | (H.2)

where N is the lapse and N is the shift vector. N and N* describe the foliation
of our spacetime. In this decomposition the action is given by

M? y
S = / dPzdtNVh sz (R[] + K;; KV — K?) (H.3)
where
1 /.

K =hi K;; and D; is the covariant derivative of h;;. We proceed to compute
the Hamiltonian of this system, that is

H=11h;; — L= NHy + N'H,;, (H.5)
where T1¥ = §L£/6h,;; = IM2VR (K — hIK),

1 3 M2\/h
Hy = —— (2IIVIL; — 11?) — —2—R®) (H.6)
M2y 2
and

H; = —2hy; Dy (1Y /1) . (H.7)
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Note that 7y = §£/6N = 0 and 7 = 6L/SN? = 0. These are called primary
constraints. Then, the total Hamiltonian is given by

H= / PxNHy + N'H; . (H.8)

See that the lapse N and shift N? play the role of Lagrange multipliers. Vari-
ation with respect to the lapse and shift are known as Hamiltonian and Mo-
mentum constraints:

0 0
— — =0 H.9
N = Hy =0 and SN =H;=0 (H.9)

The evolution of the system is completely described by the Hamiltonian of
the system by taking the Poisson bracket, i.e.

5Q 6H  6Q 6H

Q=1@H} = Shyj 0114 8119 Shy;

(H.10)

In this way, the Hamiltonian and Momentum constraints are classified as
secondary constraints, i.e. they come from the Poisson brackets of the primary
constraints with the Hamiltonian. In other words, we require that the time
derivative of primary constraints vanishes as well.

An important property of the Hamiltonian formalism is that a coordinate
transformation is also given in terms of the Hamiltonian. Diffeomorphism
invariance thus tells us that the Poisson algebra of the constraints is closed.
In particular, for the smeared form of the constraints, i.e. H[N] = [ d*aNH
and H;[N'] = [ d®xN"H;, we have

{H[N], H[M]} = / d*z (ND'M — MD'N) H,
{H,[N"], H[M]} = /d% N*D M H (H.11)
{H;[N"], H;[M"]} = / d*x (N*DyM' — M*D,N") H,

Note that if we assume that the primary and secondary constraints are satis-
fied then the latter Poisson brackets do not yield any further constraint. The
presence of constraints means that we are not dealing with the true degrees of
freedom. For example, a priori metric has 10 independent components:' the
lapse (1), the shift vector (3) and the spatial metric (6). That means that our
phase has 20 dimensions. Once the constraints are solved the phase space is
reduced.

Tt is a symmetric matrix. In d dimensions a symmetric matrix has d x d — @

independent components.
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The constraints can be classified as first class if their Poisson bracket with
all other constraints vanishes? and second class otherwise. First class con-
straints reduce 2 variables in the phase space and second class 1 only.® In the
Hamiltonian formulation of GR without gauge fixing we have that primary
and secondary constraints are first class and thus we are left with 4 variables
in the phase space, i.e.

20 — 1 x 2 x 2 (Hamiltonian) — 3 x 2 x 2 (Momentum) = 4. (H.12)

This means that in GR we have 2 d.o.f. which actually corresponds to the
2 polarizations of gravitational waves. This is the reason why we know that
during inflation the vector modes are non-dynamical and thus are not gener-
ated.

H.1 Application to conformal transformations

Let us briefly see how conformal transformations are understood in the Hamil-
tonian formalism. To do so it is better to work in the conformal decomposition
of the spatial metric, that is

hi]’ = eNTij s (Hl?))
where vVh = ¥ and det T = 1. In this case we have that to preserve the
Poisson brackets the transformation must be a canonical transformation. This

condition leads us to

| g Ty s
hi T = 7“/ and TV =e 2% (P” + %’T”) : (H.14)
In this new variables the Hamiltonian is given by
H= / dP*rNHy + N'H;, (H.15)

where

- 12 g g 1
Hy =M% (ZP”PZ-]- — 1—3’) + M7e” <2T”DiDj\II + Y9 D, WD, — §R(3))

(H.16)

and

1 .
Hi =Ty Dy¥ — = DTly — 27 D P . (H.17)

2They are associated to gauge transformations.
3Note however that by definition they come in pairs.
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H.1.1 Conformal transformation

Let us now do a conformal transformation given by

Juv = 62w§;w (H18)
This is equivalent to do
U= U+ (H.19)
and
I, — I, — Iy, (H.20)

so that it is a canonical transformation and we ignored the transformation of
the lapse since it is a Lagrange multiplier and we are free to redefine it. Note
that in doing the conformal transformation we introduced a new variable w,
which could be a general function of the scalar field. However, w was not
present in the original theory which means that initially we have a trivial
constraint given by

I, =0. (H.21)

This constraint is obviously first class and has no secondary constraint. Thus
it removes the degrees of freedom of w. After the conformal transformation we
mixed the conformal d.o.f. of the metric ¥ with w. Thus, we have a primary
constraint in the resulting theory given by

I, — Iy = 0. (H.22)

Due to the symmetry ¥ + w in the Hamiltonian, the secondary constraint
trivially vanishes, i.e.

C,={Il,— Iy, H} =0, (H.23)

and does not yield any new constraint. Thus we see that (H.22) is a first class
constraint which removes one degree of freedom. In fact, we know it removes
the degrees of freedom of w.

What if w is a function of a scalar field. First if w = w(¢) and ¢ is already
present in the theory, e.g. the inflation, this transformation does not yield any
new constraint and we have 3 d.o.f. in the theory, i.e. 2 tensor and 1 scalar
mode. If w = w(X) we are led to beyond Horndeski theories which potentially
has an Ostrogradski ghost [169]. However, in this case we can introduce a new
field replacing X with a Lagrange multiplier, that is

Alx —X) . (H.24)

Then we can do the conformal transformation ¥ — ¥ + w(X) and find that
we have a primary constraint

M,=0 — I, —wll,=0. (H.25)
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This time, due to the fact that we introduced higher order derivatives the
secondary constraint does not trivially vanish and leads to another constraint,
ie.

Cy = {Il, —w, I, H} = 0. (H.26)

This two constraints are first class if the scalar field was not present from the
beginning thus removing the d.o.f. from ¢ and x. If the scalar field was present
in the theory the constraints are second class and only remove x. There is a
singular case to that and it is the mimetic gravity case. In this case, the y
field transforms as

X =Xy (H.27)

since recall it is by definition X. Then the secondary constraint which comes
from the variation of y, i.e.

) ox o —2w(y 0
— =2 = wh)) — H.2
S ooy (™) ox’ (H.28)
will trivially vanish if
200 = y | (H.29)

Then we lose the secondary constraint, which would have been first class, and
the primary constraint is then first class and remove the degrees of freedom of
x but not ¢. Thus we have a new degree of freedom, which is the mimetic dark
matter. See Ref. [280] for a detailed calculation of the mimetic case and [230]
for a study in a general case.






APPENDIX 1

de Sitter space

The de Sitter (dS) spacetime is a universe with a positive cosmological con-
stant. The geometry of dS can be easily visualized by embedding it in an
extra dimensional Minkowsky spacetime (for a review see [30,281]). For ex-
ample, dS in 4D is an hyperboloid of radius ¢ embedded in a 5D Minkowsky
spacetime, i.e.

dsip = —dxf + dai + dxj + dal + da] (L.1)

where the hyperboloid is given by
—xp + 2] + a5 + a3+ 2] = . (L.2)

Depending on how we choose the time coordinate, i.e. on how we slice this
hyperboloid, we obtain different coordinate charts of dS. This is illustrated in
Figs. I.1 and 1.2. Let me illustrate three interesting cases.

First, consider the radius of the s, i.e.

i+ as a2+ a2t =1, (1.3)
and the hyperboloid between zy and r, that is
xo = ¢sinh x/¢ and 1 = {coshy/(. (L.4)
Then metric in the 4D slice is
ds3p, = —dx* + (% cosh? (x/€) dQs (L5)
and describes a closed universe. We have that

Qs = db? + sin 02dS), . (L.6)

This is called closed slicing and it corresponds to the right hand side of Fig. I.1.
Note that the slices correspond to slices proportional to constant zy and thus
they are horizontal slices.

This time start considering the radius of the Sy, i.e.

o]+ x5+ a5 = R?, (L.7)
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Figure I.1:  On the left: dS hyperboloid in 5D. On the right: Closed slicing
of dS. Note how every space-like slice contains a spatially finite universe.

and the hyperboloid between x; and R, that is
xg=pcoshé and R = psinh. (L.8)
The 5D metric in this coordinates is given by
dsip = —dp* + p*d&® + p? sinh ©?dSy + dag (1.9)
Now we slice the hyperboloid with p and x4, i.e.
p=~{sinh7/¢ and x4 =/Lcosht/l. (I.10)
Then metric in the 4D slice is
dsip, = —dr? + (*sinh® (1/€) (d€® + sinh® £ dQs) . (I.11)

Note that the last term in brackets correspond to an Hyperbolic space. Thus,
this is called open slicing, that is

ds3;, = —d7* + (*sinh® (1/0) dH3, (1.12)

which corresponds to the left hand side of Fig. 1.2. Note that the slicing
corresponds to slices of constant z4, with x4 > £.
There is also the static slicing which is given by

= 72\
ds?y = — (1 — £—2> dt* + <1 — ﬁ) di® + 72dS), . (I.13)

We can find it by considering the radius of the S5, i.e.
x} + 25 + 13 = R?, (I.14)
and the hyperboloid between xy and x4, that is

xo = psinh¢ and x4 = pcoshé. (I.15)
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Figure 1.2: On the left: Open slicing of dS. See how the slice cuts two dis-
connected regions. On the right: Flat slicing of dS. Note how both slicings
contain an spatially infinite universe.

The 5D metric in this coordinates is given by
dsip = —p*d€* + dp® + dR? + R*dS)y (1.16)
Now we slice it with the circle given by p and R, i.e.
p=~I{sint/l and R=/{cosT/l. (I.17)
Then metric in the 4D slice is
dsip = —0*sin® (7/€) d&? + d7? + €% cos® (1) dSs . (I.18)

We can define 7 = ¢ cos (7/¢) and £ = t/¢ to get the static metric (1.13). In
this form, we can see the cosmological horizon at ¥ = { = H~' where H is the
Hubble parameter.
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