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Chapter 1
Introduction

1.1 Some Lucubrations...

! The question of “Why is there anything at all?”, or, “Why is there some-
thing rather than nothing?” 2 has been raised by many great philosophers,
including Gottfried Wilhelm Leibniz [2], Martin Heidegger [3, 1] and Ludwig
Wittgenstein [5]. It is of such importance, that Heidegger himself called it the
fundamental question of metaphysics. For those of us who often forget what the
word metaphysics is supposed to mean, the encyclopedia of our era, Wikipedia,
may enlighten us:

“Metaphysics is a branch of philosophy that explores the nature of being, exis-

tence, and reality. Metaphysics seeks to answer, in a ‘suitably abstract and fully

general manner’, the questions:

1. What s there?
2. And what is it ltke?

Topics of metaphysical investigation include existence, objects and their proper-
ties, space and time, cause and effect, and possibility.”

It is reasonable to feel somehow overwhelmed when faced to all these highbrow
concepts. Our natural instinct of looking for some firm ground compels us to drop

the prefix “meta” and consider the definition of physics itself:

"Warning: the reader who is mainly interested in getting a quick glimpse on what this
dissertation is about, may want to skip these “lucubrations” altogether, and jump directly to
section 1.2.

2A little more “down to earth” but in the same vein kind of question has been addressed
lately by Nima Arkani-Hamed and others, namely “Why is there a macroscopic universe?” [1].
Watch also this.


https://youtu.be/F2Fxt_yCrcc

“Physics is the natural science that studies matter and its motion and behavior
through space and time and that studies the related entities of energy and force.
Physics is one of the most fundamental scientific disciplines, and its main goal is
to understand how the universe behaves.”

You see, we could spend our whole lives arguing about the deep meaning and
“fundamentality” of each of the words entering in both definitions, which surely
are definitions themselves, and to be honest, we do not know if there is ever an
ending to such an endeavor. In some sense, this task seems analogous to the in-
sipid discussion of how “pure” a field is compared to others, as the little cartoon

in Figure 1.1 tries to suggest.

FIELDS arranced By PORITY

_—
MORE PURE
PHILOSOPHY IS SOCIOLOGY IS PSYCHOLOGY IS BIOLOGY 1§ WHICH IS JusT OH, HEY, T DIDN'T
JusT APRUED  JUST APPLED  JUsT APPLIED JUST APPLED  APPLIED PHYSCS. SEE YOU GUYS ALL ng SHOUTING, WORH...
SOCIOLOGY. PSYCHOLOGY. BIOLOGY. CHEMISTRY 1T NICE TO THE WAY OVER THERE,  NO ONE CARES. o

BE ON TOF

1% %Y 9% 9

PHILOSOPHERS  SOCICLOGISTS  PSYCHOLOGISTS  BIOLOGISTS  CHEMISTS  PHysICISTS MATHEMATICIANS  LOGICIANS PHILOSOPHERS

o
o

Figure 1.1: The purity of fields.

We are not interested (or, for that matter, trained to) delve ourselves into the deep
waters of Leibniz, Heidegger, Wittgenstein, and many others. Let us just make
an act of faith and trust that Sean Carroll is doing a good job “defending the flag
of physics” in that trench [6]. However, one thing we would like to emphasize, is
how the word why and why the word how make their appearence in each of the
contexts we just revisited. To make things more interesting, let us introduce two
old friends, the “pragmatic” and the “romantic”, which happen to be well-trained
professional physicists, and have one or two things to say about all this.

My take on this subject is quite simple - the pragmatic declares - in order to
discriminate the essence of a question do as follows: in any place you have a

)

question of the form “Why does...” you try to substitute it with “How does...”



" not answered by “How does...” is the

instead. Any portion of “Why does...
philosophical /non-scientific part of the question. For example, “Why does 1 + 2
= 37”7 may be substituted with “How does 1 4+ 2 = 37”7 and answered adequately.
Depending on how deep and technical you may want to get, the answer may delve
into the definition of addition, various axioms, Giuseppe Peano’s arithmetic, and
so on. If, after all of that, you still have a question about “why”, then your
question is of a philosophical nature. By the same token, physics, which is firmly
rooted in the scientific method, mathematics, and experiment, simply cannot an-
swer the philosophical portions of questions. Nevertheless - the pragmatic keeps
arguing - sometimes why questions, within the realm of physics, do find good
answers, up to a point. If a layperson asks

-“Why is the sky blue?”

We may reply

-“Because of John William Strutt’s so-called Rayleigh scattering, that is, because
a law of physics describes this behavior.”

However, the layperson is not satisfied

-“Then, why does Rayleigh scattering work?”

-“Well, you may actually derive it from James Clerk Maxwell’s equations. In other
words, this law is a consequence of a more fundamental law”.

The layperson, out of genuine curiosity or just because she is a smart aleck (it
really does not matter), hits with a tough one

-“Why do Maxwell’s equations work?”

We have reached the point where you cannot answer . You can just point to ex-

3The expert will say, “Well, there is a remnant U(1) gauge symmetry after spontaneous
symmetry breaking within electro-weak theory, which itself is embedded in the fabulous Standard
Model (SM) of particle physics”. Then Mr.Wise-guy may ask “Why does the SM has the very
specific gauge symmetry group SU(3) x SU(2) x U(1)?, Why are there three generations of
leptons and quarks?, Why...7”. Although some of these questions are non-trivial, insightful,
and may be actually pushing forward modern theoretical advances developed by brilliant minds
around the globe, we hope you see our point. It is probable that Sarah would not.


https://www.scq.ubc.ca/a-dialogue-with-sarah-aged-3-in-which-it-is-shown-that-if-your-dad-is-a-chemistry-professor-asking-?why?-can-be-dangerous-5/

perimental evidence. These are fundamental laws from which we start, the same
way mathematicians start from axioms and derive theorems. Or perhaps, these
are the most fundamental laws we have worked so far.

This is indeed an interesting point of view. We still have to learn what the ro-
mantic has to say though.

Frankly, it is not that difficult to defend the role of “why”, the romantic firmly
states. Historically, plenty of sound scientific questions have begun with “why”.
Michael Faraday wondered why current deflects a compass needle, and why the
galvanometer attached to a circuit jumped whenever he closed the switch of an-
other circuit. Many scientists of the early XX century asked why beta decay
appeared to violate otherwise sacrosanct conservation laws. Isaac Newton asked
why Johannes Kepler’s laws were so accurate. None of these questions can be
adequately rephrased as “how” questions because they all arise precisely from a
deep and thorough understanding of “how”, an understanding left frustrated by
inadequate explanation. For this reason, the questions of curiosity that challenge
the limits of our theories and guess at what might lie beyond, are exactly those
which allow science to grow and flourish. As Thomas Kuhn might put it [7]:
“How” is status quo science, “journeyman” science, science “as usual”; “why” is
fringe science, confrontational science, paradigm shift.

The pragmatic remains in silence for a few of seconds that feel like forever. He
is quite proud, and the romantic does have several good points. However, he still
wants to convey some ideas himself.

Let us start from scratch, the pragmatic insists. Physics is a science that has a
large body of observations, and a limited number of mathematical models/theories
that aim to organize and explain those observations and, very importantly, get
validated by predicting the behavior of new observations. Mathematical theories

start with axioms and some tools that develop theorems from those axioms and



then various setups may be examined. For example, Euclidean geometry starts
with axioms and ends with being able to predict and design complicated geomet-
rical shapes. One may start asking why the sum of angles in a triangle is 180°,
and one may prove it using the tools. If one goes further up in the why ques-
tions, one ends up with the axioms. One could as well ask “how” one gets 180°
for the sum of the angles of the triangle, and then the “why” goes to “why start
with these axioms”. Physical theories, in addition to the mathematical construct,
have equivalent to axioms; the so-called postulates. These have been postulated
because of the need for the mathematical model to agree with measurements and
data in general. For example, Werner Heisenberg’s uncertainty principle, which
is at the heart of quantum phenomena, may be derived using the axioms of quan-
tum mechanics, such as Max Born’s “rule” *. Therefore, in a similar manner as
in the above mathematical example, all the “why” questions in physics are really
answered as “how” one goes from the axioms and postulates to the specific obser-
vational data or predictions. The “why” questions end up on the axioms for the
mathematics, and postulates for physics, and the answer then is “because” these
basic assumptions/postulates are necessary to fit our mathematical model to the
existing data, and give us confidence in predictions for new observations. The
only answer to “why” is this “because”, data says so. I see you frowning romantic
friend, but let me add one last thing before I yield the floor to you again. Once
one has a theory, and physics is really, as I stated before, a mathematical the-
ory that organizes known data in order to be able to predict future unmeasured
ones, the “how” question gives a causal path in our understanding of how the
final data/observations happened and how the predicted ones will appear. Why

questions address the existential state. When we have no theory and have an ob-

4Within the so-called “Copenhagen interpretation of quantum mechanics”, Born rule is a
postulate. There is a whole community of researchers, too many to cite, that try to derive it
from more primitive principles, within other interpretations.


https://en.wikipedia.org/wiki/Copenhagen_interpretation

servation we start with “Why...” | because the observation exists. When a theory
“forms” then it is the causal path that is sought and “why” goes up the mathe-
matical ladder by “how mathematically this happens” transferring the existential
question to the axioms and postulates.

The romantic is impressed, as he has never associated pragmatism, in the collo-
quial sense, with deep thoughts like these °; I have been prejudiced he thinks to
himself. After taking a deep breath, he replies.

The truth is that it is disingenuous to sacrifice “why” on the altar of “how”.
Forcing our language into some tightly defined pen where only “how” is allowed
is simply a false dichotomy born of a mistaken appreciation of natural language.
“Why” questions challenge theories or speculate about possibilities. They allow us
to address the most difficult issues of science when we run up against the bound-
aries of our knowledge. Furthermore, they are useful when the problem at hand is
characterized by hidden information or unknown parameters which are strongly
affecting the experiment. For instance, in the beta decay example, it was not pos-
sible to ask “How do neutrinos affect beta decay?”, because the idea of neutrinos
had not been invented yet; in fact “neutrinos” is precisely the answer to the ques-
tion “Why does beta decay seem to violate conservation of momentum?”. But,
of course, neutrinos could only be postulated because so many scientists asked
the questions “How does beta decay behave under these conditions?” or “How
does it behave under those conditions?”. By accruing data, which are the answers
to “how” questions, they were able to identify discrepancies between observation
and expectation which required new theories and creative thinking to adequately

explain.

5The reader should be warned here; our pragmatic and romantic friends were dubbed this
way just due to a lack of imagination, and in order to express their different views on the
subject. Pragmatism is a real philosophical tradition that still lives on, while Romanticism was
an artistic, literary, musical, and intellectual movement that peaked in the second half of the
XIX century. Despite several coincidences, our characters are not tied to historical backgrounds.


https://en.wikipedia.org/wiki/Pragmatism
https://en.wikipedia.org/wiki/Romanticism

“How” questions generally are more tightly focused and lend themselves to be-
ing phrased as implicit hypotheses which can be tested, but they necessarily live
within the context of a theory and, therefore, presuppose some foreknowledge.
“Why” questions, on the other hand, generally strike at the heart of a scientific
issue by identifying defects or peculiarities in a theory which might lead to a new
science. By doing so, “why” questions need no theory and may pursue an expla-
nation of observation without reference to pre-established groundwork.

“How” questions are extremely important in the actual practice and study of sci-
ence, but “Why” questions embody the ever-striving, almost combative quality
that peer-reviewed science takes on when theories compete with one another for
acceptance and dominance. “How” may be the wheels on the road, but “why” is
the engine of the car. We need them both to move forward.

Before the romantic gets the chance to do anything, we suddendly jump into the
conversation: Ok my friends, let us call it a night. You may now go back into the
void, after all, you were just us, thinking out loud.

Now that we are alone, let us try to draw some lessons before we put out the can-
dle for good. It seems there is an infinite dialectic between “whys” and “hows” in
direct connection to how theory and experiment have been intimately intertwined

6. The experimentalist, for example,

during the development of modern physics
will measure that some physical quantity is conserved; the theorist will call it
charge and unveil a symmetry of the dynamics. They will write down all possible

ways the relevant physical degrees of freedom, respecting such a symmetry, may

show up in the lab. Some expected behavior will not occur, some unexpected

6The situation today is much more subtle; we will not try to say something insightful about
the state of affairs of fundamental physics. An illustration of the generalized confusion within the
field, a clear by-product of not finding anything but the Higgs particle [3, 9] at the Large Hadron
Collider (LHC), is that noted phenomenologists are actually having imaginary conversations with
late friends in order to clarify their own ideas [10]. An alternative naive hope, besides the still
mythical “Nimatron” [11, 12], is that the cosmos, being the ultimate collider [13], will eventually
have something to say on all these matters, and at a much lower cost, for the taxpayers’ benefit.


https://thegreatcollider.com/

behavior will. They might get confused, maybe they will need to check their as-
sumptions. And there they go again, ad infinitum. Another possibility is that
the enlightened theorist leads the way; after long, tedious calculations he may be
able to tell the experimentalist “look that way” or “look this other way”. Maybe
they find something, maybe they do not. It is not important, as scientists are
known for their stubbornness; they will keep insisting. At the end of the day the
invariant lesson seems to be the same; “good” physics should always be driven by
data.

It is quite remarkable that cosmology, the study of the origin, evolution, and
eventual fate of the universe, has become data-driven science. It is time to get
real then, and talk about some facts regarding the current understanding of our

COSIMOS.

1.2 ... And Some Facts

The past two decades of advances in observational cosmology have brought
about a revolution in our understanding of the universe, transforming cosmology
from a largely speculative science, into a predictive science with precise agreement

between theory and observation. These advances include observations of type

Ia supernove [14, 15], measurements of temperature fluctuations in the cosmic
microwave background (CMB) [16-28], and maps of the distribution of large-scale
structure (LSS) [29], which have established a standard model of cosmology, the

so-called ACDM model. This is a universe filled with ~ 69% “dark energy”,

~ 25% “dark matter”, and only ~ 5% ordinary atoms, as seen in Figure 1.2.


https://en.wikipedia.org/wiki/Lambda-CDM_model

The multiple components that compose our universe
Current composition (as the fractions evolve with time)

Dark matter
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Figure 1.2: Pie chart of our universe. Figure taken from [30].

Many noted researchers have referred to modern times as the “golden age of
cosmology”. Moreover, there is decisive evidence that large-scale structures were
formed via gravitational instability of primordial density fluctuations, and that
these initial perturbations originated from quantum fluctuations [31-35], stretched

to cosmic scales during a period of inflationary expansion [36-33] (an artist’s

impression of the evolution of the universe is shown in Figure 1.3).

' The Big Bang

Inflationary
Theory Model

Figure 1.3: Our best theory so far.


https://www.edge.org/conversation/alan_guth-a-golden-age-of-cosmology
https://www.edge.org/conversation/alan_guth-a-golden-age-of-cosmology

However, it is fair to say that “the microphysical origin of inflation remains a
mystery, and it will require a synergy of theory and observations to unlock it”
30].

In this thesis, we present our past and ongoing collaboration to both the “hows”
and the “whys” within the cosmic inflation paradigm.

In chapter 2 we introduce the concept of inflation from scratch. Following a
historical perspective, special emphasis is made on the most physically urgent
short-coming of Big Bang cosmology, namely the horizon problem.

In chapter 3 we present the modern understanding of inflation as a symmetry
breaking phenomenon [10, 11]. The effective field theory built upon this crucial
insight, is quite successful in encapsulating large classes (almost all) of single-field
inflation models, and drawing model-independent conclusions and predictions, by
careful consideration of the symmetry breaking pattern. We go through this con-
struction, not only because by now is “mandatory” background knowledge for
any theoretical cosmologist candidate, but also because we will actually use it in
subsequent chapters.

In chapter 4 we discuss “how” a well-motivated two-field model, which we have
dubbed “Generalized Natural Inflation” [12], may (or may not) predict sizable
new signals for future experiments in different regimes of its possible dynamics .
The reason behind our initial interest in this kind of model, in short, stemmed
from the fact that there is a non-trivial possibility that new physics, in the form of
(for example) interactions between the almost-free, very weakly-coupled “inflaton”

fluctuations and other not-so-massive degrees of freedom, may leave measurable

T“Unfortunately” for us, but fortunately for science, during the writing process of this dis-
sertation, Planck’s latest release [28] has basically ruled out the background model over which
we based our own, namely the seminal Natural Inflation model [43, 44]. These are the cons,
but also the pros, of working in phenomenological models that lie at the frontier of experimen-
tal science, if you ask us. Even though this is a “2¢” result, things do not look good for the
so-called “large-field models” class. Somewhat unexpectedly, the most popular models among
string theorists, namely axion monodromy models [15-48], are not in good shape these days.
Interesting times indeed. Falsifiability works, science works!

10



imprints in the relevant cosmological correlation functions. This new program, in
which the cosmos itself is being understood as the ultimate “collider” [13], has its
roots in the so-called “quasi-single-field inflation” models [13, 19-61] (which are
quite interesting by themselves), and has opened several new venues of exploration
% in the quest of observing new physics in the sky.

In chapter 5 we present the main framework and ideas (in their embryonic, heuris-
tic form) of ongoing research [(4], associated with the fundamental nature of the
symmetry breaking patterns that inflation and general cosmological setups may
show, in the hope of understanding “why” the universe picked these particular,
subtle ways of evolving and becoming what it is today. In this sense, it is natural
to anticipate the development of an analogous program to that introduced in [65],
where the authors proposed a classification of all of condensed matter systems as
specific states that spontaneously break spacetime, gauge, and internal symme-
tries.

Finally, chapter 6 presents some concluding remarks, leaving some technical de-
tails for appendices A, B, and C.

Fear not, dear reader, if you get the feeling that this section is not self-contained
(even unintelligible) and many words and/or concepts are just alien to you at this
point. As we walk through the chapters of this dissertation, we will do our best
in carefully introducing and defining all the necessary ingredients, to make sense
of it all. Let us invite you then, on a journey that starts by understanding “why”

and “how” inflation was indeed, an unavoidable state of the primordial universe.

8See, for instance, [62, (3] and references therein.

11



Chapter 2

The Inflationary Paradigm

In this chapter we discuss the historical events that led to the understanding
that “non-standard” physics, besides the naive Big Bang cosmology paradigm,
must have governed the very early universe evolution, in order to explain current

cosmological data. We then introduce one possible solution; cosmic inflation [36—

.

2.1 'Why Do We Need Cosmic Inflation? A Quick Roadmap

The groundbreaking work of Albert Einstein between 1907 and 1915 can be
summarized in a highly profound statement about the workings of nature. Ac-
cording to general relativity (GR), the observed gravitational attraction between
masses results from the warping of space and time by those masses. In the words

of John Wheeler “spacetime tells matter how to move; matter tells space how to

curve” [06]. The reason for the development of GR was that the preference of in-
ertial motions within special relativity (SR) was unsatisfactory [07]. In the article
“On the Relativity Principle and the Conclusions Drawn from it” [08], Einstein

argued that free fall is really inertial motion, and that for a free-falling observer
the rules of special relativity must apply. This is nothing but an incarnation of the
equivalence principle which itself is any of several related concepts dealing with
the equivalence of gravitational and inertial mass, and to the observation that
the gravitational “force” as experienced locally while standing on a massive body
(such as the Earth) is the same as the pseudo-force experienced by an observer in

a non-inertial (accelerated) frame of reference.
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In 1917, Einstein applied GR to the universe as a whole. He discovered that
his own field equations predicted a universe that was dynamic, either contracting
or expanding. However, observational evidence for a dynamic universe was not
known at the time, leading Einstein to introduce a “cosmological constant” term
to his field equations, to allow the theory to predict a static universe of closed cur-
vature, in accordance with his understanding of Mach’s principle !. After Edwin
Hubble discovered in 1929 the recession of nebulae, Einstein abandoned his static
model of the universe. In the dynamic models that he proposed later [70, 71], he
discarded the cosmological constant as it was “in any case theoretically unsatisfac-
tory”. Even though these models turned out not to be good, complete descriptions
of the true dynamics of the cosmos, they are of historical significance as Einstein
importantly embraced the dynamic cosmology of Alexander Friedmann in their
development.

Between 1922 and 1924, Friedmann derived the main results of the so-called
Friedmann-Lemaitre-Robertson-Walker (FLRW) model, which describes a homo-
geneous, isotropic, expanding or contracting universe [72, 73]. However, his work
remained relatively unnoticed by his contemporaries. In 1927, two years after
Friedmann died, Georges Lemaitre arrived independently at results similar to
those of Friedmann, and in the face of the observational evidence for the expan-
sion of the universe obtained by Hubble [74], his results were noticed in particular
by the influential astrophysicist Arthur Eddington. In 1930-31 Lemaitre’s paper
was translated into english and published [75]. The problem was further explored
during the 1930s by Howard P. Robertson and Arthur Geoffrey Walker, who rigor-
ously proved that the FLRW metric is the only one on a spacetime that is spatially
homogeneous and isotropic [76—79]. This is a geometric result that is actually not

tied to the equations of GR.

LA very general statement of Mach’s principle is “local physical laws are determined by the
large-scale structure of the universe” [69].
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In 1927 Lemaitre already had proposed that the inferred recession of the nebulae
was due to the expansion of the universe [75]. In 1931 he went further and sug-
gested that the evident expansion of the universe, if projected back in time, meant
that the further in the past the smaller the universe was, until at some finite time
in the past all the mass of the universe was concentrated into a single point, a
“primeval atom” where and when the fabric of time and space came into existence
[80]. However during those years, almost every major cosmologist preferred the
eternal steady state universe [31, 82, where the density of matter in the expand-
ing universe remains unchanged due to a continuous creation of matter, adhering
to a “perfect” cosmological principle which asserts that the observable universe
is basically the same at any time as well as at any place . After World War
IT Lemaitre’s so-called Big Bang theory was advocated and developed by George
Gamow, who introduced big bang nucleosynthesis, the production process of nu-
clei other than those of the lightest isotope of hydrogen during the early phases of
the universe [$3]. Contiguously, Ralph Alpher and Robert Herman predicted the
cosmic microwave background (CMB), remnant electromagnetic radiation from an
early stage of the universe in Big Bang cosmology [34]. For a while, support was
split between the steady state and the Big Bang models. The discovery and con-
firmation of the CMB in 1964 by Arno A. Penzias and Robert W. Wilson settled
the dispute in favor of the Big Bang theory [85]. Furthermore, in 1968 and 1970,
Roger Penrose, Stephen Hawking, and George F.R. Ellis showed that mathemat-
ical singularities were an inevitable initial condition of general relativistic models
of the Big Bang [80, 87]. Between the 1970s to the 1990s, cosmologists worked
on characterizing the features of the Big Bang universe and resolving outstanding
problems. In particular, in 1981 Alan Guth made a breakthrough in theoretical

work for resolving some of the shortcomings of the Big Bang cosmology with the

2The cosmological principle is the notion that the spatial distribution of matter in the universe
is homogeneous and isotropic when viewed on a large enough scale.
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introduction of an epoch of rapid expansion in the early universe; “inflation” [36].
The usual problems that cosmological inflation is able to address are the magnetic
monopoles, flatness, and horizon problems. Let us briefly state the former two as
the latter will be thoroughly discussed in the next subsection °.

The magnetic monopoles objection was raised in the late 1970s when Grand Uni-
fied Theories predicted topological defects in space that would manifest as mag-
netic monopoles. These theories predicted an efficient production of such objects
in the hot early universe resulting in a density much higher than is consistent with
observations as no magnetic monopoles have never been found. This problem is
resolved by cosmic inflation, since it removes all point defects from the observable
universe.

The flatness problem is an observational problem associated with a FLRW met-
ric. Basically, the universe may have positive, negative, or zero spatial curvature,
depending on its total energy density. Curvature is negative or positive if the
energy density is less or greater than the so-called critical density, respectively.
The universe is flat if the density is exactly critical. The crucial point is that any
small departure from the critical density grows with time and yet the universe
today is highly close to flat. For instance one can calculate that at the relatively
late age of a few minutes, which is the time of nucleosynthesis, the density of the
universe must have been within one part in 10'* of its critical value or it would
not exist as it does today. Inflation drives the geometry to flatness, solving this
cosmological “fine-tuning” problem. Let us now pay more attention to a somehow

more fundamental issue of FLRW cosmology, the so-called horizon problem.

3For a comprehensive account of all these topics, see, e.g., [35].
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2.1.1 The Horizon Problem

As we have already discussed, it is an historical, empirical fact that our

universe, at large scales, is well-described by the spatially flat FLRW metric
ds® = —dt* + a*(t) dx>. (2.1)

To discuss the causal structure of this spacetime it is useful to introduce so-called

conformal time 7, defined through dt = a(7)dr, so that (2.1) becomes
ds®> = a®(7) [—dr® + dx?] . (2.2)

We see that for any a(7), the maximum comoving distance |Ax| that a particle
can travel between 71 and 7 = 7 + A7 is just |Ax| = Ar. In the usual Big
Bang cosmology, as the energy density of radiation p, goes like p, ~ a™*, it
dominates the expansion at early times, and by tracing the evolution backwards,
it is inevitable to find a singularity a — 0. Choosing coordinates such that this
singularity happens at ¢ = 0, the maximum comoving distance a particle can have

traversed since then is given by

t / Ina(t) 1
|AX|:AT:/d—t:/ dina where H =
0

a(t") _ aH "’ (23)

Q|2

It can be shown that during the standard Big Bang evolution, ¢ < 0 <=
% (ﬁ) > 0, so the integral in (2.3) is dominated by the contributions from late
times. Thus, the amount of conformal time that elapses between the singularity
and the formation of the CMB, the so-called recombination event, is much smaller
than the conformal time between recombination and today. Then we realize that

points in the CMB that are separated by more than one degree were never in

causal contact, according to the standard cosmology, as their past last cones never
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intersect before the spacetime terminates at the initial singularity. However, their
temperatures are observed to be the same, to one part in 10*. Not only that, but
the observed temperature fluctuations are actually correlated on what seem to be
acausal scales. A picture is worth a thousand words, so let us consider Figure 2.1.
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Figure 2.1: Spacetime diagram illustrating the horizon problem in comoving coordinates (figure
taken from [39], which itself is an adaptation from [39]).

Here we see a spacetime diagram illustrating the horizon problem in comoving
coordinates. The dotted vertical lines correspond to the worldlines of comoving
objects and “we” are the central worldlines. On each worldline the current red-
shifts of the comoving galaxies are labelled. Everything we currently observe lies
on our past light cone and the intersection of our past light cone with the CMB
spacelike slice corresponds to two opposite point on the CMB surface of last-
scattering. The past light cones of these two points, which are shaded gray, do
not intersect, so they appear to never have been in contact before the inevitable

doom of reaching the singularity.

2.1.2 Cosmic Inflation

To address the horizon problem, we may postulate that the so-called comov-

ing Hubble radius (aH )71 was actually decreasing in the early universe, meaning
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4 (L) <0 < id>0,so the integral in (2.3) is dominated by the contribu-
tions from early times. Consequently there is an additional range of conformal
time between the singularity and recombination. Actually, conformal time now
extends to negative values *, so if the period of decreasing comoving Hubble radius
is prolonged enough, all points in the CMB do originate from a causally connected
patch of space, and so the observed correlations result from ordinary causal pro-

cesses at early times. Again, a picture is quite useful to get an understanding of

the physics.
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Figure 2.2: Inflationary solution to the horizon problem (figure taken from [39], which itself is
an adaptation from [89]).

In Figure 2.2 we see that the so-called comoving Hubble sphere shrinks during
inflation and expands during the conventional Big Bang evolution, at least until
dark energy dominates. What used to be the spacelike singularity is replaced

by the so-called reheating surface, and 7 = 0 does not mark the beginning of

4For example, in a de Sitter spacetime, where a = et = fﬁ with H = constant, it is easy

to check that t‘go — T|(ioo, so conformal time is negative during inflation.
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spacetime but the end of inflation and the transition to the standard Big Bang
cosmology. We can explicitly see that all points in the CMB do have intersecting
past light cones and so can indeed originate from a causally connected region of
space. Quantitatively speaking, in an expanding universe a shrinking comoving

Hubble sphere implies

afty_ 1
dt \aH) «a

where we have defined the usual so-called first slow-roll parameter e. We can

H
—+1

a
72 <0 <= e=—— <1, (2.4)

H2

actually take the slow evolution of the Hubble parameter as the definition of
inflation. We see that the de Sitter limit is reached formally when ¢ — 0, so
inflation is usually said to correspond to “quasi”-de Sitter expansion. The exact

de Sitter limit obviously implies that
H=0=a(t)=e"" with H = constant. (2.5)
Within the slow-roll approximation the universe expands quasi-exponentially
a(t) o< exp (/ Hdt) =e N (2.6)
where it is conventional to define the number of e-folds N with the sign convention
dN = —Hdt, (2.7)

so that N is large in the far past and decreases as we go forward in time and as
the scale factor a increases. It can be shown that in order to solve the horizon
problem, we need inflation to last for a sufficiently long time, usually at least

N ~ [50,60] e-folds. To achieve this requires € to remain small for a sufficiently
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large number of Hubble times. This condition is measured by a second parameter

€
eH

n (2.8)

For |n| < 1, the fractional change of ¢ per Hubble time is small and inflation
persists.
Einstein’s equations in a spatially flat FLRW spacetime with a perfect fluid as

matter content lead to Friedmann equations,
SMZH? =p and 6M2 (H + H2> — _(p+3P), (2.9)

where p and P stand for the energy density and pressure of the fluid. These two
equations can be straightforwardly combined in the form
H =

—M(PJFP% (2.10)

and then it is easy to reexpress € as

e:;<1+£>, (2.11)

p

so that e <1 = P < —%p. This is a violation of the so-called strong energy
condition (SEC), which requires that for every future-pointing timelike vector

field X,

1 v
(TW -3 T”pguy> X*XY >0, (2.12)

where TH is the energy-momentum tensor of the matter sector. Since for a
perfect fluid, T* = diag(p, P, P, P), the SEC is equivalent to p + P > 0 and

p+ 3P > 0. The historical reasons for wanting such a condition is that, via
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Einstein’s equations, the SEC implies the so-called Ricci convergence condition,
K, X' X" > 0, with %, the usual Ricci tensor. This last condition is used
to prove that nearby timelike geodesics are always focussed towards each other,
a first critical step in proving singularity theorems and the like. However, it is
not too hard to find simple physical systems that violate the SEC: A scalar field
with negligible kinetic energy and positive potential >. These are basically the
(now old) “new inflation” (or just “slow-roll”) models of Andrei Linde [37], and
Andreas Albrecht and Paul Steinhardt [33]. As the world is ultimately quantum
mechanical in essence, it is crucial to appreciate the non-trivial implications of

the classical inflationary background we have just discussed.

2.1.3 Cosmological “Free Lunch”: Primordial Perturbations

It is quite remarkable that the inflationary paradigm not only explains the
homogeneity of our universe, but also provides a mechanism to create the pri-
mordial inhomogeneities required for structure formation. This is an “automatic”
consequence of quantum mechanics around the inflationary quasi-de Sitter phase
of the universe °. The theory of fluctuations was first calculated by russian physi-
cists Viatcheslav Mukhanov and Gennady Chibisov when analyzing Starobinsky’s
similar model [31, 92] 7. In the context of inflation, they were independently calcu-
lated in 1982 by four groups: Stephen Hawking [33]; Alexei Starobinsky [34]; Alan
Guth and So-Young Pi [32]; and James M. Bardeen, Paul Steinhardt and Michael

®Nowadays, it is the so-called averaged null enery condition | o Ty K*EYdA, where k# is any
future-pointing null vector field and C' is any flowline (integral curve) of k#, the one that has
been proven (on Minkowski spacetime) to be satisfied even within proper quantum mechanical
regimes, such as the Casimir effect.

It has been stated that Paul Dirac somehow “prophesied” this fact as early as 1939 (see
[90]). However, it seems that this is a 1931 Lemaitre’s original idea and Dirac almost surely got
it from him (see [91]).

"As early as 1979, Alexei Starobinsky noted that quantum corrections to GR should be impor-
tant for the early universe, and that such corrections generically lead to curvature-squared cor-
rections to the Einstein-Hilbert action. The solution to the modified Einstein’s equations, when
the curvatures are large, leads to an effective cosmological constant. Consequently, Starobinsky
proposed that the early universe went through an inflationary de Sitter era [93].
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Turner [35]. The rough idea is that the exponential growth of the scale factor
during inflation caused these primordial quantum fluctuations of the inflaton field
to be stretched to macroscopic scales while “freezing” upon leaving the horizon
8. During the later stages of radiation and matter domination, these fluctuations
supposedly re-enter the horizon, setting the initial conditions for structure forma-
tion.

In chapter 3 we will explicitly construct a well motivated two-field inflationary
model [12], with the aim of setting not only a theoretically controlled, fine-tuning
free inflationary background, but also a phenomenologically attractive quantum
theory of fluctuations. Before we introduce our specific two-field inflationary
model, it will prove quite useful to discuss the modern understanding of infla-

tion as a symmetry breaking phenomenon [10, 41].

81t is understandable that “hardcore” general relativists like our dear professor Ted Jacobson
may not like this terminology due to the fact that the concept of horizon in black hole physics
is quite different. However, in the cosmology community it is quite common to talk in these
terms, and things will not change as far as we can see. See Wikipedia to appreciate this fact.
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Chapter 3

The Effective Field Theory of Inflation

In this chapter we discuss the construction of the effective field theory of
inflation, which embodies the seminal idea that cosmic inflation occurs as a con-
sequence of the spontaneous symmetry breaking of time translational invariance

[10, 41] in the early universe.

3.1 Spontaneous Symmetry Breaking

In thermodynamics, a spontaneous process is the time-evolution of a system
in which it releases free energy and it moves to a lower, more thermodynamically
stable energy state. On the other hand, symmetry breaking is a phenomenon
in which infinitesimally small fluctuations acting on a system crossing a critical
point decide the system’s fate, by determining which branch of a bifurcation is
taken. Spontaneous symmetry breaking (SSB) is a spontaneous process of sym-
metry breaking, by which a physical system in a symmetric state ends up in an
asymmetric state. Technically speaking, the Lagrangian and the equations of mo-
tion still respect the symmetry but the lowest-energy vacuum solutions do not.
Our aim is to revisit the seminal idea of understanding cosmic inflation as an ex-
ample of SSB and discuss the associated Goldstone dynamics [10, 41]. In writing

this chapter, in some parts, we closely follow [39, 94].

3.1.1 SSB of Global Symmetries

For completeness, we review the familiar cases of SSB or global and (spin

1) gauge symmetries. Needless to say, everything here is, in some way or another,
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much more well covered in masterpieces such as [95]. Let us start by considering
a set of real scalar fields ¢;, @ = 1,..., N, whose dynamics is determined by an

action that is invariant under some global symmetry group transformation
¢i = ¢y = Uy ¢;, where U = 0" Ga (3.1)

where the GG, are the generators of the group G, and the #* are spacetime-
independent parameters. If such fields acquire a vacuum expectation value (VEV),
meaning (¢;) = v;, then the symmetry G is said to be spontaneously broken to
the subgroup H that leaves the v; invariant, meaning (7'4),; v; = 0, where the T4
are the generators of H. In contrast, the transformations in the coset G/H act
nontrivially on the v;’s, meaning (X,),;v; # 0, where the X, are the “broken”
generators (generators of the broken symmetries). Now within SSB, spacetime-
independent transformations along the directions of broken symmetry connect
different vacua with the same energy and, as a result, for each broken generator
there is one “flat” direction in the space of field configurations . Fluctuations
along the flat directions are the famous Goldstone bosons. Goldstone’s theorem
asserts the existence of one massless Goldstone boson 7, for every broken gen-

erator [7] 2. The usual way of introducing the Goldstone bosons is to act on

the vacuum configuration with the broken symmetry, but replacing the constant

'In short, we know since the seminal work of Emmy Noether, that every continuous symmetry
of the action of a physical system has a corresponding conservation law [96], i.e., there exists a
Noether current J*(z) such that d,J* = 0. In the quantum theory, the conserved charge @ =
J d®J%(z) is the operator that generates the symmetry transformation, and since it is conserved,
it commutes with the Hamiltonian, i.e. [H, Q] = 0. The operator @ corresponds to a conserved
charge no matter what vacuum we expand around. SSB occurs, by definition, if the symmetric
vacuum, with Q \Q)Sym = 0, is unstable and the true, stable vacuum is charged Q |Q) # 0. If the
vacuum has energy Ey, meaning H |Q) = Ey |Q), then HQ |Q) = [H, Q] |Q) + QH |Q) = EpQ |Q)
and therefore the state @ |Q)) is degenerate with the ground state.

2Using Jo(z) and Ey as defined in footnote 1, we can construct states of 3-momentum p
from the vacuum as |7(p)) = —% [ d3xe®>* JO(x) |Q) which have energy E(p) + Eo. Here,
f is a constant of mass dimension 1 and the prefactor is just conventional. We see that since
|7(0)) = —%Q |Q2) has energy Ey we may conclude that E(p) — 0 as p — 0, so the Goldstones
are gapless. Note that this reasoning has not required us to assume a Lorentz-invariant dispersion
relation.
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transformation parameters ¢ with spacetime-dependent parameters 7®(z), that
is

it (x) Xa
One crucial fact is that, generically, the remaining directions in field space are
not flat, while the 7%(z) parametrize massless excitations. Thus, the “massive”
directions decouple from the Goldstone dynamics, making the latter the natural
degrees of freedom of the low-energy effective field theory (EFT). The EFT is
determined by the symmetry-breaking pattern to a large degree, and is such that
the symmetries in H are linearly realized while those in G/H are nonlinearly

realized. To construct the EFT, one introduces the field
Uz) = ™)X where 7(z) X = 7%2)X,. (3.3)

Then at lowest order in the derivative expansion, the unique G-invariant La-
grangian is given by

2
2O — — T 9,UT0"U, (3.4)

€

where f; is a mass dimension 1 parameter. It is clear that there can be no
terms without derivatives as TrUTU = constant. Let us specialize to the case
G/H = SU(2), so that X, = 1 7, where 7, are the usual Pauli matrices, in order
to expand (3.4). In such a case we can think of the 7, as the triplet of pions of
quantum chromodynamics (QCD). Using the normalization 7, = f, 7,

20 = —%aﬂc - O'me — 6%2 {(e - Oume)? = 72(Oyme - 7))} + ..., (3.5)
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where use has been made of the “Killing form” 2Tr X, X = §,5. We see the
appearance of an infinite series of non-renormalizable interactions. The symmetry
breaking pattern dictates relations among all these operators, with all couplings
determined by the single parameter f,. This is the so-called “universal” part of
the action.

At higher order in the derivative expansion there exist additional non-universal

operators involving only single derivatives

2
Ly = =TT OUU + ) (Tra,UT0"V)" + ¢ (Tra,UT0"U Tra,U0"U) + ..

(3.6)

where ¢; and ¢y are model-dependent dimensionless constants. Expanding the
previous expression in terms of 7. we would find new structures where individual
operators are related by the non-linearly realized symmetry. If we know a so-called
“UV-completion”, coefficients like ¢; and ¢y can be calculated in terms of the
parameters of the completion after integrating out the heavy modes of the high-
energy theory. When UV-completions are not known, the effective action provides
a model-independent description of the low-energy dynamics and coefficients like
¢ and ¢y are, in principle, fixed (mostly bounded) by experiments.
The symmetry-breaking scale can be read off from the state

(o) = =% [ dzev* @) |0). (3.7
which is gapless, as proven in footnote 2. Taking the inner product with (m.(q)|

and integrating over [ d*pe ¥ one finds that

(me(@)| J°(t,y) Q) = iE(q) fe™'9Y, (3.8)
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where we have used the relativistic normalization (7.(q)|7m.(p)) = 2E(q)(27)?6(q—
p). The current interpolates between the vacuum state |2) and the Goldstone bo-
son state |m.), with a strength set by the scale f. In other words, f is the “order
parameter” of the symmetry breaking, i.e., symmetry breaking occurs around
f. Now the current associated with the effective Lagrangian (3.5) is given by
Jt = —fr 0!, + ..., soif |m.) is the state created by acting with the operator 7.

on the vacuum state |Q2), then

(me(a)] " (y) 10) = iq" f(q*)e™®, (3.9)

where f(¢*) = fr + ..., is the Lorentz-invariant version of (3.8), and f, plays the
role of f. The symmetry is restored when the right-hand side of the above equation
vanishes, and this happens when higher-order corrections cancel the leading term
in f(¢%), i.e., at energies of order f,. Below f,, weakly-coupled Goldstone bosons is
an appropriate description of the physics, while above f, other degrees of freedom
become relevant. A fairly reliable method for identifying the cutoff of the effective
theory is to determine the so-called strong coupling scale, A. At this scale the
perturbative expansion breaks down. More formally, we may define the strong
coupling scale as the energy scale at which the loop expansion breaks down or
perturbative unitarity of Goldstone boson scattering is violated. One can then
deriv