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“Not only is the Universe stranger than we think, it is stranger than we can think.”

Werner Heisenberg
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Ultraviolet aspects of Peccei-Quinn Inflation

by Davide DAL CIN

The possibility of observing a value of the tensor-to-scalar ratio r of the
order r ~ 1073 would project us into a new era for the cosmology of the
early Universe. Such an observation would lead to confirmation of infla-
tion and a measurement of the energy scale at which this phase occurred,
revolutionizing the idea of the early stages of the evolution of the Universe.
This scale would be beyond the reach of any possible terrestrial experiment,
exploring a region of energies of the order of 102 — 10'*GeV. Since a the-
ory of quantum gravity is missing, this relegates inflation models to effective
models that are reliable only within a certain range of energies. Hence, the
question of whether the predictions of these models are reliable is crucial. In
other words, is it always possible to ignore the tower of higher-dimensional
operators present? This thesis aims to answer this question by focusing on
the model called Peccei-Quinn inflation. This model offers the possibility of
explaining inflation, dark matter and providing a solution to the strong CP
problem. It also predicts a value of  ~ 10~3 and makes this model falsifi-
able in the future. In addition, this thesis addresses a crucial aspect related
to the production of dark matter through axions. It involves modeling the
evolution after inflation, which is a crucial point. The findings significantly
alter what was previously known about the Peccei-Quinn model. In the
thesis we prove that Peccei-Quinn inflation is extremely sensitive to higher-
dimensional operators, undermining its validity as an effective field theory.
Further combined with the discussion on the axion quality required for solv-
ing the strong CP problem, we examine the validity of this scenario. We also
show that after Peccei-Quinn inflation, resonant amplifications of the field
fluctuations are inevitably triggered, casting serious doubts on the typical
assumption of a homogeneous evolution. In conclusion, this thesis asks and
tries to answer some profound questions regarding theoretical models that
are in the sights of future groundbreaking observations in cosmology that
will potentially provide a deeper understanding of the fundamental proper-
ties of our Universe.
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Chapter 1

Introduction

The modern study of the universe is based on the ACDM model which pro-
vides a strong foundation to understand the large-scale structure and the
expansion of the universe. This model is built on the principles of general
relativity and proposes the existence of two mysterious elements: dark mat-
ter (DM) and dark energy (DE). DM constitutes around 26.8 % of the total
mass-energy density of the universe and is believed to be responsible for the
gravitational effects observed in very large structures such as the flat rotation
curves of galaxies, the gravitational lensing of light by galaxy clusters, and
the enhanced clustering of galaxies, see [65] for a review. The remaining 4.8%
is made up of all the ordinary matter that we can observe, including planets,
stars, and galaxies. What has been left out of the calculation is a 70 % that is
constituted by dark energy and is responsible for today’s acceleration [150,
140].

The standard model passed a plethora of observational tests, ranging
from the cosmic microwave background (CMB) to supernovae observations
and measurements from LSS [9, 4, 85, 149]. There are still open questions
that the model is not able to address like the nature of DM and DE and ten-
sions persist on the values of cosmological parameters measured by different
observations [148, 179, 64].

During these decades many candidates for DM have been proposed such
as weakly interacting massive particles (WIMPs)[108, 74, 151], axions, sterile
neutrinos (see [36] for a review), primordial black holes [83, 81, 43], asymmet-
ric dark matter (see [183, 141] for reviews), light dark matter (see [63] for a
review), fuzzy dark matter (see [88] for a review), self-interacting dark matter
(see [168] for a review), Q-balls [50], WIMPzillas [107] and Planck-scale DM
[19, 69, 94]. In particular, axions exist automatically as a solution to strong
CP problem [138, 177, 174] and they have received increasing attention by
the community given the stronger and stronger bounds on standard WIMP
dark matter and the many non-collider experimental opportunities for their
detection. The behavior during and after inflation of this particle determines
its relic abundance, which is still debated in the literature [72, 180, 42].

The ACDM model can be extended by adding cosmological inflation,
which may explain the observed flatness and homogeneity of the Universe,
as well as the origin of the primordial curvature perturbation [164, 162, 156,
75,134, 114]. However, the actual mechanism of inflation is still unknown. In
40 years many models have appeared, an incomplete list includes R? [164],
chaotic [118], extended [110, 106], power-law [2, 120], hybrid [119], natural
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[65], supernatural [145], extra-natural [11], eternal [172, 76], D-term [30], F-
term [130, 44], brane [59], ..., etc .... Some of these models are now ruled
out, nevertheless, this varied list shows that to date a final model does not
exist.

From an observational point of view, these inflationary models must ful-
till the bound on the tensor power spectrum, commonly parametrized by the
tensor-to-scalar ratio r, from Planck [9]. Future experiments, like [10], aim to
reach 7 ~ 1072 and promise to advance the understanding of the Universe.
Given this prospect, it is reasonable to explore or to understand in a deeper
way models that predict r in this future ballpark. An example is Higgs in-
flation [29], see Section 4.11 for details, where the Higgs field with a non-
minimal gravitational coupling drives inflation. Higgs inflation requires a
very large gravitational coupling to be consistent with both the measurement
of the Higgs self-coupling and the curvature perturbation amplitude inferred
from analyses of the CMB. It has been pointed out that the large gravitational
coupling lowers the cutoff scale of the effective field theory (EFT), making the
predictions of the model unreliable [20, 39, 84, 40] (though a counterargu-
ment has been presented in [28]). Orthogonal to the prediction of r ~ 1073,
Higgs inflation is extremely interesting because it is an economic and unify-
ing model as it allows to explain the inflationary phase without introducing
any additional particles to the standard model. The Higgs field, which is
present due to infrared physics (unitarity of scattering amplitudes), serves as
the inflaton, establishing a unique connection between high and low energy
physics.

Peccei-Quinn (PQ) inflation, proposed by [61], is a well-motivated model
worthy of study. The model requires the presence of a complex scalar field
® (PQ field) in addition to the standard model. The PQ field was originally
introduced to solve the strong CP problem[138], which is unrelated to the
physics of the early universe. By positing that the radial component of the PQ
field drives inflation, this model provides a comprehensive explanation for
the strong CP problem, dark matter, and inflation, all within a single frame-
work. Higgs inflation and PQ inflation share the qualities of being economi-
cal and unifying, making them both highly appealing. The crucial ingredient
of the PQ inflation scenario is a coupling between the PQ field and the Ricci
scalar. This dimension-four interaction, which is expected to exist from the
point of view of an effective field theory in curved space [137], flattens the
potential to realize a slow-roll [152, 90, 135, 113]. In the case of PQ inflation,
its self-coupling is not constrained by experiments and thus is effectively a
free parameter of the model. It can be chosen to allow for a small gravita-
tional coupling, such that the cutoff scale is larger than the relevant energy
scales during and after inflation. This has been considered as another virtue
of PQ inflation.! Here we note that a small gravitational coupling, on the
other hand, requires a large field excursion for the PQ field. This is eas-
ily understood by noting that, with a power-law potential V' o ¢" and in
the absence of a non-minimal coupling to gravity, slow-roll inflation requires

1t was pointed out in [77] that the gravitational coupling also helps evade the axion
quality problem.
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super-Planckian field ranges. The necessity of large field excursions renders
the model sensitive to higher-dimensional operators, which in turn depends
on the details of the ultraviolet (UV) completion of the theory, bringing us
back to the situation similar to Higgs inflation.

The goal of this thesis is to sharpen this message by evaluating, for the
tirst time, the effects of higher-dimensional operators on PQ inflation. In or-
der to constrain Planck-suppressed operators, we analyze their impact on
curvature perturbations and inflation duration. (See also [89] which per-
formed a similar study for a Higgs-like real inflaton.) The ultraviolet sen-
sitivity of PQ inflation is reminiscent of the so-called axion quality prob-
lem [93, 87, 91], which is based on the observation that U(1)pg-breaking
higher-dimensional operators can spoil the axion as a solution to the strong
CP problem by displacing the axion field from the CP-conserving vacuum.
This shows how the axion dynamics in the IR are influenced by unknown
physics in the UV, parameterized by these operators. The figure in this thesis
(Fig. 7.2) demonstrates how physics at the Planck scale can affect inflaton
physics.

The UV conundrum of PQ inflation is just one face of a cube of questions.
We know that the Universe has to pass from a cold empty state during infla-
tion to the primordial thermal bath. It is crucial to understand this transition
and, in light of all the above good properties of the model, how the axion
(phase of the PQ field) behaves at the end of inflation. In a model similar
to PQ [17], it is shown that a resonant amplification of the field fluctuation
is generated when the inflaton oscillates about its origin, this amplification
leads to a restoration of the PQ symmetry. Instead, in [61], it is assumed
that the axion is homogeneous after inflation and the production of DM hap-
pens via the misalignment mechanism, see Section 6.4.2. One may wonder
if the presence of higher-dimensional operators prevents the inflaton from
oscillating around its minimum, leading to a homogeneous axion field. The
objective of the thesis is to conduct a thorough investigation of the evolu-
tion of axion after inflation while considering the angular momentum of the
PQ field for the first time. We demonstrate the inevitable occurrence of in-
homogeneities generated from parametric resonances, which is discussed in
Section 7.5.

The results presented in Section 7.5 prompt us to investigate whether we
can produce sufficient initial angular momentum using higher-dimensional
operators. This will help us have in-spiral trajectories in the field space and
prevent parametric resonances. However, as we will see in Section 7.5, if the
radial field is the inflaton, it is not possible to achieve this. But if we do not as-
sign the radial part of ® as the inflaton, then it becomes necessary to explore
if it is possible to avoid PRs. This is because in many scenarios such as, string
theory [31, 41, 59], supersymmetry [62, 58, 144, 38, 126], extra-dimensions
[147, 146, 129] more than one scalar field is present during inflation and the

2The precise statement is that the PQ field excursion in the Jordan frame increases with
a decreasing non-minimal coupling. The excursion of the canonically normalized field in
the Einstein frame is larger than 10'® GeV, independently of the value of the non-minimal
coupling.
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® field would play the role of spectator field. Having no more constraints
on g, it is possible to search for the minimum value necessary to avoid para-
metric resonances; guaranteeing, unless thermal restoration of the U(1)pq, a
homogeneous evolution for the field ®. In Chapter 8, we demonstrate the ex-
istence of a region in the I — log,,|g| space where we can prevent parametric
resonances. In this region, the abundance of dark matter is given by the ki-
netic misalignment mechanism discussed in Section 6.4.3. For the first time,
this analysis provides bounds on the size of these operators, as shown in Fig.
8.1.

The discussion in the thesis is split into two parts. The first part aims to
establish the theoretical framework of the thesis in a way that is accessible
to non-experts and students. Chapter 2 presents the standard cosmological
model, covering the key features of the expanding universe, Einstein’s GR
principles, and known matter energy components. Chapter 3 discusses the
problems of the standard Big Bang cosmology and how inflation can over-
come them.

In Chapter 4, we explore perturbations in the universe, starting with the
perturbed metric, moving on to Einstein’s field equations, and addressing the
issue of gauge invariance in GR. We present the observational bounds based
on the 2018 Planck results. We also review the Higgs inflation model and its
issues as EFT. Finally, we derive the Lyth bound and review the /N formal-
ism. Chapter 5 discusses reheating, including its fundamental properties and
the preheating process that applies quantum field theory in a time-dependent
classical background.

Chapter 6 introduces the strong CP problem and the axion as a possible
solution, with a focus on the production mechanism of a relic abundance
of this particle. We also examine the axion quality problem, which restricts
higher-dimensional operators that break U(1)pg and requires the axion to
solve the strong CP problem.

In the second part, we present the original work that forms the core of this
thesis, based on [54]. In Chapter 7, we provide a detailed review of the Peccei-
Quinn inflation model and demonstrate its UV sensitivity by showing that
its predictions are highly sensitive to Planck-suppressed higher-dimensional
operators. We combine our new constraints with the axion quality, and cut a
large parameter space of higher-dimensional operators, as shown in Fig. 7.8.
We also analyze the subsequent evolution of the axion, demonstrating that
the production mechanism of the DM abundance cannot be the misalignment
mechanism due to parametric resonances.

In Chapter 8, we introduce a project that provides a practical applica-
tion of the concepts covered in Chapter 7. This chapter aims to investigate
whether a relic abundance of dark matter can be obtained through the "ki-
netic misalignment" mechanism by exploring a region in the parameter space
where parametric resonances can be avoided. This is achieved by abandon-
ing the assumption that the radial field is the inflaton.

We summarize the main findings of this thesis and define the roadmap
for future developments in Chapter 9.
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In this thesis, we use the following convention for the metric signature
(+,—,—,—). We will work with natural units in which# = kg = c = 1 and
the reduced Planck mass is Mp; = +/1/87G. Moreover, x represents the
coordinate of spacetime and Greek indices go from 0 to 3 and Latin indices
from 1 to 3. We use a dot for the cosmic time derivative " = d/dt and a prime
for conformal derivative’ = d/dt unless otherwise specified.






Chapter 2

Modern Cosmology

In this chapter, we will introduce the fundamental concepts for the rest of the
research. We begin by reviewing the key components of the standard cosmo-
logical model in Sections 2.1 and 2.2. Then, we will derive the Hubble flow
and the redshift effect resulting from an expanding Universe in Sections 2.3
and 2.4. In Section 2.5, we will analyze the possible constituents of the Uni-
verse, followed by the evolution equations in Section 2.6. Other references
on these topics include [25, 52, 175, 26, 27].

2.1 The Cosmological Principle

When we have a lack of data this pushes physicists to use some guidelines,
that are based on symmetries which reduce the degree of freedom (DOF) in
the theory. Early cosmologists with the help of these assumptions tried to
construct models that aimed to describe the Universe in a broad-brush sense.
These models were based on an idea the "Cosmological Principle" which
states: that on sufficiently large scales the Universe is both homogeneous and
isotropic. By homogeneous we mean that the Universe looks identical every-
where in space and isotropic the same in every direction. The assumption
of isotropy is sustained by the observation of the isotropy of the CMB ra-
diation. Instead, homogeneity is sustained by the Sloan-Digital-Sky-Survey
(SDSS) which provides pieces of evidence that the distribution of galaxies, on
a scale larger than 300 light years, is homogeneous. The Cosmological princi-
ple, which we accept because it is in agreement with observations, embedded
in GR points towards the so-called Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric.

2.2 The FLRW metric

In GR, the geometry of the three-space ( ¥; ) is encoded in a metric 7;;(¥),

or equivalently a line element dI?> = 'yi]-dxidxj , where we adopt the Einstein
convention for the repeated indices. The cosmological principle strongly con-
strains the form of the Universe, which can be described as a foliation of three
spaces ( ¢ ); each of which is forced to be homogeneous and isotropic.
There are three examples of this type of geometry. The simplest one is
the Euclidean space with line element, in Cartesian coordinates, di? = di?,
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whose symmetries are translations and 3-D rotations. A spherical surface in
4-D Euclidean space with radius a is another possibility, which is described
by dI*> = dx? + dz? and respecting z2 + ¥> = a®. The isometry of the metric
is the 4-D rotations. The last possibility is a hyper-spherical surface in 4-D
pseudo-Euclidean space, with line element dI*> = d¥? — dz? and respecting
722 — ¥2 = 42, where, as an abuse of notation, we used the same a for these
two cases. The isometry of the metric is 4-D pseudo-rotations (like Lorentz
transformations).

Focusing on the last two cases, it is useful to pass to rescaled adimen-
sional coordinates x — ax, z — az such that the line elements are collectively

described by
2 = a2 (de + dzz> L R4 — 41 2.1)

The embedded metric can be derived by differentiating the conditions (2.1)
leading to
X-dX = zdz. (2.2)

Inserting the previous expression in (2.1) we obtain

S 12
dI> = a? |d¥® + (’;'HF—‘Z;Q (2.3)
In compact form we have
2 24 gvizi_ 2| 30 (% df)z
dl* = a*y;dx'dx) = a” | dX +Km (2.4)
where we introduced the induced metric § defined as
Yij = 0ij + K%, (2.5)

and the 3-D curvature K defined as

0  Euclidean
K=4{1 Spherical (2.6)
—1 Hyper-spherical.

The positivity of dI? requires a® > 0.
Passing from Cartesian to polar coordinates (7,0, ¢) the line element (2.4)
becomes )
di> = a* % +r2d6* + r*sin 0%d¢? | . (2.7)
We can simplify the previous expression via the introduction of a new radial
coordinate defined as dg = dr/+/1 —Kr2. With the new variable the line
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element (2.7) becomes
di? = g2 [dqz +52 (9) (d92 +sin 9%14#)} , (2.8)

where we introduced

q K=0
Sk(q) =4 sing K=1 (2.9)
sinhg K= —1.

To pass to an expanding Universe we include (2.4) into a 4-D geometry
and promote a to be a function of time, more concretely we have

ds? = gudxtdx’ = di* — a(t)y;dx'dx. (2.10)

The g,y metric describes the FLRW Universe and a is the scale factor. Study-
ing the photon evolution is useful to introduce the conformal time dt =
dt/a(t) and (2.8), such that (2.10) becomes

ds? = a(t)? |d7* — dq? — S} (q) (d6? + sin6%dg? ) |, (2.11)

that describes a metric that is conformal to the Minkowski spacetime. Pho-
tons travel along null geodesics (ds*> = 0) and the light rays propagation in
(2.11) is the same as in Minkowski spacetime. Along the path of the photon,
from ds? = 0, we get

AT = Aq, (2.12)

that are the photon trajectories in the metric (2.11).

2.3 The Hubble flow

Let us consider two points P and Py (origin of the polar coordinates). The
proper distance dp between P and Py can be inferred from the FLRW metric
in polar coordinates and putting dt = 0. From (2.7) we obtain

r dr
dp — / L SE— 2.13
P a 0 m Elf(?’) ( )
where
r K=0
f(ry=<sin"lg K=1 (2.14)

sinh g K= -1.

This definition of distance is not useful operationally since required to mea-
sure instantaneously the distance between P and P. The coordinates (r, 6, ¢)
are attached to each point and follow the expanding Universe and one can
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define a comoving coordinate

dc = f(r)a, (2.15)

such that the relation between d¢c and dp is

dp = %dc. (2.16)

Since a(t) is changing in time then the proper distance dp changes and the
source P has a radial velocity with respect to Py given by

vy =af(r) = gdp. (2.17)

Equation (2.17) is the Hubble law and 4/a = H is the Hubble constant. In the
case in which the point P has a velocity measured by a comoving observer
(i.e. comoving with the Hubble flow), then P has a peculiar velocity (vpec)
and equation (2.17) becomes

Otot = vpec + Hdp (218)

Finally the value of H today is Hy = 67.32 = 0.42kms’1Mpc_1 [9].

2.4 The Redshift effect

Observations are made through the motion of light that is coming to us from
distant galaxies. As we saw previously, galaxies are moving away or towards
us due to the Hubble flow and we expect differences between the observed
wavelength, A, and the emitted wavelength, A.. We define the redshift of a

source by the quantity
A — Ae
= , 2.19
2= 200 219)
where the observer is located at the origin of the polar coordinates system.
Instead the source is located at » and emits light at f. with wavelength Ae.

Since light moves on ds? = 0, from (2.7), we get

(2.20)

[ = s

The observer and source move with Hubble flow and from this, we can con-
clude that the distance f(r) is the same at different times. We can write

o df to df
/t pol £lr) = /t gk (2.21)

/
e e
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where t] and t{, are different emission and observation times respectively. If
we choose t; and t;, as t, = te + dte and |, = to + dto, from (2.21) we get
a(te) ap’

that holds for small ét., 6tg. If the two previous intervals correspond to the
emission and absorption times we obtain

(2.22)

a(t a

(A:) = A—z (2.23)

From the definition of redshift (2.19) we obtain
14z= a?fe). (2.24)

If t. is close to typ we can expand
a(te) =a(tp) (1+ Ho(te —to) +...), (2.25)
Plugging the last equation in (2.24) we obtain

z >~ Hy (tg —te) . (2.26)

For close-by objects, we can approximate tg — te =~ d, where d is the physical
distance between the two sources. Finally, we get

z ~ Hod, (2.27)

that show how z increases linearly with d and the slope is given by Hy .

2.5 The Dynamics of the Universe

Up to now what we discuss does not rely on the particular behavior of the
cosmological expansion. We saw that the FLRW metric contains an unknown
function, the scale factor a(t), whose dynamic is governed by Einstein’s field
equations. We need to provide information about the matter content of the
Universe that is encoded in stress-energy tensor T),. Due to homogeneity
and isotropy the form of the stress-energy tensor is constrained to be

Too = p(t), Tio =0, Tjj = —P(t)gij, (2.28)

where p and P are generic unknown time-dependent functions and they rep-
resent the energy and pressure densities respectively. This Ty, is the one of a
perfect fluid as seen by a coming observer, and in a covariant form reads

T, = (0 + P) U*U, — Psy, (2.29)
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where U' = dx#/ds is the relative four-velocity between the fluid and the
observer, while p and P are the energy and pressure densities in the rest-
frame of the fluid. For a comoving observer with the fluid, U" = (1,0,0,0),
we recover (2.28).
The evolution of p and P are governed by the continuity equation that in
GRis
V. T" =0, (2.30)

where V, is the covariant derivative. The v = 0 component gives the evolu-
tion of p that is
p+3H (p+ P) = 0. (2.31)

2.5.1 The budget of the Universe

The content of the Universe is varied and we can classify it as :

1. Non-relativistic matter: Describes the "matter" that have negligible pres-
sure P < p. From (2.31) we get the following scaling for p, p ~ a2 .
This behavior represents the dilution given by the volume expansion.

2. Relativistic: We define "radiation" as a form of matter such that P =
p/3. Photons or in general relativistic particles fall into this category.
From (2.31) we get p ~ a~*. The extra dilution for relativistic particles
with respect to ordinary matter came from the redshift of the energy.

3. Dark energy: Recently the Universe has been observed to be acceler-
ated. Our Universe seems to be dominated by the strange form of "mat-
ter" with negative pressure P = —p. From (2.31) we get p ~ 4%, and the
energy density remains constant.

It is customary to introduce a relation between P and p as
P = wp, (2.32)

where w is the equation of the state of "matter" under consideration. If we
insert (2.32) in (2.31) we get

p ~ a 311w, (2.33)

that is the general scaling of p with the scale factor a. Fromw = Oorw = 1/3,
we obtain the scaling for non-relativistic and relativistic matter respectively,
as expected.

2.6 Friedmann Equations
The Einstein equations are

gwR 1

G,y = R,y — = — (2.34)
uv uv R A
2 Mg,
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where R, and R are the Ricci tensor and scalar. If we insert the ansatz (2.10)
for the metric and the stress-energy tensor (2.28) in (2.34) we obtain

-\ 2 2
2 (4 p MK
7y P _ 2.
M3, (a> 32 (2.35)
i 1
Ml%la =~ (p+3P). (2.36)

From (2.35) with K = 0 we define the critical density p.: as follow
Ocrito = 3M3HZ = 1.05 x 10°h*GeVem 2, (2.37)

where h is introduced from the Hubble parameter today as follows
Hy = 100hkkms ™ 'Mpc !, (2.38)

and its value is h ~ 0.7 from Planck [9]. It is common to introduce the fol-
lowing parameter () as follow

Qo = 210, (2.39)
Ocrit,0

With the last definition, we can rewrite (2.35) as follows

= 12 [Q () 4 o () + 00 (2 + Q} . 4)

where Qx o = —K/ a%H% and r, m, A stand for radiation, matter and cosmo-
logical constant. From type IA supernova, CMB, and LSS we know that the
Universe is filled by [9, 4, 85, 149]

Qxo <001, Oy =94x10"% Qno=032, Oy = 0.68. (2.41)
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Chapter 3

The Inflationary scenario

We will introduce the standard notion of particle horizon and Hubble sphere
in Section 3.1, which are tightly linked to the discussion of puzzles of the
standard Big Bang cosmology, Section 3.2. They represent a serious problem
since they point towards a "high" degree of fine-tuning of the initial condi-
tions of the Universe for explaining what we observe. In Sections 3.3 and
3.4, we analyzed inflation as a possible solution to these puzzles. Other ref-
erences on these topics include [26, 27, 133, 112, 127, 29, 20].

3.1 Horizons and Hubble radius

Signals, in a casual theory, can at most travel at the speed of light. It is there-
fore necessary to study the dynamics of photons to understand the casual
structure of the Universe. Using the suitable coordinate (2.11), we can define
the comoving particle horizon q(7) as

tod
q(7) zr—nz/t. ﬁ (3.1)

where the hypersurface 7 is the Big Bang singularity. Equation (3.1) repre-
sents the largest comoving distance from which an observer at time ¢ will be
able to receive signals. The particle horizon takes into account all the history
of the observer and any possible causal influence has to come within this
region. It is (3.1) that plays an important role in the horizon problem.

From (3.1) we can introduce another crucial ingredient, the comoving
Hubble radius. Indeed, the relation (3.1) can be rewritten as

g(a) = /llm (aH) 'dlna, (3.2)

na;

and the casual structure of the Universe is controlled by (aH) ~1 the so called
comoving Hubble radius. In a Universe dominated by a single fluid with an
equation of state (2.32), we get

ZH_l 143w 143w 2
0 e ~ -1
q(a) = 15 3w {IZ 2 —a 2 ] ~ (LZH) , (3.3)
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where we neglect the contribution from 4;. The last quantity is finite if 1 4

1+3w
3w > 0 (strong energy condition (SEC)), indeed 7, = 2ai+T /(1 + 3w)Hy
goes to zero when 4; goes to zero if 1 + 3w > 0. From (3.3) we note that
numerically the comoving particle horizon and Hubble radius roughly agree.
Here, we want to stress that the two quantities are very different:

1. Comparing a comoving separation A, of the two particles, with the
Hubble radius determines if the two particles can communicate at a
given time (within the next Hubble time).

2. Comparing A with g determines if two particles could or could not have
communicated.

For the solution of the horizon problem, as we will soon see, will be crucial
to obtain g > (aH) .

3.2 The Horizon and flatness problems

An observer can potentially observe all events that belong to the particle hori-
zon. At the time of CMB formation, which occurred 380,000 years after the
Big Bang, the CMB consisted of 10* disconnected patches. These patches cor-
responded to two points in the sky that were separated by one degree. The
particle horizons of these two points did not overlap, indicating that there
was not enough time for them to interact. The CMB shows isotropy on scales
larger than one degree, which poses the horizon problem: how could two
points that were casually disconnected have the same temperature?

Instead, the flatness problem is an issue of "fine-tuning". From (2.35) we
know that () obeys

K

a?H?*
During radiation H scales as H ~ p ~ a~* and (3.4) tells us that Q — 1 scales
as QO — 1 ~ a?. We can evolve back in time the Q) — 1 factor and obtain its

value at BBN )
19— =5 ~ ( To > ~ 1016 (3.5)
| —1|7—T, TN ’

where we used T ~ 1/a and the numerical values for the temperatures today
(To ~ 10~13GeV) and at Big Bang nucleosynthesis (BBN) (Tgpn ~ 1073GeV).
Observation is pointing towards a value for |Q2 — 1|77, tobe |Q — 1|7_71, <
0.01, and to get this value we need to fine-tune |Q) — 1|7—_7,, close to one with
a precision of 10'°. The flatness problem is the request for this extremely high

tuning.

QO-1= (3.4)

3.3 A possible solution of the previous puzzles

As one may imagine a solution to the previous problem is provided by infla-
tion. Our description of g, relation (3.1), already gives us an intuition of the
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way to go. We need to obtain a large g, and we achieve this with a sufficiently
long period where the Hubble radius decreases

d 1

—— < 0. 3.6
dtaH < (36)
The last relation, as we will see, requires a violation of the SEC condition,
namely 14 3w < 0. Moreover, relation (3.6) will be our definition of inflation.
With a violation of the SEC condition now the integral in (3.2) is dominated

by the initial contribution

2Hy ' e
1+3w 37)

T —

that is diverging to —oco when g4; goes to zero if w < —1/3. This divergence
gives us more time before decoupling and possibly the particles may have
a chance to interact. The space-like singularity T = —oo is pushed to past
infinity and inflation replaces T = 0 with its end. Within this scenario, at
T = 0 the standard Big Bang cosmology starts.

Our main goal is to obtain Ny = Ina,,;/a(k) which represents the num-
ber of e-folds before the end of inflation at which a generic comoving scale k
equals the Hubble scale aH. Then we will specialize on Ny, which evalu-
ates Nj at the present Hubble scale ky,, = a9Hp. Hence, Ny, represents the
number of e-folds needed to solve the aforementioned problem.

Our quantity of interest is k/agHp, which represents a generic scale k mea-
sured in units of the present Hubble scale. We model the history of the Uni-
verse after inflation considering a possible phase of reheating governed by
an equation of state wy,, the radiation phase, and matter'. The transition
between each phase is assumed to be instantaneous. We can rewrite k/agHy
as follows
k _ aHe _ e—Nkae_ndar_ehﬂaﬂ, (3.8)
apHo  apHo Areh Aeq Ho a0

where in going from left to right we used k = ayHy, Ny = Ina,,;/a(k), and
we inserted the phases of the expansion of the Universe.
The history assumed, relations (2.33) and (2.24) tell us that aenq/aren =

1/4 .
(Preh/,oend)l/s(l+wreh), llreh/lleq = (Peq/Preh) / , and [Zo/aeq =1+ Zeq- With
these relations, expression (3.8) becomes

k 1y, Preh +11n@+1nﬂ—1n1+zeq, (3.9)

Ny = — In +
EloHo 3(1 + wreh) Pend 4 Oreh HO

where Hj is the Hubble scale during inflation, Hy is the Hubble scale today,
Preh is the energy density at reheating, p.nq is the energy density at the end
of inflation, peq is the energy density at the moment of equivalence between
matter and radiation and z., the redshift of this moment.

If we set k to the horizon scale today kj,, = apHp, we assume instanta-
neous reheating pren, = Pend, and a constant H during inflation Hy ~ Hj,

!We neglect the last phase of dark energy domination
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relation (3.9) becomes

Tinfea B g (3.10)

Ny >
hor 4 Oreh H, 0

where we used 1 + zeq ~ 3000. From (2.35) the ratio peq/prenh becomes
Peq/ Pren = ng/H% and (3.10) becomes

H,
Nior ~ 68 + ~ In 2L

3.11
2 Mp’ (3.11)

where we used Heq = 5.25 x 104302 \Hy, Hy = 1.75 x 10~ hMp}, Qo =
0.32 from (2.41) and h ~ 0.7 from (2. 38) [111] . This relation tells us that the
number of e-folds needed to solve the horizon problem crucially depends on
the scale of inflation. Hence, the precise value of Ny, is a model-dependent
statement. For what concern this thesis H; will be set to H; ~ 107°Mp, such
that Ny, becomes Ny, ~ 61 .

The value Ny, ~ 61 just derived is based on assumptions that in general
are not expected to hold, and the correct Ny, . will be different. If we allow
for a non-instantaneous reheating (with for simplicity w, = 0) and a possi-
ble drop in the energy density at the end of inflation pe,q # 3M3 H? relation
(3.11) becomes [111, 132]

1. 3M3H? 1
Nhor,c = Nhor + _ln¢ + _lnpr_Eh

. (3.12)
4 Pend 12 Pend

The last two terms are the missing effects discussed above. In the scenario
concerned by this thesis, the reduction in the energy density at the end of
inflation is one or two orders of magnitude. Hence, the second term in (3.12)
is unlike to increase Ny, by much more than a factor of order unity.

The last term in (3.12) belongs to the main uncertainty. The duration of
the reheating phase is not known and the reduction in energy density can
span many orders of magnitude. In the extreme case in which reheating
continues until BBN and with H; ~ 10~°Mp,, the last factor in (3.12) gives
1/121In pren/ Pend ~ —15. Hence, it is plausible to assume, for what concerns
the thesis, that the correct value for Ny, is between 50 < Ny < 60. This
is consistent with what usually is assumed in the literature. However, under
simple assumptions regarding the model, the expected number of e-folds can
evade the previous range, see [111] for more details.

Inflation also solves the flatness problem. Indeed 1 — () is controlled by
(aH)~? and in inflation the Hubble radius is decreasing, pushing 1 — () to
zero. In other words, () = 1 is an attractor during inflation. It is highly
believed that inflation predicts () to be close to one, )y = 1.
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3.4 Inflation

So far we use as a definition of inflation the shirking Hubble sphere since it
is in direct connection with the horizon problem. In the literature, there are
equivalent definitions of inflation

d 1 H o

—— <0 <<= i>0 <<= e=—F5<1 <= P<—

dtaH H2 3’ (3.13)

and are all equivalent. We saw that we needed at least N ~ 60 to solve
the previous puzzles. This means that € should be smaller than one for a
sufficiently long time. Hence, € has to vary slowly in one Hubble time, to
quantify this change we introduce

_dlne_i'
AN  He’

(3.14)

If || < 1, inflation can persist. Let us see which field theory can sustain an
inflationary period in the following sub-section.

3.4.1 Scalar field

As a simple possible realization of inflation, we will study a scalar field as a
source for the evolution of the FLRW metric (2.10). Moreover, in the rest of
the thesis, we restrict to the case where the spatial curvature K, in (2.10), is set
to zero. This assumption is consistent with the experiment and we assume
the validity of GR and a single scalar field ¢. The action of a real scalar field
coupled minimally to gravity is given by

1
Sp = /d4x« /gL = /d4x« /=g <§ay¢aﬂ¢ - V(¢)) , (3.15)
From S, we can derive the stress-energy tensor that is

Tyv — ay(l)ay(l) - gyvﬁ. (3-16)

From the Lagrangian in (3.15) we can read the component of the T}, that are
Too = g, = §i/2+ V(¢n), (3.17)

Pp, = T{/3=¢p/2—V(gp), (3.18)

where we used a fluid interpretation for ¢ and we restrict to homogeneous
configuration, namely ¢ is a function only on time ¢y, (t). From the Lagrangian
in (3.15) we can derive the Klein-Gordon equation

$p +3Hep = —Vy,, (3.19)
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where V5, = 0V /¢y, and the 3H¢, plays the role of a friction term. If we
insert (3.17) and (3.18) in (2.35) and (2.36) we obtain

M2,H? = % @272+ Vigy)], (3.20)
i 1/,
2~ "o (V). (621)

For an accelerated expansion the pressure satisfies Py < —pg, /3. Putting
(3.17) and (3.18) in wg, = Py, /pg, We obtain

v, — P/2= V()
T G224 Vigy)

(3.22)

If (,‘b% <V, then relation (3.22) becomes we, ~ —1 and we have an equation
of state similar to vacuum energy that can sustain inflation.

We can obtain the same result starting from the definition of the € param-
eter. If we take a time derivative of (2.35) and using (3.19) we get

i2
e % (3.23)
2M2,

If we use (3.23) and (2.35) in (3.13) we obtain

T
T2+ VD) 624

In order to have € < 1 we need ¢ < V(¢?), as we expected.
To maintain for a long time € < 1, we can introduce the dimensionless
acceleration for Hubble time

f—_ P (3.25)
H¢y
and § and 7 are related, in fact taking the derivative of (3.23) we obtain 7 =
2(e —0) . If {14, 7|} < 1then H, € and ¢y, change slowly in one Hubble
time.

Let us now analyze a regime in which these parameters are small, such
that inflation persists. The assumption that {e, |d|, |77|} are small is called
slow-roll approximation, and these parameters are called slow-roll parame-
ters. From € < 1 we need cp% < V and relation (2.35) becomes

3MEH? ~ V(). (3.26)
From the slow-roll of ¢, namely 5 < 1, we obtain

3Hey ~ —Vy,, (3.27)
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that is the slow-roll version of the Klein-Gordon equation. If we insert (3.27)
and (3.26) in the definition of € we obtain

M2 (Vg \2
e~ =M (%’b) = ey, (3.28)

where the right-hand side is the definition of potential slow-roll parameter
ey. Using (3.13) and (3.25) we can introduce the second potential slow-roll
parameter 1y as

) . £ v
§+e= H"’;’.)b 5~ M%l% =1v, (3.29)
where in going from left to right we estimate ¢y, using (3.27) and the most
right-hand side is the definition of #y. Notice that 7y is related to 17 as 7y ~
2e — 1 /2. Of course, inflation requires that both ey and 7y are small and the
form of the potential is constrained to be sufficiently flat.

The amount of e-folds between two times t; and ¢; is defined as

t
N = / "Hat. (3.30)
51

If t; and t; satisfy €(t;) = €(t;) = 1 then N represents the total duration of
inflation. It is important to stress that N; and Ny, (see Section 3.3) are two
different quantities and the exact value of N; is not known but it is expected
to be much larger than Ny, Nt > Npor . If we use relation (3.27) and (3.28)

in (3.30) we obtain
¢ 1 d¢

o V2ey Mp’
that is an integral over-the-field excursion during inflation.

Let us conclude this section by noting that based on the dynamics of the
inflaton field, we can roughly have large-field or small-field models. In the
tirst class, the inflaton field starts from a large field value and rolls down to
the minimum of the potential. An example of this class is chaotic inflation
[118]. In the second case, the inflaton initial value is small and the field rolls
down to the potential minimum. New inflation [117] enters in this class.
In both scenarios, the end of inflation is set when the kinetic energy of the
inflaton field becomes comparable to the potential, namely e(t;) = 1. Hybrid
inflation is an example of a model that can be both large-field or small-field,
but with a different condition that sets the end of inflation, as stated in [119].
In this model, the end of inflation is established by a phase transition that is
generated from an instability from a second field. Inflation may consist of
different accelerated phases, each represented by a single-field model. For
example, double inflation models involve two dynamical fields that provide
two periods of inflation. An example is given by [142]. The presence of
potential is a common feature among these models, but there are cases where
inflation occurs without it [12].

Ntﬁ

(3.31)
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Chapter 4

The perturbed Universe

So far our analysis has focused on the homogeneous Universe. We know that
is not of course true at all scales and inhomogeneities are present and we in-
troduced it in Section 4.1. We need to account for possible perturbations
in the inflaton field that will become the seeds for the CMB perturbations,
galaxies, and so on; this natural production mechanism of inhomogeneities
is a strong motivation for the validity of the inflationary paradigm. Due to
Einstein field equations these perturbations in ¢ source inevitably fluctua-
tions in the metric. The gauge issue in GR reinforces the tight link between
perturbations in the metric and the inflaton field that is discussed in Section
4.2. We will introduce gauge invariant quantities that mix perturbations in
¢ and g,y showing explicitly that they are ultimately linked. We will derive
the linear equations of motion in Section 4.6 and from them we show the con-
servation of R (4.94) in Section 4.7. In Sections 4.9 and 4.10 we derived the
power spectrum for R and the tensor modes. To practice with the tools just
exposed we will analyze in Section 4.11 the model called Higgs Inflation. In
Section 4.12, we derived the Lyth bound. In Section 4.13 we present the /N
formalism. Other references on these topics include [26, 22, 127].

4.1 Perturbed metric tensor
Let us consider a small perturbation around a flat FLRW metric g, as

Suv = Zuv + 0&uv- 4.1)

The general perturb line element is
ds? = a2 [(1 +2A) d72 — 2Bidx'dr — (5; + ;) dxidxf} , 4.2)

where A, B, h are functions of (T, xi) and we will work with the conformal
time 7. It is useful to introduce the so-called scalar-vector-tensor (SVT) de-
composition. Within this decomposition and in linear theory, it has been
proven that scalar, vector, and tensor perturbations evolve independently
and they can be studied separately [102]. For vectors the SVT decomposition
is simple, it consists of

A

B; =9,B+ B;, (4.3)
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where B; satisfies 0'B; = 0. B is the scalar part of B; and B; is the vector part
and it is solenoidal. For the rank-two tensor we have

hij = 2Cé;j +20;0,) E + 20, E;) + 2Ey, (4.4)
where
o E = (80— w2 ) E 45
i9)F = (%9 — 7 / (4.5)
. 1 . .
diEj) = 5 (%E; + L) (4.6)

A before 9'E; = 0 and Eij represents gravitational waves in cosmology and

satisfies £/ = 0 and aiﬁi]- = 0. In this thesis, we are mainly interested in
scalar and tensor perturbations. Vector perturbations are not produced dur-
ing scalar-induced inflation and, even if they are present initially, they will
decay quickly with the expansion of the Universe.

As we briefly mentioned the metric and matter perturbations are not only
linked through the Einstein equations but also due to a redundancy of the de-
scription of the line element (4.2). In other words, not all perturbations are
physical and a change of coordinate can change the values of the perturba-
tions. We can introduce fictitious perturbations starting from an unperturbed
FLRW metric. Let us take

ds? = a2 |dt? — 5ijdxidxf} , (4.7)

and we perform the infinitesimal change x' to ¥ = x' + d'(t, ¥) such that
dx' = dx —dVdr — dfjdxj, where di/ = d-d' and df]. = E)jdi. The line element
(4.7) becomes

ds? = a? |d7® — 2d" drd¥ — (8 +20(d;) ) dx'as] (4.8)

where we neglect the second order term in d. We introduced two metric per-
turbations with the change of coordinates. Not only are metric perturbations
affected by a change of coordinates but also matter quantities. Performing
a time redefinition from 7 to T + d(7, %), the homogeneous energy density
o(7) transforms in p(t) + p(7)'d. This tells us that even if we start from a
uniform Universe we can introduce gauge modes that mimic perturbations.
We can also revert the logic and remove real perturbations with an appro-
priate change of coordinates (hypersurface of constant energy for example).
These very naive examples suggest we must introduce more fundamental
quantities that are gauge (coordinate ) invariant.

4.2 Gauge Transformations

We consider the following change of coordinates from x# to ¥ = x¥ +
dt(t,%) and we define d° = T and d' = 0'L + L' . Using the invariance
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of the line element we get the standard formula for the metric tensor in the
two coordinates system

ox* 9xf _
8;41/(3‘) = ngaﬁ(x)- (4.9)
For example for y = v = 0 we get
ox*oxP
goo(x) = Eggmﬁ(x)- (4.10)

Using the parametrization (4.2), 9%/07T = 1+ T’ and 9%’ /9t = o'L’ + L we
can deduce the change of A, at linear order, under the previous coordinates
transformation, namely

A=A-T —HT, H=aH. (4.11)

With the same logic we can derive the change of B; and h;; that are

B =B +9T—1V -3, (4.12)
hij = hij — 20;Lj) — 2HT5;;. (4.13)
(4.14)

In terms of the variables used in the SVT decomposition we have

B=B+T-1L, (4.15)
Bl =B 1V, (4.16)
E=E-1L, (4.17)

. V32
C=C—-HT - ?L, (4.18)
E,=F -1, (4.19)
Eij = Ejj. (4.20)

We notice that within the SVT decomposition, the tensor perturbations ﬁi]- at
linear order are gauge invariant.

We can introduce scalar, vector, and tensor perturbations ¥, ®, and d
that are gauge invariant at linear order and they are called Bardeen variables.
They are defined as [21, 102]

Y=A+H(B-E)+(B-E), (4.21)
®=-C—-H(B-E)+ %VZE, (4.22)
&' =E — B, (4.23)

Eij. (4.24)

These variables can not be removed via a gauge transformation.
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As we said, contrary to working with gauge invariant quantities, we can
fix the gauge and do the computations there. An example of a useful gauge
is the Newtonian gauge which is defined when B = E = 0. In this gauge,
A = ¥y and C = —®Py can be seen directly from (4.21) and (4.22). Where
Yy and @y are the Bardeen variables in the Newtonian gauge. Another
useful gauge that we will use in this thesis is the spatially flat gauge where
C=E=0.

4.3 Perturbed stress-energy tensor

The unperturbed stress-energy tensor T} = (p + P)a"i1, — P6}, where i1, =
aég, a* = a5} is now modified by a 6T/ defined as

0T}/ = (0p + OP) aii, + (p + P) (du''dt, + @duy) — 5PSY — 1T, (4.25)

where dp, 6P, and du represent perturbations in the energy density, pressure
and velocity. For the moment we keep track of I1, the anisotropic part of the
stress-energy tensor, even if in this thesis we will neglect it.

Let us carry out the component of the 6T. The perturb velocity has to

respect the normalization condition g,,u*u" = —1 and using the normal-
ization condition for the unperturbed velocity and metric g, """ = —1 we
obtain

Sgui!in” + 2a,6ut = 0. (4.26)

If we use ¥ = 1/aég and (4.2) in (4.26) we get 6u’ = —A/a. For the total
velocity, we have

. . dxi
H — gH [ — l 7
u it + du (1 A,v ) /a, v = (4.27)
and the velocity with the lower index is
Uy =a 1+ A, — (v; + Bj)]. (4.28)
From (4.25) we can evaluate all T terms that are
STy = dp, (4.29)
ST = — (p+P) (v + Bi), (4.30)
6Ty = (p+P)v' = ¢, (4.31)
ST] = —6Ps} — 1T, (4.32)

where we used I1) = I1? = 0 and we defined the momentum density g as
q' = (p + P) v'. If there are present several contributions to the stress-energy

tensor T}Iw, for the total stress-energy tensor we have Ty, = ) T]Iw. For the
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components of T, we obtain

op = Z op1, (4.33)

apzzijaa, (4.34)
I

¢=§Mi (4.35)

i =y . (4.36)
I

We can decompose the components of 6T using the SVT decomposition, for
the vector 4" we have
qi = alq + 1/71', (4.37)

and for the anisotropic part, we have
Hi]‘ = a(ia]')n + a(iﬁ]’) + fIi]‘. (4.38)

Under the change of coordinates from.xV to ¥* = x# + d*(7, X) where as
before we define d” = T and d' = 9'L + L'. Under the change of coordinates
for the stress-energy tensor T, we obtain

Hoxb .
_ OO . (4.39)

"
T(x) = a0 s

For the component i = v = 0 we have

0T 0T -~ ~
To(x) =p+80 = ==-Tg =p+p'T+5p, (4.40)

where going from left to right we used the definition of T3, dT/0% = 1 — T’
and we worked at linear order. From (4.40) we obtain

5p=206p—p'T, (4.41)

that represents the change of ép under the change of coordinates. For the
other components of T),, we have

0P =P - P'T, (4.42)
G =vi+1L,, (4.43)
Gi=q+(@+DP)L;, (4.44)
I1; = I1;;. (4.45)

From the last relations, we see that we need to introduce some gauge
invariant variable that is composition of matter and metric perturbations.
We define the comoving gauge density perturbation as

pA=dp+p'(v+B), (4.46)
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where v is the scalar part of v/, namely v’ = 9'v + ' . Relation (4.46) is gauge
invariant at linear order, indeed

pA=06p+p (6+B) =bp—p'T+p (v+ L' +B+T—L')=pA, (447)

where in going from left to right we used the transformation rules for Jp, v,
and B.

As before, instead of working with gauge invariant quantities, we can fix
the gauge in the matter section. Famous gauge choices are

1. Uniform density gauge : 6p = 0.

2. Comoving gauge: We put the scalar part of the momentum density to
zero, q = 0.

Within these gauge choices, we have at our disposal the freedom to set other
perturbations, A, B, or other to zero. Another property that characterizes
matter perturbations is the type of these fluctuations. In this thesis, we will
see two types: adiabatic and isocurvature perturbations.

4.4 Adiabatic perturbations

If the Universe is composed of multiple fluids, adiabatic perturbations corre-
spond to perturbations induced by a common, local shift in time of all back-
ground quantities; we define adiabatic perturbations as

op1 (T, %) = 1 (T +07(X)) — fi(7) = proT (%), (4.48)

where I indicates the particular species and 7 is the same for all. In a certain
sense, we can view the presence of adiabatic perturbations as some parts of
the Universe being "ahead" and the others "behind " in the evolution. Adia-
batic perturbations imply

)
or = 2P1_ %01 (4.49)
P1 Py
for all I, ]. If there is no energy transfer between different species I, ], we can
use pf = —3H (1 + wy)p; and rewrite (4.49) as

o J;
1—|—ZUI o 1+w]'

(4.50)

where &1 = dp1/pr.

From the last expression, we can deduce that, for adiabatic perturbations,
all matter components have the same fractional perturbation; instead, all ra-
diation components obey J; = 46y, /3. For adiabatic perturbations, it follows
that the total energy density can be written as

sptor = proréror = Y_ P1dr. (4.51)
1
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This quantity is dominated by the species that is dominant in the background
since all é; are comparable.

4.5 Isocurvature Fluctuations

Isocurvature fluctuations can be defined as the complement of adiabatic fluc-
tuations. Isocurvature perturbations do not perturb the total energy density
but are responsible for fluctuations between different components (L,J). We
can use as a definition of isocurvature fluctuations the following expression

1 J

S = — .
U 1—|—ZUI 1+w]

(4.52)

Observations are consistent with a primordial spectrum of perturbations that
are of adiabatic type.

4.6 Linearized Einstein Equations

We are going to derive the perturb continuity and Einstein equations at linear
order in perturbation theory. We are going to use the spatially flat gauge
(C = E = 0) from now on since it will be useful for later calculations of the
evolution of J¢.

The metric tensor in this gauge is

. (1424 —93;B
gplv =a (_alB _51] 7 (453)

where we neglect vector modes and gravitational waves (Ei]') will be treated
separately. In the rest of the thesis, we will neglect anisotropic stress in the
stress-energy tensor, I1;; = 0, and the vector modes inside Tj,. In other
words, in the rest of the thesis, unless otherwise specified, we deal only with
scalar perturbations both in the metric and matter sectors. The inverse metric

1S
1 /1-2A —9'B
o = - ( oip _51.].> _ (4.54)

With (4.53) and (4.54) we can evaluate the connection coefficients that are
defined as

1
Ff/lp = Eg”)‘ (angp + apg)u/ - aAgvp) ’ (4.55)
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whose components are

T = %gooargoo ! ;;A [az (1+ 2A)}/ —H+ A, (4.56)
Toi = %80031'800 = 0;A + H9;B, (4.57)

0o = HO'B+0'B' +9'A, (4.58)

Iy = Ho;; — 2AHS; — 9,0;B, (4.59)

io = HJj, (4.60)

Il = =53 d'BH. (4.61)

The conservation of the Ty, V, T = 0, gives the continuity and Euler
equations. The v = 0 component is

0Ty + Do T§ — Tyo T =0, (4.62)

and at the background and first order we have
p +3H (p+P)=0, (4.63)
6p +3H (6p +6P) + (p + P) V?v = 0. (4.64)

The Euler equation is the v = i part and we get

D/

(v—l—B)/—%37—[(0—1—3)—1—%—1-14—1—%3—1-%0:0. (4.65)

Notice that this equation does not contain the v = i index due to the SVT
decomposition and having ignored vector modes. In (4.65), both v and B
appear with a collective gradient that can be integrated by providing a scalar
equation.

4.6.1 Perturbed Einstein Equations

The Ricci tensor is
Ruv = 3pThy — 9Ty + T, Ty — Ti o T, (4.66)

whose components are

Rog = HV?B + V2B + V2A — 31 +3HA, (4.67)
Roi = H/aiB +2H (aiA + HaiB) , (4.68)

Rij = &y (M +2H2) — 6y (A"H +2AH' + HV?B +4AH ) -
0;9; (B'+ A) — 2H0;9;B. (4.69)

The Ricci scalar is )
R = g" Ryy = §"Roo + &7Ryj, (4.70)
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and using the previous results for R, we have

a*R=—6H —6MH>+6HA +12AH'+
+6HV?B 4+ 12AH* +2V* (B + A) . (4.71)

The Einstein tensor is defined as

Gu = Ry — S2°R, 4.72)

whose components are
Goo = 3H? — 2HV?B, (4.73)
Goi = —2H'9;B — H?9,B + 2H9; A, (4.74)

Gyj = by (M2 +2H') = 3,9; (B + A) — 2Hd;9;B+
+5; (VZB’ L V2A £ 2AH? + 2HV2B +4H'A + 2A’H> (4.75)
We are ready now to derive the Einstein equations that are

MGy = T (4.76)

For the y = v = 0 component, in linear regime, we have
M$,Goo = g00Tg- (4.77)

Using (4.73) and (4.29) in (4.77) we obtain

M3, (3%2 - msz) — %0 (1+6+24), (4.78)

and at the background and perturb level we have

M33H?* = a%p, (4.79)
—2MEHV?B = a’p (2A +9). (4.80)

Using (4.74) and (4.30), for the y = i, v = 0 components, we obtain
2MEHO,A = —a* (p+P)o; (v+B). (4.81)

Using (4.75) and (4.32), for the diagonal part of the y = i, v = j compo-
nents, we get

My (H? +2H') = —aP, (4.82)
a’6P

5 -
MPI

V2B' 4+ V2A +2AH? + 2HV?B +4H'A 4+ 2A'H = (4.83)
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Instead from the off diagonal part of the y = i, v = j components we obtain
B' +2HB = —A. (4.84)

Relation (4.81) can be integrated, with the assumption that the perturba-
tions decay at infinity, and we get

OMEHA = —a® (5 +P) (v+B). (4.85)
Using (4.85) in (4.80) we obtain
—2MEHV?B = a? [p5 — 3H (p + P) (v + B)] = a’pA, (4.86)

where in going from left to right we used the definition of comoving-gauge
density perturbation A. Using (4.84) in (4.83) we obtain

25p
AH+A(HE o1 = 29 (4.87)
( ) 2M,

Relations (4.87), (4.86), (4.85), (4.64) and (4.65) form a consistent but redun-
dant system.

4.7 Conserved curvature perturbation

To link the values of the primordial perturbations during and after infla-
tion, it is crucial to introduce the so-called comoving curvature perturbation;
which is conserved on super-Hubble (k < H) scales for adiabatic fluctua-
tions.

We start from the intrinsic curvature of surfaces at a constant time. We
work in an arbitrary gauge for this section. The induced metric v on the
constant time surface is

viy = a* [(1+2C) &;j + 2E;], (4.88)

The associated induced connection is
3) i ’Yﬂ
) = > (957t + %vjt — 9 vjk) - (4.89)

Since there are only spatial derivatives, the round bracket is already first or-
der and we need 7" at zero order level v/ = §% /a?. The associated T now

1S
<3>r;'.k = 9,C6}, + 0;E} + 9,C&} + IE| — 9'Cj — 9'Ejy.. (4.90)

The curvature of these leaves is

BIR = 4,1t — ko, Tt 4., (4.91)
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where dots represent terms that are second order in perturbation theory. The
final expression for (3R reads as follow

a*CIR = —4V2C + 20,9,E". (4.92)

For E;; we have the following expression E;; = (0;0; — 6;jV?/3) E, where
we used the SVT decomposition and we focused on scalar perturbations. In-
serting the last relation in (4.92) we obtain

2
a*CIR = —4V?2 <c - %E) . (4.93)

We call the curvature perturbation R the following combination R = C —
V2/3E. We can give a gauge invariant definition of the comoving curvature
perturbation that is
V2E
R:C—T-i-?-[(B-l-v). (4.94)

We will proceed now to show the conservation of R. In the spatially flat
gauge C = E = 0, R becomes

R=H(B+0) (4.95)
Using (4.85) we can rewrite (4.95) as follow
Ra*(p+ P) = —2H>M2 A, (4.96)
We derive (4.96) with respect to conformal time T and we obtain
R'a*(p+ P) + Ra’P' — Ra*H (p+ P) = —2M3H (HA' +2H'A), (4.97)

where we used the continuity equation at the background level.
Using (4.87), (4.85) and (4.95) in the last relation we get

R'a* (p + P) + Ra*P’ = —a*HJP. (4.98)

Using (4.95), (4.85), (4.86) and the background continuity equation we can
rewrite (4.98) as follow
B _ az”H P p’
R'a® (5 + P) = N (5p - Eép) + ZFHZVZB’ (4.99)
P1

where 6P — P’ /p’'6p can be checked to be gauge invariant and it can be used
as a definition of a gauge invariant pressure density perturbation.
For barotropic fluid, where P(p), the combination 6P — P'/p'6p = 0 and
we have -,
— P
R'a* (p+ P) ~ ZEszzB' (4.100)
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Using (4.84) and (4.96) we can estimate B as follow

a2 (p+P)R
~ 4.101
2H2ME, H @.101)

Inserting (4.101) in (4.100) and going in Fourier space, we obtain (neglecting
time coefficients )
dinR  k?
dina ~ H? "
where in the last step we use the super-horizon limit. This derivation shows
that R, for adiabatic perturbations and on super-horizon scales, is conserved

and provides a crucial ingredient for the study of the inflationary fluctuations
[128].

0, (4.102)

4.8 Perturbed stress-energy tensor for a scalar field

Let us perturb the stress-energy tensor in (3.16), we obtain

B B 712 B 72 i) /
5Tyy = 0,009y h + 3, $9,00 — 590 (% - V) — S (_ A% . <Pa;P _ V,4>54>) ,
(4.103)

where we expand ¢ = ¢ + ¢ and we assumed the spatially flat gauge. The
components of 6T are

6Too = §'6¢ + 2a° AV + a*V p5¢p (4.104)
12

6Ty = 43’81545 + %GZB — a2V(43)81~B, (4.105)

5Tyj = & (—Aqs’z +§og — V¢a25¢) : (4.106)

With the previous expression, we can obtain the Einstein equations with
the perturb scalar stress-energy tensor and we obtain

—2MEHV?B = §'6¢' + 2a* AV + a*V p5¢, (4.107)
12
M3, <2HaiA — H?9,B — ZH’aiB> = §/0;0¢ + ;B (4’7 — a2V> ,  (4.108)

V2B + V?A +2AH? + 2HV?B +4H'A + 2A'H =
_ @/54)/ o A4_7/2 - ‘/14554)&2

M3,
B'+2HB = —A. (4.110)

, (4.109)
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Using (4.110) and the background Einstein equations we can rewrite (4.108)
and (4.109) as follow

2MEHA = §'o9, (4.111)
2MBA'H + 20> AV = §'5¢' — aV 46¢. (4.112)

These steps will be useful for the derivation of the perturbed equation of
motion for ¢.

4.9 Perturbed Klein-Gordon Equation

We are now ready to derive the perturbed Klein-Gordon equation that we
have to solve coupled with the Einstein equations. The Klein-Gordon equa-

tion is
I (v/—88" ) = —=-/—8. (4.113)

At the perturbed level, we have

A (6/—88" v + /—808"0p + /55" 9,0¢) =
—V8Vipe09 — Vgd\/ =8, (3.114)

and working in the spatially flat gauge and using ¢" + 2H' = —V ya> we
obtain

v
o

6¢" +2Hsp — Vo — A'¢ — §'V?B — 20> AV,y = —a*Vppdp — 4a> AV
(4.115)

From now on we will use the slow-roll approximations, namely 3H¢' ~
—a?Vy and 3M3H? ~ a?V($). Using (4.107), (4.111) and (4.112) we can
rewrite (4.115) as

2

5"+ 2HEP — V26 — —— Vo5 = —aV,gppdp — 402 AV, (4.116)
HM2,
In slow-roll we have

—a*Vppdp = 3y H>0¢, (4.117)

—4a’ AV = 12H%ey 09, (4.118)

2
— Vo 60 = 6eyH25¢0, 4.119
HME, P 0P vH o¢ (4.119)

and (4.116) becomes

69" +2HIP' — V26 = —3yyH20p + 6H ey . (4.120)
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We are going to solve (4.120) in Fourier space. We expand ¢ as

Pk g
op = / ¥ —373¢ (1), (4.121)
and y satisfies
W+ 2Hp + i+ (3w HE — bevH? ) jig = 0. (4.122)

With an appropriate field redefinition p; = flz/a, we can recast the last ex-
pression as
1
n+ <k2 - % + 3y H? — 6eVH2) fig=0, (4.123)

that is an equation for a harmonic oscillator with time-dependent frequency.
We quantize the operator ¢ by expanding fi as

A * 1
fiy = vpag + vzaz (4.124)

where a, a' are the annihilation and creation operators that satisfy the follow-
ing commutation relations

g at] =6 (F=F), [agaz) = |alal] = 0. (4.125)

The mode functions v are normalized as follows

— ol "
\ [v;{», v;{f] = UpU% — v%vg = —1 (4.126)
The vacuum state is destroyed by the operator a such that a;|0) = 0.
In slow-roll, we have a(t) = —1/7H (1 — ey) and working at first order
in the slow-roll parameters we can evaluate a”’ /a as

a” 2+ 3ev

= = a’H? (2 —ey) ~ = (4.127)
Using (4.124) and (4.127) in (4.123) we obtain
ol + (kz — 1’2;—21/4) e =0, 12=9/4+9ey —3ny. (4.128)
Relation (4.128) can be solved exactly to give
ul(t) = V=1 [(xH,(,l) (—k1) + ﬁHﬁz)(—kr)} , (4.129)

where H§1'2) are the Hankel functions of the first and second kind. Usually,
as initial conditions, in the sub-horizon regime k/aH ~ kT >> 1, are imposed
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the Bunch-Davis vacuum conditions that are

—1kT

I _°
im0 =
The physical motivation of these conditions resides in focusing on modes
that are sub-horizon and, due to the equivalence principle, they do not feel
the expansion of the Universe. Hence, the solutions of (4.128) follow the
Minkowski solutions that are plane waves.
The limits of the Hankel functions are

/2 /2 1
li H k _lkT, li H( ) —kT) ~ 1/ = lkT,
kTLmOO T 7T +/ —k"[’ kTi>moo ( T) 7T \/_kTe
(4.131)
where we dropped irrelevant phases. Using (4.131) in (4.129) we obtain

(4.130)

/| 2 2
1 ~ = —tkT = lkT’ 4132
Kt oo o(T) ~ & Tk’ TP ik’ ( )

and from (4.130) we have § = 0 and « = /7t/2 . The Bunch-Davis modes
function to first order in slow-roll are

u(T) = \/T%\/—_THl(,l)(—kT). (4.133)

From the evolution of v, we can calculate the zero-point fluctuations of
the operator d¢. Indeed, for 6¢ we have

d3k eﬂ%-f

=\ * t
Sp(T, %) = /WT [vk(r)ak + vk(T)ak} , (4.134)
and the variance of the inflaton field is

(1691%) = (0169" (7, 0)5¢(7,0)|0) =

_/ jjrkaf O‘[v't’”it’Jrvk’”k’] [Ukak/+vz?ai](0>, (4.135)

where we used (4.134). Using (0|axa],|0) = 6(k — k') in (4.135) we obtain

(|6¢[2) /dl P k3 ‘Uk )\ (4.136)

We define the dimensionless power spectrum of the inflaton field as

K Jok(T)?

A‘P(k )_2712 a2

(4.137)
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Let us evaluate (4.137) on super-horizon scales —k7 < 1. The asymptotic
expression for the Hankel function is

2 T
HY (x < 1) ~ \/;e—”f/ 2pv=3/ Z%x—% (4.138)

and using the last formula in (4.137) we get

H? ,, 5 [TW)]2 [k \*?
2 ~ 2v-3
Ny (—kT < 1) = 52 AL (a ) : (4.139)

At the lowest order in slow-roll parameters we have v ~ 3/2 4 3ey — iy and
(4.139) becomes

5 H2 k 277\/—66\/
Ny (—kt <) ~ (ﬁ) . (4.140)

Having obtained (4.140), we are ready to compute the power spectrum of
R on super-horizon scales. It is important to compute R since it is directly
linked to observables. The curvature perturbation in spatially flat gauge is

R =H (B+0), (4.141)

where B + v is the 0T part of the stress-energy tensor as visible in (4.30).
Relation (4.30) for a scalar field is

2
oT) = —‘fl—zai (B+0), (4.142)

1

and from the comparison of the last expression with the 6T component of
the stress-energy tensor of the scalar field, 6T = ¢'0;6¢/a*, we obtain

B+v= —%. (4.143)
Using (4.143) in (4.141) we get
R = —%4_)5/4), (4.144)

and the power spectrum of R on super-horizon scales is

A% (—kT < 1) ~ HZAZ (—kt < 1) = i ( K >2ﬂv_6ev (4.145)
R g2 " 8m2MZey \aH T

where in going from left to right we used (4.144), (4.140) and (3.28). Since R
is constant upon horizon exits, we can evaluate it at horizon crossing k = aH
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and (4.145) becomes

HZ

Ny (k=aH) = ——— : (4.146)
R 8712 M3 ey .
The spectral index is defined as
L. P (4.147)
BT gk TV T '

where we used (4.145).
Let us introduce a new gauge invariant quantity ¢ that will be useful later.
We define ¢ as

1)
E=C- %VzE + ’H(S‘;, , (4.148)

and represents the curvature variable on the uniform energy density slices.
It can be shown that R and ¢ are related as follow

B 20 k\?
—f=R+ 51D (ﬁ) A. (4.149)

Relation (4.149) shows that on large scales k < aH we get R ~ —(; such that
the power spectrums of R and ¢ are the same on super-horizon scales and
are both conserved.

4.10 Gravitational waves from Inflation
A clear prediction of the inflationary paradigm is the formation of a back-

ground of gravitational waves. Gravitational waves are tensor modifications
of the metric and the line element reads

ds? = a2 [drz — (6 +2E;) dxidxf} . (4.150)

If we insert (4.150) in the Einstein-Hilbert action, at second order, we have

M2 . .
Sp= / drdxa® | (Ey)* — (VEy)*| . (4.151)

It is convenient to pass in Fourier space writing £ as follow

A S dk > _ik-?
Byd) = [ rin © bR, @t )
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where 65'7 = kieg =0and egeim/ = 20, . Using (4.152) in (4.151) we obtain

2=Y, / drd%@ {(E%ﬁ)z K2 (EMY} . (4.153)
Y

In order to canonically normalize E we introduce B, = \/Euh(ﬂ / Mpja
and we obtain

512_: = ;/de3k% {(uk’,,y(l')’>2 B (kz X %) uE,y(T)Z} ) (4.154)

where 4" /a comes from an integration by part when passing from E to u.
The canonical field u satisfies the following equation of motion

1
" 2 a L o=

The canonical field u, for both 7, obeys an equation that resembles the one of
0¢. In slow-roll, relation (4.155) becomes

2
" 2 Vr— 1/4 _
u%ﬂ (k i ) up., = 0, (4.156)

where 1/% =9/4+ 3ey .
We quantize the operator E by expanding u as

.I.
Ug . = Vi, A%y + vk R (4.157)

and the mode functions v have solutions that are consistent with the Bunch-
Davis vacuum conditions and respect the Wronskian (4.126) normalization;
whose expression is

Vi, = \/75\/—_7}15}) (k7). (4.158)

The operator £ has the following expansion

[ 7 d3k 'Y \/_ —zkx t
Eij(t, %) :/(2n)3/2 7_;/ v ( Vi 0p, Vi aM), (4.159)

and the variance of E is

(0|Ef;(7,0)E(1,0)]0) =

d3kd®k’

2
7/ + .
(2n)3 Z ij (K V(R a2M2 Vi Vi <O|a%,,7,a-k',7|0>, (4.160)
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where we used (4.159) and a ]O) = 0. Inserting <O|ak, ,aa |0> = (l_é - E’) Oyt
in (4.160) we obtain

(0[E}(%,0) E'l(,0)[0) = /dl k2 , 2M2 . (4.161)
The dimensionless power spectrum for the tensor modes is
K8
2 —
Aé(k’ T) = 2—7_[2a2—1\/1%1|v‘k/7. (4162)

On super-horizon scales and at the lowest order in the slow-roll parame-
ters, relation (4.162) becomes

2H2 [k \3r
A2kt < 1)~ (_) , 4.163
E( ) MI%IT(Z aH ( )

and at horizon crossing we have

2H?
2 _
RRvre eh
Pl k=aH
The tensor tilt can be calculated as follows
4In A% 2 4.165

where we used (4.163).
From an observational point of view, a crucial quantity is the tensor-to-
scalar ratio defined as

p=1 (4.166)

where Arg are the amplitudes of the dimensionless power spectrum A% and
A%z respectively. From (4.145) and (4.163) we obtain

H? 2H?
Ag=——5—, Ap=_——. (4.167)

Using (4.167) in (4.166) we obtain
r = lé6ey, (4.168)

that is a clear prediction for all single-field models of inflation.

In 2018, the Planck mission released data on the measurement of the CMB
anisotropies, which updated the constraints on cosmic inflation. The Planck
collaboration presented updated bounds on the spectral index, scalar power
spectrum amplitude, and an updated upper limit on the tensor-to-scalar ra-
tio. It is important to note that the scope of this thesis does not involve
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Parameter TT+low E EE+low E TE+low E | TT,TE,EE+low E | TT, TE, EE+low E+lensing
In10Ag | 3.040+£0.016 |3.052+0.022 | 3.018°%%2 . | 3.045+0.016 3.044 £ 0.014
ng 0.9626 + 0.0057 | 0.980 +£0.015 | 0.967 £0.011 | 0.9649 + 0.0044 0.9649 -+ 0.0042

TABLE 4.1: 68 % confidence limits for Ag and ns from Planck

data[9]. The different columns present temperature (TT),

polarization (EE), and temperature-polarization (TE) cross-

correlation both separately and combined. Furthermore, it

shows the combined constraint with EE measurement at low

multipoles (low E) and the Planck lensing. Ag and n; are eval-
uated at the pivot scale k. = 0.05Mpc ™.

discussing the details of the analysis conducted by the Planck collaboration.
However, we report the updated bounds that were used and will be exten-
sively used in the rest of the manuscript.

In Table 4.1 we reported the 68 % confidence limit (C.L.) for Ag and n;
based on different data that are taken both separately and combined in the
analysis. From a practical point of view, our interest belongs to the last col-
umn where the data from temperature (TT), polarization (EE), temperature-
polarization (TE) cross-correlation together with the EE measurement at low
multiples and the Planck lensing are combined. In the thesis, we used these
values for Ag and n; when we confronted the theoretical prediction of a
model with observations.

The bounds concern two parameters that play fundamental roles in the
primordial universe. Depending on the inflation model chosen this will pro-
duce different values of Ag and n5. One can then test the predictions of these
models with observations, and in general this is done in the r — ng plane.
In Fig. 4.1, we present the constraint from Planck data in combination with
BICEP /Keck 2015 (BK15) [6] and BK15 plus Baryonic acoustic oscillations
(BAO)[139]. The Planck collaboration has tested several inflationary models
shown in the panel against observational data. The R? model agrees with
Planck data, see Fig. 4.1, confirming what was previously found in 2013 and
2015. In Section 4.11, we will discuss Higgs inflation and its agreement with
Planck. The predictions are shown in (4.185). Monomial potentials predict
a value too large for r, disfavored by data with respect to R?. In Chapter 7,
we will discover a vital ingredient that can lower the value of r, ultimately
making the monomial models compatible with Planck data once again. This
crucial ingredient involves the use of non-minimal coupling to gravity, which
is similar to what we will do with Higgs inflation. As far as the thesis is con-
cerned, another model of interest would be natural inflation (see Section 6.7).
However, this model is heavily disfavoured by the Plank plus BK15 data.

For our purposes, we do not discuss the other models in the panel, for
more details see [9]. In Chapter 7, it is important to note that we will be
utilizing an observational upper limit on 7 of r < 0.036 at k = 0.05Mpc™*
(95% C.L., BICEP/Keck [7]). This is an updated bound and the numerical
simulations’ initial conditions are fixed at that scale.
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FIGURE 4.1: Joint 68 % and 95 % C.L. regions for n; and r from

Planck and in combination with BICEP /Keck 2015 (BK15) and

BK15 plus Baryonic acoustic oscillations (BAO) data. Overlaid

the theoretical predictions of selected inflationary models. r

and 7, are evaluated at the pivot scale k. = 0.002Mpc ™. Figure
taken from [9].

4.11 The Higgs boson as the inflaton

Generically the models of inflation present in the literature introduce addi-
tional DOF to the standard model of particle physics. It seems that a possible
explanation of inflation requires models beyond the standard model, indeed
in Gran Unified Theory, supersymmetry, string theory, extra-dimension, etc
this new particle may appear naturally. Without invoking some UV complete
model we can take a more phenomenological approach and the simplest re-
alization of a model of inflation is what we studied in Section 3.4, given by a
single scalar field. In [29] it has been shown that no extra new particles are
necessary to explain inflation and the role of the inflaton field is played by
the Higgs boson. A necessary ingredient for this model as we will see is a
non-minimal coupling of the Higgs field with the Ricci scalar R. Hence, the
model is slightly different from what we studied in Section 3.4, but with an
appropriate conformal transformation, we will go back to a setup similar to
(3.15).
To present the main features of this model, let us start with the following
Lagrangian density
M? +
Lot = Lom — TR — ¢H'HR, (4.169)
where Lgy is the SM Lagrangian, M is some mass parameter, R is the Ricci
scalar, H is the Higgs field, and ¢ is an arbitrary constant. As we discussed
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in the introductory part, the last term in (4.169) is expected to exist from the
point of view of an effective field theory in curved space [137]. The mini-
mal coupling to gravity of the scalar field is restored when ¢ = 0 and M
can be identified with the Planck mass Mp;. Since the self-coupling of the
Higgs is large the model is not able to sustain inflation even if it has a "good"
particle physics phenomenology. In the case in which M is set to zero, the
electroweak scale generates the Planck mass if /& ~ Mp/ My ~ 107,
where My is the W boson mass. This scenario, called the "induced" grav-
ity model [181, 161, 152], can sustain inflation but it fails to reproduce the
particle physics experiments.

Hence, the intermediate regime, in which 1 < /¢ < 1017, possesses the
SM as a low energy theory with the usual Higgs boson, and being ¢ > 1
the behavior during inflation changes with respect to ¢ = 0 and inflation
may become possible. In this range, the scale M, with very good accuracy, is
approximated by M ~ Mp;. We focus only on the Higgs field in the unitary
gauge in which the Higgs doublet is H = 1/+/2 and the Lagrangian (4.169)
becomes

2 2 2
5 = /d4x\/ { M +Ch R+%ayhaﬂh—%(h2—02> ] (4.170)

where v is the Higgs vacuum expectation value. Non-minimally coupled
scalar field theory was originally studied in [152, 90]. We can pass from the
Jordan to the Einstein frame with a conformal transformation as follows

2 §h2
S = Vg, P =1+ (4.171)
Pl
The action in the Einstein frame is
Sp = /d4x\/ [ PlR + a,,;(aﬂx Uux) |, (4.172)

where R is calculated with ¢ metric, x is the canonical Higgs field that is
linked to the previous & as follows

dx \/Qz + 6822/ M2,

= = o ) (4.173)
U(x) is the potential in the Einstein frame and it reads
1A 2
U(x) = magr (H0?=2) ", (4.174)
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where the O? factor comes from the conformal transformation. In the large
field limit ¢h? > M3, > v?, the potential U becomes

AM;
~ Pl
U~ ! (4.175)
The potential at large-field values becomes constant due to the conformal
transformation, and it is this flattening of the potential that can sustain infla-
tion.

The next question is to check if the model is consistent with the Planck
data. The slow-roll analysis of Section 3.4 can be applied in the Einstein
frame. Hence, the slow-roll parameters (3.28), (3.29) are constructed with
the U potential

M2 (Uy\? u
I 2 “xx
=— %), = Mp—2=. 4.176
v = ( T ) M = Mp— (4.176)
With the potential (4.174) and in the large-field regimes the slow-roll param-
eters become

41\/1{‘;1
€y ~ e (4.177)
4M3,
~__ I 4.17

where, as assumed in the first part of the section, we restrict our analysis
to regime 1 < /¢ < 10'7. The slow-roll parameters obey a hierarchical
condition that is |fy| > ey. The end of inflation is given by ey ~ 1, and for

heng We obtain
4\ My
Beng =~ | = —. 4179
end (3 ) \/E ( )
The scalar power spectrum amplitude, scalar spectral index, and the tensor-
to-scalar ratio at some wave number of interest k. are written, from (4.146),
(4.147) and (4.168), as

U

S &

ns —1>~2ny, —6€yy, = 16€y .. (4.180)

The subscript * denotes that the quantities are evaluated when the mode k.
exits the Hubble horizon. Relation (4.180) with the potential (4.174), (4.177)
and (4.178) becomes

A4 8 M2 64 M2
~ * 2 ~ Pl r o~ Pl.
7682Mg," " 35(1—mns)’ 3&2h4

(4.181)

S

Relation (3.31) evaluated between h, and heng gives us

Dy W2 — 12
No= [ L L Xy, ﬁ*—zend, (4.182)
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where we used (4.177), (4.173). From (4.181) and (4.179) we see that h, >> hang
and (4.182) becomes

h2 AN
>~ (4.183)
Mg, 3¢
We can use (4.183) to rewrite (4.181) as
AN? 2 12
As - N, ~ r (4.184)

“mew VU Tay T

If we specialize on the specific scale k. = 0.05Mpc !, where the CMB
observables are fixed, we can adjust the scalar power spectrum amplitude to
take the best-fit value As = 2.1 x 10~?. From the solution of the horizon and

flatness problems, we know that 50 < N, < 60 and (4.184) becomes
¢ ~ 5815, n; =0.964, r ~ 0.005, (4.185)

where we used N, = 55, A, = 2.1 x 1072 and A ~ 0.1 for the self-coupling
of the Higgs field. The predicted values for ns and r are within one sigma
of the current Planck measurements [9], see Table 4.1 and Fig. 4.1. En route,
we note that ey, 7y, and N, do not depend on v such that the inflationary
dynamics and observables are insensitive to the exact value of v until /¢ <
10Y. Inflation can be a natural consequence of the standard model of particle
physics. The predictions of this model are different from a A¢* or m?¢? model
and can be distinguished in future experiments.

4.11.1 EFT aspects of Higgs Inflation

The large value of ¢ required to fix the amplitude of the scalar power spec-
trum poses a problem for the validity of Higgs inflation as an effective field
theory [20]. The plateau in the potential for & > Mp;/+/¢ with energy den-
sity given by (4.175) suggests that the energy scale controlling inflation is
given by A; = Mp)/+/¢. Instead, the actual cut-off of the theory is lower
than this scale.

The cut-off of the theory, in the Jordan frame, can be derived from the
operator h?R, which gives a term like

gT—hz;yfwazryw +..., (4.186)
Mp,

where in the weak-field limit we expand S = N + Y /Mpy, 1 is the
Minkowski metric and dots stand for other terms present in R. From (4.186)
we identify the cut-off scale to be A = Mp;/ &' and the same result can be
derived in the Einstein frame. Working at small field values relation (4.173)

!In the expansion there are operators that are suppressed by Mp;/+/¢, which is a higher
energy sale respect to A for § > 1.
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o (i)

where dots represent higher terms in the expansion of the field redefinition
(4.173). Plugging (4.187) into the Higgs potential term i* we obtain the fol-
lowing dimension-six operator

gives us

..., (4.187)

6 & (4.188)
"
showing the same cut-off scale as derived in the Jordan frame.

An effective field theory can make reliable predictions only up to a certain
cut-off scale. In Higgs Inflation, the Hubble parameter sets the inflationary
energy scale, which is in the same order as the cut-off scale for ¢ > 1, as
shown in equation (4.175). This implies that the theory’s predictability is
compromised because of the large value of A. The literature suggests various
ways to solve this problem, as proposed in [71, 17]. It is worth noting that
by using equation (4.184), we can conclude that if A is considered a free pa-
rameter, then we can achieve ¢ ~ 1 by selecting a very small value for A i.e.,
A < 1. This possibility occurs in PQ inflation, and we will explore it further
in Chapter 7.

4.12 Lyth bound

Having obtained the tensor-to-scalar ratio we can derive the so-called Lyth

bound that is
A [ r
L ~01)4/—, 4.189
Mp o) 0.01 (4.189)

where r is the tensor-to-scalar ratio at the CMB scale k., = O.OSMpc*1 and

A¢ is the excursion of the field during inflation. Relation (4.189) linked large

values of r (r > 0.01) to excursions of the field that are super Plankian (A¢ >

Mpy ). In other words, large values of r require large-field inflation models.
It is easy to derive relation (4.189), indeed from (4.168) we have

tge — B (49’

where we used (3.28) and we passed from conformal time T to number of
e-folds N. We can integrate (4.190) from Ncpp, horizon exit of k, to the end

of inflation Ngpgq
$cmB d¢o /NCMB r
— = AN,/ =. (4.191)
‘/4) MPI Nrmend 8

end
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If we assume that, during inflation, » does not evolve we obtain

PcMB — Pend _ AP \/7
= =4/= — . 4.192

Relation (4.192) is the Lyth bound and the order unity factor comes from

v/0.01/8 (Ncpp — Nend) ~ v0.01/8 x 60 ~ O(1) where we assumed N¢yp —
Ning = 60.

413 o6 N formalism

In this section we will derive the /N formalism which is a popular and pow-
erful technique for computing the nonlinear evolution of cosmological per-
turbations on large scales, following mainly [155]. In particular, it enables us
to compute the curvature perturbation, R, on large scales without actually
solving perturbed field equations.

Let us take {U/(7)} as a foliation of the spacetime with hypersurfaces U
and g* be the unit vector normal to /. The volume expansion of these hy-
persurfaces along the integral curve y(s) of g/ is define as

C = V,q", (4.193)

From (4.193), we can introduce for each integral curve the number of e-folds
as

C
N = / =ds, 4.194
7(65) 3 ( )

where s is the proper time along the curve. From [102], at linear order in
perturbation theory, it is shown

c H ! 1
—=—(1-A+Z+7-V?5], 4.195
3 4 < LTI TP ) (4.195)
where S, is a combination of the E and B perturbations. In the absence of
anisotropic perturbations in the stress-energy tensor, the off-diagonal part of
the Einstein equations gives S¢ ~ A/H ~ R/H. Given this scaling, the last
term in (4.195) is negligible compared to the other terms on super-horizon
scales k? < H?. From now on let us work on super-horizon scales and (4.194)
becomes
R/

N = ATH (1+ A (1—A+—>= dt (H+R'), 4.196
/ws) T ) H /v(s) v ) (@19

where ds = a(1+ A)dt and we worked at linear order. If we define the
unperturbed number of e-folds, N, as

N = dtH, 4.197
/7(5) o ( :
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we can introduce the following quantity
N =N —N =R, (4.198)

where we used (4.196) and R is the difference between the values of the
curvature perturbation R on the final and initial hypersurfaces U.
If we choose the initial (7;) hypersurface as flat and the final (72) comov-
ing, we obtain
ON (uf(Tl)/uc(TZ);'Y(s)) = Rc(n), (4.199)

for a given curve 7(s).

We assume 17 to be some time during inflation when the relevant scale
that we are interested in has passed outside the horizon and 1, to be some
time when R, has become constant. From assumption Us(1) is flat and all
fluctuations are inside the fields present at 7;. Then one can see N as a func-
tion of the field configuration ¢*(1y, X¥) and the time 1, as

N =N (¢(n,9), ). (4.200)

In principle, AV is a function also of ¢’* but we used the slow-roll approxima-
tions at 7; to eliminate ¢'?. We write ¢? as

¢ (1, X) = ¢*(11) + 09" (1q, X), (4.201)
and for N we have
N = N(¢"(n), ©). (4.202)
Using (4.200), (4.201) and (4.202) in (4.199) we have
— aN a —
Re (12, %) = aT—ba&Pf (t1,%1), (4.203)

where ¥; and ¥, are the spatial coordinates of v on U (71) and Uc(T2), respec-
tively. The index a represents the multiple fields present in the theory. In the
case in which B = 0 then the two spatial coordinates ¥; and X, coincide. It
turns out that the perturbations in both C and the density are negligible on
comoving hypersurfaces on super-horizon scales, U, (1,) may be regarded as
a hypersurface of constant Hubble parameter or constant energy density.

The N formalism enables us to compute the curvature perturbations in
terms of the derivative of the unperturbed number of e-folds, viewed as a
function of the initial background fields configurations, and the fluctuations
of the field on the initial flat hypersurface Us(11).
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Chapter 5

The Reheating phase

So far, we have examined the inflationary phase and the behavior of the axion
during and after inflation. However, we have not yet explored how we can
pass from inflation to the standard radiation-dominated Universe, which is
known as reheating. This process is explained in Sections 5.1 and 5.2. In Sec-
tion 5.3, we will discuss the complexity of preheating, which can be viewed
as a quantum field theory in a classical time-dependent background. Other
references on these topics include [104, 23]

5.1 Setup for Reheating

As we know the end of inflation is set by the time when ¢, relation (3.13),
reaches one. At this moment the kinetic energy of the inflaton is not any-
more negligible and the field rolls rapidly to the minimum of the potential V.
Inflation is a powerful tool to homogenize the Universe, leaving it empty and
cold. To avoid this cataclysm the inflaton energy has to be converted into the
matter that will provide the primordial bath. To understand this complicated
phase that the Universe went through let us take a simple model described

by
1
£=5(3:9)"~V(9) ~ X" (5.1)

Here, ¢ plays the role of the inflaton and we introduce an additional boson
X; that is a proxy for SM fields or any hidden sector. We assume that the
potential V has a minimum located at ¢ = o. We restrict the analysis near
the minimum such that the potential can be expanded as

2
V(¢):m7(¢—a)2+..., (5.2)

where m is the inflaton mass. If we absorbed ¢ into ¢ the interaction term in
(5.1) becomes
280X + S X (5.3)
Thanks to the field redefinition we have generated two types of interactions
that can contribute to the decay of the inflaton.
In the next section, we will study the effects of these interactions, which
are characterized by the decay rate I', on the inflaton field dynamics. These
interactions drain energy from ¢ to the field y and we can model this transfer
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of energy by an additional friction term I' as follows
¢ +3H¢p + T+ m*p = 0. (5.4)

The reheating completes whenI' = H.

This treatment ignores crucial effects. The interaction term in (5.1) of the
classical inflaton field ¢ and quantum field x leads to x-particles production
due to the oscillating effective mass of x. As we will see the mode function
of x satisfies

. k?
Xr+3Hxr + (a_2 + g2cp2(t)) Xk =0, (5.5)

and the oscillating ¢? term can lead to resonance phenomena, called preheat-
ing, that can enormously enhance the reheating efficiency. The resonance of
an interaction can be narrow or broad, depending on its strength. When it is
narrow, only a small range of momenta is excited. However, when it is broad,
a wider range of momenta is excited. According to current theories, reheat-
ing after inflation starts in a broad resonance regime but never completes in
a stage of parametric resonance. This is because the initial amplitude of the
inflaton field is of the order of Planck. Eventually, the phenomenological and
perturbative treatment can be applied. This simple treatment does not have
to be applied to the original coherently oscillating inflaton field, but to its
decay products and to the residual part of the inflationary energy left by the
preheating processes.

5.2 Reheating as a perturbative processes

As we already said, after inflation, the inflaton field oscillates around the
minimum of the potential. The field ¢ follows

. , ” ’ > mi?
¢+3Hp+m*¢p=0, H _3M%1<2+ > ), (5.6)
where we ignored for the moment the field x. An approximate solution for
(5.6) is given by

M
3mt’
Having ¢ we can take an average of the Hubble parameter over many oscil-

lations of the inflaton field and we obtain

p(t) =~ O(t) sinmt, O(t) ~ (5.7)

pp ~ a3, an~ 3 (5.8)

showing the well-known matter behavior of a scalar field that is oscillating
in a quadratic potential.

Equation (5.6) is modified by the interaction term with . We consider the
coupling 2g?c¢x? that represents the decay of the inflaton field. The decay
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rate can be computed and its form is

(5.9)

Note that the scattering process ¢¢ — xx can not lead to an efficient reheat-
ing since its decay rate I' scales as I' ~ 1/t? and the decay rate never catches
up with the expansion of the Universe. We can model the evolution of the
number density of ¢ and x as follows

1d (a%ng) 1.d (a®ny)
S = —T g R +2T g sy x My (5.10)

where the right-handed sides of (5.10) represent the decay effects.
As we said the decay processes start to become important when H ~ I’
and assuming that thermodynamic equilibrium is reached quickly after this

moment we have

2

308
where Ty is the reheating temperature. Having obtained Tz we have com-
pleted the analysis of reheating since from now on the standard radiation-
dominated Universe begins. Note that Tr does not depend on the initial posi-
tion of the field ¢; it is completely determined by the parameter I'y y,, which
contains information regarding the underlying elementary particle theory.

(Tr) Tg = 35 My, (5.11)

5.3 Preheating

The previous treatment assumes that a superposition of free asymptotic sin-
gle states can describe the inflaton. Instead at the onset of the oscillation,
thanks to the large occupation number, the inflaton ¢ is a coherently oscil-
lating homogeneous field. The presence of this time-dependent background
provides a way to produce x-particles.

Let us consider the quantum field yx in the classical background ¢(f),

o1 @ “k kX | At % ,—1k-X
X(t,%) = /W (%Xk(t)e + agxe(t)*e >, (5.12)

where 4 and 4' are the creation and annihilation operators respectively, and
the modes function xi(t) satisfy (5.5). Ignoring, for the moment, the expan-
sion of the Universe, relation (5.5) becomes

Xk + <k2 + ¢*®?%sin (mt)2> X = 0. (5.13)

Using z = mt, relation (5.13) becomes

2
FRLL + (Ax —2gcos2z) xx =0, (5.14)



54 Chapter 5. The Reheating phase

where ) -
k P
Ay=—+2q9, q= .
ko2 T2 q 4m?
Relation (5.14) is called the Mathieu equation and the main characteristic
of the solutions is exponential instability within certain resonance bands Ak,

(5.15)

Xk~ eﬂkzl (516)

where ji are called Floquet exponents. This implies an exponential enhance-
ment of the number density

ng = | x> ~ e, (5.17)
Relation (5.16) has two important regimes:
1. g < 1 narrow resonance

2. g > 1broad resonance

5.3.1 Adiabaticity parameters

Before going into the analysis of these two different regimes, let us discuss
some other important ingredients for the study of particle creation, the so-
called adiabaticity conditions. In the Fock space of a quantum field theory,
the vacuum state |0) is annihilated by the number operator N, which is de-
fined as N = a'a. An observer does not detect any particles in this state.
This property continues to hold also for all observers linked together by a Pi-
oncare transformation. This property ceases to hold in a curved space since
the vacuum state is not invariant under general coordinate transformations.
This inequivalence between vacua is the basis of the production of particles
by a time-dependent potential or a curved spacetime.

This inequivalence can be formulated by studying the evolution of the
mode functions of the theory we are considering. Let us consider a free scalar
field theory in Minkowski spacetime whose Hamiltonian H in the basis given
by equation (5.12) reads

1
H= / @k [ayd_F; +ata" Fe+ (2afac+5(0) ) B, (5.18)

where
Ex = [Xil* + K [xel% (5.19)
F = x2 +kK°x2. (5.20)

A unique definition of the vacuum state of a quantum field theory can
be given through the Hamiltonian of the system H. We can evaluate the
Hamiltonian (5.18) on the vacuum of the theory and we obtain

(0[H|0) = ‘5(2—0) / PKE,. (5.21)
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The last expression represents the energy of the theory and the minimization
of (5.21) fixes the form of x(t). The result is

1
Xk = —mel’“, (5.22)

that is the preferred modes function (that satisfies the Wronskian condition)
in which H is diagonal in the basis of the operator N (F; = 0, E; = k).

This prescription can not be generalized directly to a time-dependent
background. In general, the equation for the modes xj involves time-dependent
frequencies wy, and the minimum energy state depends on the specific mo-
ment ty. In line with the previous discussion, we can find the modes function
that minimize H instantaneously and we can define the vacuum state (|0),)
at the moment ty. The required ) satisfies

1 —1w .
Xk (to) = T(t)e Kot x4 (to) = —1ewi (o) xx(to)- (5.23)
k(to

As time progresses, the value of wy changes, meaning that at time ¢;, there
will be a different mode function that satisfies the conditions (5.23). This dif-
ference implies that the vacuum at time t; is not equivalent to the vacuum
at time ty. The rate at which wy changes determines the difference between
these vacuums. If wy changes slowly, then we do not expect any rapid par-
ticle production since the vacuum remains mostly the same and the mode
function remains in the vacuum state. However, if wy changes suddenly, the
opposite occurs. Adiabatic parameters can be used to quantify the speed at
which wy changes.
In general x; obeys the following equation

Xi + wixk(t) =0, (5.24)

which represents the equation for a harmonic oscillator with time-dependent
frequency wy. An approximate solution of the previous equation is given by

1 —1 [ dtwy(t)
= —=e Y 4+ he , 5.25
Xk 0 (5.25)

the so-called Wentzel-Kramers-Brillouin (WKB) approximation [109, 176]. In-
serting the last expression into equation (5.24) shows that (5.25) provides an
approximation to (5.24) if:

ot

R = “”;( ) «1, (5.26)
wk(t)

R, = % <1, (5.27)
Wi

are much smaller than unity. These factors are called adiabaticity parameters.
For details on the error between the true and the WKB approximate solutions
see [178].
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Let us conclude this section by making an important observation. The
narrow and broad regimes correspond to situations where R and R; are much
smaller than 1 and much larger than 1, respectively. When R and R; are small,
particle production is not violent and the increment of xj is determined by a
Bose effect. On the other hand, when R and R; are much larger than 1, we
can expect violent particle production to occur instantly.

5.3.2 Narrow resonance

The theory of the instability /stability bands of the Mathieu equation shows
that, for g < 1, resonances occur when Ay ~ n2, where n € Z. The widths of
the bands are Ak ~ mgq". For g < 1, the most relevant band is the first one for
which the range of exited k is

k=m<1ig). (5.28)

In the first band, the instability parameter is

= (- (51, 529

The maximum of (5.29) is obtained in k = m and we have

23H2
_ _q_g&?
Hmax = HPk=m = 2 8§m2’ (5.30)

Parametric resonances occur when perturbative decays are inefficient, re-
sulting in gm > I', where tpr ~ 1/qm represents the time of the resonances.
It is important to check if tpg is shorter than the Hubble expansion because if
it is, then the parametric resonances will be inefficient. Another factor to con-
sider is the redshift of momenta k away from the resonance band, which can
prevent parametric resonances. The time At during which a given mode goes
outside this band can be estimated by q/H. During this interval, the number
of particles changes by a factor of exp (4°m/H), and the decays are efficient
if g?m > H. In the narrow resonance regime, this condition is stronger than
the condition resulting from the Hubble expansion, gm > H. The parametric
resonances dominate over the perturbative decays and are efficient if:

lL.gm>T,
2. ¢>m > H.

By referring to Equation (5.15), we can easily understand that parametric res-
onances (PR) can be effective when the value of ® is high enough. However,
it’s important to note that the preheating stage doesn’t lead to the end of
reheating since the amplitude of oscillations eventually decreases, and PR
comes to a halt. The primary goal of the preheating stage is to establish a
different setup for the final stage of reheating.
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It’s crucial to mention the rescattering and backreaction effects, which can
push modes out of the resonance band. Backreaction refers to the impact of
the produced x-particle on the classical inflaton field, following the Hartree
approximation. This means that the effect of x is represented in the variance
(x?), and the classical inflaton field obtains a mass of approximately mé off ™

¢%(x?). We're computing the primary correction on the dynamics of ¢ arising
from the energy depleted by x. When the mass g?(x?) reaches the inflaton’s
bare mass m?, PR terminates, since the parameter g is decreasing as a result
of the increase in m cf. Based on (5.17), we can determine the time when PR
stops as teng ~ 1/ umlnm/g.

The Hartree approximation is an incomplete method of considering pre-
heating because it assumes that the inflaton field is homogeneous. However,
if we take into account the inflaton fluctuations, then interactions such as ¢?x
or ¢x? in Fourier space can result in mode coupling. In the Hartree approx-
imation, ¢ is considered a function of t, which in Fourier space is equiva-
lent to a delta function that collapses the convolution and eliminates mode
coupling. The mode-mode coupling between different momentum modes is
known as rescattering, which becomes increasingly important during the fi-
nal nonlinear stages of preheating. This indicates that parametric resonance
is a complex process that requires detailed numerical simulations, including
all relevant effects, in order to determine its occurrence.

5.3.3 Broad Resonance

It's important to note that if the value of ® is large, not only will the para-
metric resonance (PR) be efficient, but the value of g will also satisfy g > 1,
which leads to a broad regime rather than a narrow one. This phenomenon
can be observed in many models of inflation where ® remains large at the
end of inflation.

In the toy model that we’re working with, the Planck normalization sug-
gests that m ~ 107°Mp; and ® ~ Mp|. These two results indicate a value for
q ~ 21012 according to equation (5.15). With the exception of an extremely
small g, we can achieve large values for g.

From equation (5.15), we can see that the ranges of k excited are larger in
the broad case than in the narrow case. Moreover, the instability coefficients
p will be large, and reheating will be very efficient.

In the regime where g is much greater than 1, the field x; undergoes many
oscillations for every oscillation of the field ¢. Numerical simulations in a
Minkowski background reveal that the production of x particles occurs at
points where ¢(t) equals 0, while production is suppressed away from these
points. This behavior leads to a sudden change in the evolution of i at ¢ = 0,
while it remains constant elsewhere.

From this lesson, we now understand that the frequency of x changes adi-
abatically away from ¢ = 0, and there 1 remains constant. Instead, particle
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production happens when the adiabatic condition (5.26) is violated, namely

R — 1@

—>1, (5.31)
w

=N

where @, = \/k? 4+ g?¢? comes from (5.5). For small values of k, relation
(5.31) becomes _
R =~ iz (5.32)
8¢
From the last relation, we can understand that R diverges whenever ¢ ap-
proaches zero. In the moment where ¢ ~ 0 we expect x-particles production.
For finite values of k, relation (5.31) becomes

= o9 g2 Ppmd
R = (K2 + g2¢2)%/ ~ (k2 + g2¢2)%% (5.33)

where in the second equality we used ¢ ~ Pmcosmt ~ Pm, that holds
near the origin ¢ = 0 where we can use (5.7). From (5.33), the adiabaticity
condition is broken for those wavevector that satisfy

K< <g2¢m®>2/3 — 2. (5.34)

From relation (5.34), we can understand that, in the broad regime, there is a
wide range of k that are excited; they form a sphere in the k space rather than
shells as in the narrow case. In the regime of small k, relation (5.34) start to be
satisfied for ¢ smaller than ¢max = /mP/g. To find the maximum range of
k that are excited we take a ¢ derivative of the right-hand side of (5.34) and
search for the zeros of this equation. The maximum ¢, turns out to be given
by the following estimate ¢ ~ Pmax/2 . Inserting ¢, in (5.34) we obtain

K < k2 = gmd, (5.35)

where the second step is the definition of k.. Including the expansion of the
Universe, relation (5.35) becomes
k2

20 <K (t) = gmd (1). (5.36)

Due to the scaling of aas a ~ t2/3 and ® as ® ~ 1/t we see that the expansion
makes broad resonance more effective since more k-modes are pushed into
the instability band.

Including the expansion of the Universe modifies the modes equation
(5.13) with the inclusion of an addition term

X+ wixk =0, (5.37)
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where )

w? = ’;—2 + PP sin?mt + A, A= —Z (3H2 n 2H> . (5.38)
It has been shown in [104] that the system, in broad regime, can be analyzed
as a successive sequence of Schrodinger scattering of the wavefunction x
against an inverted quadratic potential. Indeed, the x-particles production
happen near ¢ = 0 and there the modes function ) deviate from and adia-
batic evolution e*'/ @+, This bring us to study (5.38) near ¢(ty) = 0 where
we can expand g2®?sin? mt ~ g2®Zm? (t — ty)* at leading order. From this
approximation, the quadratic potential pops out. In broad regime g > 1, the
phase 6, 0 = [ dtwy, is rapidly changing with time due to wy and its value
is practically stochastic. In [104], it is shown that in the 75% of all scattering
events the amplitude of x; grows after passing through ¢ = 0. Over a long
period, the occupation number of x-particles therefore grows. Of course, this
treatment is only an approximation of the full analysis and considering back-
reaction and rescattering, point toward an analysis that requires numerical
simulations.
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Chapter 6

The landscape of Axions

In this chapter, we review the main properties of axion in Section 6.1 and
how it behaves during inflation in Sections 6.2 and 6.3. We pass to study the
possible type of production mechanisms in Section 6.4. We discuss both the
natural inflation and axion quality issues in Sections 6.7 and 6.6, respectively.
Other references on these topics include [131, 159].

6.1 Motivations for the Axions

The motivation of the axion comes from the presence of the strong CP prob-
lem in the strong sector of the standard model. In this part of the Lagrangian
is present a topological term that is

2

0 ~
Lacp € 256G, 6.1)

where G is Gy = €,10,GP7 and € is the totally anti-symmetric tensor. More-
over, gs is the strong coupling constant and 6 is a constant term. Due to the
€ tensor the last term breaks CP-invariance. Moreover, we have to be pre-
cise by adding the fact that the quark mass term is CP-violating for non-zero
phases. The quark fields can always be redefined by a chiral transformation.
This redefinition not only affects the mass matrix but due to a change in the
path integral measure changes the value of 6 [67]. It can be shown that the
following quantity

0 =0 —argdetY,Y,, (6.2)

where Y, Y, are the Yukawa mass matrices for the quarks, and it is the correct
physical combination to account for a possible CP violation.
Notably, it gives rise to a neutron electric dipole moment

dn = (5.2 x 107 1¢ . cm) 0. (6.3)

Current experimental upper bounds on the dipole moment give an upper
bound of dy < 10~ e - cm [15, 5], which requires 0 < 10710, The strong CP
problem is why 6 is so small.

The Peccei-Quinn (PQ) mechanism, [138], based on a global U(1)pg sym-
metry, provides a solution to the strong CP problem by promoting the QCD
6 angle to a dynamical axion field [174, 177]. The axion can be interpreted as
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the phase of a complex scalar—the PQ field ® = @e'*/f. When the tempera-
ture T is of order the decay constant of the axion f, the radial field ¢ acquires
a vacuum expectation value, of order f, and the global U(1)pg symmetry
is broken. The axion is the Goldstone boson of the U(1)pg and is massless
at all orders in perturbation theory. The axion potential is induced by non-
perturbative effects, as instantons, at temperature Typ. The axion is an an-
gular DOF and it has to satisfy a residual discrete symmetry, that is a going
in a + 2nnf, where n is an integer number. The last symmetry restricts the
potential of the axion to be periodic. A prototypical example for the potential
Vip of the axion is

Vnp(a) = fomgep(T) (1 —cosa/f), (6.4)

where the mass mqcp is temperature dependent and it is set by the topolog-
ical susceptibility x as follows

X T, "
macn(T) =§, x(T) :Xo( QTCD) , Tocp =200MeV.  (6.5)

Where in the relation (6.5), xo = (75.5MeV)4 comes from a QCD calculation,
and if we assume the dilute instanton gas approximation we have n = 8, [33,
34]. Relation (6.4) is not unique and the exact form of the potential requires
detailed knowledge of the non-perturbative physics.

One interesting property of the axion a is that the self-interaction and in-
teraction with matter are suppressed by f, due to the shift symmetry. The
weak interactions of the axion a promote it to be a light and long-lived parti-
cle. All these axion properties promote it to provide a candidate for inflation,
dark matter, and dark energy. In this thesis, we explore the axion as a dark
matter candidate. A crucial aspect of the axion is when the U(1)pq is broken
or not. Itis important to study the role of the axion during inflation and there
are two different cases !

1. The PQ symmetry is unbroken during inflation if f < H/27
2. The PQ symmetry is broken during inflation if f > H /27w

6.2 PQ symmetry unbroken during inflation

The De Sitter spacetime can be viewed as having a temperature Ty = H/27
and the axion a acquires thermal fluctuations of order éa ~ H/2m. These
temperature fluctuations are large enough that the U(1)pg symmetry is un-
broken and ¢ has zero vacuum expectation value. After inflation, the tem-
perature drops below the scale f, breaking the symmetry. The temperature,
at which the breaking happens, is larger than the temperature at which non-
perturbative effects switch on. Hence, the axion has no potential and there

1To be precise, the condition would be max(Tg, H/27), where Ty is the reheating tem-
perature. The symmetry can be thermally restored, but we avoid this possibility for the
moment, which would require a complete reheating model.
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are no preferred values that the axion can acquire. In each casually discon-
nected patch, the axion picks a value from a random uniform distribution on
[—mt, ). Each causally disconnected patch is of order the horizon size 1/H
and the axion has different values. This means that the axion varies on hori-
zon scales and has O(1) fluctuations when non-perturbative effects switch
on 1/H ~ 10pc (QCD scale). These fluctuations are non-adiabatic, but are
not scale invariant and give rise to additional power on scales that are sub-
horizon at the PQ symmetry breaking; these perturbations may give rise to
axion mini-cluster[37].

A breaking of global symmetry generates topological defects, in the case
of a global U(1)pg we may have to deal with cosmic strings, and if Npw # 1,
the domain wall number, also domain walls. These latter defects, if they are
not removed, tend to dominate the energy budget of the Universe since their
energy density scales as 1/4%. Instead if Npw = 1, the domain wall problem
can be avoided. Anyway, both cosmic strings and domain walls provide a
rich phenomenology.

Since ajy, the initial axion value, varies from patch to patch we can calcu-
late (a2.) as follows

1 7 2
0 =5- [ #=%, 66)
where .
O = — (6.7)

7
and we assumed a uniform density distribution for 6. The last relation will
be useful later for the calculation of the relic abundance of dark matter. As
we will see, in the next scenario, 8j, is not predicted and is an environmental
parameter.

6.3 PQ symmetry broken during inflation

In this case, the PQ symmetry is broken before or during inflation and all
topological defects are red-shifted away by the expansion. In particular the
value of the initial angle 6;,, is stretched on super-horizon scales and each sin-
gle patch, our Universe, has a single value for 8;,. The axion in this scenario
is a homogeneous field and its initial value is arbitrary, there is no reason to
choose 0 or 7T, except for personal taste or anthropic reasons.

In this scenario, the axion exits during inflation as a massless field. Mass-
less fields acquire fluctuations of order Hubble. The axion has no potential
and its perturbations do not alter the energy density p, in other words, its
fluctuations are of isocurvature type. If axion provides a dark matter can-
didate these isocurvature perturbations are then imprinted in the spectrum
of dark matter. The Planck experiment severely constrains the isocurvature
perturbations in the dark matter component. Indeed, the Planck collabora-
tion [9] puts, at the CMB scale k. = 0.05Mpc !, for uncorrelated axion-type
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isocurvature perturbations the following constraint

Piso
— < 0.038, 6.8
2 < (6.8)

where P, = 6Qpnm/Qpy is the isocurvature dark matter power spectrum
and Ag ~ 1077 from observation. To compute the last formula we need an
explicit expression for the relic abundance of axion that will be our next task.

6.4 Axion’s production mechanisms

In this Chapter, we will discuss the abundance of axion relics, denoted as (2,,
which can be produced through several ways such as the decay of topolog-
ical defects, vacuum realignment, kinetic misalignment, thermal population
and decay of parent particles. In particular, we will focus on the first three
methods and provide a brief overview of each.

6.4.1 The axion as decay product of topological defects

As introduced before we are referring to the case of the PQ symmetry un-
broken during inflation. Let us stress immediately that the evolution of the
string networks/ domain walls is hardly complicated, see [108, 159] and an-
alytically calculations lack. In the rest of the thesis, we will not touch the
dark matter production mechanism since as we will see in the future chap-
ter, Chapter 7, the evolution of the symmetry after Peccei-Quinn inflation
requires numerical simulations.

Nevertheless, within this scenario, the production mechanism of the strings
network is the so-called Kibble mechanism [97]. In this scenario, there is at
least one string per horizon. This string is created when the random value of
the axion field wraps from zero to 27t f along a closed path in physical space.
If this closed path has a size larger than the horizon the string perforates the
surface subtend by the closed path. Moreover, this string network consists of
string loops that emit axions while tightening, oscillating, reconnecting, and
collapsing during the Universe’s expansion.

The final amount of axions from string decay is a long-standing contro-
versy and the relic abundance can be written as

Oah? = Opish? (14 ttgec) , (6.9)

where Qpish? is the misalignment result and the value of age. oscillates from
0.16 to 186, [78, 55, 24, 86]. The degree of ignorance, parameterized as agec,
lies in the form of the spectrum of the axions emitted from strings. A slice of
this ignorance resides in how the string system is simulated. This is a very
important area of research because the uncertainties present are directly re-
lated to possible observations of axion since a large contribution from strings
points toward small values of f.
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6.4.2 Vacuum realignment

This process is present in the cases of PQ symmetry which is broken after
or before inflation. In the broken scenario, the vacuum realignment consists
of zero and higher modes contributions since the axion is inhomogeneous,
besides the aforementioned defects. When the axion is homogeneous only
the zero mode contributes and topological defects are not present.

In the standard vacuum misalignment scenario, the axion starts at some
random initial place aiy, = f6in with 4in, = 0. Recently, the study of the
scenario in which axion has a non-zero initial velocity has received much
attention in the literature. If this initial velocity is sizeable it can affect the
evolution of the axion, postponing its oscillation time and therefore chang-
ing its relic abundance. This is the core of the so-called kinetic misalignment
model[46]. We have to mention also the so-called "axion kination" that is
based on the same logic where a spinning axion dominates the energy bud-
get of the Universe providing an equation of state w equal to w = 1. The
interest of this mechanism lies, to name one, in the boost that the gravita-
tional wave spectrum, originating from inflation, receives if this phase with
w = 11is present. From the observation or not of this signal, one can put con-
straints on the UV models that generate this phase that are principally based
on supersymmetry [49, 73].

But let us go back to the case in which 4;, = 0. If the axion is homoge-
neous over the entire Hubble patch its evolution is governed by (3.19). The
axion is stuck to aj, by Hubble friction until the oscillation temperature T,
that is the moment when

In the rest of the chapter, we will assume that the onset of oscillation starts in
radiation domination and the subsequent evolution is adiabatic; moreover,
we assume for simplicity Npw = 1. After oscillation (neglecting anharmonic
effects ) the axion behaves as non-relativistic matter and the production of
dark matter axion is non-thermal?.

The calculation of the relic abundance proceeds as follows, we start from

o(To) ol
Pcrit,0 ’

Q.h? = (6.11)

where we used (2.39). Since the axion is non-relativistic from oscillation until
now, we know that

3
p(To)a = mqcp (To) na (Tx) (Z—;) : (6.12)

2The field is described by a classical condensate of particles at rest k = 0 that oscillate
coherently with the same phases
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The ratio of scale factors can be evaluated using the conservation of entropy

and we obtain s 5
ol — ity NI
(ao) g(T) T2 (613)

0Q

Using (6.13) and (6.12) in (6.11) we get

macp (To) K2 f2(02) 3¢ (To) Ty [m2g (T)

Oah? ~
? 20crit,0 Mpig (Ts) T 920

(6.14)

2/02
where we used (6.7), na (Ty) = %W since the axion is stuck until T,

(6.10) and radiation domination 3M3 H? (T.) = %
For the temperature T, we can use (6.10), (6.5), radiation domination and

we obtain /2
2 2 T n
m2g (Ts) T /X0 ( QCD) ‘ (6.15)

90 Mp 3f
The last steps are to substitute (6.15) in (6.14) and we obtain

2 f "

where we also used (6.5), and

Ocrito =~ 107°h?GeVem ™3, ng ~ 410cm™3, g(Ty) ~4, n=38, g(T.) ~ 62,
(6.17)
the most right expression represents the relativistic standard model degree
of freedom just above the QCD scale.
Relation (6.16) implicitly assumed that the axion oscillations start when
T« 2 Tocp- From (6.15) and (6.17) we have

16 1/6
M) _ (6.18)

f

Relation (6.18) is telling us that (6.16) holds for f < 10'°GeV. Instead for
f 2 10'7GeV the oscillations begin when T < Tocp and the relic abundance
changes. In this case, the axion starts to oscillate with the zero temperature
mass, hence we can take in (6.15) the n = 0 case and we obtain

T ~ Tocp <

2 oneey (—f )"
In the range 101°GeV < f < 10YGeV, oscillations begin during the QCD
epoch, and the dilute instanton gas approximation breaks down; in this regime
the estimation of the relic abundance is complicated.

Both in (6.16) and (6.18) we approximate the potential to be quadratic but
when 6;, ~ 1 anharmonic effects start to be important. In this regime, there
is an increment of the relic abundance of dark matter. The first analytical
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estimate of these effects is presented in [122], and they can be included by
the replacement of 6;, with

(6.20)

1.175
Qizn {ln 1 } )

1—0in/m

The author’s choice for the dependence of mass on temperature (1 # 8) re-
sults in the numerical value 1.175. This is only a glimpse to show that the
actual calculation is complicated and many approximations are used; such
that one has not to rely on these computations for a more realistic result.
The interested reader can find in [169], a full numerical computation of the
relic abundance valid for all f, with ¢ temperature dependents and all anhar-
monic effects accounted.

Let us consider 6, as a free parameter and analyze the consequence of
(6.16), we further specialize to the case f < 10°GeV. In particular, high
and low scale f point towards a tuning of the initial angle 6;, in the 6;, <
1 and 6, ~ 7 regions respectively. There is a "sweet" spot where 8;, ~
1 and the total dark matter abundance is reproduced, from (6.16), for f ~
10'?GeV. In the unbroken scenario, thanks to (6.6) and (6.16) we can put
a bound on f < 10GeV in order not to overproduce dark matter. In the
unbroken scenario all values of f < 10 GeV are possible. This freedom
reflects the uncertainty in the production mechanism, in other words, the
ignorance of the exact amount of axions from topological defects.

6.4.3 Kinetic Misalignment Mechanism

As we anticipated in Section 6.4.2 there can be the possibility of changing
the evolution of the axion field through a non-vanishing velocity 6, leading
to axion dark matter for larger values of mqcp respect to the standard mis-
alignment scenario. The so-called "kinetic misalignment" (KM) mechanism
is at play when the kinetic energy of the axion is larger than the potential
energy at the usual oscillation temperature T (6.18). The non-zero velocity
for the axion can be induced, for example, with a higher-dimensional oper-
ator, that breaks the U(1)pg symmetry and provides an angular kick for the
axion, similar to the Affleck-Dine mechanism [8]. Let us review this scenario
as proposed in [46].

The U(1)pg symmetry is associated with a conservation of a Noether
charge due to the shift symmetry of the axion § — 6 + a. The charge can
be read from the action and we get

¢*0a® =L, (6.21)

where L is a constant and represents the angular momentum. For the estima-
tion of the relic abundance is useful to work with red-shift invariant quanti-
ties. In order to do that we call 7y = ¢?0 and we introduce a yield Yy defined
as

Yo = —, (6.22)
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where s is the entropy density and scales as a~3. Hence, Yy is constant and its
value is model-dependent.

Let us assume to be in radiation domination and the radial field is stuck
to the minimum ¢ = f. If the kinetic energy of the axion f20%/2 at the usual
oscillation temperature T, (6.18) is greater than the potential energy given by
relation (6.4), then the axion will overcome the potential barrier and 6 will
continue to change. This evolution ceases when the kinetic energy reaches
the height of the potential barrier

0(T")| = 2mgep(T'), (6.23)

where T’ is the temperature of this moment. After this moment the axion is
trapped in the minimum and the onset of oscillations is delayed if T" < T..
We assume that the mass of the axion changes adiabatically and that the
energy density of the axion redshifts as matter after the onset of the oscil-
lation. Today’s energy density of axion normalized to the entropy density

reads ()
Oa Ny
5= mQCD(TO)—S (T’ (6.24)

where mqcp is the vacuum axion mass. For 1,(T") /s(T’) we have

na(T') _ f0(T")

ST = 5T —Y,, (6.25)

where we used n, = Vyp/mqcp, (6.22) and (6.23). However, this computa-
tion is not entirely correct since we assumed that p, ~ a—> immediately after
the onset of the oscillations. Since the axion oscillates near the maximum,
anharmonic effects become important, causing a delay in the oscillation and
boosting the relic abundance. This non-linearities correct relation (6.24) by a
factor of two, leading to[46]

% = ZMQCD(O)YQ. (626)

The condition for kinetic misalignment to be relevant, namely |6(T.)| >
mocp (T« ), can be rewritten as

14(T 2
YG > Ycritz Ycrit - Sa(gﬂ*)) ~ MilT*, (6.27)
where we used 1,(Ty) ~ mQCD(T*)fZ, mocp(Ts) ~ H(T:), H(T.) ~ T2/ Mp,

and s(T,) ~ T2 and dropped numerical factors.
Using (6.18) in (6.27) we obtain

f 13/6
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Assuming Yy > Y, the axion abundance is given by the kinetic misalign-
ment mechanism and we get

2 2 f Yy
it = o () (9, 6

which is independent of the axion mass evolution. Comparing (6.29) and
(6.28) we get Yg < Yit for f 2 1.5 % 101GeV . Hence, kinetic misalign-
ment can provide all the dark matter for smaller values of f compared to
the standard misalignment. In equation (6.29), all model dependence is con-
tained within Yp. In Chapter 8, we will investigate whether potential (7.23)
can maintain kinetic misalignment.

6.5 Isocurvature perturbations in the vanilla Ax-
ion scenario

In the unbroken scenario, the axion does not exist during inflation and it
does not acquire isocurvature perturbations on large scales where we have
strong constraints from Planck. As we said in Section 6.2, non-adiabatic per-
turbations may be present at small scales, and spectral distortions and mini-
clusters may impose interesting additional constraints [45, 37].

We turn our attention to the broken scenario where the axion acquires
fluctuations during inflation. Inflation can be tested by combining the isocur-
vature constraint and the properties of the axion to be a DM candidate. Within
the broken scenario, the relic abundance is given by the vacuum realign-
ment, relation (6.16). If the axion provides the totality of the dark matter
then Qpy = O, and we can estimate P, as

260, \ 2 H \?
Pi Y Y , .
> ( Oin ) (T(f 9in> (6.30

where in going from left to right we used 00 ~ H/27mf. From Qpy = Q,

and (6.16) we get
02 ~ (L) o . (6.31)
n 1012GeV
With the help of (4.167), (4.168) and (6.31) we can rewrite (6.8) as follows
r<5x10"H1 (4)5/6. (6.32)
~ 1016GeV

With future r ~ 1073 and futuristic sensitivity, from 21cm lensing, r ~
1072 [32, 158] we can probe in detail both the axion and the inflationary
paradigms. Assuming the totality of the dark matter is given by the axion,
the last relation highlights that any scale f, that is smaller than Planck, is
excluded with an observation of » within the previous range. Relaxing the
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assumption that the axion provides the totality of the DM, we can simulta-
neously reach r ~ 107* and satisfy the bound from isocurvature but at the
precise of tuning 6, ~ 10~7, where Q,h? < 107°. There is no possible tuning
with f < Mp that can bring us to a value of r ~ 1073. Hence, observation
of large tensor modes forces the axion to live in the unbroken scenario where
f < 10MGeV.

If some of the assumptions are relaxed the previous conclusions are not
expected to hold. In the previous treatment, we implicitly assumed that the
radial part of the PQ field was stuck in the minimum f. As we will see in
Appendix C by promoting the radial field to be the inflaton we can simulta-
neously obtain an r ~ 1073, providing all the DM and satisfying the isocur-
vature bound. Note how, in this case, the symmetry always breaks, and the
axion always acquires isocurvature perturbations. The parameter that affects
the evolution of PQ symmetry is only the reheating temperature.

We conclude this section by reporting the observational bounds on axion
which are mainly driven by astrophysics. For f close to f ~ Mp; meaning
mqcp of order mocp ~ 10~ 11eV the strongest bound is given by the modi-
fication of the gravitational wave emission of rapidly rotating astrophysical
black holes through the Penrose superradiance process. The non-observation
of this effect for the rapidly rotating black hole in the X-ray binary LMC X-1
puts an upper bound for the QCD axion on f, which is f < 2 x 107GeV [13].
On the other side, for small f meaning large mqcp the axion starts to be cou-
pled more strongly to the SM particles and can affect the cooling behavior of
stars or supernovae. The non-observation of anomalous cooling puts a lower
bound on f, which is f > 10°GeV. The axion can reproduce the observed
DM abundance for a wide range of f, 10%GeV < f < 107 GeV.

6.6 Axion quality problem

As we have seen the main motivation for the axion is that it provides a nat-
ural solution to the strong CP problem, see Section 6.1. The Wafa-Witten
theorem [171] guarantees the axion to relax to the minimum of its potential
in which CP is preserved, § = 0. This theorem does not ensure the perse-
verance of the solution in the case in which there are UV violations of the
U(1)pg symmetry in addition to those given by the non-perturbative effects.
The latter effects appear at scales of the order of T ~ Gev which is much
smaller than the usual values of f. This makes the solution to the strong CP
problem an IR effect. In the (KSVZ) and (DFSZ) models [98, 157, 57, 182] the
dynamics in the UV is reflected in the IR only through the coupling that the
axion has with the SM, but the dynamics of the axion is unchanged. Is the
naturalness of the solution preserved even if in the UV we have operators
that break the U(1)pg symmetry? How sensitive is the solution to the strong
CP problem which is an IR effect to the presence of these operators?

In [93, 87, 91] we find answers to these questions. The purpose of this sec-
tion is to review these works since Chapter 7, the original part of the thesis,
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shares many similarities with these papers. These U(1)pq-breaking opera-
tors are induced at the Planck scale due to quantum gravity, which is sup-
posed to violate all global symmetries. Wormholes and black holes [82, 70,
51, 68] show that Planck-scale physics can lead to violation of global symme-
tries. At energy scales smaller than the Planck one these effects are described
by higher-dimensional symmetry-breaking operators suppressed by an ap-
propriate power of the Planck mass. These operators will favor values of
the minimum of the potential of the axion which leads to an invalidation of
the solution of the strong CP problem, ( # # 0). This is often referred to as
the axion quality problem. Let us derive the necessary suppression of these
higher-dimensional operators, induced by quantum gravity, to not spoil the
solution of the strong CP provided by the axion.
We add to the standard wine bottle potential Vpg ~ Apq (|®|? — f2) the

following term

‘CI)‘szI)n

—-——7 +hc, (6.33)

Mlz)ilﬂJrn 4
with ¢ = |g|e’ being a dimensionless and complex constant. We used Mp; as
the suppression scale of the operator, by considering that some new physics
must intervene at or below Mpp. One may thus expect |¢| 2 1, however,
we will later show that the solution of the strong CP problem generically
requires a much smaller |g|. After the radial field has stabilized to the mini-
mum of the Mexican hat potential |®| = f, the higher-dimensional operator
induced a mass for the axion

1-2
mg = n’|g|Mp (f / \/EMm) , (6.34)
where | = 2m + n.

As seen in Section 6.1, the axion obtains a potential at temperatures below
the QCD scale of the form,

mZ 2 22
V(0) = %Df [1 — cos(Npwb)] — m}g{ cos (n6 +9), (6.35)
DW

where we inserted Npyy to keep the treatment general and we used a = f0.
Here we have taken the CP-conserving vacuum as 6 = 0 modulo 271/ Npw
without loss of generality, and mgcp is the mass arising from QCD non-
perturbative effects given by [53, 34],

1012GeV
0"Ge ) (6.36)

The second term in (6.35) is induced by the higher-dimensional operator after
QCD confinement and m is given by (6.34).

The axion at the minimum of the potential (6.35) needs to satisfy | NpwOmin| <
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FIGURE 6.1: Axion quality constraint on the coupling constant
|¢| and dimension ! of higher-dimensional operators for the PQ
field to solve the strong CP problem. The colored lines show
the axion quality constraint on U(1)pq-breaking operators, for
f = 10°GeV (blue), f = 10! GeV (green), f = 103 GeV (yel-
low), f = 10 GeV (orange). The colored regions show where
the constraint is satisfied; for f = 10°GeV this happens in the
blue and the rest of the colored regions, for f = 101 GeV the re-
gions move to green, yellow, and orange, for f = 10'%geV they
further move to yellow and orange, and for f = 10'°GeV only

the orange region is allowed.

10~1% (modulo 27) as implied by experimental bounds on the neutron elec-
tric dipole moment [15, 5]. This requirement imposes

2

NoW ™5 i (nByin + 6 < 10710, (6.37)
2

n m
QCD

Supposing | sin(1n6min + )| ~ 1, then this translates into a bound on |g| as

I
s N 2M
g] < 10788 EW (ff Pl) . (6.38)

In Fig. 6.1 the axion quality constraint (6.38) is shown in the |g| - | plane as
the colored lines, for the parameter choice of Npw = 1 with for f = 10° GeV
(blue), f = 101 GeV (green), f = 1013 GeV (yellow), f = 101 GeV (orange).
The allowed regions, where we solve the strong CP problem, are given: for
f = 10°GeV this happens in the blue and the rest of the colored regions,
for f = 10'GeV the regions move to green, yellow, and orange, for f =
10'3geV they further move to yellow and orange, and for f = 10'°GeV only
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the orange region is allowed.

As we have seen at the end of Section 6.5 the minimum allowed value for
fis f ~ 10°GeV. With this scale, from Fig. 6.1 a possible higher-dimensional
operator, that is already Planck suppressed, needs to be further suppressed
by a coupling |g| of order |¢| ~ 1073° . Hence, we substitute the mystery
of the smallness of § with an even more big conundrum, the smallness of
|g|. From Fig. 6.1 we appreciate how the strong CP problem, which is an
IR process, is influenced by the unknown UV physics (parameterized by the
higher-dimensional operators). Relation (6.38) shows how the naturalness
of the strong CP problem solution given by the axion is challenged. In fact,
from IR physics we can put very strong bounds on operators living at the
UV scales. In Chapter 7 we will see that our analysis of the inflationary dy-
namics shares close analogies with the above discussion. We are going to see
how these operators, given by relation (6.33), affect the inflaton dynamics
and make the inflationary predictions sensitive to the unknown UV physics.
In this sense, the two works share many similarities even if they probe, as we
will see, two different energy scales, and the solution of the strong CP prob-
lem is substituted by the flatness of the potential; which is being accused by
these operators (6.33).

6.7 Natural Inflation

Our main goal in this section is to examine the possibility of driving inflation
with the axion field. The axion is the Goldstone boson of the U(1)pq sym-
metry and the shift symmetry a — a 4 const implies that the axion potential
vanishes. For driving inflation the axion must have a sufficiently flat poten-
tial. The shift symmetry of the axion is broken at the non-perturbative level
generating the potential (6.4). The non-perturbative nature of the rupture
portends that the potential can remain sufficiently flat to sustain inflation.

In this section, we focus on the original version of natural inflation (NI)[66]
where there is a single rolling field with potential

Var = A* (1 +cosa/f), (6.39)

where A is a constant with the dimension of an energy scale. The slow-roll
parameters, relations (3.28) and (3.29), with the choice of the previous poten-
tial read
M2 sin’a/f M3, cosa/f
€v = s v = — ’
2f2 (1 +cosa/f)? 1 f2(1+cosa/f)

(6.40)

When these two parameters satisfy ey, |v| < 1, the dynamic of the axion is
governed by the slow-roll equations of motion

- E)VNI

3HG ~ ————
4 oa

, 3M3 H? ~ Wy, (6.41)
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where a dot represents a cosmic time (t) derivative. The end of inflation is
roughly sets by the condition ey (denq) = 1, which for a..q gives

Aend = 2f arctan (%) . (6.42)

Pl

Relation (3.31) evaluated between a generic scale 4., corresponding to time
when the mode k. exits the Hubble horizon, and the end of inflation a.,gq
gives us the following number of e-folds

Gend Vg da fend 1+ cosa/
N, = _/ S Aﬁz ( s 5 4o, (6.43)
o NI “¥'p1 G Pl

where in going from left to right we used (6.39) and V{;; = —A*/fsina/f.
The previous integral can be computed, yielding

2 .
N, = Zfz In (S“,l Tend /2f ) (6.44)
Mg, sina, /2f

notice that a.,q > 4. since we restrict our analysis to 0 < a/f < 7. Relation
(6.44) can be solved for the initial position a.

N.M3
sina,/2f = sin (arctan ;(/;—i{) exp (- szl> , (6.45)

where we used (6.42).

The scalar power spectrum amplitude, scalar spectral index, and the tensor-
to-scalar ratio at the wave number of interest k, are written, from (4.146),
(4.147) and (4.168), as

W
AS ~ NI,*

~ SaAMiey, T IE AN~ bevy reloey. o (646)
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The subscript * denotes that the quantities are evaluated when the mode k.
exits the Hubble horizon. Using (6.39), (6.40) and (6.45) in (6.46) we get

2
sz4 {1 — sin? (arctan ff) exp <_N*f_]\2/112’1)}
As = . (6.47)
6712 M§, sin? (arctan ‘AQ—ZP{) exp (_%)

2 2 2
ng—1= Mp _ 2Mpy ! (6.48)

2 2
f f [1 — sin? (arctan vaf ) exp (—N*—Mlz’l)}

fZ
: 2 V2 f N*M%)l
SMI%I Sin <arctan ) exp (_—fZ )

2 2
f [1 — sin? (arctan V2f ) exp (—%)]
If set k. = 0.05Mpc~! from the last column of Table 4.1 we know that the

best fit values for n; and Ag are ns = 0.965 and Ag = 2.1 x 10~°. Further-
more, if we set N, = 60 we can fix f from (6.48) and we obtain

(6.49)

feo = 8.5Mpy, (6.50)

where the sub-script 60 represents the value of f which generates N, = 60
and n; = 0.965 at the pivot scale k.. From (6.47) we fix A as follows

2
0o 1/4 \/sin (arctan ff“) exp (—]\Z zm)
AN = Mp (67‘[ MP1A5> o0 ~ 1016Gev
2 4
2
60 \/ 1 — sin? (arctan Vaf > exp (—%)
(6.51)

where in going from left to right we used the values of fs), As and N, = 60.
This analysis reveals that natural inflation can reproduce the CMB observ-
ables but at the price of working with super-Planckian values for f and A is
forced to be at the GUT scale. Since A sets the amplitude of the potential we
expect a large value for the tensor-to-scalar ratio. Indeed, from (6.49) we get

L2 V2fe _ NeMg,y
sin <arctan >exp< 7 >

60 {1 — sin? (arctan fféo) exp (—M‘f—z%)}
60

in going from left to right we used the value of fsy and N, = 60. This value
exceeds the upper bound from Planck and makes the model strongly dis-
favoured against observational data. The model remains ruled out even if
we change N or 1, although the values of f, A, and r may change.

~ 008, (652
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Chapter 7

UV sensitivity of PQ inflation

The original motivation of the Peccei-Quinn (PQ) mechanism [138], based on
a global U(1)pg symmetry, is to provide a possible solution to the strong CP
problem by promoting the QCD 6 angle to a dynamical axion field [174, 177].
The axion can be interpreted as the phase of a complex scalar—the PQ field.
When the PQ field settles down to the minimum of a Mexican hat potential,
the U(1)pg symmetry is spontaneously broken and the axion plays the role of
a pseudo Nambu-Goldstone boson. Axions also provide a viable candidate
for the dark matter of our Universe [143, 1, 56].

In itself, the PQ field has nothing to do with the physics of the primordial
universe but was introduced to solve a problem related to the nature of the
strong interaction. Taking inspiration from the case of Higgs inflation we
can promote the radial field of the PQ field to be the inflation. This makes
the PQ model capable of explaining inflation, dark matter, and the strong CP
problem. The simplicity and cost-effectiveness of the model are some of the
reasons that pushed us to analyze it in detail.

Another is linked, as we will see, to the fact that the model can be falsified.
It predicts a value of r ~ 10~3 which will be tested with future experiments.
PQ inflation shares many similarities with Higgs inflation but theoretically
has better virtues. As we saw in Section 4.11.1, Higgs inflation has a validity
problem as an EFT linked to the value of ¢ being too large. In PQ inflation
this problem does not arise because the self-coupling of the PQ field is a free
parameter and can be chosen to accommodate ¢ ~ 1 values. On the other
hand, values of { ~ O(1) pose a problem with the possible impact of higher-
dimensional operators on the background dynamics. The nature of these
operators depends on the details of the ultraviolet completion of the theory,
bringing us back to a situation similar to Higgs inflation.

Considering the reasons cited above, it becomes important to try to un-
derstand whether the model’s predictions are preserved or whether a UV
sensitivity is present instead. In this chapter, we tackle this issue by evalu-
ating the effects of higher-dimensional operators on PQ inflation. By calcu-
lating their impact on curvature perturbations and the duration of inflation,
we derive constraints on Planck-suppressed operators. (See also [89] which
performed a similar study for a Higgs-like real inflaton.)

We will see that the size of these operators is highly constrained by the
flatness of the potential. The ultraviolet sensitivity of PQ inflation is rem-
iniscent of the so-called axion quality problem [93, 87, 91], which is based
on the observation that U(1)pg-breaking higher-dimensional operators can
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spoil the axion as a solution to the strong CP problem by displacing the ax-
ion field from the CP-conserving vacuum. While this vacuum displacement
is an effect sourced by higher-dimensional operators at low energies where
the PQ field is localized at the potential minimum, the effects on PQ inflation
are at the inflationary scale where the PQ field is largely displaced from its
minimum. Hence the two effects induced by higher-dimensional operators
have different natures, and we find that the resulting constraints are comple-
mentary to each other, excluding a wide range of operators when combined.
This result exacerbates the impact of unknown physics at the Planck scale on
experimentally testable IR physics.

It has been claimed in [61, 35] that after PQ inflation ends, axion dark
matter is produced due to the misalignment of the nearly homogeneous ax-
ion field from the vacuum, and also that the isocurvature fluctuation of the
axions is suppressed by the large PQ field displacement during inflation [116,
115]. On the other hand in the specific PQ(-like) inflation model of [17], the
oscillation of the inflaton about its origin induces a resonant amplification of
the field fluctuation, which leads to a restoration of the PQ symmetry. (See
[167, 96, 95, 166, 79, 100, 48, 16] for related works). The subsequent sym-
metry breaking thus yields a highly inhomogeneous axion field as well as
axionic strings, whose decay contributes to the axion production. Here, one
may expect that U(1)pq-breaking higher-dimensional operators should sup-
press resonant effects since they can source an angular momentum to the PQ
field and prevent the field from oscillating violently along its radial direc-
tion. However, we show that with higher-dimensional operators allowed for
a consistent PQ inflation, a resonant amplification of the PQ field fluctua-
tion is inevitably triggered. Our finding thus implies that axion production
after PQ inflation does not proceed as in the vanilla vacuum misalignment
scenario.

The plan of this chapter is as follows. In Section 7.1 we review the basic
properties of the PQ inflation model. In Section 7.2 we derive constraints on
higher-dimensional operators by numerically solving the PQ field dynamics
during inflation. We then analytically derive an approximate expression for
the constraints in Section 7.3. In our calculations we treat PQ inflation as
an effectively single-field model; we justify this treatment in Section 7.4. In
Section 7.5 we study the PQ field dynamics after inflation and show that a
resonant amplification of field fluctuations is unavoidable. In Section 7.6 we
compare the constraint on higher-dimensional operators from PQ inflation
with that from axion quality arguments.

7.1 Peccei—-Quinn inflation

We consider a PQ field ® that is coupled to the Ricci scalar,

S = /d4x\/—_g [— (MTZ + gcbcb*) R+ g"9,®9,@* —V(®)|, (7.)
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with V being a Mexican hat potential,

V@) =2 (jof - fz), 72

and f is the axion decay constant. The self-coupling constant A and gravita-
tional coupling ¢ are assumed to be non-negative. At the symmetry-breaking
vacuum, i.e. |®| = f/ \/E, the mass scale M is related to the reduced Planck
mass, Mpj =~ 2.4 x 1018 GeV, by

M3, = M* + ¢f% (7.3)
We assume
sz < Ml%ll (74)

so that Mp; >~ M. Rewriting ® in terms of its radial and phase (axion) direc-
tions as

@ s
o= L it 75
3 7.9)

where ¢ > 0, then the above action becomes

M? 2 1 1

with A
V= ( f2> (7.7)
Performing a conformal transformation g, = Q2g;,, with conformal factor
0* =1+ g(’i, (7.8)
M,

one goes to the Einstein frame where the action takes the form

2
S = /d4x\/ [ P1R+ zgwayxa,/x+ ! (Pzgw,a 60,0 — U (7.9)

Here U = V/Q?*, and X is an almost canonically normalized field defined as

\/1 +2(1+62)5

2
L+85m

dxy =Idep, = (7.10)

Hereafter we carry out the analyses in the Einstein frame, and consider a
flat Friedmann-Robertson-Walker background, §,,dx"dxt = dt* — a(t)?dx?.
The U(1)pq symmetry allows the axion to stay fixed to its initial position.
As a result, inflation takes place along the radial direction, which makes the
model similar to Higgs inflation (refer to Section 4.11). The key differences
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between the two are that A is a free parameter in PQ and there is no assump-
tion that ¢ is very large. The results of PQ inflation are more general, and
by taking the limit ¢ > 1, we obtain Higgs inflation. Thanks to the U(1)pq
symmetry we treat the model as effectively single-field and introduce the
slow-roll parameters, relations (3.28) and (3.29), in terms of the canonical ra-
dial field as

M (1 aU)Z . M3 22U

i Y et —nZ 7.11
“= 72 \uay U 9x2 71D

When these are both smaller than unity, the radial field drives slow-roll in-
flation with its dynamics described by

ou
3HY ~ ———, 3M3H>~U. (7.12)
X
Here an overdot denotes a derivative in terms of the physical time t,and H =
a/a is the Hubble rate. The scalar power spectrum amplitude, scalar spectral
index, and the tensor-to-scalar ratio at some wave number of interest k, are

written, from (4.146), (4.147) and (4.168), as

U

~ m, ng — 1~ 27’]* — 66*, r =~ 166* (713)

S

The subscript * denotes that the quantities are evaluated when the mode k.
exits the Hubble horizon.

Ignoring the decay constant f in the potential (7.7) and using V = A¢*/4!,
the slow-roll parameters are obtained as

2

<

2
82 1220 4 42(1+128) - 822(1 + 6¢)
€ = (Pz , 17 ==
1+E(1+68)5
Pl

-~

{1+§(1+6§)%}2 L (7.14)

The amplitudes of the two parameters become unity for similar field values.
We thus roughly estimate the field value when inflation ends by solving € =
1, giving,

8 for & <1071,

(q)end> ~ 16 ~ )

Mp 14+ (1 L85 (1 +24F) | —== for &>10"1
V81 +240) | T

Hence as long as the decay constant satisfies both f2 < M3, and (7.4), it

follows that f? < @2 .. This justifies our neglecting of f during inflation.
In particular, if the radial field value is large enough such that

(7.15)

c ¥ s, (7.16)
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then the slow-roll parameters become
8Mp, g 8ME, '
c(1+65)g" (1+68)¢?

As expected if ¢ > 1 we get back relations (4.177) and (4.178). These satisfy
a hierarchical relation of € < |17| < 1, and using (7.13) we obtain

~

(7.17)

_AM1+62) ¢t L leMy, . 128My,

e Sl DL P (PO | M iiate S VAT
160872 M, a+et T earener VY

S

The slow-roll approximations (7.12) in the large-field regime (7.16) take the
forms,

A M
3H¢ ~ — iy 7.19
P TR 68) ¢ 7.19)
AM?
2~ Pl
H? ~ T (7.20)

Relation (3.30) can be used to obtain the number of e-folds between the exit
of the k. mode and the end of inflation as

_ [fend 1+60 /7,
N, = /t diH = (#2~ 9%a) (7.21)

where we assumed the field condition (7.16) to (at least marginally) hold until
the end of inflation. Supposing ¢% > @2 ., then (7.18) is rewritten in terms
of N, as,

AN? 2 _2(146¢)

~

~ e —, e
ST mE1 ey N, TNz

(7.22)

We have also numerically computed the inflationary predictions and model
parameters of PQ inflation, which are shown in Fig. 7.1 as functions of ¢.
Here A and ¢, are fixed using the expressions (7.13), such that the scalar
power spectrum amplitude takes the best-fit value As = 2.1 x 10~?, and the
spectral index lies within the 68% confidence region ns; = 0.9649 =+ 0.0042
from the Planck constraints at the pivot scale k. = 0.05 Mpc_1 [9]. The initial
tield velocity ¢ is fixed from the slow-roll expression (7.19). The equation of
motion of ¢ and the Friedmann equation are then numerically solved until
the end of inflation, namely when —H/H? = 1. The axion field 6 is fixed
to a constant in this computation. We show in the plots the values' of the
self-coupling A, the radial field values at horizon exit ¢, and at the end of
inflation ¢epg, e-folding number N, from when the pivot scale exits the hori-
zon until the end of inflation, and tensor-to-scalar ratio r at the pivot scale.

IThe values of A and & should be considered as those at the inflation scale. Throughout
this paper, we ignore the renormalization group running of the couplings during inflation,
by considering the logarithmic corrections to be small.
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FIGURE 7.1: Inflationary predictions and model parameters of

PQ inflation, as functions of the non-minimal gravitational cou-

pling. Between the dashed lines, the scalar spectral index takes

values within the Planck 68% C.L. region n; = 0.9649 £ 0.0042,

with the solid line corresponding to the central value. In

Fig. 7.1(d) the orange line shows the BICEP/Keck upper limit
forr.

The blue solid and dashed lines indicate values derived from, respectively,
the best-fit and 1o uncertainty for ns. (These are barely distinguishable in the
log plots for ¢, and A.) The red line in Fig. 7.1(b) shows the field at the end
of inflation ¢e,q, which also barely depends on the detailed value of ns. In
Fig. 7.1(d) we also show the observational upper limit » < 0.036 (95% C.L.,
BICEP /Keck [7]) by the orange line.

For ¢ < 1074, the model reduces to a simple ¢* inflation which is strongly
disfavoured by the Planck data [9]. The exclusion is explicitly seen in the
plots as r exceeding its upper limit, as well as N, far exceeding 60. At¢ > 1,
the values of N, and r approach those of Higgs inflation which invokes A ~
10~! and & ~ 10%, see Section 4.11. The results of Higgs inflation, relations
(4.182) and (4.184), are reproduced in (7.21) and (7.22) by taking the large
¢ limit. In Figure 7.1, the region of Higgs inflation is reproduced in the far
right portions of the graphs. Here the central value of the number of e-folds
becomes N, ~ 56.5. Moreover, the tensor-to-scalar ratio approaches r ~
0.004, which can be tested in upcoming experiments such as [10]. The upper
limit on r requires ¢ > 1072,

With the scale of inflation for this model, and assuming that inflation is
followed by a phase of inflaton oscillation, and then by radiation domination,
the number of inflationary e-folds from the horizon exit of the pivot scale
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k. = 0.05Mpc~! should satisfy N, < 56; here the upper limit corresponds to
the case of instantaneous reheating. One sees in Fig. 7.1(c) that if ns takes a
value that is +-1c away from the best fit, the upper limit on N, is violated for
any value of ¢.

One can hope to avoid a breakdown of the effective field theory by choos-
ing a set of sufficiently small couplings A and ¢, as shown in Fig. 7.1(a). How-
ever Fig. 7.1(b) indicates that for ¢ < 10?, the field value ¢. exceeds Mpy. It
should also be noted that, independently of ¢, the excursion of the canonical
field (7.10) obeys® Ax > Mp;. The large field excursions would make the in-
flationary predictions sensitive to operators suppressed by Mpj. We look into
this in detail in the next section.

7.2 Impact of higher-dimensional operators

We now study how the naive picture of PQ inflation described above is af-
fected by higher-dimensional operators, and show that such operators need
to be strongly suppressed during inflation. As we are going to see this part
has close analogies with Section 6.6.

7.2.1 Higher-dimensional operators

We include an operator of dimension 2m + n in the Jordan frame such that
the potential (7.2) is modified to

A 2\ 2 O|2" P
V(®) = ¢ (Iq>|2 - %) +A - (g% —i—h.c.) ,  (7.23)
P1

with ¢ being a dimensionless and complex constant. We used Mp as the sup-
pression scale of the operator, by considering that some new physics must
intervene at or below Mp;. One may thus expect |g| 2 1, however we will
later show that PQ inflation generically requires a much smaller |g|. Opera-
tors that are suppressed instead by the effective Planck scale (M3, + ¢ @?)1/?
are studied in Appendix A. See also [20, 39, 84, 28, 40] for discussions on the
suppression scales of higher-dimensional operators in the context of Higgs
inflation.

The parameter A has mass dimension four and its value is chosen such
that the vacuum energy at the potential minima vanishes. At leading order
in g, its amplitude is of

A f 2m+n
A~ 2lsluafy (L) (7.24)
P

2This can also be understood from the Lyth bound [124] for a canonical inflaton,
|dx/dN| ~ +/r/8 Mp,, combined with the values of r shown in Fig. 7.1(d).




84 Chapter 7. UV sensitivity of PQ inflation

We also write the dimension of the operator as
I =2m+n, (7.25)

and the coupling as ¢ = |g|e’® with a real phase 6. Rewriting the complex
scalar as (7.5), the above potential becomes

)\ ) !

If n = 0 the axion remains massless. On the other hand if n # 0, the U(1)pg
symmetry is broken and the axion acquires a mass; the presence of such oper-
ators is also suggested by the breaking of global symmetries due to quantum
gravity [3, 18, 80]. In the following we will consider both PQ-breaking and
preserving operators.

The homogeneous equations of motion and the Friedmann equation in
the presence of the higher-dimensional operator are

—— <+cf2) S0P = - S0% - gl
04 QZ+6€2A‘Z_2

0=4x+3Hx+
Mg, Mg,
O?pm?3
10?24 Y } 0 cos(nf + )|,
{ Mg, n?

(7.27)

0= i+ am0 209 ™  sin(n6 + o) (7.28)
N 0O2¢  n ’ '

52 202 O2 2 m2
X 6 1 ]A pm
3Mp H? = & +(§— T ol {—( —SV A g cos(n0+9)

(7.29)
Here my represents the mass of the angular direction around its potential
minima, which is defined as

a1 Y
9_4)202 002

g My ( ? )lz (7.30)
= 02 . .
nf+46=0 \/EMPI

The mass induced by higher-dimensional operators depends on the inflaton
field value. In particular when the inflaton reaches its potential minimum,

-2
the axion mass becomes m3 ~ n?|g| M3, ( f/ \/EMH)

7.2.2 Constraints from number of e-folds

Higher-dimensional operators change the tilt of the inflaton potential, which
in turn affects the number of inflationary e-folds N. We compute N by nu-
merically solving the set of equations (7.27), (7.28), and (7.29), from the time
when the pivot scale k. exits the horizon until the end of inflation at —H / H? =
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1. The scalar power spectrum amplitude and spectral index are fixed to the
central values A; = 2.1 x 1072 and n; = 0.965; we impose this condition
by evaluating the observables using the slow-roll expressions (7.13) with V
given by (7.26), and choosing the values of A and ¢ accordingly.’®

We also use the slow-roll approximations to fix the field velocities at the
horizon exit of the pivot scale, namely, (7.12) for the radial field and

. m2
3HO ~ —79 sin(nf + 4) (7.31)

for the axion. The solution (7.31) assumes m‘g < H?. In particular for n = 0,
the right-hand side vanishes and thus the axion is fixed to a constant value
during inflation. On the other hand if mg e H?, the axion does not follow
(7.31), but quickly becomes stabilized at one of its potential minima. Hence
instead of treating 6. as a free parameter, we write it as

2

nf, + 6 = (nb; + ) exp (—%) (7.32)

in terms of an “initial” angle 6;, which represents the axion field value a few
e-foldings before the pivot scale exits the horizon. If mg* < Hf then 0, ~ 6;,
while if m3, > H2 then n, + 6 is effectively zero independently of the value
of 6;. We also note that for m(% L > H?, the parametrization (7.32) combined
with (7.31) yields 6. ~ 0, corresponding to an axion at rest in a minimum.
Hence (7.31) and (7.32) allow us to systematically analyze the range of possi-
bilities arising from higher-dimensional operators.

Since the inflationary dynamics is insensitive to the precise values of f
and A, we are thus left with five free parameters: |g|, I, n, n6; + 6, and ¢.
In Fig. 7.2 we show constraints on higher-dimensional operators in the |g]
- | plane. (We performed computations also for fractional I.) As a rough
guide, we require the number of e-folds from when the pivot scale k, exits
the horizon until the end of inflation, to lie within the range4 50 < N, <
60. The regions on the right sides of the lines are excluded since there the
number of e-folds N is either larger than 60 or smaller than 50, and/or A
and ns cannot simultaneously take the observed values. In each line the non-
minimal coupling is taken as { = 107! (blue), 1 (green), 10 (yellow), 102
(orange), 10% (red). Each of these are further classified by whether the U(1)pq
is broken or conserved, and whether cos(n; + 9) is positive (if n # 0 this
corresponds to starting close to a minimum of the axion potential) or negative
(close to a hilltop); we took the combinations of n = 1and 6, + 6 = m — 0.5
(solid),n = 0and § = r — 0.5 (dotted), n = 1 and 0; + 6 = 0.5 (dashed), n =0
and J = 0.5 (dashed). The last two cases are both shown by the same dashed

3We will show that higher-dimensional operators significantly affect N for fixed values of
As and n;. This is equivalent to saying that for a fixed N, the values of As and n; are highly
sensitive to the operators.

“Note that N, < 60 yields a conservative constraint, as the actual upper limit is smaller;
see discussions at the end of Section 7.1.
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FIGURE 7.2: Constraints on the coupling constant |g| and di-
mension | of higher-dimensional operators in PQ inflation,
from the requirement that the scalar power spectrum amplitude
and spectral index match with observations, and the Planck
pivot scale exits the horizon 50 to 60 e-folds before inflation
ends. The allowed regions are on the left of the curves. The
colors denote different values for the non-minimal coupling ¢.
The other parameters are takenasn = 1and 6; + = 7 — 0.5
(solid), n = 0and 6§ = r — 0.5 (dotted), » = 1 and 0, + 6 = 0.5
(dashed), n = 0 and 6 = 0.5 (dashed); the last two cases overlap
and thus are shown by the same dashed lines. The dotted lines
overlap with the solid in most part of the plot. The requirement
of very small values for |¢| manifests the extreme sensitivity of
PQ inflation to Planck-suppressed higher-dimensional opera-
tors.

lines since they overlap in the plot. Moreover, the dotted lines overlap with
the solid in most part of the plot.

As one increases |g|, the number of e-folds basically increases (decreases)
from the base value N, ~ 56.5 for positive (negative) values of cos(n0; + ¢),
which can be understood from the potential (7.26) being flattened (steep-
ened) by the higher-dimensional operator. In the plot, the dashed lines for
cases with n6; + 6 = 0.5 show where N, = 60; on the left of these lines are the
regions where 56.5 < N, < 60. The dotted lines forn = 0 and § = 7 — 0.5
show where N, = 50, with the regions on the left giving 50 < N, < 56.5.
On the other hand, the solid lines for n = 1 and 6; + 6 = 7 — 0.5 consist of
multiple constraints; we look into this case in detail in the following subsec-
tion. (However the reader interested primarily in the general behavior of the
constraints may go straight to Section 7.3 upon first reading.)

In our computations we only included one higher-dimensional operator
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as shown in (7.23). In the presence of a tower of operators, a consistent PQ
inflation can be achieved if all operators satisfy the constraints of Fig. 7.2;
here it should be noted that even if operators with different dimensions can-
cel each other at some particular value of ¢, as the field rolls the operators
will become non-negligible. The constraints thus indicate that even opera-
tors with very high dimensions need to be strongly suppressed. We remark
that there is the possibility that multiple higher-dimensional operators con-
spire to realize a completely different but flat potential at large field values.
However we do not pursue such directions since in this paper we are inter-
ested in providing discussions that do not rely on the details of the ultraviolet
completion.

7.2.3 Constraints around the hilltop

If the higher-dimensional operator breaks U(1)pg and gives a sufficiently
large axion mass, then even if the axion is initially placed near a potential
hilltop (i.e. cos(nb; + ) < 0), it would roll down to the vicinity of a minimum
by the time the pivot scale exits the horizon (i.e. cos(n6. + ¢) > 0). This is
the reason why in Fig. 7.2 some of the solid lines (n = 1 and 6; +J = 7 — 0.5)
connect the dotted lines (1 = 0 and 6 = 7t — 0.5, thus cos d < 0) to the dashed
lines (n6; + & = 0.5, thus cos(n6, + &) > 0).

On the solid lines with ¢ < 1 (blue and green) the axion mass is suffi-
ciently small such that the axion barely rolls,” hence the lines overlap with
the dotted and show where N, = 50. On the solid lines with § 2 10 (yel-
low, orange, and red), the axion can roll away from the hilltop region, and
as a consequence the lines exhibit kinks. (The red line has a kink at / ~ 22,
which is not seen in the displayed area.) For these lines, the segments above
the kinks are set by N, = 50, while the segments right below the kinks arise
from not being able to produce the observed values for A and 7, and further
below the kinks are set by N, = 60.

In Fig. 7.3 we zoom into the regions where the various constraints meet,
for cases with n = 1. The combined constraints are shown with the same
color scheme and line patterns as in Fig. 7.2: ¢ = 10 (yellow), 10? (orange),
with 6; + 6 = 0.5 (dashed), 7t — 0.5 (solid). Here we further show the contour
lines for the values of N, (black dashed) and mg* / H? (brown dotted). On the
right of the black solid lines are the regions where there is no combination
of (A, ¢.) that simultaneously yield A; = 2.1 x 10~ and n; = 0.965. (The
black solid lines are not smooth because of the limited numerical resolution.)
In Figs. 7.3(a) and 7.3(c) where 6; +§ = 0.5, as |g| increases the e-folding
number simply increases from its base value N, = 56.5. On the other hand in
Figs.7.3(b) and 7.3(d) where 8; + 6 = 7 — 0.5, the e-folding number decreases
when mg* /H? < 0.1, while it instead increases when mg ./H? > 0.1 due to
the axion rolling down to the vicinity of a minimum. Moreover, the contour
lines of N; hit the region where the higher-dimensional operator prevents A
and 7, from simultaneously taking the observed values. One sees that the

>We later explicitly show in (7.46) that the maximum allowed value of m3/H? increases
with ¢.
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FIGURE 7.3: Detailed view of Fig. 7.2, zooming in on regions
where different constraints meet. The black dashed contours
show values of N,, and the brown dotted show m(%*/ H?. All
the results are for n = 1, while ¢ and 6; + J are varied in each
panel. The combined constraints are shown with the same color
scheme (yellow/orange) and line patterns (solid /dashed) as in
Fig. 7.2. On the right of the black solid lines, As; and 7, cannot
simultaneously take the observed values.

kink in the combined constraint corresponds to where the N, = 50 contour
hits this no-go region. The constraint for & = 10° has a similar structure,
except for that the kink appears beyond the parameter range displayed in
Fig. 7.2.

In order to see the emergence of the no-go regions, in Fig. 7.4 we show the
combinations of ¢, and A that are solutions to A; = U,/ 247r2Mi431€* (shown
as dashed lines) and ns — 1 = 21, — 6¢€, (solid lines). The observed values
of As and n, are simultaneously realized at the intersection of the dashed
and solid lines, whose position is indicated by a dot. Lines and dots with
different colors correspond to different values of |g|. Moreover, n and n6; + 6
are varied in the four panels, while the rest of the parameters are fixed to
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FIGURE 7.4: Combinations of ¢, and A that satisfy A; =
u./ 247T2Mi4316* (dashed lines) and n; — 1 = 275, — 6¢€, (solid
lines). The observed values As = 2.1 x 107 and n; = 0.965
are simultaneously realized at the intersections of the dashed
and solid lines, which are indicated by the dots. Different col-
ors correspond to different values of |g|. Values of n and n6; + 6
are varied in the four panels. The other parameters are fixed to
| =8and ¢ = 102

| = 8and ¢ = 10°. Looking at Fig. 7.4(d) in whichn = 1and 6; + § = 7w — 0.5,
as |g| increases the intersection eventually disappears at around |g| = 2.5 x
108 and one enters the no-go region; this is also seen directly in Fig. 7.3(d).
The disappearance of the intersection is also seen in Fig. 7.4(c) in whichn = 1
and 0; + 0 = 0.5, however this happens for values of |g| that give N, > 60;
hence the no-go region appears in Fig. 7.3(c) on the right side of the orange

line.®

One sees in Fig. 7.4(d) that as |g| increases from zero, the value of ¢,
at the intersection point first decreases (as is the case in Fig. 7.4(b) for 6 =
7t — 0.5), and then turns to increase (as in Figs. 7.4(a) and 7.4(c) for n6; + 6 =
0.5). This non-monotonic behavior is due to m3, / H2 approaching unity and

®Values of @« and A are derived in (7.41) and (7.42) up to linear order in g, however we
note that the no-go region emerges where the g-expansion breaks down.
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forcing the axion to roll down to the vicinity of a minimum, as was shown in
Fig. 7.3(d). Finally, we should comment on the second branch of intersections
seen in Figs. 7.4(a), 7.4(c), and 7.4(d). As |g| increases the solutions in the two
branches approach each other, and merge right before one enters the no-go
region. We have ignored this second branch, since it appears at values of ¢.
larger than those in the first branch, and hence tends to yield N, that is too
large.

7.3 Analytic arguments

We now analytically derive an approximate expression for the constraints in
Fig. 7.2, by evaluating the modulation of the number of e-folds by higher-
dimensional operators. For this purpose we can ignore the time evolution
of the axion and fix it to a constant value at 8 = 6, as we will later verify.
For the equation of motion of the radial field (7.27) and the Friedmann equa-
tion (7.29), we assume them to be approximated respectively by the slow-roll
expressions (7.19) and (7.20). The necessary conditions for this can be ob-
tained by comparing the approximations and their derivatives with the full
equations, which gives

Mg mie®  of* glAl
Go*" n?H2Mg" M)" Ag> Mg,

<1 (7.33)

Upon deriving these conditions, we assumed [ to be larger than four but at
most of order ten, and cosine factors to be of order unity. The smallness of the
tirst term corresponds to the large-field condition (7.16), and the third term
is equivalent to the condition (7.4). Given that A is chosen as (7.24), then the
forth term being small follows from the smallness of the other quantities. The
smallness of the second term is imposed by the requirement that the second
line of (7.27) is negligible; let us name this parameter as,

2.2 1-2

72

K= bl ]g](f( 4 > . (7.34)
n“H*Mzg, A V2Mp

Here upon moving to the far right-hand side, we used (7.20) and the defini-
tion of the axion mass (7.30).

In order to evaluate the effect of the higher-dimensional operator on the
number of e-folds, let us go beyond the leading-order approximations (7.19)
and (7.20) by including terms that explicitly depend on g. Under the slow-roll
conditions (7.33), one can check that the most relevant g-dependent term in
the full equations (7.27) and (7.29) is the second line of (7.27). Hence instead
of (7.19), let us use

4 -2
St MP1{1_6<1_4>¢|g|( 9 ) Cos(n(,*m},

652(1+68) ¢ A V2Mp
(7.35)



7.3. Analytic arguments 91

which combined with (7.20) gives

H 1+ 6¢ 6(1 —4)¢g| ( @ )1—2
AN = —dop~ ——Z2pdp 1+ cos(nb, +90) ».
@ ¢ 4M3Z, ¢ q’{ A V2Mp ( )
(7.36)

Here we note that the time evolution of 0 affects (7.27) and (7.29) through
terms proportional to either 62 or m36 sin(n6 + §). Given that the axion ve-
locity is sourced by the higher-dimensional operator, we expect 6 « m3 o« g.
Hence the evolution of 6 affects the e-folding number at quadratic orderin g,
and this justifies setting 6 to a constant.

Supposing the condition (7.33) to hold throughout inflation and integrat-
ing (7.36) gives

)
N, =~ (1+6C){ - + 3U=4)¢lg ( P ) cos (10, —i—(S)}, (7.37)
Pl

8MZ, I A \V2Mm

where we have neglected terms that depend on the field value at the end of
inflation. The first term in curly brackets is the leading contribution which
was derived in (7.21). The second term represents the correction from the
higher-dimensional operator; this can either increase or decrease N, depend-
ing on the sign of cos(n6. + ¢), as discussed in Section 7.2.2.

We further fix ¢, and A in terms of the scalar power spectrum amplitude
and spectral index, as was done in the numerical study in the previous sec-
tion. Expanding the slow-roll results for the observables (7.13) up to linear
order in g gives

A(1+60) gl <1—4><1+6¢>|g|( - )’“

Ag ~ 0. +9),

"7 460872 M3, 96712 Vo) s nf- o)
(7.38)

. leMg, _24(1—4)25\8\( P )1_4
ns —1 A5 60)92 156007 3o cos (n0x + ). (7.39)

Here we obtained each term in the right-hand sides at leading order in Ml%l /Ep2,
and neglected terms containing f and A. These equations can be solved for
¢+« and A. Let us expand the quantities in powers of g,

s =0+ Qi+, A=Ag+A+--, (7.40)

where the numbers in the subscript represent orders of g. Then at the zeroth
order we get

4 Mp;

Pu0 N e Tk Ag = 1872 Ag(1 — ns)2E(1 + 6¢), (7.41)
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as also shown in Fig. 7.1 for & > 10~2. At linear order,

| —4)? [—2)(1—4
P51 ( 5 ) @0k« COs (ny +96), Aq =~ —%/\01{*0 cos (n6, +9),
(7.42)
where «,g is as shown in the far right-hand side of (7.34), but with the re-
placements ¢ — ¢.0 and A — Ay.
Substituting (7.41) and (7.42) into (7.37), we obtain up to linear order in g,

2 (I —2)%(1 —4)
N, ~ — {1 + ol KOs (0, +0) ¢ . (7.43)

In the absence of higher-dimensional operators, the e-folding number is given
by’ Ny ~ 2/(1 —ns) ~ 57 for ny = 0.965. The leading correction by the
higher-dimensional operator is controlled by the parameter x; this arises
from both the first term of (7.37) through the correction to ¢, as well as the
second term. For the e-folding number to lie within the range 50 < N, < 60,
the higher-dimensional correction should be at most ~ 10%. This imposes

—9)2(] —
L 2& 451 4)x*o§10—1, (7.44)

where we assumed the cosine factor to be of order unity. Rewriting ¢ in
terms of observables using (7.41), one obtains an upper bound on |g| as

< 10—1487121As(1 —ns) [ (1+68)(1—ny) 1/2
|g‘ ~ (1_2)2(1_4) { 3 } ,
-9 l 1+ 68 1/2 (7.45)

Here, upon moving to the second line we used A; = 2.1 x 1077 and ns; =
0.965.

In Fig. 7.5, the analytic upper bound (7.45) is shown as black solid lines
for different values of ¢, overlaid with the numerical bounds from Fig. 7.2.
The analytic estimate is seen to reproduce well the numerical results. The
tilt of the bound in the I - log |g| plane is predominantly set by the sign of
log[(1 + 6¢)/230]; this factor derives from the ratio ¢./+/2Mp in (7.34). For
¢ < 40, the bound on |g| becomes stronger with increasing /. This reflects
the fact that such values of ¢ require field excursions of ¢, > Mp (see also
Fig. 7.1), rendering the system particularly sensitive to higher-dimensional
operators.

Using the analytic bound on |g|, we can also derive an upper bound for
the axion mass during inflation. Rewriting its ratio to the Hubble rate as

"The actual e-folding number is shifted to N, ~ 56.5 as reported in Section 7.1, mainly
due to deviations from slow-roll towards the end of inflation.
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FIGURE 7.5: Analytic bound (7.45) on higher-dimensional oper-

ators shown in black solid lines, compared with the numerical
bounds from Fig. 7.2.

m3, /H? = n’c. M3,/ 2, approximating ¢. and «, by their zeroth order val-
ues, and using (7.41), (7.44), and ns; = 0.965, one obtains

B S0 Ty (7.46)

This expression explicitly shows that the maximum mass-Hubble ratio al-
lowed within a consistent PQ inflation increases with ¢, as was seen in Fig. 7.3.

7.4 Validity of single-field approximation

In the previous sections we have treated PQ inflation as effectively a single-
tield model and computed the scalar perturbation, which was then compared
to observational results to fix the model parameters. We now verify the va-
lidity of the single-field approximation by estimating the contribution of the
axion field to the perturbation.

Let us evaluate scalar perturbations, relation (4.148), in the spatially flat
gauge [22],

H H
(= S00="7 (u¢5<p + ue(se), (7.47)

where p is the background energy density and Jp is the density perturbation.
In the far right-hand side we ignored terms containing spacetime derivatives
of the fields and expanded the potential energy at linear order in the field
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fluctuations, with U, = dU/d¢@ and Uy = dU /96. We can then go to Fourier
space and write the scalar power spectrum as

P, (k) ~ (%)2 (ugp&,,(k) + U%ng(k)), (7.48)

where Pj, and Psy are the power spectra of the field fluctuations, and we

ignored cross-correlations between §¢ and 66.°
The time derivative of the background density is evaluated using the con-
tinuity equation as,

) 2 uz 022
O 2.2, 9 42 1 ¢ 0
E = 3(Pp?+ 262~ —— [ 24222, 7.4
H 3( 4 929> 3H2<12 92 ) (7.49)

The factors I2 and ¢?/Q? are respectively the coefficients of the kinetic terms
of ¢ and 6 in the Einstein frame action (7.9). Upon moving to the far right-
hand side we assumed both fields to slow-roll, namely, to follow 3H¢ =~
—Uy /I? and 3HO ~ —Uy (02 / (pz). We also evaluate the power spectra of the
field fluctuations at the wave mode k., when the mode exits the horizon, as

1 (H\? 0? [ H\?
Py (k) =~ I_Z(E) , P&e*(k*)l’—(g)

@2
Combining (7.48), (7.49), and (7.50) with the slow-roll approximation for
the Friedmann equation 3M3,H? ~ U, we obtain the scalar power spectrum
at the horizon exit of the wave mode k. as

-1
12U° 1202 U?
Pr(k)~ ———— (1 ] . 7.51
e (k) 12n2Mglugo< M 7.51)

(7.50)

The expression in front of the parentheses is equivalent to the single-field
result of (7.13). The contribution from the axion kinetic term 62 through ¢
(cf. (7.49)), and the axion fluctuation Psy (cf. (7.50)), both yield corrections to
the scalar power spectrum of order:

2
y *QO? Uy
¢* Uz

(7.52)

*

Focusing on the large-field regime @2 >> M3, and ignoring g corrections
in Uy, the quantity « is approximated by

2
&~ ”(iTZ@Kﬁ sin(n6, + ), (7.53)

8The interaction between 6 and the almost canonical x through the axion’s kinetic term is
suppressed at £¢? > M3, (cf. (7.9)), while that through the higher-dimensional operator is
suppressed by the coupling g.
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where «, is as shown in the far right-hand side of (7.34) but with the replace-
ment ¢ — ¢.. This shows that for instance withn =1, x, < 0.1,and ¢ < 0.1,
the contribution by the axion to the scalar power is of < 10~%. One may ex-
pect from (7.53) that the axion contribution increases with ¢, however a large
¢ also enhances m(z,* /H? and reduces the system to an effective single-field,

as we see below.
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FIGURE 7.6: (Un)importance of multi-field effects in PQ infla-
tion. The pink shaded regions show where the axion field af-
fects the scalar power spectrum by more than 1%. The ma-
genta solid contours show the axion’s contribution to the scalar
power, and the brown dotted show values of mg* / Hf All the
results are for n = 1, while ¢ and 6; + § are varied in each
panel. Overlaid are constraints on higher-dimensional opera-
tors as shown in Fig. 7.2. On the right of the black solid lines,
As and ng cannot simultaneously take the observed values.

In Fig. 7.6 we show the values of a as defined in (7.52) by magenta con-
tours in the |g| - I plane. All the results are for n = 1, while the values of
¢ and 0; + ¢ are varied in each panel. (Note that in the U(1)po-symmetric
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case, i.e. n = 0, the axion field fluctuations do not source curvature perturba-
tions.) Upon plotting «, we replaced 6. in the definition (7.52) with 6;, which
amounts to ignoring the axion rolling before the horizon exit of the pivot
scale. This is because if m3, < HZ, as assumed in the above discussions,
then it follows from (7.32) that 0, ~ 6,. On the other hand if mg . 2 H?, the
analyses above break down; however in such cases the axion does not obtain
super-horizon field fluctuations, and thus it cannot source cosmological per-
turbations in the first place. To also examine such cases, we show in the plots
the values of mg ./ H? as brown dotted contours. Both « and mg ./ H? increase
with |g|. We assess the contribution from the axion to the scalar power spec-
trum to exceed ~ 1% when both a = 0.01 and mg ./ Hf < 0.5 are satisfied;
these regions are shown in pink.

Overlaid in the plots are the bounds on higher-dimensional operators
from Fig. 7.2, for & = 10 (yellow), 10? (orange), with dashed lines for 6; + 6 =
0.5 and solid lines for 6; + 6 = 7 — 0.5. The black solid line denotes the
left edge of the no-go region where the observed values of As and n; can-
not be simultaneously realized (cf. Section 7.2.3). Some parts of the bounds
on higher-dimensional operators, which we have derived using the single-
tield approximation, are seen to run through the pink regions. Here the ex-
act position of the bounds are subject to corrections from multi-field effects.
However we remark that these correspond to very small parts in the dis-
played area of Fig. 7.2, and in particular that the ranges of |g| over which
the bounds pass through the pink regions are less than about one order of
magnitude. Other parts of the bounds for & = 10 and 10? in Fig. 7.2 do not
cross the pink regions. For & = 10, the range of |¢| over which the bounds
cross the pink regions are even smaller than the cases shown in Fig. 7.6. The
bounds for ¢ = 107! and 1 do not enter the pink regions at all, as one ex-
pects from (7.53). Hence we conclude that PQ inflation is well approximated
as single-field in most of the parameter space, and moreover, that multi-field
effects alter our bounds on higher-dimensional operators by no more than an
order of magnitude.

We should remark that in the above discussions we evaluated the curva-
ture perturbation at the time when the mode k. exits the horizon. However
the curvature perturbation can evolve outside the horizon in the presence of
isocurvature modes. This effect is analyzed in Appendix B using the N for-
malism, where it is shown that the final contribution from the axion to the
curvature spectrum is comparable to or smaller than « given in (7.52). Hence
the regions in parameter space where the axion’s contribution exceeds 1% is
actually even smaller than shown in Fig. 7.6.

Let us also comment that, when we consider the axion to slowly roll, we
are implicitly assuming the quantum fluctuation (7.50) to be smaller than the
classical rolling over a Hubble time, i.e. P;G/*z < 10+|slow—roil / H«. We have
checked that this condition actually holds within the displayed regions of
Fig. 7.6. On the other hand, the quantum fluctuation can dominate as one
moves to even smaller |g|, larger [, or n = 0. However by combining (7.50)
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with (7.16), (7.20), and (7.41), the quantum fluctuation is estimated to be of

P2~ 1077/1+6¢, (7.54)

which is much smaller than unity, unless ¢ is extremely large. Hence we
expect that our main conclusion that the axion sources negligible curvature
perturbation remains valid even when the axion dynamics is governed by the
quantum fluctuation. Likewise, we expect the main conclusions of the other
sections that invoke axion slow-roll not to be altered by the domination of
the quantum fluctuation.

7.5 Parametric resonance

After inflation, the PQ field begins to oscillate around the vacuum. The oscil-
latory background can give rise to resonant amplifications of the field fluctu-
ation, which would impact the post-inflation cosmology including reheating
and axion dark matter production. One may expect that U(1)pq-breaking
higher-dimensional operators can source an angular momentum to the PQ
tield and suppress resonant effects. However we now show that a resonant
amplification is actually inevitably triggered after PQ inflation.

Let us focus on the first oscillation of the radial field after the end of in-
flation. With the oscillation time scale being comparable to or shorter than
the Hubble time, and the radial field bounded by ¢ < @4, we ignore the
expansion of the Universe as well as higher dimensional operators.” Hence
the U(1)pg symmetry is unbroken and the PQ field’s angular momentum is
conserved, which we write as L = ¢?6. The equation of motion of the radial
direction can be written as

§=~Veulo), (7.55)
where the effective potential is

2
Veir(g) = V() + ZL—(PZ, (7.56)

with V given in (7.7). This system has another conserved quantity, which is
the energy density: p = ¢?/2 + Veg(@). It is convenient to introduce dimen-
sionless parameters as

2
_ g oIl _ 4
f 27 A f 37 A f 4
It was claimed in [60] that a non-minimal gravitational coupling enhances a non-

perturbative decay of the inflaton. Here we show that resonant effects are triggered even
without the non-minimal coupling.

u (7.57)
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Then the field value that minimizes the effective potential is obtained by solv-
ing Vi ocu® —u? — Q%> =0as

_ 2427Q%+3Q+/12+81Q?
— > .

(7.58)

When the effective mass of the radial field, m%o = V"(¢) = (A/6)(3¢* —
f?), varies with a time scale shorter than 1/m,, then adiabaticity is vio-
lated and the PQ field fluctuations are amplified (on wave modes typically of
~ my) [104, 103, 167, 105]. In fact, the frequency w,, of the ¢ field is roughly
given by wé ~ k? + m? and on the k we are interested in the adiabaticity

min = 5 {1+ F(Q2+ F(Q) 7}, F(Q)

4
condition (5.31) becomes i1, / m%P. From Chapter 5 we know that when (5.31)

is violated we have particle creations. According to this, as a measure of adi-
abaticity, let us evaluate the quantity 71,/ mé, the square of which is written
as

2
tig \_ Eu—u(u—1)*—20Q?
() oeevoe g,

From (5.31), the PQ mode functions evolve adiabatically if (7.59) is smaller
than unity at the minimum (7.58) of the effective potential. If Q < 1, the
adiabaticity parameter at # = umi, can be expanded in Q as

2
(), - (Gro@fe-jorroe.  om

This is smaller than unity for E < 16/9. On the other hand if Q > 1, then
expanding in 1/Q yields

2
me

2
i 1 _ 1 _
( ¢> = {EQ 131 0(Q 2)} E—5+0(Q7?, (7.61)
which is smaller than unity for
£\ 3/4
Qz (5 : (7.62)

The special case of Q = (E/3)3/# leads to (m(,,/m%,,)fnm = 0(Q?%) <« 1;
here the PQ field rotates in the complex plane with an almost circular orbit at
¢ = Pmin-

The potential and kinetic energies at the end of inflation are related by

V(@end) = (¢ + %6 )ena. (7.63)

This yields p = (3/2)V(@end), and by also using @2, > f2 we find

N§ Pend i
E~> (_f > > 1. (7.64)
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Hence from the discussions around (7.61), the adiabaticity condition |n'14, / m%v lmin <
1 is satistied only if Q is as large as (7.62). From (7.63) it also follows that the

ratio between the kinetic energy of the angular direction and the potential
energy at the end of inflation is bounded as

< 0.5. (7.65)

From (7.64), one finds that this energy ratio R is related to the dimensionless
angular momentum as

Q= (£>1/4 EYARY/? (7.66)
27
The condition (7.62) thus requires R to lie within the range:
0.1 SR<O0.5. (7.67)

We stress that this is a necessary but not a sufficient condition for adiabaticity
during the oscillations.

Let us now estimate the size of R by supposing that the angular field slow-
rolls during inflation along the potential sourced by higher-dimensional op-
erators as (7.31). Then the angular velocity at the end of inflation is estimated,
using also Q2 _; ~ 1, as

[-2
3Hend9end ~ —n|g|M1231 ( Pend ) sin(nGend -+ 5), (7.68)

V2Mpy

with the Hubble rate obtained using (7.63) as

[A ¢?
H, 4~ 4/ tend 7.69

Further plugging (7.15) and (7.41) respectively into @,q and A, as well as
using the upper bound (7.45) on |g| and | sin(nfe,q + 6)| < 1, one arrives at

10-3 n2]2 1—n\' 2 n2
<107°= f 107!
i 2) A1 R

RS 2712 \/—
_ n®l 3(1—
1078 Ty —ape (

[-2
”S)> <1077n%¢ for > 10"\,

(7.70)
Upon going to the far right-hand sides, we used n; = 0.965, and also that
the expressions are maximized at [ = 5. The upper limit in the first line
increases with decreasing ¢, however ¢ > 1072 is required for the model
not to reduce to a ¢* inflation (cf. Fig. 7.1); this constrains R to be much
smaller than 10~!. From the second line one may except R to increase with ¢,
however this upper limit cannot always be saturated for large ¢, as we will
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FIGURE 7.7: Ratio R between the angular kinetic energy and
potential energy at the end of PQ inflation. The magenta con-
tours show values of log;, R, and the brown dotted contours
show m3, /H2. All the results are for n = 1, while ¢ and 6; + ¢
are varied in each panel. Overlaid are constraints on higher-
dimensional operators as shown in Fig. 7.2. On the right of the
black solid lines, As and 1 cannot simultaneously take the ob-
served values.

soon see.

We also numerically computed R as defined in (7.65), whose values are
shown in the |¢| - I plane in Fig. 7.7. All the results are for n = 1, while ¢ and
0; + ¢ are varied in each panel. The magenta contours show values of log;, R.
Also shown are brown dashed contours for the values of mg ./ Hﬁ, constraints
on higher-dimensional operators from Fig. 7.2, and black lines denoting the
left edge of the no-go region where As and n; cannot simultaneously take the
observed values. For ¢ = 10, the maximum value of R is of 1078 in Fig.7.7(a)
and 107% in Fig. 7.7(b), realized close to the lower right corner where the yel-
low line hits the lower edge of I = 5. These maximum values roughly match
with that given in the second line of (7.70). On the other hand for & = 10?,



7.6. Comparison with the Axion quality problem 101

-30 -25 -20 -15 -10 -5
Logyolgl

FIGURE 7.8: Combined constraints on the coupling constant
|g| and dimension I of higher-dimensional operators for the
PQ field to drive inflation and solve the strong CP problem.
The black lines show the axion quality constraint on U(1)pg-
breaking operators, for f = 1012 GeV (solid) and f = 10!° GeV
(dashed). The other lines show constraints on generic operators
from the consistency of PQ inflation, with the colors denoting
different values of the non-minimal coupling ¢. The colored re-
gions show where both constraints are satisfied; for ¢ = 101
this happens only in the blue region, for ¢ = 1 the region ex-
pands to include green, for { = 10 it further expands to yel-
low, etc. The light-colored regions indicate the shift of the axion
quality constraint as f decreases from 10'? GeV to 10'° GeV.

the maximum R is of 10~ in Fig.7.7(c) and 10~ in Fig.7.7(d), which are sig-
nificantly smaller than the upper limit of (7.70). This is because in the lower
right corners of these plots, m3, / H2 becomes of order unity and thus the ax-
ion rolls down to its potential minimum, suppressing the axion velocity |6
compared to the value mg /3nH which was used for deriving (7.70).

We have thus seen that that, independently of ¢, the energy ratio R is
generally much smaller than the minimum value of 10~! required in (7.67)
for adiabaticity. We therefore conclude that a non-adiabatic evolution of the
tield fluctuation is inevitably triggered after PQ inflation.

7.6 Comparison with the Axion quality problem

In line with what we discussed in Section 6.6, it is natural to compare the nec-
essary suppression of higher-dimensional operators from the axion quality,
with the constraints derived in the previous sections.
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In Fig. 7.8 the axion quality constraint (6.38) is shown in the |g| - | plane
as the black lines, for the parameter choice of Npw = n with f = 10'2GeV
(solid) and f = 1019 GeV (dashed). The constraint (7.45) from the consistency
of PQ inflation is overlaid, with the same color scheme based on the value of
¢ as in Fig. 7.2. The axion quality constraint becomes weaker for smaller f,
while the inflationary constraint becomes weaker for larger ¢ (although a
larger ¢ on the other hand lowers the cutoff of the effective field theory). The
PQ field can drive inflation and solve the strong CP problem in the colored
regions where both constraints are satisfied: With & = 10! this happens only
in the blue region, for ¢ = 1 the region expands to include green, for = 10
it further expands to yellow, etc. The light-colored regions indicate the shift
of the axion quality constraint as f is varied between 102 GeV and 10'° GeV.

In the plane of log |g| and [, the tilt of the axion quality bound is given by
log(v/2Mpy/ f), while that of the inflationary bound is predominantly given
by log(\/EMpl/ ¢+« ) (see discussions below (7.45)). The latter is smaller since
¢« > f. As a consequence, the axion quality bound is more sensitive to /,
while the inflationary bound is more sensitive to |g|. The two bounds are
thus complementary to each other, and exclude a large parameter region of
higher-dimension operators when combined. It should also be noted that,
while the axion quality bound only constrains U(1)pq-breaking operators
(n # 0), the inflationary bound applies to general higher-dimensional op-
erators independently of whether they break the U(1)pg.
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Chapter 8

KM sourced from
higher-dimensional operators

In Section 6.4.3, we mentioned that the kinetic misalignment (KM) mecha-
nism relies on a significant value of . To obtain this term, we will use the
potential described in equation (7.23). The purpose of this chapter is to ex-
plore whether it is possible to achieve a relic abundance of dark matter using
the KM mechanism. We will do this by investigating a specific area in the pa-
rameter space where parametric resonances can be avoided. To achieve this,
we will need to let go of the assumption that the radial field is the inflaton.

Let us assume radiation domination and instantaneous reheating, for the
Hubble parameter we have

Hj

Ht) = —1
() 2Ht+ 1’

H(N) = Hre 2V, (8.1)
where Hj is the unknown Hubble scale during inflation and we assumed
a(0) = 1. We consider a minimally coupled complex scalar field ® = ¢/ +/2¢*
with potential given by (7.23). The complex scalar field is displaced from the
minimum of the potential and we will use ¢y = @in, 60 = Oin, ¢o = 0 =0
as initial conditions. The complex field is stuck to the initial values until the
Hubble parameter is large. When Hos: reaches 11 osc, at the time of oscilla-
tion fosc, the radial field starts to oscillate around the minimum. If ¢;y, is suffi-
ciently large then the higher-dimensional operators may become important.
They will give rise to angular motion or velocity for 6. Hence, the complex
tield describes an inspiral motion with an angular momentum that becomes
conserved after a sufficiently long time when we recover the U(1)pg.

Let us call N, the number of e-folds at which we can neglect the higher-
dimensional operators and we recover the scaling ¢ ~ a—3. The condition
2macep(Ts)/]0(Ty)| < 1 becomes

ZMQCD . 6H(T*)f2ﬂz
O(T) [Beinl 9hin 5

where we used mqcp(Tx) = 3H, and the angular momentum conservation
from Np, until T,. Using radiation domination and 6 = Hd6/dN = HY' in

(8.2)
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(8.2) we obtain
6f 2 Hfin
’ Qéin | (P%m H.

<1 (8.3)

In order to evaluate the last expression we numerically compute Osin,, Pfin, Hfin
from the equations of motion for ¢ and 6 with the above initial conditions.
We solved the following system

qu)// + qu)/ 4+ ‘/,(p — 4)6/2, (84:)
@*H?*0" + H?¢*0' +2H?¢ 90’ + V=0, (8.5)

from 0 to a number of e-folds given by Ng,. In the numerical simulation, we
used N, ~ 3 — 4 which is a sufficiently "long" time to recover the scaling
®*0 ~ a—3. The initial conditions for the fields ¢ and 6 are fixed to be

Pin = 101GeV, 0, ~ O(1). (8.6)

Moreover, from the numerical simulation, we check that the adiabaticity con-
dition
; 2
1| /1y < 1, (8.7)

is satisfied near the maximum of ¢, where

-2
m? = % (3(,)2 —f2> — gl — 1)IM?, (\/EL]VIPI) cos (n).  (8.8)

Our main goal is to generate a sizeable 0. To achieve this, we must ensure that
m3(Posc) < H2.. Otherwise, the axion will quickly stabilize in the minimum
along the angular direction before the radial field oscillations, resulting in
zero velocity for . This is similar to what we discussed in Section 7.2.2. We
have to impose

mé((Posc) _ n2’g|M12°1 ( Posc )1—2 <1 (8.9)
Hgsc Hgsc \/EMPI

where we evaluate ¢ at the oscillation time, namely 74 osc ~ 3Hosc. Similarly,
we impose that the motion along the radial direction is dominated by the A ¢*
term in (7.23). Hence, we require

N
‘\/E|g]lMI3)l (ﬁq)—;\j{m> cos (1)
S —

Ain ((Pizn_f2)
6

<1, (8.10)

rameter measures the ratio between the masses of the angular and radial
fields. We can write my as

2 2 S

2 8.11
T m9”3l cos né (8.11)
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FIGURE 8.1: It is possible to have simultaneously kinetic mis-

alignment and prevent parametric resonances while having a

"light" axion. The allowed region is shown in green with over-

laid the constraints (8.3) in orange, (8.7) in red, (8.9) in blue,

and (8.10) in black. Here we fixed the following parameters

H; = 108Gev,f = 10°GeV,n = 1 and A as specified below
each panel.

and relation (8.9) becomes Sosc S [/3. Since @in ~ @osc, the inequality S <
1 prevents the angular field from relaxing into the minimum before radial
oscillations.

For now, we will ignore the axion quality constraint (6.38), even though
the potential (7.23) breaks the U(1)pg symmetry and has the potential to spoil
the solution of the strong-CP problem.

In two panels of Figure 8.1, we have shown that it is possible to have an
allowed region that satisfies the combination of the relations (8.3) in orange,
(8.7) inred, (8.9) in blue and (8.10) in black. The allowed regions for (8.3) and
(8.7) are on the right of the corresponding lines, while for (8.9) and (8.10), the
allowed regions are on the left of the blue and black lines. As a result of the
combination of these regions, a small green region arises, which enables the
creation of a permitted region that satisfies all bounds simultaneously.

It is worth noting that in order to avoid parametric resonances, the value
of the § parameter should be close to one. This was also observed in [48].
By looking at panels 8.1(a) and 8.1(b), we can see how the green region shifts
towards smaller values of || when we change A. This is because, according
to formula (8.10), if A decreases, |g| must also change in a similar way to keep
S around 1 while keeping all other parameters fixed. In Figure 8.1, we can
see that the blue and black lines mostly overlap, as expected based on the
discussion after Equation (8.10).

We also note how the bound (8.3), orange lines in Fig. 8.1, improves going
from panel 8.1(a) to 8.1(b). The reason is because the conserved charge ¢29a3
scales like 1/A1/4, Let’s start with the equation (8.5) which can be rewritten
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as
d 3 24\ az 1%

where V is the potential given by (7.23) and we can integrate to obtain

!
3 o . [f az( ) ) .
a’ @ 0 =2|¢lnM / da— sinno, 8.13
¢ ginMy, | day /2 Mo (8.13)

where we used a° goiznéin = 0 from the assumed initial conditions. In [73], it
is shown that the last expression is maximized at the oscillation time (1, ~
3Hosc), after which the generation of 1y for | > 4 and radiation domination is
stopped. We assume, for simplicity, that @osc, Oosc = @in, 0in such that (8.13)
becomes l
2 i sin n6;
Pindosc ~ 1glnMep ( \/g\zp) I (8.14)

0SsC

where we neglected the initial contribution on the right of (8.13). Relation
(8.14) can be recast as

2 nA tan nfy, ¢ S
q)ineosc ~ 301 H2 ’

0sc

(8.15)

where we used (8.10) and we assumed ¢i, > f. From the last expression we
see that a3, 2 fosc ~ Mgt S/H32 ~ 1/A1*, where Hosc ~ V/A/2¢in.
Using (8.15) in (8.3) we obtain

PR s
)\q)?nS tan6;, V H. (pf’r{ZS\ /H, tan 0;, ’

where we dropped the numerical factors and we used Hpsc ~ VA /2¢@in. Re-
lation (8.16) is informative because it shows how the bound caused by kinetic
misalignment can be expressed as a bound for the circularity parameter S.
Moreover, we observe that decreasing the value of A results in a decrease in
the required value of S, as can be seen in panels 8.1(a) and 8.1(b). We can
rewrite (8.16) as

211/4
S2 i
Pin vH, tan i,
where we substituted the values for f, in, 0in, H«. Upon analyzing the last
relation, we can conclude that if A is small enough, avoiding parametric res-
onances becomes the most stringent condition for the model.

In Figure 8.2, we present the numerical estimate given by relation (8.3) in
solid orange and the analytical approximation (8.17) in dashed. We observe
a good agreement between the two expressions at the order of magnitude
level.

Let’s explore why avoiding parametric resonances requires a S value of
around one. Initially, the adiabaticity condition is satisfied without any is-
sues up until the moment when the radial field starts to oscillate. From here,

> 0.4IA1/%, (8.17)
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FIGURE 8.2: There is good agreement between the numerical
and analytical estimation for the kinetic misalignment mecha-
nism to be the dominant DM production mechanism. The KM
constraints (8.3) in solid orange and (8.17) in dashed orange.
Here we fixed the following parameters H; = 103Gev,f =
10°GeV,n = 1 and A as specified below each panel.

the radial field moves towards the potential minimum with an initial kick
generated by the oscillation. As the ¢ field decreases, the contribution from
the higher-dimensional operator can be neglected. This means that the sys-
tem being studied is equivalent to the one in section 7.5, with an angular
momentum given by (8.15).

At the order of magnitude level, the adiabaticity condition (8.7) is equiva-
lent to the relation (7.59). Since ¢, > f, the energy constant E is much larger
than one, i.e., E > 1. As a result, the adiabaticity condition becomes similar
to (7.62).

Similar to section 7.5, the condition (7.62) can be translated into a condi-
tion for R. To avoid parametric resonances R should satisfy
242

%
R=2"1 >o01, (8.18)
2V 0sC

where we evaluate R at the time of oscillation, the upper bound does not
apply since ¢ is no longer the inflaton and 6 is generated.
Approximating ¢osc = ¢in and from (8.15) we obtain

. n?Agt S? tan nf;,?
Pascbasc ~ T (8.19)

Using (7.23) and (8.10) we obtain

Ag 48
V(q)osc) ~ % (1 - T) : (8-20)
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Putting (8.20) and (8.19) in (8.18) we obtain

R~ SN0 S" o (8.21)
2512 (1 4)

where we fixed n = 1. We choose the initial value of 8 (6,) such that the tan-
gent of 0;, is approximately equal to 0. From the last equation, the circularity
parameter S should be approximately equal to [ /4, which is of the order of
1, to avoid parametric resonances.
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Chapter 9

Conclusions

The PQ inflation scenario is a very appealing and economical model that
can explain many mysteries of the early Universe. Additionally, it predicts
a value of r that falls within the range of future experiments like LiteBIRD
[10], making the model falsifiable in the future. Apart from its testability,
this thesis explores the UV properties of the PQ model and examines the
robustness of its inflationary dynamics against the corrections induced by
higher-dimensional operators.

As we showed extensively in Chapter 7, the PQ inflation scenario is sensi-
tive to the ultraviolet completion of the theory for a wide range of values for
the non-minimal gravitational coupling ¢, since a large ¢ entails a low cutoff
of the effective field theory, while a small ¢ requires a large inflaton field ex-
cursion. We studied the latter effect and demonstrated that the predictions
of the scenario are very sensitive to Planck-suppressed higher-dimensional
operators. We showed in particular that for PQ inflation to produce the ap-
propriate number of e-folds and curvature perturbations that match with ob-
servations, the coupling constant of an operator of dimension / suppressed
by Mp in the Jordan frame is bounded as

L I 1+62\"?
g1 510 (1—4)(1—2)2< 230 ) ' ©-1)

For instance, with ¢ = 1, a dimension-five Planck-suppressed operator needs
to be further suppressed by coupling as small as |g| < 10713, with the con-
straint becoming more severe with increasing dimension. In this sense, this
work intends to underline how the PQ model, which is proposed as a solu-
tion to multiple puzzles, is subject to a fine-tuning problem.

Our constraint based on the consistency of PQ inflation is similar in spirit
to the axion quality argument which constrains U(1)pq-breaking higher-dimensional
operators by requiring the axion to be able to solve the strong CP prob-
lem. However, the resulting constraints are quite different, since the for-
mer is a high-energy /large-field effect, while the latter is low-energy/small-
tield. Moreover, the constraint from PQ inflation applies to generic higher-
dimensional operators, independently of whether they break the U(1)pg sym-
metry. In other words, even if the U(1)pg symmetry is protected for some
reason, PQ inflation is vulnerable to higher-dimensional corrections. The in-
flationary and axion quality constraints are complementary to each other,
and when combined exclude a large parameter space of higher-dimensional
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operators, as depicted in Fig. 7.8.

The treatment of the reheating and preheating phase requires complicated
numerical simulations to follow not only the time evolution of perturbations
but also their spatial distribution. (See [167, 96, 95, 166, 79, 100, 48, 16] for
related works).

In light of these facts, we wanted to maintain a more simplified treatment
which in any case does not limit us in stating that the parametric resonances
process plays a crucial role in the PQ model. This statement is not trivial at all
because it implies that the view taken so far on this model, i.e. of a homoge-
neous evolution of the axion after inflation, is not entirely justified. Based on
the constraint on higher-dimensional operators, we showed that the oscilla-
tion of the PQ field after inflation inevitably triggers resonant amplifications
of the field fluctuations, Fig. 7.7. This raises serious doubts about the validity
of the homogeneous evolution after inflation. For a stronger statement, i.e.
the invalidity of this scenario, more in-depth studies on symmetry restora-
tion are necessary which would entail, as explained in Chapter 6, a more
complex production process.

Here we note that to fully understand the cosmology after PQ inflation
including the reheating process, possible formation of axion strings and do-
main walls, as well as the production of axion dark matter, it is crucial to
ascertain the impact of parametric resonance. Our analyses can also be ex-
tended to other axion scenarios that make use of higher-dimensional opera-
tors, such as [46, 49, 73]. Our results are compatible with those present in the
literature [48, 17]; a result not obvious a priori given the different dynamics
present in the second reference.

We should remark that most of the analyses in Chapter 7 neglect inter-
actions between the PQ field and other matter fields, whose inclusion will
be necessary for understanding the reheating process. Matter couplings may
also modify the PQ field dynamics during/after inflation, and alter our re-
sults. Another important direction for further study is to seek for ultraviolet
completions that control higher-dimensional operators. See e.g. [160, 92] for
attempts for realizing high-scale inflation. It would be interesting to study if
such constructions exist also for the PQ inflation scenario.

In Chapter 8, we explored the possibility of preventing parametric reso-
nances and obtaining a relic abundance of DM through the kinetic misalign-
ment mechanism by abandoning the assumption that the radial field is the
inflaton. We found that it is possible to obtain a small green region in Fig.
8.1 which ensures the avoidance of parametric resonances if the circularity
parameter S is of the order of unity, as shown in [48]. We also put bounds
on the size of these operators. In the allowed regions, the relic abundance
of the DM is given by the kinetic misalighment mechanism. Moreover, if we
reduce the coupling A, we can obtain a greater final angular momentum, as
stated in relation (8.17). Thus, avoiding parametric resonances becomes the
most stringent condition for the model if A is small enough.

However, the treatment performed in Chapter 8 is preliminary, and we
cannot exclude the possibility of permitted regions for different parameter
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values. Therefore, a more thorough analysis is needed to explore a wider re-
gion of the parameters [ and log,,|g| with different choices for Hj, f, A. This
study is fundamental not only for the PQ model but also for all those mod-
els such as "kination" and "kinetic misalignment" [46, 73, 47] in which the
homogeneous evolution of the axion is assumed but not verified.

This thesis encompassed a comprehensive analysis spanning a wide range
of topics in cosmology. Noteworthy novel aspects of this thesis are the proven
UV sensitivity of the PQ model and the unavoidable presence of parametric
resonances within this scenario. We conclude by underlining how the field
of axion studies presents itself as a cornerstone for a greater comprehension
of the various puzzles that are present in the Universe. The work presented
in this thesis is suitable for further extensions as we discussed above.
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Appendix A

Effective-Planck-suppressed
operators

In the main text we focus on higher-dimensional operators that are sup-
pressed by the present-day Planck scale, however, in Appendix A we study
operators suppressed by the effective Planck scale during inflation.

In this appendix we suppose that quantum gravity corrections give rise
to higher-dimensional operators suppressed by the effective Planck scale in
the Jordan frame, namely, operators of the form (7.23) but with Mp; replaced
by (M3, + Z¢*)1/2. This scale at large fields becomes linear in the field as
~ /€@, and thus the operators reduce to the form

8]

4
———<——¢"cos(nf +9). (A1)
2(26)27
This merely has the effect of shifting the PQ self-coupling by
AN = — 12"?' cos(né +9). (A.2)
(26)272

PQ inflation would hence match with observations in the presence of such
operators, given that the effective coupling Aor = A + AA takes an appropri-
ate value.

On the other hand, if one wishes to make reliable predictions of PQ in-
flation without detailed knowledge of quantum gravity, then AA needs to be
small enough such that it has little effect on the cosmological observables.
When fixing the other parameters, the self-coupling is related to the spectral
index as A o« (ng — 1)2, cf. (7.41). Hence a shift in A affects ns by

Ans _ AA
ns—1  2A°

(A.3)

Combining with (A.2), approximating the cosine to unity, and substituting
(7.41) into A, we obtain

2 )
|g’ ~ 3; As(l —7’15)|Ans|(1—|—6§)(2€)§_1

<10712(1 + 62)(28) 2.

(A.4)
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Upon moving to the second line we substituted A; = 2.1 X 1072, ns = 0.9649,
and also required the shift in n; to be smaller than the Planck 1o uncer-
tainty [9], i.e., |Ans| < 0.0042. For ¢ < 0.1, this bound indicates that effective-
Planck-suppressed operators should be further suppressed by couplings as
small as |g| < 10712, On the other hand at & > 10%, the second line is of order
unity or larger for I > 5 and hence the suppression by the effective Planck
scale alone renders the operators negligible.
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Appendix B

Detailed computation of
multi-field effects

We compute the contribution from the axion field to the curvature pertur-
bation by using the N formalism [163, 154, 173, 125] to take into account
the evolution of the perturbation outside the horizon. The analysis in this
appendix is close to that presented in [99].

Given relation (4.203), the power spectrum of the curvature perturbation
can be written in terms of field derivatives of the e-folding number as

N, \? N, \
Pk = (57 ) Popelh) + (50 ) Ptk B.1)

where we expanded the perturbation in terms of field fluctuations up to lin-
ear order, and ignored cross-correlations between the radial and angular fluc-
tuations. Ps,« and Psg. denote the power spectra of the field fluctuations on
the initial flat slice when the wave mode k. exits the horizon.

Let us focus on PQ inflation in the large-field regime. In particular, we
assume the conditions laid out in (7.33), plus mg < H? to hold through-
out inflation. Then the equations of motion (7.27), (7.28), and the Friedmann
equation (7.29) are approximated by the slow-roll expressions (7.19), (7.31),
and (7.20), respectively. Moreover, the power of the field fluctuations at hori-
zon exit are (cf. (7.50)),

o 0. \2 (H.\> & (N
Pw*(k*)—m(MPl) (ﬂ) , P‘Se*(k*)_M_%l(E> . (B2)

The infinitesimal variation of the e-folding number is written using (7.19) and
(7.20) as

1 d
AN ~ L6 ede (B.3)
4 M3
hence the radial contribution to the curvature power spectrum is obtained as
N\ 1 A%
<— Pygy o~ S TEE) 94 (H) T (BA)
¢ 16 Mp \2m

Rewriting H, using (7.20), this reproduces the expression for A in (7.18).
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Considering inflation to end when the radial field approaches some field
value @qnq which is independent of 6, then it is convenient to express the
evolution of the angular field in terms of the radial field. Combining (7.19)
and (7.31) gives

d6  62*(1+62) @ m3

de nA Mg,

sin(né + 6), (B.5)

which can be integrated to yield,

no + ) - 7’[9* + 0 Q -2 1-2
tan( 5 > o~ tan( 5 )exp [E(x X, )} . (B.6)

Here we have introduced

12251 +60)lg|

P
g_l—z A

X = ,
V2Mp

Following similar prescriptions as in Section 7.3, one finds that under the
conditions (7.33) and m‘g < H?, the leading correction to the expression (B.3)
for dN from terms that explicitly! depend on 0 yields (7.36), but with the
replacement 0, — 0. (Unlike in Section 7.3, here we are not limiting ourselves
to corrections linear in g, and hence the axion is allowed to roll.) Then N, can
be obtained by integrating this expression over ¢, > ¢ > @enq, noting that 0
is a function of ¢ as given in (B.6). In particular, its 0,-derivative is written as

(B.7)

)

oN, - (l — 2)(l — 4) G /xend " xl—ltan (”9"2+‘5> {1 + tan? (M) } (3Q(Jcl*2—x§:2
X

00, 2n {1 1 tan2 (#) eg(xl—le*Z)}Z

(B.8)
In terms of this quantity, the ratio of the contributions to the curvature power
spectrum from the angular and radial fields is written as

b (ON./00,)%Ps, 16 (Mp1)4<aN*>2
(ON./09.)%Pspe  1+6C \ s 2, )

(B.9)

Here, upon moving to the far right-hand side we used (B.2) and (B.4).
In order to analytically compute the integral in (B.8), let us for the moment
focus on the case of
|n0s + 6| < 1. (B.10)

Then by expanding the integrand up to linear order in (16, + J), one can
perform the integral and obtain

(—Gx'2) " (n6s +9), (B.11)

Xend

oN. | -4 -2
* o fgx* IE
20, = an 9° YE_ 2,

'In principle the axion can also affect N through terms that only depend on ¢ by modu-
lating the radial field dynamics; however we consider such effects to be negligible.
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where
Ep(z) = 2! / Tty (B.12)
p 2 yp y :
is the generalized exponential integral. The argument Gx/~2 in (B.11) is, un-

der the conditions (7.33), approximated by

1+65 my ¢* _ n(1+6¢)

-2 ) —
Sy H M2~ 6(1-2)

(B.13)

where «x is defined in (7.34). Let us further assume this to be sufficiently
small such that Gx'~2 < 1, and expand the generalized exponential integral
using [136]
E,(z) =z\7'T'(1 —p) — i _ (=2 (B.14)
P Hsl(l—p+s) '

which is valid for |[phz| < 8. Keeping terms up to s = 0 order, and further
!

ond” W€ arrive at

using e 9% ~ Tand x. > x

ON.  (1=2)(—-4),
Ty E— Gx,(nb, +9). (B.15)

This approximate expression starts at linear order in g, and ignores the axion
rolling; the same result can also be obtained by taking a 6.-derivative of the
e-folding number derived in (7.37). We thus obtain

_n*(l—4)*(1+68) ,

2, (1=4)?
B~ 1442 Kk (nby 4 0)° ~

12

. (B.16)

Here « is the relative contribution to the curvature perturbation from the
angular field which was derived in (7.53) by ignoring the evolution of the
perturbations outside the horizon.

We show in Fig. B.1 the values of B as given in (B.9), by numerically com-
puting the integral (B.8) to evaluate dN,/df,. However, here we have re-
placed 0. with 0;, for the same reason as described below (7.53). The con-
tours for B are shown in green. The other lines are the same as in Fig. 7.6:
contours of « in magenta, contours of m3, /H2 in brown dotted, the edge of
the no-go region in black, and the constraints on higher-dimensional oper-
ators with the same color scheme in Fig. 7.2. All the results are for n = 1,
while ¢ and 6; + J are varied in each panel. One sees that B < a generi-
cally holds in regions where m3, /H? < 1. In particular, as expected from
the relation (B.16), B is smaller than « by about two orders of magnitude at
| = 5, while their difference shrinks towards larger [. On the other hand in
regions where m3_/H? ~ 1, the angular field’s super-horizon fluctuations
get suppressed and their actual contribution to the curvature perturbation
becomes smaller than « or f. Hence we conclude that the regions in pa-
rameter space where the angular contribution exceeds 1%, namely, where
both B > 102 and m3,/H2 < 1 are satisfied, are actually even smaller than
shown in Fig. 7.6.
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N0
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FIGURE B.1: Contribution of the axion to the curvature per-
turbation amplitude evaluated from p (green contours) which
takes into account the evolution of the perturbation outside
the horizon, and & (magenta contours) which ignores the evo-
lution. The brown dotted contours show values of m3, /H2.
Constraints on higher-dimensional operators are taken from
Fig. 7.2. On the right of the black solid lines, As; and 1 can-
not simultaneously take the observed values. All the results are
forn =1.

Before ending this appendix, we remark that upon using the /N formal-
ism, one should consider the e-folding number up to a final uniform-density
slice when the curvature perturbation has approached a constant. In the
above discussions we have simply computed the e-folding until the end of
inflation, and also assumed the radial field value ¢.,q when inflation ends
to be independent of the initial conditions ¢, and 6,. If the end of inflation
and/or the post-inflation expansion history are also affected by ¢, and 0.,
then the curvature perturbation would continue to evolve after inflation [123,
153].
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Appendix C

Axion 1socurvature in a non-vanilla
scenario

We showed in Section 7.5 that a resonant amplification of the PQ field fluctua-
tion is triggered after inflation, which is likely to render the axion field highly
inhomogeneous. However, in this appendix, we assume that somehow the
amplification is suppressed, and moreover that the PQ symmetry is not re-
stored after inflation, such that axion dark matter is produced through the
conventional vacuum misalignment scenario. We compute the axion isocur-
vature perturbation in this hypothetical situation and derive constraints on
the model parameters. The calculation we will perform in this section dif-
fers from that in Section 6.5 because the radial field is not stabilized in the
minimum of the potential ¢ = f.
The relic abundance of axions produced via vacuum misalignment is given
by (6.16) (see also [170])
7/6
M) , (C.1)

Ogh? ~ 0.1(Npwb: )? ( TRy

where the CP-conserving vacuum is taken as 6 = 0, and we inserted again
Npw that is the domain wall number. We have assumed mg < H? to hold
throughout inflation, and also that the initial misalignment angle satisfies
INDwbs«| < 1 such that the QCD potential in (6.35) is approximated by a
quadratic.] We suppose that the axions make up the entire dark matter, i.e.
Ogh? ~ 0.1. This sets a direct relation between 6, and f through the above
equation.

Since the angle 6. acquires super-horizon fluctuations during inflation,
axions obtain isocurvature perturbations as 6Qg/ Qg =~ 260, /0., up to linear
order in the angular fluctuations. The isocurvature power spectrum is thus
written, using (7.50), as
1 OF H2
Pioke) = g5 33 (C2)
Here Q2 is the conformal factor at ¢ = ¢, and should not be confused with
the axion relic abundance ()y. Notice that the inflaton ¢ is displaced from
the minimum, causing the isocurvature power spectrum to differ from the

!t is also assumed that the axion begins to oscillate during radiation domination, at tem-
peratures above the QCD scale. This amounts to requiring f/Npw < 1015 GeV, see (6.18).
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relation (6.30). Using (C.1) to rewrite 0, in terms of f, one obtains

7/6 2 172
f/Npw > O Hy C3)

~ N2
PiSO(k*) ~ NDW (1012Gev q)% 7-[2 :

The last factor is determined by the inflationary observables. In particular
for large fields, {¢? > M3, one can plug (7.20) and (7.41) respectively into
H. and A to obtain

Q2 H2  Prks)(1—ns)*(1+60)
@3 4

. (C.4)

Considering the k. dependence of (C.2) to be small and also ignoring
cross-correlations between 46 and J¢, the axion isocurvature is almost scale-
invariant and uncorrelated with curvature perturbations. Parametrizing the
power spectrum as Piso(k)/P; (k) = Biso(k) /{1 — Biso(k)}, this kind of cold
dark matter isocurvature is constrained by Planck [9] as Biso(ks«) < 0.038
(95% C.L.) at k, = 0.05 Mpc~ . Imposing this constraint on (C.3), and substi-
tuting (C.4) and n; = 0.965, we obtain an upper bound on the axion decay
constant,

14
F< 10** GeV (C5)

™ ONZT(1 4 68)8/7

We derived this result assuming &¢? > M%l; however can check that the
small ¢ limit of this expression matches with the bound in the minimal ¢*-
inflation regime at small ¢, at the order-of-magnitude level. The upper bound
originates from the fact that a larger f requires a smaller 6, for a fixed relic
abundance, which in turn leads to a larger isocurvature. If the PQ field is not
the inflaton and its radial component is fixed to f, the axion isocurvature is
given by (6.30). The isocurvature then comes with a negative power of f, and
the isocurvature constraint yields a lower limit on f in terms of an undeter-
mined inflation scale, see relation (6.32). We also remark that for arbitrary ¢,
the bound (C.5) is stronger than the condition (7.4) we have been assuming
throughout this paper. In Fig. C.1 we show the upper bound on f as a func-
tion of & by the red line. Here the factor QO2H?/¢? is numerically computed
as was done for Fig. 7.1. In addition to using the aforementioned values for
the observables, in the plot we further set Npw = 1.

It should be noted that the above discussions break down at f/Npw <
10'2 GeV, for which |[Npw#@s| > 1 is required for the axions to make up the
entire dark matter. In this regime the full axion potential needs to be taken
into account, and its departure from a quadratic increases the relic abun-
dance compared to (C.1) [170, 14], and moreover significantly enhances the
axion isocurvature compared to (C.2) [121, 165, 101]. Each of these effects
makes the upper bound on f more stringent than (C.5). The isocurvature
hence becomes large at both large f in a quadratic axion potential, as well as
at small f in an anharmonic potential.” Since the anharmonic enhancement

2The work [61] also evaluated axion isocurvature assuming vacuum misalignment after
PQ inflation. However the conformal factor Q2 in (C.2) was overlooked, and moreover the
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FIGURE C.1: Constraints on the decay constant and gravita-
tional coupling for the hypothetical scenario where axions are
produced by vacuum misalignment after PQ inflation. The re-
gion where axions can make up dark matter is shown in red.
Axion isocurvature exceeds the observational limit in regions
above the red line (in a quadratic axion potential), as well as be-
low the green line (anharmonic potential). The tensor-to-scalar
ratio exceeds the observational limit on the left of the orange
line. Here we have set Npyw = 1.

of the isocurvature becomes particularly strong at f/Npw < 10'° GeV [101],
in Fig. C.1 we show f = 10!Y GeV by the green line as a rough lower bound
below which anharmonic effects produce isocurvature beyond the observa-
tional limit. Note that the upper bound (C.5) with Npw = 1 becomes of
10'°GeV at & ~ 103; this sets an absolute upper limit for ¢.

In the plot we also show in orange the lower limit & > 102, which derives
from the observational limit on the tensor-to-scalar ratio, cf. Fig. 7.1(d). This,
together with the upper and lower limits for f, leave us with the red region as
the allowed parameter space for the scenario where PQ inflation is followed
by a vacuum misalignment.

isocurvature power was underestimated by 8. It also did not take into account anharmonic
effects, and consequently obtained a much larger parameter window than in this appendix.
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