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Abstract

Last year, two separate experimental groups [Il B reported claims of parity-violating signatures
in the connected four-point correlation function of the matter over-density field (¢, x), which is often
referred to as the galaxy-four point correlation function. The matter over-density field parametrizes
the excess of matter-energy density with respect to the homogeneous background and it’s defined
as 0(t,x) = W, where p(t,x) is the energy density field and p(¢) is the average density
field. The four-point correlation function is the most simple statistic capable of detecting parity
violation in the case of a scalar field. The galaxy four-point correlation function basically quantifies
the excess of quartets of galaxies compared to a random distribution. If these measurements are
confirmed, they would have two fundamental implications. First of all, the detection of a connected
correlator beyond the two-point statistic serves as possible evidence of primordial non-Gaussianity.
Moreover, since we know that weak forces play no role in the formation of large-scale structures it
would be evidence of new physics.

The goal of this work is to investigate the possibility to formulate an inflationary model ca-
pable of leaving parity-violating imprints on late-times observables. Consequently, we examine
the inflationary phase within the framework of parity-violating theories of modified gravity. We
need to modify the standard scenario of single-field slow-roll Inflation with standard gravitational
interaction since it is parity-conserving. We examine the dynamical Chern-Simons (dC'S) theory
of modified gravity, which extends the standard inflationary model with the lowest-order parity-
violating coupling between the inflaton and the graviton. In this context, we demonstrate that dC.S
leaves a distinctive parity-violating signature in the primordial trispectrum of scalar perturbations.
However, the signal is too weak to account for the observed parity violation. Thus, we explore
alternative theories where, a priori, an enhancement is feasible due to gravitational waves’ birefrin-
gence, i.e. the two chiral polarizations, left and right, of the graviton propagate at different speeds.
We present an original analysis of the graviton-mediated trispectrum in the case of the chiral-scalar
tensor theories of gravity. The graviton-mediated trispectrum is the leading parity-violating con-
tribution to the Fourier transform of the four-point correlation function. The theories we analyze
extend Chern-Simons gravity by including parity-violating operators containing first and second
derivatives of the non-minimally coupled inflaton field. We manage to generate a parity-violating
signal, but we don’t observe any significant enhancement compared to the previous scenario.
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Introduction

The exploration of symmetries holds a crucial place in comprehending the fundamental laws of the
universe. Within the Standard Model, accounting for the observed P and C'P violation in the weak
sector is essential to building a consistent particle physics model. In Cosmology, there is ongoing
research to investigate parity-violating signatures, both theoretically and experimentally.

From an experimental point of view, there are evidence in the data of parity-violating signatures
that suggest that something different from the Lambda cold dark matter (AC DM ) model could be
at work. Evidence of parity violation in the Cosmic Microwave Background (CM B) emerges at
a significance level of 3.60 in the observed pattern of linear polarization among cosmic microwave
background photons [B]. This phenomenon is referred to as “cosmic birefringence". From a theoretical
point of view, this effect can be explained by means of a modification to electromagnetism through a

coupling []
Lint X g(X)FWFW, (0.1)

where g(x) is a dimensionless function of a scalar field and F,, is the electromagnetic field-strength
tensor while FW its dual version. If x is constant in space and time, then the term the Lagrangian
written above can be written as a total derivative. However, if xy depends on space-time, the plane of
linear polarization of photons rotates.

Moreover, in Large Scale Structure (LSS) claims of parity violation in the galaxy four-point corre-
lation function of the matter over density field have been recently (2022) reported by [[ B]. In the
experimental analysis, the approach proposed in [B] was employed to explore parity-violation signa-
tures in the 3D large-scale structure. This method is based on the concept that the lowest-order
shape, of which the parity-transformed version cannot be rotated back into its original form, is a
tetrahedron. Using the final release of BOSS galaxy survey [@], the two experimental groups found
evidence of parity violation in the large-scale distribution of galaxies respectively at 7.1¢ and 2.9¢0
in the CM ASS sample of the survey. Moreover, [2] found parity-violating signatures in the LOW Z
sample at 3.1¢g. In the papers, multiple tests have been conducted to determine whether the signal
is genuine or not. These measurements are the starting point of this master’s thesis. We present in
chapter |3| the main ideas used in the analysis performed in [I] and [Z.

The goal of this work is to reproduce these observations as a relic signature of parity violation that
took place in the Early Universe within the inflationary paradigm. Such parity violations can arise
as signatures of new physics in the gravitational sector, e.g. the Chern-Simons theory of gravity [1]
or the chiral scalar-tensor theories of gravity [§]. For example in the Chern-Simons modification of
gravity [0 @], a new parity-breaking coupling term between the inflaton and the metric is introduced

Line = f(0)e*P7 R o5 Ryspors (0.2)
where ¢ is the inflaton and R,,,g is the Reimann tensor.

As we have said we work in the so-called Inflationary scenario, which is a period of accelerated
expansion before the standard radiation-dominated epoch. Inflation can be achieved by employing a
scalar field, denoted as ¢(t,x), which can be separated into two components: the background and the
quantum fluctuations. The behavior of the background, ¢(7), follows that of a single degree of freedom
subjected to a potential, V' (¢). If the potential has a sufficiently flat region, the scalar field behaves like
a cosmological-constant like component causing the universe to pass through an accelerated expansion
phase, during which the scale factor is stretched by more than sixty e-folds. As a first approximation,
this mechanism makes today’s universe very homogeneous, isotropic, and flat. However, the inflaton
has quantum fluctuations, which got stretched and imprinted at super-horizon scales. Later, during
radiation, matter, or cosmological constant domination, they reenter the horizon and provide the seeds
for C M B anisotropies and LSS formation.

In the thesis, we review the shortcomings of the Hot Big Bang (H BB) model and their inflationary
solution. Then, we discuss the inflationary background dynamics in the case of single-field slow-roll



model of inflation [I0], and we introduce the three fundamental formalisms we use throughout this
work. The first one is perturbation theory in general relativity [[I] I2] and, in this context, we focus,
particularly, on the role played by the curvature perturbation ( in Cosmology. Then, we discuss
the so-called Arnowitt-Deser-Misner formalism (ADM) [3], which is a Hamiltonian formulation of
GR in which we can isolate the “true" dynamical variables out of the ten characterizing the metric
tensor. Finally, we present the Schwinger-Keldysh diagrammatics rules for primordial perturbations
[[4], which enable us to compute primordial correlation function in the context of the In-In formalism
in the same way as S—matrix elements are evaluated using Feynmann diagrams in particle physics
and in flat space-times.

We compute the primordial power spectra for the curvature perturbation ¢ and gravitation waves
(GWs) in the framework of single-field slow-roll model of inflation [I3] 6] by means of perturbation
theory and ADM formalism. Then, using also the In — In formalism, we proceed to the central
calculation of this thesis work: the inflaton graviton-mediated trispectrum in theories of modified
gravity, which is the Fourier transform of the parity-violating contribution to the four-point correlation
function.

We start this analysis with the Chern-Simons theory of gravity, which is constructed as an effective
field theory (EFT) for gravitation. Basically, we modify the standard inflationary scenario by adding
a parity-breaking term, f ((b)WW, which couples a generic function of the Inflaton field with the
contraction between the Weyl tensor and its dual. Thus, we present a detailed analysis of the com-
putation of the graviton-mediated trispectrum in this model following the one presented in [@. The
main feature of this computation is that parity violation occurs in the gravitational sector throughout
the graviton exchange between two pairs of scalars. The trispectrum violates parity since the equation
of motions (FoM) for the two chiral polarizations, left and right, of the gravitational waves (GW's)
are different. This results in a different propagator for left and right gravitons. More specifically the
FEoM depends on a chirality parameter y = Mics << 1, where H is the Hubble constant and M¢g is
the scale mass of the theory. As we’ll see, the signal generated in this particular model is too weak
due to chirality suppression. The chirality parameter is taken much lower than one in order to avoid
ghost modes in the theory [J].

Therefore, we explore alternative theories where, a priori, an enhancement is feasible due to GW's
birefringence. Thus, we present an original computation of the graviton-mediated trispectrum in the
so-called chiral scalar-tensor theories of gravity [8] which are theories that extend Chern-Simons gravity
by including parity-violating operators containing first and second derivatives of the non-minimally
coupled inflaton field. For example, we consider terms such as

P Resoo Rinl o VIOV b, PR 5,0 RMPINP 6,V V 2, (0.3)

where V, is the covariant derivative operator. Unfortunately, we found that no particular enhancement
is produced in this case with respect to the Chern-Simons case.

The work is organized in the following way.

Chapter one: In section [1.1] we review the most important results and concepts of the Friedmann-
Lemaitre-Roberston-Walker Universe. In Section [I.2] we delve into the topic of perturbation theory
within the context of General Relativity (GR), with a detailed examination of the matter of gauge
transformations. In section we apply what we have done in the previous section in the case of a
spatially flat FLRW metric and in[[.4) we introduce the main “character" of the thesis, i.e. the gauge-
invariant curvature perturbation on uniform energy-density hypersurfaces. The two last sections, [[.5]
and are devoted to a generic introduction to random fields in Cosmology.

Chapter two: In section [2.1] we discuss and solve throughout the Inflationary mechanism the short-
comings of the HBB model: the horizon problem in section[2.1.1] the flatness problem in section
and, the monopole problem in section 2.1.3] In Section 2.2} we explore the underlying dynamics of
Inflation and the concept of slow-roll approximations. In section we mention something about
different models of Inflation and the cosmic no-hair principle. Then, we switch to the description



of the quantum fluctuations of the Inflaton field. We work in the so-called Arnowitt-Deser-Misner
(ADM) which we fully discuss in appendix In section we introduce the necessary tools to
fully derive the scalar and tensor power spectrum of primordial perturbation respectively in section
and Then, we present a very general description, in section of the mechanism that allows
us to relate the primordial power spectra of scalar and tensor perturbations with the ones that we can
observe today. Finally, in section we discuss the fundamental theoretical and experimental role of
the stochastic background of GW's predicted by the Inflationary model.

Chapter three: In this chapter, we present the main ideas that are used in the analysis of the galaxy
four-point correlation function. We present a general discussion on the need to adopt the formalism
introduced in [B]. Then in section using techniques of quantum mechanics, we discuss how to
decompose a generic isotropic function of N vector variables in a convenient orthonormal basis, which
is the one used in data analysis. In section we show why, considering a scalar field, we need
the four-point correlation function to search for parity violation signature. In section [3-3] we briefly
introduce the algorithm used in the analysis and in the final section we discuss the claims of
measurements of parity violation signature found in the galaxy four-point correlation function by [

and [2].

Chapter four: In this chapter, we summarize the standard way to deal with the In — In formalism
in section while in section we explain the procedure for conducting computations of primordial
correlation functions throughout Schwinger-Keldysh Diagrammatics for Primordial Perturbations [I4]
[[7, which are the cosmological analogous to Feynman rules in quantum field theories.

Lagrangian. In section we discuss the parity-breaking Chern-Simons term, f (QS)WW, which we
are going to consider throughout the rest of the chapter. We also show that this term doesn’t modify
the background dynamics. Then, in section [5.3] we present an extensive discussion on the spatially
flat gauge at second order. Moreover, we demonstrate that up to the first order we do not have to
modify the solution for the lapse and shift function with respect to the standard GR case even in the
presence of the parity-breaking Chern-Simons term. Then, in section [5.4] we present a very detailed
derivation of the equation of motion for the Inflaton and tensor perturbation in Fourier space. We
also discuss how to solve these equations in order to find the primordial power spectra in section [5.5
Finally, in section we perform the computation of the graviton-mediated trispectrum.

Chapter five: In sectio we introduce, following [I§], the EF'T approach to modify the inflationary

Chapter six: First of all, we discuss the main features of the chiral-scalar tensor theories of gravity
introduced in [[3]. We observe that also in that case we do not have modification of the background
dynamics. Subsequently, we move forward to calculate the primordial power spectra for tensor and
scalar perturbations in section[6.2} Notably, similar to the Chern-Simons case, we detect modifications
in both the overall tensor power spectrum and the spectral index when compared to the standard
single-field slow-roll model of Inflation. Then, in section [6.3] and [6.4] we make an original computation
regarding the so-called graviton-mediated trispectrum. Unfortunately, we do not find any enhancement
factor with respect to the Chern-Simons case and the signal we are able to generate is too weak to
explain the claims made by [I1 2. In the last section, we make some comments on possible ideas
for future works.
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1 The standard cosmological model

1.1 The Friedmann-Lemaitre-Roberston-Walker Universe

Modern cosmology aims to understand the history of our Universe from the beginning until today.
The publication of Einstein’s general relativity in 1915 201 2] 22 23] enabled us to come up with a
testable theory of the universe. Combining notions of fundamental physics we end up considering the
so-called Hot Big Bang model which is based on the pioneering works of Friedmann [24], Lemaitre[25],
Roberston [28] and Walker [Z17], which offers a comprehensive explanation for a broad range of observed
phenomena: the expansion of the universe discovered by the Hubble in 1929 [§], the abundance of
light elements, which goes under the name of Big Bang nucleosynthesis (BBN) made by Alpher,
Bethe, and Gamow in 1948 [29], and the cosmic microwave background (C'M B) radiation discovered
by Penzias and Wilson in 1965 [B0J.

In making physical predictions about observables, as in all other fields of physics, we must rely on
simplifying assumptions derived from observations and intuition. First of all, the cosmic microwave
background displays a remarkable degree of isotropy, except for tiny temperature fluctuations of
approximately % ~ 107°. When formulating the assumption of isotropy, one should stress that the
universe appears the same in all directions to a family of “privileged" observers: those at rest with
respect to the cosmic fluid. Furthermore, adopting the Copernican principle is justifiable, which posits
that Earth is not a privileged observer in the Universe. These two assumptions together lead to the
cornerstone of modern cosmology, the Cosmological principle:

Every comoving observer observes the Universe around him at a fixed time as homogeneous and
isotropic on sufficiently large scales.

In order to clarify this statement we have to make a few comments on the model used in Cosmology.
First of all, we assume that it’s possible to describe the dynamics of the universe throughout the
metric tensor of a four-dimensional Lorentzian manifold [[3] with signature (1,3). Furthermore, even
if the local distribution of matter lacks homogeneity and isotropy, we idealize the real universe by
homogenizing its matter distribution and redistributing it uniformly to match the observed average
density and motion throughout. We recover isotropy and homogeneity on large scale, which are
distances bigger than 100M pc. Subsequently, we introduce the additional assumption that the motion
and geometry of this ideally standardized model universe, influenced by its own gravitational forces,
mimic the average motion pattern and geometry observed in the actual universe. Each geometrical
point of the manifold is a potential “center" of mass of a cluster of galaxies in the real world, and it’s
imagined to carry a fundamental observer, the so-called comoving observer. These “points" correspond
to the kinematic substratum of the model and constitute the cosmic fluid. This construction allows
us to describe the background dynamics of the Universe. In order to recover the deviation from this
background we adopt perturbation theory in General relativity.

While we won’t delve into deriving the FFLRW metric and its associated geometric framework, we
will discuss the fundamental properties that will be employed in this thesis.

As stated in the Cosmological principle, the concept of homogeneity and isotropy remain valid at a
fixed time, this implies that the universe exhibits spatial homogeneity and isotropy. For example,
translational symmetry over time is absent due to the expansion of the Universe. Thus the manifold
can be foliated as R x X, where X are spatially hypersurfaces that due to the homogeneity and
isotropy assumptions are maximally symmetric spaces [BI]. R represents the time direction, and the
time variable associated is also called cosmic time since every comoving observer measures the same
proper time. Roughly speaking spatial homogeneity and isotropy imply that every point in X is the
equivalent and there are no privileged directions. It’s possible to provide a more formal definition of
these concepts using differential geometry and group theory as done in [BI]. The most general metric
tensor satisfying these hypotheses is the FFLRW one

d 2
ds® = —dt* + a*(t) ( LN rdeQ) , (1.1)

1—kr?
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where dQ? = d#? + sin? d¢? is the line element of a 2—sphere and we have used polar coordinates
(r,0, ¢), which are also called comoving coordinates since they specify the so-called comoving distance
between points in the manifold as shown in the figure. x can be normalized to take the following
values

41 spherical
k=140  Euclidean . (1.2)
—1 hyperspherical

In what follows, according to Planck data [B2] we take x = 0, thus we assume that the hypersurfaces
are spatially flat. In eq. a(t) is the Robertson-Walker scale factor which is the dynamical variable
in the tensor metric. Friedmann [24] and Lemaitre [20] originally discovered the metric tensor of
eq. but Robertson [26] and [27] showed that this is the most general metric tensor satisfying
spatial homogeneity and isotropy.

There are other two important coordinate transformations that are often used in cosmology. The first
one is the switching to confomal time defined as

dr = acgi)’ (1.3)

which allows us to put the metric as
ds* = a®(7) (—dr?* + da* + dy* + dz?) (1.4)

which is conformal to the Minkowski metric (see [I3] for conformal transformation). The other one,
which makes sense only if x # 0, is the one with which the metric becomes

ds? = —dt* + a*(t) (dx* + Sz (x)dQ?) , (1.5)
where we have used that

p siny k=+1

r

dxy = ——, S«(x) = =0 . 1.6
X= () = { x K (1.6)

sinhy wk=-1

In what we have discussed we have adopted natural units ¢ = A = 1, and in what follows sometimes
we’'ll also use M, = 87rG71 =1.

1.1.1 The background dynamics

The dynamic of an expanding Universe is described by Einstein’s field equations
R
Guw = Ry — o I = 87GT),., (1.7)
where G, is the Einstein’s tensor, while

Ry = 0al's, — 0,1, + T4, T8, —T5,17 . (1.8)

R=g"R,,, (1.9)

are respectively the Ricci tensor and scalar in the convection we adopte(ﬂ defined as functions of the
Christoffel symbols

al

g
Fzéu = 7 (gu)\,u + Jua,u — gul/,)\) . (110)

! Different signs’ convection are present in the literature.
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While in section [[L1] we have discussed the metric tensor which allows us to evaluate the LHS of
eq.(1.7), in order to compute the RHS we need to specify the explicit form for the energy-stress
tensor. Accordingly, for isotropy and homogeneity, we can’t have off-diagonal components and the
spatial components must be equal. Thus, the most simple form satisfying these requirements is the
energy-stress tensor of a perfect fluid

", = (p + p)utu, + pé”,, = diag(—p, p,p, p), (1.11)

where p is the energy density of the fluid, p is the pressure of the fluid while u#* = (1,0,0,0) is the
four-velocity of the cosmological fluid. Now plug in the metric and energy-stress tensor in eq.(1.7)) to
obtain the Friedmann equations [B3]

G k
a 47 G
P *T(pr 3p), (1.13)

where H = g is the Hubble constant, which is called “constant' since it doesn’t depend on the space
variables. Now using the Bianchi identity we can write the continuity equation

VeT,5 =0, (1.14)
which in the case of FLRW cosmology gives
p=—3H(p+p). (1.15)

This equation doesn’t add information since it can be derived from eq.(1.12)) and (1.13). Thus, our
variables are p,p and a(t) and we have two equations. In order to solve the system we specify the
equation of state (Eo0S) for the cosmic fluid and we adopt a barotropic FoS, which is

p=wp, w#Fw(tz,y,z2). (1.16)

In this way, it’s possible to completely describe the dynamic of a spatially flat Universe. In fact from

eq.(1.15) we get

p=m () o (117

ao

where the subscript specifies the quantities evaluated at the present time. Plugging this in eq.(|1.12))
we get

2
t 3(1+w) o
a(t) = ag (to) w# -1 (1.18)
eH(t—to) w= —1

Now we have to comment on the possible values that w can assume and their physical interpretations:

e w = 0 describes pressureless matter as dark matter and non-relativistic matter. In this case we

have
p oca?
a ots . (1.19)
_ 2
H =z

The energy density gets diluted basically because since the universe expands and the volume
goes as V o a3,

13



o W= % describes radiation and we get

p ox<ca?

a octr | (1.20)
_ 1

H =g

where the energy density gets an extra contribution with respect to the w = 0 case since the
radiation frequency is redshifted.

o W= —% doesn’t correspond to any particular state of matter but it’s an important point since
it’s the turning point for the second derivative of a(t), see eq.. If w< —% the universe
goes under a phase of accelerated expansion which can not be driven by ordinary matter, i.e.
photons or baryonic matter.

e w = —1 corresponds to a dark energy contribution which leads to an exponential expansion since
p = const
a oceft | (1.21)
H = const

which corresponds to the so-called de-Sitter stage. This is as a first approximation of what is
used to describe the background dynamics characterizing Inflation.

1.1.2 The Hubble radius and cosmological horizon

In this section, we discuss the issue of cosmological horizons and the Hubble radius. The latter is a
fundamental quantity which we’ll use throughout the rest of this work and is defined as in [34]:

The Hubble radius is the maximum distance over which particles can travel in the course of one
expansion time.

Thus, the Hubble radius in natural units is defined as

c 1
Re(t) = 5 = 4 (1.22)
which describes the maximum distance since anything can travel faster than light. % is the character-
istic scale time that describes the evolution of the Universe so we expect light to travel a distance %
in a characteristic expansion time. Thus, the Hubble radius allows us to understand at a given time
in the history of the Universe on what scales information can be exchanged. If the distance between
two points is larger than the Hubble radius they cannot exchange information at the particular time

we are considering. Otherwise, they are causally disconnected. We can also introduce the comoving
Hubble radius as

1
aH’
In the following, we’ll frequently use that a given comoving scale A or the associated wave vector

|k |= %’r “enters" or “exits" the Horizon. We say that

1

Te(t) (1.23)

1
z<amg the scale is sub-horizon, (1.24)
1 1
z > i the scale is super-horizon, (1.25)
1 1
= ol the scale is at horizon’s exit or entrance. (1.26)
In the FLRW Universe the Hubble radius reads
3(14w)t
1 Sty £ 1
Re(t) = —= = 2 1.27
<) H {const w=—1 (1.27)
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To conclude this section we discuss the issue of horizons in Cosmology. We introduce the concept of
particle’s horizon in the FLRW universe with line element as in eq.(|1.5)

ds* = —dt* + a®(t) [dx* + Sp(x)dQ] . (1.28)

If the model has a beginning time (take tpcginning = 0 for simplicity) we can introduce the maximum
distance over which “information" could have traveled, which is one of light signals. Considering radial
geodesic light motion we have that ds? = dQ) = 0, thus we get the following differential equation

ok +dy, (1.29)

where, the choice of + depends on the interval of integration. Specifically, if we integrate from (¢1,71)
to (ta > t1,r2 > r1) or (ta < t1,72 < r1), we use the plus sign; otherwise, we use the minus sign. By
integrating from (¢t = 0, x(r)) to the origin of the polar coordinate system we are adopting, where, due
to homogeneity, we put ourselves as observers (¢, x(0)), we arrive at

bodt
/0 o) = x(r). (1.30)

Thus, using eq.(|1.6)), we obtain the so-called comoving particle’s horizon

di(t) = S [/Ot CZJ , (1.31)

while its physical version, the particle’s horizon, we have

Du(t) = a(t)S. [/Ot a‘m —a(t) [/Ot a‘Z)] , (1.32)

where in the last passage we have set kK = 0. Now in a Friedmann Universe, we have with w # —1

2 3(1+w)
t t* =—— Dpt) = —— 1.33
from which, since % = ﬁ, we get
Dy (t) ~ Re(t). (1.34)

Nevertheless, these two quantities possess fundamentally distinct conceptual natures. Specifically, the
particle’s horizon encompasses the entire past history of the Universe, whereas the Hubble radius
characterizes the Universe at a specific moment in its evolutionary timeline. Another way to see this

is that
todi a(t) da a(t)
dig(t) = — = — = dl el 1.35
win= [ 5= [ Gg= [ dma (1.35)

which states that the particle’s horizon is the logarithmic integral of the Hubble radius. This is another
way to say that the Hubble radius is local (with respect to time) properties while the particle’s horizon
encompasses all the past history of the Universe. We mention that if the model has an ending time
there is another kind of horizon which we are not going to discuss since we do not use it in this work,
see BH for a complete discussion about this point.

1.2 Perturbation theory

As previously discussed in the preceding section, the F'LRW model serves as an approximation for the
overall evolution of the Universe. However, when aiming to account for deviations from homogeneity
and isotropy, we must turn to a perturbation approach. This becomes absolutely essential when
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Mo

Figure 1: ¢ : My — M,

analyzing the anisotropies in the Cosmic Microwave Background (C'M B) and the formation of large-
scale structures (LSS).

Within the realm of General Relativity (GR), only a handful of exact solutions to Einstein’s field equa-
tions exist, and these solutions often prove to be excessively idealized for capturing the complexities
of natural phenomena. Consequently, the perturbative approach stands as an essential tool. Thus,
we introduce two differential manifolds: the physical space M, and background one My. Roughly
speaking the perturbation in some tensor 7' is defined as the “difference" between the tensor in M),
and the one in My. However, within the context of differential geometry, the comparison of tensors
is meaningful when they are evaluated at the same point within a given manifold. Thus, we need to
introduce a diffeomorphism ¢ : My — M, which identifies points of the physical space with points
of the background as shown in figure The “gauge" issue becomes apparent as there is no reason
for favoring one diffeomorphism over another. The choice of the diffeomorphism represents the gauge
problem.

After an intuitive explanation of why gauge problems arise in the theory of perturbations, we tackle
the problem in a formal way as presented in [[I} I2]. We introduce a family of space-times model

{M} ={(M, gx, )}, (1.36)

where M is a four-dimensional Lorentzian manifoldEl, gy is the tensor metric and 7, are generic matter
fields, which satisfies EFE, i.e.

e{gn, ™} =0, (1.37)

where ¢ represents Einstein’s field equations. Then, we assume that {M, go, 70} represents the back-
ground around which we want to expand and we also take as a hypothesis that gy and 7, are smooth
in A. As we’ll see A is the expansion parameter for the metric and stress-energy tensor and it’s the
same that labels the family of space-times models we have introduced. Basically, we can think of the
leaves M), as the space-times where the quantities are of order .

The most natural way to study the problem is introducing a five-dimensional manifold,
N=RxM (1.38)

which can be foliated by submanifolds diffeomorphic to M, figure We can introduce a chart in
which z#(p = 0, 1,2, 3) are coordinates on each My, and 2* = X\. Now, given a tensor field Ty defined
on each M) we can automatically define the tensor field on N as

T(p,A) :=Tx(p), pe My, (1.39)

2This is not essential but we directly specialize to the case of interest.
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Figure 2: The manifold N.

where P is a point in M. While if we have a tensor defined on N we can define its restriction on each
leaf inverting what we have written above.

Now, in order to define the perturbations in some quantity we need to introduce a way to compare
tensors between each leaf and the zero-order version in Mg. Thus we introduce a generic vector field
X which is smooth, i.e.there exist the integral curves, and X* = 1. The latter condition assures that
X has always a component perpendicular to each leaf in such a way that the integral curves of X
induce VA a diffeomorphism between My and My. The numerical value is completely irrelevant for
our purpose so we put it to one as done in [[I]. So we have introduced a one-parameter group of
diffeomorphism which we call

Uy : N — N, (1.40)
which have VA we have an associated diffeomorfism
\I/)\|MO : MO — M)\. (1.41)

In this way, we can compare tensor in M) and Mg using the pullback operation. Thus we define the
perturbation in some tensor 7', defined on N, as

ATy := U3 Ty, — Do, (1.42)

where Tp is the tensor evaluated on the background while \I'§T|M0 is the pull back of T using W,.
Since everything is smooth we can write

+o0 )\k . . dk
* R *
ATy = B3T)y, —~To =Y 0T, T = e WAT g, - (1.43)

k=1
This expression highlights two significant characteristics. The first one underscores that the perturba-
tions remain defined on the background space-time throughout the pullback operation. Furthermore,
if we can interpret A as a perturbative parameter, we gain clarity on the notion of perturbation of the
AP order.

1.2.1 Gauge transformations

At this point, we can delve into the matter of gauge transformations as presented in [I]. As we
previously mentioned, there exists no inherent justification for favoring one vector field over anotherﬂ

3In literature authors also indicate the vector field itself as the gauge.
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This liberty in selecting the diffeomorphism is at the heart of the gauge issue. Our goal is to understand
how perturbations behave under a gauge transformation and to determine the authentic physical
degrees of freedom that come into play when we perturb the space-time of interest. Thus, let’s take
two smooth vector fields X and Y such that X* = Y* = 1. If we fixed ) the integral curves of X and Y
define two diffeomorphisms

d))\’MO : Mo — My (1.44)
Ualyg, * Mo — My, (1.45)

as represented in figure|3] Now given a generic tensor field T defined on N we can define its pulled-back

.lo l}\

Figure 3: ¢ : My — M,

version evaluated on My with the associated perturbations according to ¢, and 1) (where we omit
the subscript because it’s irrelevant in what we are going to discuss)

. +o00 )\k
T = 3T, = H,,ff’;CT =Ty + A¥Ty, (1.46)
k=0 0
+0c0 )\k
T = 3Ty = D FOEQT =Ty + ATy, (1.47)
k=0 0

where the we have replaced My with 0 for notational clarity, we have used theorem presented in
appendix and where £5 = £y 0..0 £%. Now we want to understand how the different definitions
of the perturbations of the tensor T' are related. As we have previously said the perturbations we
have written, eq. and , correspond to the perturbations in two different gauges since they
are obtained using the two diffeomorphisms of eq.(|1.44)) and (1.45). As shown in figure 3] we have a
natural way of describing how the perturbations are related by introducing

D\ = ¢y oty : Mo — Mo, (1.48)

which is a one-parameter family of diffeomorphism on Mg. Thus, we can write
T5 = 3Ty, = (VR05003) Tlyg, = (02 09n)" 65T |, = PRI (1.49)

Now, according to theorem [A-2] we can decompose ®) using a family of knight diffeomorphism with
generator &1, .., k), ... These smooth vector fields have an associated flow, XU, ., x®, .., which are
simply the one-parameter group associated with their integral curves. Thus, we can write

k 2 1

@Az..oxgo..ogé(&) oqﬁg\), (1.50)

k! 2
where the subscripts specify the parameter associated with the relative one-parameter group of dif-
feomorphism. Now, using theorem we get

foo too  +oo Aat2+. Akl

Y _ X _ X
X = B3 _ZZOIZO"ZZO"212..(k!)lk..h!b!..zk!.."gcf})""gcég)“TA' (1.51)
1=Ut2= E=
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Now we can get order by order the transformation rules. For example up to second order we get

)\2

To+ AT, + ?,5123

)\2
= [TOA LTl + £
0

PLI
0] + [ugm +5 (,5% + ,eg(?))] [To)\ £ T, +
(1.52)

where the subscript 0 is an abbreviation for My. Now, using what we have introduced in eq.({1.43) we
can write

STV = 61" + £¢,\ To, (1.53)
5T‘A(2) - 5T9(62) + [‘ﬁgu) T ££(2)] To+ 2££(1)5TD(61)' (1.54)

In general, A is set to 1 and we interpret the component of £ as of the k" order.

The situation resembles a scenario in which we have a contravariant tensor field C' defined on a general
manifold X, along with a diffeomorphism ¢ : X — K. We are faced with the inquiry of how the tensor
changes under this diffeomorphism. To define the “new" tensor, we can either pull back the original
tensor using the diffeomorphism or push forward it via the inverse map. In order to draw a comparison
between these two tensor fields, let’s consider a point P and its corresponding image @ = ((P). At
point P, we have the initial tensor C'(P), and the pullback of the original tensor in @ evaluated in P,
denoted as (*C|p. In this way, we can compare the two tensor fields at the same point.

Analogously, in the context of gauge transformations, we find ourselves in a similar scenario. We can
conceptualize the two gauges as the original tensor and its pullback counterpart in the aforementioned
example. In the pursuit of gauge transformation, we are in search of the connection between these
two gauges. This linkage is established by the diffeomorphism of eq..

This approach is called active since we have a map that “moves" points on the background as shown
in figure [3} However, it’s possible to work using coordinates in the so-called passive approach [ but
we do not touch this point since what is presented is fully consistent and coordinate-independent.

1.3 Cosmological perturbation

In cosmology, as mentioned in section we can work with a spatially flat Robertson-Walker back-
ground. Adopting conformal time we now can perturb the background as

2 ()
goo = —a*(7) <1 +2) id > : (1.55)

p— r!
) 400 w(r)
goi = a*(7) ;| : (1.56)
r=1 ’
) +oo ¢(r) +o00 XET)
gij = a*(1) 1—227 S+ =uE (1.57)
r=1 ’ r=1 ’

where we have used Latin indices to label spatial components and where x%; = 0. It’s standard to
split vectors and traceless tensors using a generalization of the Helmholtz theorem [BG]. In our case
each order of the shift function gg; can be written as

wy) = 9wl + wzml, ('Wlwgr)L =0. (1.58)
While the traceless part of the spatial metric can be written as

X5 = D 90 + o7t + )T (1.59)
where we have

6@" i (r i (7 ]
Dy =00 — 2V7 ox(M =0, 9T =0, XM =0, (1.60)

i i
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To consistently introduce perturbations to Einstein’s field equations, it is imperative to also address
the perturbation of the stress-energy tensor. In the context of a fluid, this can be expressed in its
most general form [B1] as

Ty = (p+ p)u,uuu + pguv + Wy (1.61)

where p and p are the energy density and the pressure, u, is the four-velocity while II,, is the
anisotropic stress tensor which is subjected to

", =0, u'll,, =0. (1.62)

In the case of a perfect fluid or a scalar field II,,, = 0. Now in order to perturb it we have to perturb
each quantity in eq.([L.61]). Now, regarding perturbations of the stress-energy tensor we can summarize
the results as

e The energy density is a scalar and we can perturb it as

R0
P—PO‘I’Z?a (1.63)

r=1

where r specifies the perturbation order. In Cosmology often the so-called overdensity matter
field is used and it’s defined as

5 ’)(T”;)O(_T)'OO(T). (1.64)

e Concerning the pressure, which, when it comes to rotations, is also scalar, we can write

(1.65)
“+o0o
0p
r=1
The pressure is assumed to be linked to the energy density through the EoS,
p:p(pv S)a (167)
where S is the entropy. Thus a perturbation in the pressure can always be written as
Ip dp 2 op
op=—1| ¢ —| 65 =<6 — 45, 1.68

where ¢, is the sound speed and where the second term is always called a non-adiabatic pertur-
bation.

e The four-velocity it’s generally perturbed as

400 UE")

where we have to remember that uu, = —1; thus at any order the velocity perturbation it’s
linked to the lapse perturbation, v,). Moreover, the usual decomposition in scalar and vector
is adopted for the spatial component of the four-velocity

ut =

vy = O0ih) + vl - (1.70)
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o The tensor of anisotropic stress solely possesses spatial components, with Ilp, = 0 .
Thus, we can write as

+oo
;= > 1, (1.71)
r=0

and we can use the same decomposition adopted for the spatial metric

(r)L

i

(r)T.

1) = Dy 4 07 4+ 97+ (1.72)

We will abstain from deriving the perturbed form of Einstein’s equation, as their use will be confined
to section The results in the case of minimally coupled scalar field are reported in [I0. In the rest
of the thesis, we’ll work directly at the Lagrangian level and we’ll derive the FoM using a variational
principle (we will also adopt the notation introduced in [I3]).

1.3.1 Gauge transformations and cosmological gauges at first order

Within this section, we explore several aspects of cosmological gauges and discuss the procedure of
gauge-fixing at the first order, offering insights into the methodology. Subsequently, in section [5.3}
we will extend our analysis to the second order for the two gauges employed in calculating the scalar
trispectrum graviton-mediated within the context of theories of modified gravity.

At first order, the metric tensor has the following components

oo = —a2(7) (1 + 2zp<1>) , (1.73)
goi = a>(r)w", (1.74)
gij = a*(7) [(1 - 2¢(1)> 8ij + xﬁ})} , (1.75)

while regarding the stress-energy tensor at first order we get [B1]

7% = — <p(0) + 6(1)p> , (1.76)
T’ = — (p(o) + P(0)) V(1) (L.77)
1% = (w? +v) (o) +P00)) (1.78)
7' = (py +6Vp) + poll’; 0. (1.79)

(1.80)

Now, given the perturbation in two gauges, { gf}),éfﬂy} and { g,(},,)ﬁT”,,}, we have that they are
related according to eq.(|1.53))

) =g\ + £, 95, (1.81)

0TS =T + £, T\, (1.82)

where ( ﬁ) denotes a smooth vector field characterized by components of first-order and where we have

defined 6T*, =T+, = -T (‘6)1,. It’s customary to decompose ((1 in two scalars and one divergence-free
vector as

Chy = 0"Bay +diyy,  didyy =0. (1.84)
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At each order, this vector decomposition linked to the gauge transformation is commonly utilized
1 2. Now, in order to establish the gauge transformation rules for the quantities we have defined
in the metric, we have to compute the Lie derivative of the background metric [B5]

£989) =V, §V + v, (1.85)
which in components reads
£g4) = —2a(7)a’ () — 2a* (1)’ (7), (1.86)
a0 _ 2 LY o
9oi° = a”(7) (35(1) +d; > — a”(7)dia ), (1.87)
£9Y) = a(r) [0 (9;80) + d\" ) + 85 (9,8 + dlPY) | + 2a(7)d (7)ady, (1.88)

where ’ is the derivative with respect to conformal time, i.e. %. Thus, we get the linear transformation
rules at first order [II]

Py = Yoy + 04,(1) + %04(1) (1.89)
dWI = 0Ol 5 —apy, @t = w4 dOY, (1.90)
FU Z o0 _ év%l) _ (Z/O‘(l)’ (1.91)
FOI = Ol 254y, gD = D4 gDt (E =\ (1.92)

from which we immediately realize that tensors are gauge invariant at first order.

For the energy-momentum tensor, we have to compute the Lie derivative of its background version,
which in components reads

LTy = —ap), (1.93)
£<<1>T(00)0 - (315 + du) (P(o) +P0)) 5 (1.94)
£C(1>T(%)i = (P(O) +P(o)) aiau), (1.95)
£C<1)T(ZO)J' = apyd’;. (1.96)

Thus, we can easily deduce the gauge transformation rules for the quantities we have introduced in
perturbing the stress-energy tensor

’

Py = 0p(1) + apy, Iy = Ty ;- (1.98)

Presently, when considering gauge fixing, the question arises whether it is possible to pass from a
completely arbitrary gauge to the desired one. We will illustrate this process for a specific gauge,
while for the other gauges, we will solely present the outcome. Basically, since we have two scalars
and one vector in ((;) we can set to zero two scalars and one vector in metric perturbations. We
provide a brief overview of the most frequently employed gauge choices in Cosmology without a deep
analysis of their specific physical properties.

e Poisson gauge
It’s defined by the following conditions

Wl — 0, Wl =g, I g, (1.99)
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Now, in order to verify that we can impose this gauge we have to start from an arbitrary gauge,
i.e. 0gu, and verify if we can achieve what we have written. Thus, in the “new" gauge, g,., we
wonder if we can impose

oW =

>*<(1)H =0. (1.100)
(1)L

Xi =

Using the gauge transformation rules we arrive at the following system of equations

0=wWl+ 8, —aq), (1.101)
0= xWIl+254, (1.102)
0=\ 4 a0t (1.103)

which it’s algebraic and can be solved in order to find ay), 51, dl(l)L. Thus, starting from a
very general gauge we can always arrive at the Poisson gauge setting particular values for the

components of ().

Synchronous and time-orthogonal gauge
It’s defined by the following conditions

by =0, @Vl =o, M=o, (1.104)

This gauge is plagued by residual gauge freedoms and is referred to as the synchronous gauge,
as the proper time measured by an observer at rest relative to the spatial coordinates it’s equal
and corresponds to the unperturbed proper time of a Robertson-Walker universe.

Comoving gauge
The conditions we impose are

vl =0, oMt =0, w®ll =0, (1.105)
This gauge is called comoving since we do not have any spatial components of the perturbed
four-velocity.

Spatially-flat gauge
In this case, we set to zero the scalars and vectors of the perturbed spatial part of the metric,
i.e.

oy =0, xW=0, =0 (1.106)

This is called spatially flat gauge since the Ricci scalar on the spatial hypersurface is zero. It’s
possible to show that [BT]

6k 12k -, 4 o
— + ?Qﬁu) + EV b1y (1.107)

a

BGR =

el . .
~—%— In the case of a spatially flat universe

where £ is the curvature constant and é(l) = o)+
and, from gZ;(l) = 0 we immediately get a vanishing Ricci scalar on the spatial hypersurfaces.

Uniform energy density gauge
This gauge is defined simply by setting

sMp =0, (1.108)

without specifying any other conditions.
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1.4 The gauge invariant curvature perturbation

In this section, we present the gauge-invariant curvature perturbation known as (. Firstly, we em-
phasize that a gauge-invariant quantity remains unchanged under a gauge transformation. Various
examples of this concept exist, including the Bardeen gauge-invariant potentials [39]. As previously
mentioned, tensors also maintain gauge invariance at the first order. ( is defined as

. a sWp
C=—9n) — PR (1.109)
which is gauge invariant since
b = da) - afa(l), (1.110)
§Wp =W+ aqyp)- (1.111)

It is alternatively referred to as the gauge-invariant curvature perturbation on the uniform energy-
density hypersurfaces, as it takes on a resemblance to the Ricci scalar on spatial hypersurfaces when
considering the uniform density gauge (5(1) p = 0). In fact, the Ricci scalar on three-dimensional
hypersurfaces can be computed [B7 M0 as

4 A
3 2
DR = V0. (1.112)

This quantity is crucial in inflationary computations since it’s conserved on super-horizon scales. In
fact, the energy conservation equation at first order for scalar quantities reads [I0]

/ CLI Y
60p 3% (50 p+ 50p) =3 (po + po) Byy + (po +p0) V2V 4 010) = 0, (1.113)

where V) = Wl 4 DIl and o = % —wl!l. The last term on super-horizon scales can be neglected
and, adopting the uniform density gauge, we get

!

a ~1
gfs(l)p — (o +po) 1y = 0. (1.114)

Now, in this gauge, we have gﬁ(l) = —( and we also can split the pressure perturbation in an adiabatic
contribution and in a non-adiabatic part, 6(Mp = 02(5(1) p+ dWp, .. Finally, we can write
/ a dWpn_a

= 1.115
¢ a po+ po ( )

Now, it’s possible to show that, in the case of single-field of slow-roll inflation 6(Vp (’j—;@ H, which

goes to zero on super-horizon scales and where 2®y = —2¢ () — %V2XH + 2%@0” — %X”l is one of the
Bardeen gravitational potential [B9]. Thus, we have that on super-horizon scales the gauge invariant
curvature perturbation on uniform energy-density hypersurfaces it’s conserved.

1.5 Random fields and correlation functions

We conclude this chapter with a brief introduction to the concept of random fields and correlation
functions and their application in Cosmology. First of all, we start by introducing some general
concepts in a D—dimensional Euclidean manifold, and then in section we generalize them to the
spatially-flat FLRW case.

Random fields are ubiquitous in physics and the most powerful tool for their analysis is the set of N-
point correlation functions (hereafter N PCF's). Analyses with NPCF's are widely used in different
fields HEOl: molecular physics [, materials science [2], field theory 3], diffusive systems [,
statistical mechanics 5] and Cosmology [H].

24



Now, building upon the works of [0 and [B3], we introduce the formal concept of correlation functions
in RP.

Let ¢(x) : RP — R denote a random real scalar field dependent on D-dimensional Euclidean coor-
dinates x. Here, x represents a D-dimensional vector that signifies the absolute position of a specific
point in RP. Formally the N-point correlation functions are defined as

{C RO R, (1.116)

C(r1, - 7N—1,8) = (¢(5), p(s + 71, ., O(rN—1 + 8)),

where s,71,..,7ny_1 indicates absolute and relative positions, ® stands for tensor product and (..)
is the ensemble average, i.e. the statistical average over realizations of ¢. Ideally, we should have
K —— o0 of realizations of the same process and the ensemble average consists of a statistical average
over the K copies. For a random field, we can think of a realization as the determination of the scalar
field’s value at every point within RP. In general, we don’t have access to K — oo copies of the
process we are considering. For example in cosmology, the universe is assumed to be an isotropic and
homogeneous random process Hf] (see section ; i.e. fields, such as the overdensity matter field
0, are stochastic, homogeneous and isotropic fields. The problem is that we don’t have other copies
of the universe over which we can average. However, under suitable hypotheses, we can apply the
Ergodic theorem, eq., to evaluate the N PC'F's using spatial averages.

We conclude this section by introducing some basic concepts about random fields and proving the Er-
godic theorem, which will be useful in constructing the galaxy four-point correlation function estimator
(section. We note that the definition of correlation functions has the potential for generalization in
both Euclidean and Riemannian manifolds. However, since we adopt R? as a simplified representation
of the low-redshift universe in section |3 and a flat Friedmann-Lemaitre-Robertson-Walker (F'LRW)
universe in section [1.6] our focus lies elsewhere and we do not delve into this generalization.

Presently, we formally introduce the notions of a Gaussian field, as well as a homogeneous and isotropic
field. Consider a random field ¢(z) : R —— R depending on a D-dimensional Euclidean coordinate
x and let’s take (¢(z)) = 0. The distribution function governing ¢(x) is said to be Gaussian if:

(@(x1), - p(zN)) =
<¢($1)7 oy ¢(37N)>

0 if NV is odd, (1.117)
Z H (p¢)  if N is even, (1.118)

pairings pairs

with the sum over pairings not distinguishing those that interchange coordinates in a pair, or which
merely interchange pairs. For example, the four-point correlation function becomes

<¢(SU1), d)(xQ)v ¢(x3)a ¢($4)> = <¢(l‘1)7 ¢($2)><¢)(563), ¢($4)>+
(0(z1), ¢(23))(D(x2), d(x4)) + ((21), P(24)) (D(22), D(23))- (1.119)

In a path integral formulation of correlation functions for random fields, we mention that the proba-
bility density functional (PDF’) for a Gaussian random field is a Gaussian.

The random field we have introduced is said to be statistically homogeneous if
VN e N,VzeRP ((ri+z, ..,rx+2)=C(r1,..,Tn), (1.120)
while is statistically isotropic if
VYR € SO(D) ((Rri,..,Rry) = C(r1,..,rn), (1.121)

where SO(D) = {0 € matpxp(R) | OTO = OO = 1}.

We conclude this section by proving the Ergodic theorem in the case of a homogeneous field as stated
in Weinberg’s book ([33]).
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Theorem 1.1 (Ergodic Theorem). Consider a homogeneous random field ¢(x) : RP? — R depending
on a D-dimensional Euclidean coordinate x. Let’s take that ¢s at distant arguments are uncorrelated,
i.e.

uER@@r+wdm+u%Mw—uwwm—w&Et:f%<Mm+uW®rHWMdm—UW%m—?&-
1.122

If the limit in eq.(1.122)) is approached sufficiently rapidly, then the root mean square difference between
any product ¢(x1 + 2)p(xa + 2)... , averaged over a range R of z values around an arbitrary point z,

and the ensemble average of the same product vanishes as R% for large R. That is if we define
2

AL(z1,39,.) = <{</ dP 2 Np(2)b(x1 + 2)d(ws + z)..> 6z b(e) ) | ), (1.123)
where
Na(2) = (VaR) Perp(~E=200), (1.124)
then Ap 7% O(R-%).

Proof. First of all, notice that the specific form of the function of eq.([1.124)) it’s not important but we
require that

o [dP2zNg(2) =1,
Ng(2) = const  if |z — z|> < R
Npr(z) =0 if |2 —2>>R

In the analysis of the galaxy NPCF a window function can be adopted

Nr(z)=g5p = v5; iflz—2> <R (1.125)
Ngr(z) =0 if |z —22>R’ '
Eq.(1.123) can be rewritten using the normalization condition of Ng(z)
2
Aplaor,aa.) = (| [ aPNa(a) (01 + 2162 + 2).)  (6(an)aa).)]] ), (1.126)
(1.127)
which expanding the square becomes
AZ(z, ) = <[ [ P=Ne(z) [ dPuNa(w)(6on +2). 60+ w).) + <¢(x1)¢(x2)..>2]]>
—2( [/ dP zNg(z) /dDwNR(w)[d)(xl + z)](qb(xl)(;ﬁ(:vQ))]} (1.128)

_ <[/ dP 2 Np(2) /dDwNR(w) (a1 + 2).b(ar +w).)) + <¢(x1)¢(a;2)..>2}] 4
9 / P 2N g (2) / dPwNp(w)[{(d(z1 + 2)))(B(z1)b(2).2)] (1.129)
= /dDzNR(z)/dDwNR(w)qu(a:l + 2)..0(x1 +w)..) — (p(x1)p(x2)..)%], (1.130)

where in the third equality we have used that

/ dP =N (2) / PwNR(w)[(B(r1 + 2)-))(Sa1)d(a2)..)] =
/ 4PN (2) / dPw N () [((#(1).)) (D) d(a2)-)] = (S(a1). )2 (1.131)
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which is true only if the field is homogeneous. Now we introduce new integration variables u = *5*
and v = z‘;w and we get
_Jutv—z \27 Jlu—v—2z |2
A% (z1,.) = /dDude\J](\/ER)_zDe( Rz 7 (1 + u+0). b1+ v —u).) — (B(21)d(w2)..)?)
(1.132)
2 D D D (72""'*20‘27M,) 2
= (7}22) /d ud"” ve R2 R {p(x1 +u+v)..d(z1 + v —u))..) — (d(z1)p(x2)..)7]
(1.133)
2 D D D (_2‘71' ZO‘Q_M_) 2
= ()? [ @PudPue TR D (o - u).dlon — 0))) - (@@0)6(a2)- )
(1.134)

where in the second equality we use the Jacobian for the transformation, |J| = 2, and in the last one
we exploit homogeneity. Now we can integrate on the v variable since the integrand doesn’t depend
on v

A%(wl,xz,..)—(W;)é’/d%e—“;?o [zt + ) d(z1 —u).) — (B(a)d(za).)2]).  (1.135)

If the limit of eq.(|1.122)) is sufficiently rapid the integral would converge even without the exponential
factor. Since

_2\u—u0|2
/dDue (@ + u)- bzt — w).2) — (6(z1)d(@2)-)2]), (1.136)
is finite, for R —— oo we can take the integral of order unity and this proves the statement of the
Ergodic theorem, i.e.

R—00 D )

A% (21,22, ..) —% O(R™ (1.137)

O

Now if we imagine having K copies of the stochastic process we are considering we can write
2
A% (21, 29,..) = <[</ dP2NRr(2)(x1 + 2)p(x2 + z)) - (gﬁ(xl)gi)(xg))} ) (1.138)
2
> ([ amueionton + 2ox(an 2. ) = oot | - (11390)

where the subscript K specifies the field in one of the K realization. Since eq. is the sum of
positive terms, in order to get 0 when R —— oo we require each term to be 0. This means that if we
have at our disposal only one copy of the stochastic processﬁ provided that the volume of integration
is sufficiently large, we can calculate the NPCFs as

(3(21)6().-d(N)) = — / P 26(z1 + 2)b(xa + )bz, (1.140)

Vb

where we have used a window function for Ng(z).

1.6 Cosmological correlation functions

In the preceding section, we introduced random fields on R”. However, when describing the universe
(in its Oth order approximation), we utilize a four-dimensional homogeneous and isotropic spacetime
denoted as (M, g). This spacetime is characterized by a Lorentzian manifold M endowed with a

4This is the case in cosmology.
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metric g [[3], as elaborated upon in section As we discussed earlier, homogeneous and isotropic
spacetimes can be sliced into homogeneous and isotropic maximally symmetric 3-spaces [[3], leading
to the metric tensor g taking the form described by equation . However, in the thesis, we work
by setting k = 0, i.e. the spatially flat case.

Therefore, given a random real field scalar field ¢(¢,x) : M — R we define the NPCF's as

{g (V)N — R,

(1.141)
C(tv i, I'N_l,S) = <¢(t,S), ¢(t7 s+ 1‘1), <0y ¢(t7r]\f—1 + S)>a

where we stress that the N fields are evaluated at the same cosmic time. We mention that we need
to modify the definition of statistically isotropy and homogeneity with respect to the one introduced
in section [[.5} basically we have to restrict these concepts to the spatial hypersurfaces. We say that a
field ¢(t,x) : M — R is statistically isotropic if

VR € SO(3) ¢(t,Rr1, .., Rry) = C(t,r1, .., tN). (1.142)
We state that a field ¢(t,x) : M —— R is statistically homogeneous if

Vr((t,r1,..,rn) =C(t,r1 +1,..,ry +7T). (1.143)

Now, we are prepared to explore the fundamental cosmological assumptions that underlie the treatment
of random fields:

e the universe is statistically homogeneous,
e the universe is statistically isotropic,
o well-separated patches of the universe are uncorrelated.

We stress that homogeneity and isotropy in this contest are to be interpreted as "spatial" isotropy
and homogeneity, as defined in eq. and eq.. As discussed in M@ this hypothesis, the
fair simple hyphotesis, has successfully met the available tests. Surely matter in the universe is not
distributed in a homogeneous and isotropic way but in complex structures such as stars, galaxies, and
clusters of galaxies. So homogeneity and isotropy can be applied in a statistical sense, i.e. in the
spatial average over large enough regions. One can imagine that the matter distribution in each place
is determined by a long sequence of position-dependent physical events which can’t be influenced by
very distant points. Since well-separated patches of the universe are uncorrelated one can imagine
constructing an ensemble by splitting the universe into such patches. We recall that the hypothesis
the universe is homogeneous and isotropic with a metric of the form of eq. and the fair simple
hypothesis are related to the Cosmological principle. We don’t discuss the relationship between the
two concepts but we present them as different hypothesis.

The fair simple hypothesis is crucial since allows us to conclude that: given any random cosmological
field

o(t,x) : M— R (1.144)

with (¢(t,x)) = 0, the NPCF's are isotropic functions of N — 1 vector variables. Indeed, homogeneity
allows us to write

¢(t,ry,..,rny) =C(t,8,8+71r1,...,s+ry_1) =C((t,r1,..,TN_1), (1.145)

which, using isotropy, we know it must be invariant under simultaneous rotations of ry,..,ry_1. This
is the starting point for the analysis of parity violation in the galaxy four-point correlation function,
presented in section 3] .

Before discussing the measurements of the galaxy four-point correlation function, we want to intro-
duce some fundamental concepts about the two-point correlation function in a spatially-flat FLRW
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universe. Given a statistically homogeneous and isotropic field ¢(x) which has zero mean, (¢(x)) = 0,
the two-point correlation function ((x,y) is defined as

((xy) = (6(x)o(y)), (1.146)

which can be rewritten as

((xy) = (6(x)o(y)) = (d(x)o(x + 1)) = (¢(0)(r)) = ((r) = ((7), (1.147)

where we have written y = x + r, used homegeneity and isotropy and defined r = |r|. So we can say
that the two-point correlation function is an isotropic function of one vector variable. It’s convenient
to write qﬁ(x)El in Fourier space as

3 .
p(x) = / (;lﬁl; ek *p(k), (1.148)

where k is a comoving wave vector related to the physical one q throughout q = ak. We should

indicate the field in Fourier space with a tilde, &(k), but we omit it since the space of definition of the
field is always clear from the contest. If we now consider the ensemble average in Fourier space we get

o)) = ([ ds [ @yomoty)e txeen) = [ @ [dretome ke oo+ )

(1.149)
/ dx / dBre~kaixemike GAT) (1) — (97)2503) (k) + ko) / dre= 2T (1) (1.150)
21)26® (k1 + ko) P([kz|), (1.151)

which is called the Wiener-Kintchine theorem. In the last line, we have introduced the power spectrum
P(|k|) which is the anti-Fourier transform of the two-point correlation function,i.e.

P(|k|) = /d?’re—ik"‘g(r). (1.152)

The §3) (k1 +ko) in eq.(|1.151]) arise from the assumption of homogeneity while the dependence on the
modulus of |kg| stems from isotropy. In cosmology, it’s mostly used the adimensional power spectrum,
A(|k|) = A(k), which is the contribution to the variance per logarithmic integral. The variance can
be written as

Bk < dk4nk? © dk k3 dk
2 _ _ +ik-r _ _ _

t)) =¢(0) = P(k = P(k) = ——=P(k)= —A(k
Wt =)= [ geerm)| = [T Pw = [T E S rm = [T T am,
(1.153)

where we have introduced the adimensional power spectrum
k?)

A(k) = —P(k). 1.154

(k) = 55 P(K) (1.154)

Despite P(k) and A(k) are different quantities, they are often referred to as the power spectrum. We
can also define another useful quantity, the spectral index, defined as

_ dInA(k)]
k) = =

which describes the shape of the power spectrum.

(1.155)

e If n =1 we get the Harrison-Zeldovich spectrum which means cosmological scale invariance.

o If n = const, A(k) is usually written with respect to a pivot scale ko, A(k) = A(ko)(%)"fl. If
n > 1 we speak of a blue-tilted spectrum while if n < 1 of a red-tilted one.

Note that this kind of reasoning can also be applied to metric perturbations and stress-energy tensor
perturbations since these perturbations live on a background space-time which is spatially isotropic
and homogeneous [B3].

SWe assume fall-off conditions at infinity for all cosmological quantities which assure that the functions are square-
integrable, so the Fourier transform (F'T) of ¢ exists.

29



30



2 The Inflationary paradigm

Cosmologists strongly believed that before the radiation-dominated epoch, during which the Robertson-
Walker scale factor a(t) grows as v/, a period of accelerated expansion took place, i.e. Inflation. This
idea was introduced by Alan Guth in 1981 to solve the flatness (section [2.1.2)), the horizon (section
and the monopole (setion problems of the standard BigBang cosmology. Inflation can
be achieved if the energy density of the universe is dominated by the vacuum energy density of a
scalar field ¢, the inflaton. In this way, the universe is dominated by dark energy like component and
passes through an accelerated expansion phase, during which the scale factor is stretched by more
than 60 efolds, ap = €%®ap where ar and ap are the scale factor respectively at the end and the
beginning of Inflation. Inhomogeneities and anisotropies are washed away, making today’s universe
very homogeneous, isotropic and flat. Moreover, the fields, which drive Inflation, have quantum fluc-
tuations. These fluctuations also got stretched and imprinted at super-horizon scales. Later, during
radiation, matter or cosmological constant domination, they reenter the horizon and provide the seeds
for cosmic microwave background (C'M B) anisotropies and the large-scale structures today (LSS).
Inflation predicts some general features on the properties of the density perturbations:

e They are primordial, i.e. they are quantum fluctuations of the fields driving Inflation. They go
on super-horizon scales during Inflation and re-enter the horizon during the Big Bang cosmology.

o They are approximately scale-invariant, as confirmed by the Planck’s measurement [32] of the
spectral index, ng = 0.9649 £ 0.0042, of the Power Spectrum of the primordial matter density
field. Basically, during the accelerated expansion, each k-mode experiences a similar expansion.

e They are approximately Gaussian.

The fluctuations are nearly Gaussian but the detection of connected N-point correlation functions with
N > 3 could unveil some features of the primordial universe, so in recent years these measurements
have become crucial in cosmology. Theoretically, even if Inflation remains a paradigm, it’s commonly
accepted in the standard cosmological model.

This chapter is constructed in the following way. In section we discuss and solve throughout the
Inflationary mechanism the shortcomings of the H BB model. We present an accurate description of
the horizon problem in section 2.1.1] and the flatness problem in section While regarding the
monopole problem we provide a qualitative explanation in section[2.1.3] Then, we focus on the descrip-
tion of the dynamics of Inflation in the case of single-field slow-roll models. The scalar field driving
Inflation, the Inflaton ¢(7,x), can be split into two parts a homogeneous and isotropic background,
¢(1), and the quantum fluctuations, d¢(7,x), of the Inflaton itself. Hence, in Section we explore
the underlying dynamics of the inflaton and the concept of slow-roll approximations. These approx-
imations enable the potential to possess a flat region, where the behavior of ¢(7) closely resembles
that of an effective cosmological constant, thereby providing accelerated expansion. In section [2.2.3
we mention something about different models of Inflation and the cosmic no-hair principle. Then, we
switch to the description of the quantum fluctuations of the Inflaton field. We work in the so-called
Arnowitt-Deser-Misner (ADM ) which we fully discuss in appendix In section we introduce
the necessary tools to fully derive the scalar and tensor power spectrum of primordial perturbation
respectively in section 2.4 and 2.5} Then, we present a very general description, in section 2.6} of the
mechanism that allows us to relate the primordial power spectra of scalar and tensor perturbations
with the ones that we can observe today. Finally, in section [2.7] we discuss the fundamental theoretical
and experimental role of the stochastic background of GW's predicted by the Inflationary model.

2.1 The shortcomings of the Hot Big Bang model

In this section, we outline the so-called shortcomings of the Big Bang model, the horizon the
flatness and the monopole problems, and we work out how Inflation can solve each of
them. For the sake of simplicity, we make the following assumptions for describing the evolution of
the universe in the H BB model:
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« the HBB model is correct up to the Planck scale (¢t ~ t,;),
o if t € [ty teq), the universe is radiation dominated, i.e.

a(t) = aeq [t:q}%
H(t) =L , (2.1)

2t :
plt) = peg [225]

o if t € [teq, to], the universe is matter dominated (we disregard the recent period of dark energy
domination), i.e.

2 2
3 3
o0 =[] =]

Ht) =2 , (2:2)

4 4
p(t)  =po [%} = Peq [%}
« we do not take smooth transition between different epochs.

Regarding the evolution in the Inflationary case, we assume that the universe went through an early
period of exponential expansion which we take, for simplicity, a De-sitter expansion phase:

o if t € [tp,tE], the universe goes through an acceletated expansion

a(t) =apexp(H(t—tp)) =agexp(H(t—tg))
H(t) = const ) (2.3)
p(t) = const

o the reheating is instantaneous at tg,

e starting from tp, we apply the same assumption made in the previous case, the Hot Big Bang
(HBB).

2.1.1 The Horizon problem

In simple terms, we can summarize the problem as follows: within the HBB model, at the last
scattering surface (when protons and electrons merged into neutral hydrogen with the emission of the
CMB), we observe regions that are not causally connected but exhibit similar physical properties,
such as the temperature T'. The horizon problem emerges when calculating dy (t) at the last scattering,
resulting in a finite value that is smaller than the physical distance between regions exhibiting very
similar properties, like temperature. This implies that regions of the universe that were not causally
connected at the time of last scattering share remarkably similar characteristics. These similarities
can be achieved either by imposing specific initial conditions (though this isn’t a physical resolution)
or through mechanisms like inflation, which enable the observable universe today to occupy a tiny
region of the space where information exchange could have occurred.

This can be quantified in the following way. First, we need to calculate the physical horizon distance
at the last scattering. This can be accomplished by employing the formula for computing the proper
distance as presented in eq.(|A.16|), while adjusting the interval of integration accordingly:

dir(ts) = alt) /0 " a“z) — a(t1)Sh [ / h %l‘fl()} (2.4)

ls

dz

— alts)S / — / \/ . (25)

Qoar (14 2) +QOR(1+z)4+QOA+QOH(1+z)2}
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where t = 0 corresponds to the Big Bang. Then, we can compute the angular diameter distance at
last scattering as

da(zis) = a(tis)r(tis) = a(tis)S [/OZZS ao;l;(z)] (2.6)

dz

— alti)S /0 — / \/ @

(1+ 2) +QOR(1+2)4+90A+QO,€(1+z)2}

Now, we can determine the maximum angle at the surface of last scattering that separates points
which have been in causal contact:

dnthe) S IS mhm] S [ aEe)

Omaz = = = ) (28)
dA(tls) a(tls)Sk |:f0zzs aogfz(z)} Sk |:fOZZS anIZ(Z):|
which for a spatially flat universe becomes
0  dz
Oas = 221 0,02 ~1.2°, (2.9)

fle dz
0 H(2)
where the result can be obtained by numerical integration using the results of the Planck mission [B2].
Eq.(2.9) tells us that in principle regions which have angular separation larger than 1.2° have never

been in causal contact before. However, this is in contradiction with the nearly perfect isotropy of
CM B at large angular scales which was observed ever since C'M B’s discovery.

Inflation can provide a solution to this problem. If we compute the physical particle’s horizon at last
scattering we get

dH(tls) = a(tls)/ ZS ﬁ - a(tlS) /t E i (tlS) eXp(H(tE - t))| a(tlS) eN’ (2'10)

ty a(t) 5 a(t)  Hgag HEaE

where we have neglected the contribution from the H BB phase, we have taken e >> 1 and we have
used the approximation of spatial flatness. In order to solve the horizon problem we have to impose

dH(tls) > emamdA(tls)a (2'11)

where 6,4, is the maximum angle over which we observe isotropy. We can take 6,4, =~ O(1) since its
precise value has negligible impact on the minimum number of e-folds N. So we can write

(tZS) N
HEGE

a(ts
> da(tys) ~ aé;fo) (2.12)

where we have used numerical integration of eq.([2.7)) for a spatially flat universe. Thus we get a lower
bound on the minimum number of e-folds required to solve the horizon problem:

apHE
N >1 . 2.13
0|22 (213)
Now using Tolman’s law, T'a = const, in the H BB model phase we can write
CLEHE HETO HE TO
1 =1 =1 In 2.14
n[aoﬂo} H[HDTE] H{TE] " [HO] 214

From Planck’s data we know that T ~ 2.728 K and Hy ~ 0.67019 x 15(}\%;?, so we can estimate In [Ho}

coming back to ST units

T, T, 1.38 x 1072 L2.7K
In [0] =1In [kB 0] :ln[ . K - (2.15)
o

_ 100k
1.0545 x 10-34J50.67019 X gpelotkm

=1n [16.26 x 10**] ~ 281n10 + In16.26 ~ 68, (2.16)
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where we have used that

Boltzmann’s constant kp = 1.38 x 10*23%
Planck’s constant h = 6.626 x 1073%.Js . (2.17)
Mega parsec conversion in km 1Mpc = 3.085 x 109%km

To estimate the first term on RHS of eq.(2.14)) we have to recall that we have taken an istantaneous
reheating, thus we can write write

871G [n? T4
H:~ — [g*Té} ~ 2. (2.18)
3 |30 le
Using this result we get
Hg T2 } [ Tk }
In|—| ~In ~ln|—]|, 2.19
[TE} [MpzTE My (219

Different Inflationary models that have been proposed, make predictions within the range of 1075 <
% < 1. Therefore the only condition on the Inflationary period we can derive from the solution of
P

the horizon problem is a lower bound on the number of e-folds IV,

N > 68 + [-51n10,0] ~ 66 + [—11,0]. (2.20)

There is another interesting way to obtain the bound of eq.(2.13). Recalling the definition of the
comoving Hubble radius eq.({1.23))

1

0= SmHm

(2.21)

which basically individuates the maximum comoving distances that at a particular time can exchange
information. If two points are located beyond the Hubble radius, they are unable to exchange in-
formation with each other. We know that in the H BB model it’s always increasing as explained in
Sectionand graphically presented in ﬁgure@ The sketch shows that in the Hot Big Bang (H BB)

Matter dominance

-

Radiation
dominance

Figure 4: The comoving Hubble radius.

model, regions causally connected with an observer increase over time. Initially, this might not be
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problematic, as it only implies that a specific length scale A enters the horizon at a particular timeﬁ
The issue arises when we observe causal connections between regions that are separated by length
scales well beyond the particle horizon predicted by the HBB model. The idea to solve this issue
revolves around an early period during which the comoving Hubble radius decreases in a manner that
ensures all the scales we observe today were well within the horizon. However, if we want

Fa(t) = ——— <0, (2:22)

we must require ¢ > 0 <= w < —%. Thus, we need a period of accelerated expansion, i.e. Inflation,
as shown in figure [d In order to solve the horizon problem we must require that the large scale we
can probe today was under the horizon during Inflation

apHE

rg(tp) > rg, <> exp N > ooy

(2.23)

which is exactly the same condition we have previously imposed.

2.1.2 The Flatness problem

The flatness problem is a fine-tuning problem of the H BB model which can be discussed by using the
first Friedmann equation

8rG K
H?>="p— = 2.24
5P (2.24)
which can be written in the form of eq.(|A.6)
1=0(t) — Q, (2.25)

where Q(t) = Qp,(t) + Q4(t) + Qa(t). A priori £ could take any value according to some sort of
probability density function; so the probability to get a spatially flat Universe has zero measure. The
problem is that

| Qi(to) |=] Qto) —1|=4x 1072 (95%CL), (2.26)
which consists of saying that the universe is compatible with being spatially flat today. This presents
a fine-tuning problem, as assuming the correctness of the H BB model up to the Planck scale (¢, ~
1073) leads to

| Qty) — 1 |=| Qty) — 1107 < 10792, (2.27)

which constraints an adimensional quantity to get a very “fine-tuned" value, even though we lack any
physical arguments a priori to support such a statement. In physics, this is referred to as a fine-tuning
problem, as we would expect this quantity, i.e. | (¢) — 1| at initial time, to be of O(1).

Now we show how to get the bound of eq.(2.27)) within the context of the Big Bang model, using that
[1—Q7'(t)] pa® = const. (2.28)

Considering t € [tp, teq] we can write

a(t) Qeq

[1- 070 pl)a2(t) = [1 - 271()] [“eqra%w:h—ﬂl@)}m [“Or i | (30)
“ 2|

SWhen a length scale \ enters the horizon, it signifies that we can exchange information with points up to a distance
of A\ from our location.
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which, using eq.([2.28]) evaluated today, allows us to get the following

[1-07'(1)]p [aor [ o ] — [1- 05 poa? (2.30)
0 a2(t) 0o | PoGg- .

Qegq
Finally, we can get the upper bound of eq.(2.27))

-] =1-0p S0 g Ty — i ogp
a3 deq ag T=(t)

1+ 2¢], (2.31)

where we have used the definition of the redshift and Tolman’s law in the context of the H BB model,
ie. T aa™t. If we take t = t, in eq.(2.31)) we obtain

2
[1-Q7 )] = [1 -] 1%) 1+ 2] & [1 = Q5] x 1079 x 10" ~ [1 - Q'] x 1079, (2.32)
t

pl

where we have used that Ty =T, ~ 102K, Ty ~ 2.7K and (1 + Zeq) R 10*. Plugging the bound of
eq.(2.26) in eq.(2.32]) we get the desired upper bound for [1 — Q;ll],
Qo —

Q1 1
P gt = 110760 =) 2222 10790 < 10762, (2.33)
Qp Qo

|~ 1=

which using that g, £2,; ~ O(1) can be put in the desired expression of eq.({2.27).

A phase of accelerated expansion provides a solution to the flatness problem, i.e. Inflation. As
mentioned earlier, in order to address the fine-tuning problem, we make the assumption that

during the onset of Inflation is of order unity, i.e. Qx(tp) = ag‘;‘[g ~ O(1). Under these hypotheses
BB
we get
| k| | k| a%Hg a%Hp k| (ap\’ (apHg\> agHp\?
‘Qk(tO)‘: 2 172 —= 9772 2 P) = 952 \ T _ 7 NeXp(—QN) .
aO 0 aOHO aBHB aEHE aBHB ap CL()H() CL()H()

(2.34)

In order to explain today’s parameter density for the spatial curvature parameter, eq.(2.27)) tells us
that €, < 1, so that we have

apHg\>
exp(—2N) ( aEOHf> <1, (2.35)

which translates into the following requirement for the number of e-folds

aEHE
aoHo )

N >1In ( (2.36)

Note that we have used ;, < 1 and not the real upper bound €, < 4 x 1073 since it has not a relevant
impact on the number of e-folds.

There is a nice graphical interpretation of the flatness problem presented in figure [fa] and fb] In the
H BB, figure [5al we have that

K 2
which it’s always increasing since 7 > 0. This implies, as we have seen, the need of very fine-tuned
initial conditions in order to reproduce the data. However, if a period of accelerated expansion occurs,
during this phase, the value of ) decreases. If this accelerated expansion lasts for a sufficient duration,
it becomes possible to push € closer to 1 with the desired accuracy, figure b}
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b

(a) The Q parameter in the HBB model. (b) The Q parameter in the Inflationary sce-
nario.

Figure 5

2.1.3 The Monopole problem

Historically, this was the first shortcoming of the H BB model and was one factor leading to interest
in Inflationary models. Basically, the issue involves the generation of massive particles during the
Universe’s early stages, resulting from the spontaneous symmetry breaking (SSB) of some gauge
symmetry in “beyond" the standard model (BSM) theories. We generally refer to massive relics
produced in the early universe after the spontaneous symmetry breaking of some gauge symmetries,
for example, we can get HT]:

« magnetic monopole (0-dimension) arise from the breaking of the GUT at Tgyr ~ 1014 +106GeV
into a lower gauge symmetry including U(1) gauge group,

o cosmic strings (1-dimensions) from the SSB of U(1) gauge symmetry,
o domain walls (2-dimension) from the SSB of a discrete symmetry such as the shift symmetry,
o textures (3-dimension) from the SSB of an SU(2) gauge symmetry.

In this section, we provide a qualitative example in order to briefly illustrate how this mechanism
works. We discuss the formation of domain walls which arise from the SBB symmetry breaking of a
shift symmetry, i.e. ¥ — —1), in a model described by the following Lagrangian

Y R (2.39)

whose potential is sketched in blue in figure [6] with A and o constants. The main feature of this
potential is that the choice of the vacuum, i.e. ¥ = +0o, breaks the shift symmetry which is said to be
spontaneously broken. When the scalar field is interacting with a thermal bath the potential receives
temperature correction of the form [A7]

V(,T) = 2@2 —a?)? + %aTzzZ)Q, (2.39)
where « is constant. At the critical temperature T = T, = %, the second derivative of V (¢, T) at
1 = 0 undergoes a change in sign, causing the point to become a local maximum. As shown in the
figure, we can see that if T' >> T, the shift symmetry is restored conversely when T' < T, the field
rolls down the potential toward one of the two minima, thus it dynamically breaks the symmetry.
Upon the occurrence of the Spontaneous Symmetry Breaking (SSB), the fields opt for +o in certain
regions and —o in others. Since the field must vary smoothly we have regions in which the field is
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Figure 6: V(¢).

trapped in the “false vacuum" at @ = 0. Thus in this region the phase transition doesn’t take place
and we have topological imperfections in the field configuration called domain walls.

The basic idea is to introduce ¢ which is the typical length over which the scalar field has the same
value, as shown in figure [} If these objects are inside the horizon when produced we have that

-0 +0O

Figure 7: Correlation length (.
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¢ < dg(t). Since we are working in the H BB model at high temperatures the universe is radiation-
dominated when the scalar field undergoes the SSB. Thus, using the particle number density we
have

1 3
> ~ H3, (2.40)

nx x (3 < <2t

where X's are the massive particle produced via the mechanism we are discussing. In radiation domi-
nance, p = p~, we know E1 that

1 2

H ~ 1.66g2 —, 2.41
g i, (2.41)

where g, is the total effective degrees of freedom of particles coupled to the thermal plasma. Plugging

eq. @A) in eq. [Z10) we get

N 1\ 3 3
g | T g+ T
» ~ o 2.42
"=loe) a3 |06 (Mpl e (2.42)

where we have used that n, ~ T3 [I]. When we evaluated this at the temperature of the phase
transition, in this case, we can take Ty since this is the typical scale we have in mind we get

1 3

°T,
nx < [ZEGUT ) 0702100 g = 2, (2.43)
" lr=Tgur My Ty

where we have take as order of magnitude g. ~ O(100) and we have introduced 7, the baryon asymme-
try 1. If neither interaction nor decay occurs, the number density of domain walls scales as a=3(t)
because of the expansion of the universe. Since the photon density scales as a=3(t) as well, the above
result of eq. it still holds today and in terms of energy budget it reads

Qxo = Pox _ MXNX0 _ MXTp0 Mp _ QOb@7 (2.44)

POoc Poc Poc My myp

where we have used that nxg = ny. Typically, mx ~ 10 = 1015GeV ED (the GUT scale) we
immediately realize that g, >> 1 which would overclose the universe. Without delving into specific
details, it is evident that an accelerated expansion lasting more than 60 e-folds would wash away any
potential contribution arising from this mechanism.

2.2 The dynamics of Inflation and the slow-roll approximation

Several authors [8] had previously suggested the possibility of an era of exponential expansion preced-
ing the well-known radiation-dominated period. However, it was Alan Guth 9] who first emphasized
the fundamental implications this epoch could entail. Guth was working at the time (early 80s) on
grand unified theories (GUT) and he soon realized that in these kinds of models, scalar fields could be
trapped in a local minimum of their potential. In case one of these fields dominates the energy density
of the Universe, it can lead to a phase of accelerated exponential expansion, driven by a slowly varying
vacuum energy density. This phase would eventually end when the scalar field starts rolling down its
potential toward the true minimum. Guth’s realization is that this type of mechanism simultaneously
resolves the horizon, flatness, and monopole problems and it also provides the seeds, sourced by the
quantum fluctuations of the scalar field itself, for the subsequent evolution of the universe.

Soon Alan Guth realized that its version of Inflation, what it’s called “Old Inflation", failed to explain
the formation of today’s Universe. Therefore, a novel concept was put forth by Linde[0], Albrecht,
and Steinhardt[2I]. This idea, known as “new inflation," is based on the idea that one or more
scalar fields drive an accelerated expansion phase through their gradual rolling down a potential as
presented in fig[8] There are various alternatives to the standard scenario, i.e. the single-field slow-roll
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V(0 )A

Figure 8: The scalar field ¢ rolling down its potential V' (¢).

Inflation model. However, in this context, we will only focus on describing this particular possibility
quantitatively. The main idea is that we need a region in which the potential is quite large but
sufficiently flat as shown in fig[8] In this way, we can think of the scalar field as a single degree of
freedom that slowly rolls down its “classical” potential. Quantitatively, we work with the following
action

2
5= [atev=g | "R~ 20 0,60,0 - V(0)|. (2.45)

where g is the determinant of the metric tensor g,,,, and where the first term is the standard Hilbert-
Einstein action, the second term is the kinetic term for the inflaton ¢ and the last one is its potential.
The main idea is that since, in today’s universe, the deviation from perfect homogeneity and isotropy
are small, % ~ 107% in the CM B, we can split the field as

¢(t,x) = do(t) + 5¢(t, x), (2.46)

where (0¢2(t,x)) << qﬁ%(t)ﬂ Thus, ¢o(t) is the homogeneous and isotropic background which we can
interpret as the vacuum expectation value of the field ¢ since we take (d¢(t,x)) = 0. While d¢(t, x) are

"When the fluctuations are quantum fluctuations (..) has to be interpreted as correlation functions in quantum field
theory (QFT) while when we observe the effects of the observables universe they are statistical averages as introduced

in section E
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its quantum fluctuations which provide the seed for the subsequent evolution of the Universe and it’s
why we expect that the splitting of eq. to hold. We now direct our attention to the background
dynamics, leaving the discussion of the quantum nature of the fluctuations for the remainder of the
thesis. We stress that since we take the scalar field homogeneous and isotropic, the background
dynamics is taken to be the F'LRW . This might appear non-sense since what we want to show is that
independently of the initial conditions if inflation starts we end up with today’s observable universe.
We postpone this discussion to section [2.2.3]

2.2.1 Background dynamics

To characterize the dynamics of a scalar field in an expanding universe, we evaluate the ¢’s stress-
energy momentum tensor T#”, which, in GR, can be evaluated by varying the action with respect to

g}u/a

M2, )
2o /=GR
5< 2V 1 (ak)
V=g 59;“/ V=g 6g;w

68 = / d*z/—g 59, (2.47)

from which we recover the Einstein field equation in the form

Gy = 2 0 (V=9Ls) (2.48)

Mgl 0Guv

Thus we recognize the stress-energy momentum tensor of the scalar field as

, 9L 1
_ oy C 4 gLy =0"00" + g <—g“%;a¢;ﬁ - V(¢>)> , (2.49)
59;“’ 89;w 2

5vV/—g

dgHv

where we have used \/%79 = —% guv- Extracting the background value of eq.(2.49) we immediatly

get

(To)% = —p =~ + <¢° V(¢>> == (;&3 + V(¢>> : (2.50)

. . /1.
(@) =0 =8 (562~ V(0)). (251)
from which we get the w as
P+ V(e
o o) 252
(362 -V(9)
Thus we can write the Friedmann equation in the form
1
"= 50+, (2.53)
i 1 1.
g = o (1+ 3w) (2¢2 = V(¢)) . (2.54)

Please take note that in the action given by equation ([2.45)), we have “two" degrees of freedom: ¢(t,x)
and g,,(t,x). As a result, we can obtain another equation for the background by varying the action
with respect to ¢g(t). Thus, we obtain

68 = / d*z\/—g ( . (V=99" 0,8) — 3 qs) (2.55)

\ﬁ
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from which we can obtain the Klein-Gordon equation of motion (EoM)

ovig) 1 v oV (¢)
- a0 = \/7—798“ (vV—=99""0,0¢) — 96 =0. (2.56)
The background FoM reads
oV (¢) _ 1035 9V(9) e 9V(9) _
090 =54 L:% =-33 <a <;5> 50 L:% = ~do = 3Hdy — = T 0.  (2.57)

2.2.2 The slow roll conditions

The so-called slow-roll conditions are the one that allows the potential to be sufficiently flat in order
for Inflation to take place. The first slow-roll parameter condition is

— << 1, (2.58)

which basically states that the variation of the Hubble parameter, H, in a Hubble time, H? is negligible
with respect to H. This means that the Hubble constant is almost constant during Inflation. This
condition can be expressed in a more illuminating way using that

oV (9) | H o2
[¢0¢5 + 36 L:%(bo] = M§l¢o7

from which we understand the H < 0 and this explain the minus sign in eq. (2.58]). Finally, we can
write

OHH =

3M2 (2.59)

-2
1 ¢o 3
€= 2 ¢0 = - << 1, (2.60)
2M; (2¢2 v(e)) 2(382+V(9)
which implies ¢>‘02 << V(¢). This allows us to get
3 4
~ = . 2.61
2V(0) (261
The second slow roll condition corresponds to the requirement
n= -2 o1, (2.62)
Ho

which is equivalent to saying that the fractional change of ¢ is negligible in an expansion time, i.c.
the potential is sufficiently flat. Plugging this condition in the equation of motion we get

Vi) V()
Po ~ — , with V' (¢g) = . (2.63)
3H 09 | s—py
Now let’s see how this condition is related to the potential by taking
s _ V(o Vb)) H _ V'(do)do  V'(d0) H
- i — 2.64
%o 3H 3 I 3H 3 HY (2.64)
which we can plug in eq.(2.62)) to get
V' (¢0) | V(o)
+ e — €, 2.65
where we have used that 3 }E‘ZO) —1 and where we have defined
_ V(o)
w= e, (2.66)

which clearly satisfies 7y << 1. We conclude this section by mentioning a series of important results
which we are not going to discuss:
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o The condition n << 1 is imposed [B3] to ensure that inflation lasts for a significant number of
e-folds in order to solve the shortcomings of the H BB model.

« Inflation ends when €,7, 7y ~ O(1); the last condition is equivalent to have V' ~ H?2. From this
moment, the reheating phase starts and the scalar field goes to the true minimum [I0]. V"
dominates over H?, the scalar field behaves like non-relativistic ordinary matter and it decays
into radiation, with a decay rate I's. Then, we recover the standard radiation-dominated epoch
of the H BB model.

e In principle one can construct an infinite tower of slow-roll parameters, which € and 7 are
the first ones, using successive derivatives of the potential. For example, we can define &2 =

1o 2
(ﬁf (%) , which is second order in the slow-roll parameters. We do not discuss these

parameters since we’ll work in this thesis at the lowest order in slow-roll parameters.

e It can be demonstrated that the temporal derivatives of €, i, and ny are of second order in
slow-roll. As a result, we can treat them as constants at first order.

 In the next section we’ll use that H << My, which can be derived from the fact that, in order
to avoid quantum gravity, we impose V << M;‘l.

2.2.3 Final remarks

The single-field slow-roll models are divided into different classes based on the excursion of the scalar
field during Inflation:

 Large-field models characterized by A¢ > My,
o Small-field models characterized by A¢p < My,
e Hybrid models which share some features of the two previous classes.

While we won’t delve into an extensive discussion on this topic, it’s worth mentioning that there are
observables associated with the scalar field’s excursion during inflation. This approach can efficiently
provide insights into the shape of the potential involved.

Lastly, we mention the concept known as the cosmic no-hair principle, which essentially states that
regardless of the initial conditions (which could be anisotropic and inhomogeneous), the universe
will still undergo inflation and end up in a Robertson-Walker (RW) scenario. A priori it may not be
apparent that inflation can occur when starting with a non-FLRW metric and it’s not obvious that the
anisotropies and inhomogeneities are washed away by this mechanism. Nonetheless, in a wide range
of diverse scenarios, it is possible to demonstrate that everything works as expected. An illustrative
example regarding Bianchi models can be found in [47]. However, due to the absence of a completely
general proof, this is regarded as a principle.

2.3 Adopted formalism to the computation of primordial power spectra

Now, the goal of the remaining part of the chapter is the computation of the primordial power spec-
tra of the gauge invariant curvature perturbation on uniform energy density hypersurfaces ¢ and the
gravitational waves (GWs) in a fully consistent manner, considering both inflaton and metric per-
turbations. For the scalar perturbations, one could choose not to consider metric perturbations and
instead work in a De-Sitter background, calculating the primordial power spectrum of the inflaton
perturbation. Then, using d¢ = —%C [MH], one can switch to the curvature perturbation and get its
power spectrum on super-horizon scales, which is what we are interested in. In this scenario, the
field can be canonically quantized in a De-Sitter background, following the explanation provided in
2. Although the method of working solely with inflaton perturbations in a De-Sitter background is
insightful and commonly the first approach used for explaining the guiding principles of these analyses,
our preference is to directly address the completely consistent case, wherein we also incorporate metric
perturbations.
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In this context, we work in the ADM formalism, introduced in appendix and we write the metric
tensor in the form of eq.(C.38)

—(N? — N;N%) NZ-> B —N—2 ﬁ;'
= , - i : PN J 9 267
Jop < N; hij g %2 B — NN];U ( )

where N and N? are respectively the lapse and shift functions introduce in section In the unitary
gauge, we have

1 , .
5o(t,x) =0, hij = a*(t)e* ) <5Z-j +7ij + Q%»m’“j) , 9y =0, ~=0, (2.68)
where ¢ and v are first order quantities and are the “true" degrees of freedom we are dealing with.
I want to stress here that in this gauge ( coincides with the gauge invariant curvature perturbation.
The notation can clearly lead to a misunderstanding since we are calling with the same name two
different quantities. If we recall the definition of the gauge invariant curvature perturbation at linear
order we have
vl adp

(=—¢ . _;%_ (2.69)

In the unitary gauge, we have
o=—C X'=0, dp=0odd+V'és=0, (2.70)

where the expression of the matter density perturbation has been derived from the perturbed version
of eq.. Thus it’s clear that the ¢ we have introduced in the metric is the gauge invariant curvature
perturbation on uniform energy density hypersurfaces. The other gauge we are going to adopt in the
master’s thesis is the spatially flat gaugeﬂ,

1 . .
5p(t,x), hij = a®(t) <5ij + vij + 2%'1<;’ij> , 0y =0, ~4=0. (2.71)

In this particular gauge, it is possible to demonstrate that the gauge-invariant curvature perturbation

isdp = —%C 3. It is important to emphasize that this ¢ corresponds to the gauge-invariant curvature
perturbation, which coincidentally, in the spatially flat gauge, equals the scalar field presented in the
metric perturbation. We make this clarification because, without it, there might be a misconception
that the field ¢ in the spatially flat gauge is the gauge invariant curvature perturbation. It’s the gauge
invariant curvature perturbation which in that specific gauge is equal to the scalar field ¢ introduced
in the metric perturbation. We stress that if ( in eq. is the “true" gauge invariant curvature
perturbation, we can set that  to zero, since it’s gauge-invariant and in the spatially flat gauge can
be set to zero; thus it would always be zero in any other gauge. Even if this can lead to confusion
we are going to call { in as the gauge-invariant curvature perturbation having mind what we
have discussed here. In what follows we are going to derive the powers spectrum of the curvature
perturbation in the unitary gauge but in section [5.5] we present the same computation in the spatial
flat gauge and we’ll show that we obtain the same results. This is not particularly insightful but it’s
useful to verify that by adopting two different gauges we obtain the same result.

Before going to the actual computation we would like to comment on the procedure used to fix the
gauge up to the n* order. Eq. is the first example of a second-order gauge, and now we proceed
to make certain observations pertaining to gauge fixing up to the second order. First of all, the Inflaton
perturbation it’s a scalar and can be decomposed as

6p(t,x) = 6W (L, x) + 6@ p(t, x) + ... (2.72)

When we establish a gauge up to the nt" order, we can conceive of the ability to nullify, at any order
up to nt?, two scalars and one vector. This is feasible due to the introduction of a new vector ¢ related

8We use this gauge in chapter
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to gauge transformations at each order, as elaborated in section Please note that this ¢ is the
vector associated with the gauge transformation. Therefore, in the unitary gauge scenario, we have
nullified all the (5(’”)¢(t, X), X(’”)”, and XET)L components, following the notation introduced in equation
(1.57). Furthermore, the metric perturbations involving the trace of the spatial metric, i.e. e2(tx)
have not been expanded. This choice is driven by the convenience of expanding these perturbations
once we have completed the computations, as it leads to simplifications in the intermediate steps.
This expansion of the metric is more convenient as we’ll see when we have to quantize the system.
Regarding tensor perturbations, we have written the transverse and traceless part of the metric as
exp (v)ij, which up to second order gives what we have written in eq.. This parametrization of
the metric tensor both for scalar and tensor [[§] is convenient when we have to quantize the system.

The action of the problem is one of the single-field slow-roll model which can be written in the unitary
gauge within the ADM formalism as

S = / d'oViN [DR+2X —2v] + / d*aVhN [EV B, — B?] (2.73)

where X = —5 g’“’auqbf)yqﬁ is the kinetic term of the inflaton field and where we set M, 2= 8rG = 1.
In the unitary gauge, we have

X = %N—%Q, (2.74)

where ¢ represents the time derivative of the inflaton field with respect to cosmic time. For simplicity,
we will omit the subscript 0 going forward. It is worth noting that the inflaton background value is
simply a temporal function that appears in the metric as a(t). We recall that

1r.
Eij = NK;; = B [hij — D;N; — D;N;| , (2.75)

where D; is the covariant derivative operator on the spatial hypersurfaces (see appendix [C.3]).

2.3.1 Constraint equations

In order to find the action for dynamical degrees of freedom, ¢ and -y, it’s necessary to solve for N
and N*, which are constraints as explained in section and plug the results back into the action.
We start by computing the constraint equation for the lapse function. Firstly, it is important to
observe that there are no terms in the Lagrangian that depend on derivatives of the lapse function.
Consequently, our focus will be solely on computing the derivative of the Lagrangian with respect to
N, as it is the only thing we need for obtaining the constraint equations

0L
— =0. 2.76
ON ( )
The three-tensor FEjj, its trace, the three-dimensional Ricci scalar, the inflaton potential, and the
determinant of the three metric do not vary with respect to N. Therefore, the only non-straightforward

derivative we need to compute is the one corresponding to the kinetic term, which is given by:

oX o [ 1 ) 0 | ¢ ¢?
A _ Y e L -
ON ~ ON [ 29 8“¢8”¢] N [ 59" 000 “b] [2]\72] N3 (2.77)
Thus we can obtain the constraint equation as
0=7r = fN[ R+2X—2V}+ ~VAN"! [EVE;; — E?] (2.78)
Vi Vin |28 L e, R
VR [© R+2X—2V}+ AN | -2355 | — s VA [BYE, — B (2.79)
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which, using that

) P2
2X + QN?N)\i = % - QN% =0, (2.80)
can be simplified as
(3) Q§2 1 3] 27

Now, our attention turns to the computation of the constraint equation for the shift function N ‘
taking into account that @R, V, N, and ¢ are all independent of the shift function. Thus, applying
the variational principle we get

as 1 o g y o dE;;
i) [ / d*edtVAN " { By Bhh) — h”Ein - / Brdt/hN-Y(EY — By 2
d\[\—o 2 = d\ |\
(2.82)
where we have used the notation for the variational principle described in [I3] and where df)fj —
% {—Di % N % )\_0}. Finally, using that both E¥ and h* are symmetric, we can write up
to a surface term
ds dN; Vh .. g
—|  =-2[dxdt —>| D;{-—(EY—ER);. 2.83
d\ \—0 / € d\ \—0 ]{ N ( )} ( )

Thus, we can write the two constraints equations as [
G ¢
0 =COR-2V-£& -

iz [BYEy; — E?]
0 =D, {%(Eij - Ehiﬂ’)}

(2.84)

Now, the task at hand is to solve these equations. However, an analytical solution is not readily
available, necessitating a step-by-step approach to solve them order by order. As we proceed, it’s
essential to note that we are interested in expanding actions up to the third order, thus as noted
in [I[§ and demonstrated in [B3] we only need first-order solutions to the constraint equations. This
is applicable to the single-field slow-roll model, Chern-Simons, and scalar chiral tensor theories of
gravity.

At this stage, we need to compute all the terms present in the equations. It is crucial to emphasize
that, at the first order, any non-zero scalar or vector arising from the tensor part cannot form, as the
tensor indices must be contracted either with a spatial derivative or the Kronecker delta. Thus we
can disregard the tensor in what follows. Since we are interested in the solution for the lapse and the
shift function at first order we introduce their expansions

N=1+2$, N =9'B+N' with ;N7 =0, (2.85)

where we have decomposed the shift function in a scalar and vector part which we can be always done
as shown in [30].

With all the necessary components in place, we can now proceed to solve for the desired values. To
begin, we compute the three-dimensional Christoffel symbols as

L km

where we have retained only first order terms in tensor perturbation while we do not expand the scalar
part for simplicity. Please note that the symbols are of first order. Now we can evaluate the Ricci
tensor as

Ri; = 8,1k — 9,1k 4 OTEET], - G)pL OTk (2.87)
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Evaluating each term in eq.(2.87)) we get
O PTE = 20,0;¢ — 8;; V¢, (2.88)
9,91k = 30,0;¢, (2.89)
GTEGT], = 60:¢9;¢ — 6;;30%0iC, (2.90)
BT OTh = 50,¢0;¢ — 20,;0°9;¢, (2.91)
and summing everything together we obtain
(3)RZ’]’ = —8,-8]{ + 8lCa]C — 62-]-V2C — 5”8’“C8kg“ (2.92)
Now we can easily evaluate the Ricci scalar up to first order as
Z' - 4
GR=n ](3)Rij - _ﬁv%’ (2.93)

from which it becomes evident that ( in this gauge invariant curvature perturbation introduced in
section Next, we focus on computing the E;; tensor and we get

(1)Eij = % [h” — DiNj — D]NZ:| = % |:h” — &1\7] - QJNZ} = % [(261,0',62C + 2{@2624)5@' — &Nj — 8]]\71
(2.94)
S, [(a : 1/, - .
=a” | (1 +20) +C ) 6y = 0i0;B — (ajNi + 81‘Nj) ; (2.95)

where in the first passage we have considered that the Christoffel symbols are first order. Regarding
the trace of this tensor, we immediately get

I a . 1 - - ; . ; .
E = e 2644 [(Z +¢)e* 8 — 9;0;B — 3 (asz- + aiNj)} =e % [3(2 +¢)e* — VQB] ~ [3(2 +¢) — V2B} ,
(2.96)

where in the last passage only first order terms have been considered. Since in eq.(2.84) we need E?
we need

. 2 . .
E2=9 <a’> +18%¢ —62v2B. (2.97)
a a a
Now we can evaluate the Fj;; tensor with one index covariant and the other one contravariant
i 2 o¢sim, 2 | (@ : 1 v y
By = a7 6™ | 2(1+20) +C ) Sy — 0mdiB — 5 ()N + 0 (2.98)
AN i 1 i i N7
= [<a+c)5j—aa]3—2(ajzv +8N])}, (2.99)
while the completely covariant version reads
y . ; . 1 - -
FiI — gt~ gil5im 42 [(Z(l + QC) + C) Ot — 010 B — B <81Nm + Ble)} (2.100)
-2 a : ij i L/ i nri
=a? [((Ca-20+0) 53—0833—5(6N9+63N) _ (2.101)

Now, we can evaluate E% E;; while considering that ((%N fi +(9j]\~fi) part cannot contribute at first order
since they must be contracted with a Kronecker delta

EVE;; = K ' (1-2¢) + g‘) - aiajB] [(Zu +2¢) + g’) 8ij — ai-B] (2.102)

QI

:3('(1—2c)+é> <Z(1+2c)+é> —2<Z+é> V2B (2.103)

%3(

SIS

ISHIESE

2 . .
) +6(2 —2%v2B. (2.104)
a a
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Before proceeding in solving egs.([2.84]), we evaluate two fundamental contributions which we need to
rewrite the constraint equations. The first one is

2 . . N . .
EiE; — B =3 ( > +6¢L —2%v2B — |9 <a> +18%¢ —62v2B (2.105)
a a a a a

a
a
a\®> _a:. &
—6 <> —12-C +4-V*B, (2.106)
a a a
while the second is
7 7 a - 7 % 1 \T% @ AT a ; 7 2 7
B - B8 = |(2+¢ 5j—aajB—§(ajN +ON;)| -3 S|+ VB, (207)

v\ 1 . . . _
=2 Kz + g) 53] 5 (0N +0'N; ) - 90,8 + V2BS';. (2.108)

Now we are ready to rewrite the second eq of egs.(2.84]) considering that the metric and its determinant
are covarianlty constant

0= D, L%(Eij - Eaij)} (2.109)
s [(1 —2¢) {—2 [(Z + g’) 5@] - % (8" +0'Ny) — 00 B + v235ij}] (2.110)
aftom-e] o)
=0 {—2 {(—2Z¢ + g’) 52] - ;VQNJ} : (2.112)

While the first constraint equation, using that % = H, becomes

0= —%v% —2(3H? — %¢02) — (1 - 4¢) [-61{2 —12H¢ + 4Hv23] —(1-4¢)®  (2.113)

4 . .
=SV - [—12H< + 4HV2B} — 24pH? + 4y, (2.114)
a
which dividing by four becomes
0=—V2[a"2¢ + HB] + 3H( — 66H + ¢y . (2.115)
Thus, we have to solve the following system of equations
0 =—V2[a~2¢+ HB] +3HC — 66H? + ¢y .116)
0 :81-{—2 [(—2%¢+é> (513} —%VQNJ'} .
The solution of this system is
ol
N* =0
o (2.117)
B —a “H " (+x
Vi =S

which is identical to the one presented in [I3].

2.4 The scalar power spectrum

The goal of this section is to evaluate the primordial scalar power spectrum of the curvature pertur-
bation ¢ in a fully consistent manner. To start, we must assess the equations of motion (FoM ), which
requires computing the action at the second order in (. The constraints can be substituted with their
first-order versions, as explained in the previous section.
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2.4.1 The second order action

We recall that the action is
1 L
S = 2/d4x\/ﬁ (N (DR +2X —2v) + N7 (BU B, - ). (2.118)

To begin, we compute the three-dimensional Ricci tensor with an analogous computation tot the one
presented in the previous section

(3)R¢j = —aié?jc + 81C8]§ — (SijVQC - 5w8k§8kc (2.119)
The Ricci scalar becomes
BR = a2 % [—v% + 8 CHC — 3V — 3ak<akg} =g 2% [—4v2< - 28’%3,4] . (2.120)

Regarding the extrinsic curvature-related tensor we have

By = % |(26a? + 2a0)¢% 6,5 — 20200, + 20*0, BT | (2.121)
= a? {(é + g)e%éij — 9;0;B + 0y B(0;C6"; + 9;¢0%; — akgaij)] (2.122)
= a? [(é + g)eQ% — 8,0;B + (8;BO;C + 0; B¢ — akBakcaij)} , (2.123)

where we have used that N; = ) gijaj B = a?0;B at first order. The fully contravariant version of the
extrinsic curvature tensor reads

EY =q7? [(g’ + 2)5e X — 991 Be ™ 4 e~ K(9' B¢ + 89 BO'C — 0p BO* (6 )] : (2.124)
a
Thus we can compute at second-order

E9E; ~3(¢ + %)2 + 9;0;BO'¥ B — 2¢7 % (¢ + S)V2B - g%ch‘)kg, (2.125)

and, we can evaluate

. 2
E? = {e—2< [(é + 3)6243 — V2B — (20" B8,¢ — 38kB6k’()} } (2.126)
. . 2
~49(C + %)2 +(V2B)? = 6(¢ + g)vef — 68" BOCH. (2.127)

Finally, we can compute

a. V2B

2V2B . G )
a’ e

y . a i 9 .
EJEZ-j—E2z—6(C+g)2+8i8jBaajB— e (C+a)—(V2B) +6(¢+

+ 40*BO,CH
(2.128)

~ —6(C+ H)? + 0,0, BO'?" B + 4% [é + Z] V2B — (V2B)2 +40FBoRCH.  (2.129)
Now, using that Vh = a3e3¢ we can rewrite the action as
S = % / d*za’e™ [(1 — Ii)(—a—%—% (4V2C + 20,¢0"() + N2 — 2V))
+ Nt <6(g‘ + H)?+0,0;B0'0"B + 4 [g’ + g(l — zg)] V2B — (V2B)2 + 48kB8kCH>] ,
(2.130)
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which can be manipulated to be presented in a more illuminating form.

First of all, we have
} 4, 3 3¢ ar—1 a.raiain _ (v2R)? ~1 4.3 2 2n (w22 | _
5 | dwa’e N7 (9:0;BI'Y' B (V’B)")| = 5 | d'wa’|(+V°BV'B (V?B)")| =0, (2.131)

where we have disregarded total derivatives. Then, there is another term that can be rewritten up a
total derivative

3 : _
/ dtd%zilva [(1+I§)VzBe< + *BoyC| ~ / dtd3z2Ha® | V2Be* +6’“Bak§} (2.132)
~ / dtd®z2Ha® [V2B¢ + a’“Bakg} (2.133)
= / dtd3z2Ha® '—agBagchakBakc} =0. (2.134)

where note that at up to second this term is identical to the sum of the third and fifth one in the
second line of eq.(2.130). Thus, we get the following action

1 . . 2
S=3 / dizade® [N (07267 [~av2¢ - 20°¢oM¢| + N2y —2v) — 6N (C+ B) } (2.135)
=51+ .59, (2.136)
where for convenience we have introduced
1 4.3 3¢ —2 ¢ 2 k - ok
Si1=5 [ diza’e | N (0727 [av2C - 20°¢oR¢| - 2v)) |, (2.137)
1 . 2 .
Sy = 2/d4xa3e3<N—1 [—6 (g + H) + ¢>2} (2.138)
Now we solve the first action

. c 2
S, = ;/d4xaeﬁ [(1 + [3) ([_4v2< N 2akgakc] _9 <3H2 _ gﬁ;) a262C>:| (2139)

: H H H
(2.140)
= ;/d‘lxa :—é4v2c - 4CV2C - Qakgakc + a2 <1 +3¢C+ gg2 + é + 3(}{[) (—6H2 n QS.02>:|’
(2.141)

where in the first line we have used the first Friedmann equation, i.e. eq.(2.54) and in the last passage
we have eliminated a total derivative. Switching to the second action we get

. . -

52 = ;/d4xa3 <1+3<+ 242 B % _3%+ éz) [—6 (& + 12+ 2H) +<752} (2.142)
. . -

— ;/d4xa3 <1+3C—|— gCQ _ % _3%+ }g{g) [_ <6H2 _¢2> _ <6Q:2+12éH):| (2.143)

2 H H? 2 H

(2.144)

.2 .9 . 9. .9 .
:;/dtd?’mg{—(w?— % oc (6 + )¢ + 20 —mHg‘_z(gHz_%) (1—C+3c
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Now we can extract the 0th order lagrangian and we get
SO — / dtd3za3 [ o0V — 6H? — ¢y ] : (2.145)

where the superscript indicates the order of the action. This is just a test to verify that what we have
done is correct. Now, we proceed to validate the vanishing of the first order action

s — / dtdPza® [(—6H2 + ¢'02) (3g + é) —12H( + (—6H2 + ¢'02) <—é + 34) (2.146)
- % / dtdza® [(—61{2 + ¢02> 6¢ — 12H¢} (2.147)

_ % / dtde :af’) (—6H? +d0”) 6¢ + % (12Hd®) g] (2.148)

% / dtd®s [ a? (—6H2 v ¢02) 6¢ + 12 (Ha3 v 3H2a3> g} (2.149)

_ % / iz |a? (6% + ") 6¢ + 12 ( ¢522a3 + 3H2a3> c] (2.150)
=0, (2.151)

do”

where we have used that H = — 5—- Now we are ready to evaluate the second-order action

. 2 .2
52 — % / d4m{—lfl4v2<—4gv2c —20%¢ok¢ +a? | —-(3H? - b’ )18¢2 ¢3{§ ] — 36H¢g'a3},
(2.152)
which, using the following integration by parts
first = % / dtd*za (—4¢V?() = 1 / dtd*za (40'¢0,() (2.153)
blue = / dtd®za —ig'v% = / dtdPza | 24 (0°¢oiC) | = 1 / dtd®z2a(1 + €)(0;¢)*
2 H H dt 2 S
(2.154)
_1 303 [ — '_1 3.3 [ _ d2_1/3 3 2¢0 2
=2 / dtd>za ( 36Hg<) =3 / dtd*va® (—18HZ? ) = o [ did*a18a* | 3H 2,
(2.155)
becomes
S = /dtd?’xe{a3¢2 — a@kgakC} (2.156)

where we are working in cosmic time and where in the previous computations we have used that

© 2 © 2
) ' Po
Mpl = 17 € = ﬁ’ H = —7 (2157)

Now using conformal time and reintroducing the Planck mass we can rewrite the action as
12
5@ = /de?’:):a?(T)Mgle{C - 8k<a’“c}. (2.158)
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2.4.2 The FoM and the power spectrum

In order to get the FoM we reintroduce the M, and we make a field redefinition by defining the
so-called Mukhanov-Sasaki variable

v=2(, 2 =V2eaM,. (2.159)

Thus, the action eq.([2.158)) becomes

! /

2 12 ’ 2 ro
A ;/d4x22{ <1; — ;U) — 8kC3kC} = ;/d‘lgvzz{q;2 + (;v> — 2%;1) — 8k28k2}

(2.160)
1 \
= /d4x{vl2 + <2v> — 0o - 8kv6kv} (2.161)
2 z z
1 : !
= 2/d4x{v g F v + Z—UQ, } (2.162)
z
where we have integrated by parts in the last step. Now going to Fourier space
dgk ik-x
(7, x) = / ﬁv(r, k), (2.163)

and, varying the action we get the following equation of motion for the mode functions v (7) = v(7, k)
" 2 Z”
v + | kS — — = 0. (2.164)

Before solving this equation, we must obtain an explicit expression for Z-, and we can achieve this by
using the definition of z in the following way

!/ ! 2
2" d [z z
—_ = — — . 2.165
z dr(z>+(z> ( )

: 1
) :2ia+aH:aH(1—nv+26)%——(l—nv—i—?)e), (2.166)
€ T

Thus, we can compute

i, d \2ea(t)M,
i \V3ea(t)),

z

where we exploit the result of the appendix on quasi De-Sitter expansion (appendix [C.1)) and, we use
that

H H? g
—2= +2 H 2
ST T L 9 = ¢°¢° +2He = 2(—ny + 2¢)H. (2.167)
€ _H H ¢
H? 0
Now eq.([2.165)) reads
2" 1 1 1
which allows us to rewrite the equation of motion as
" 2 V2 — i 2 9
'Uk + k 7T Uk :0, | Z— 14’96737’]\/, (2169)
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which can be solved as done in appendix as

B LS 1) s
(1) = 7\/—7'Hl, exp i (7 + Z) (2.170)

We recall that in order to obtain the solution we have assumed Bunch-Davies’ initial condition [b4]

vE(T) SLEEEN e kT (2.171)

5~
w

and we required the following
W{vg, v} = vpv} — vivy, = —i, (2.172)

which as we’ll see allows us to recover the standard commutation relation for the creation and anni-
hilation operators. Since the EolM is of second order we can always impose two conditions on the
solutions.

Next, we are ready to move forward with the canonical quantization of the system. Our first step is
to determine the conjugate momentum to the variable v, denoted as m, = 8—5/ — ¢'. In this context,
the subscript indicates that m, is the conjugate momentum with respect to the variable v. Thus, we

can impose the canonical commutation relation F3] B2 O]

[v(7,x1),v (1,%2)] = 6O (x1 — x3), (2.173)

/ I

[v(T,%x1),v(T,%x2)] = [v (T,%x1),v (T,%x2)] = 0, (2.174)

and write the fields as a combination of creation and annihilation operators

3 . .

(7, x1) = / (;l;;g [vk(T, k)™ % (k) + v (7, k)e’lk'xdT(k)], (2.175)
3 . ’ .

v (7, %1) = / éﬁ’;g [uh(r k)™ a (k) + vy (7. K)eal () (2.176)

Thus, inverting the relation we get

a(g) = i / BB re—iax [U;*(T, ¢)i (%) — v (7, ) (7, x)] , (2.177)

’

at(g) = —i / P et iy, ) (7,%) — vy(r. )8 (7.30)] (2.178)

from which we can obtain the commutation relation for the creation and annihilation operators

la(k), af(q)] = (2m)%6®) (k — q), (2.179)
[a(k), a(q)] = [a'(k),a'(q)] = 0. (2.180)

In what we have done is crucial that the condition on the Wronskian 2.172 holds in order to recover

eq.(2-179) and (.130).

Finally, we are ready to compute the power spectrum which is simply related to the two-point corre-
lation function in Fourier space

(01 (7, k)3, 0)[0) = (0] (vi (7, K)a(k) + v 4(r, =k}l (=) ) (vy(r @)ala) + " o(7, —0)al (~0)) [0)
(2.181)
= (Ofor(m ka(k)* (v, ~@)a' (~)|0) (2.182)
=| (k) 2 63 (k + q)(2)?, (2.183)
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from which we can extract the power spectrum and the adimensional power spectrum (see section [L.6|)

_uGR P R k) P

P = = RERELA S A 2.184
¢ 26a2M51 ’ ¢ or2 QGaQMgl ’ ( )

where the subscript recalls that we are computing the gauge invariant curvature perturbation power
spectrum. Using the asymptotic expansion for the Hankel functions [B9]

(—/m')_”‘% I'(v) s

—kT<<1 i(y_;)z v_3

vp(1) ———— '\ 2)2 2V72 (2.185)
V2k  T(3)
we immediately get the two power spectra on super-horizon scales
1 H\2/ | \>% 1 H \2/ k \3%
Pr~— | — — , Ac~ — — . 2.186
©7 Jek? <Mpl> <aH> DY <277Mpl> (aH) ( )
Now, we can immediately evaluate the spectral index (see of the scalar perturbation and we get
dIn Aq(k)
1= S 9 — 2.1

N Tk ny — 6e, (2.187)

which corresponds to an almost scale-invariant power spectrum. Since, from section [1.4] we know
that the gauge invariant curvature perturbation is conserved on superhorizon scales roughly we can
say that on super-horizon scales the power spectrum retains the value it has at horizon crossing, i.e.

k~aH,
1 ( H\?
Pr~ —
¢ 4k3<eMpl>

2.5 The tensor power spectrum

2
H
VAV () . (2.188)
—aH 2\@6pr5 -

This section aims to evaluate the tensor power spectrum within the ADM formalism in a fully consis-
tent way. The calculation presented here may not reveal any particularly enlightening insights, but it
serves as a warm-up exercise for what we need to do in the next section. Additionally, this computa-
tion enables us to obtain the correct normalization factor for the power spectrum. Independently on
the gauge we adopt, since we are interested in tensor perturbations we can set to zero all the scalars
in the metric and write

1 0 1 0
_ 2 w =2
=a , =a s s g . 2.189
I (0 (6i5 + i %%‘W%‘)) g (0 (69 — 97 + %’Y”V%)) ( )

Note that we are interested only in deriving the FoM to compute the Power spectrum so we consider
terms in the Lagrangian up to second order in h. We recall that the Lagrangian we are interested in
is

M2
Lue = Tpl\/E [(3)R + KoK — KQ] ) (2.190)

where we have set N = 1 consistently to what we have said. Therefore, we can start by evaluating
the extrinsic curvature up to second order

1 7. 1.
Kap = 5 [y = DNy = DN, | = S (2.191)
All the computations that we do not repeat here are performed in detail in appendix Since as
shown in section [C.3.4] we only need to evaluate the spatial components of the extrinsic curvature we
can use Latin indices and obtain

1. 1 .
a2’yik*y]]-“ + *CLQ’yik’yjk. (2.192)

L. : : L. L.
Kij = -gij = aad;j + aay;j + *CLZ’)/Z‘]‘ + faa'yik’yf + 1 1

2 2 2
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The fully contravariant extrinsic curvature reads

R A S PR [ SR A (NN
KY = 55” - 571]4‘5@ 244 +§$71k’7i_10 271kV1]g_1a 2y (2.193)

Thus we are ready to compute the necessary ingredients to rewrite the second and third terms in the
action

iy az 1 ...
KZJKU' = 39 + Z’y”’yij, (2194)

GIK; = 3%. (2.195)

Now we have to evaluate the three-dimensional Ricci scalar which can be evaluated as we have done
in appendix [C4]

1 1y, 1,
OR= [&-Dl + 57t + 47“71«%#"} : (2.196)

where, D; is a second-order function in tensor perturbation, and its specific expression is not significant.
What matters is that it can be represented as a spatial total derivative. As we observe in appendix
Vh ~ a®(1+ O(y%)). Now, inserting everything in eq.(2:190), eliminating total derivatives and
switching to conformal time we find the following action

M2 155 ;
Sg?) = /dv'cl?’ajgpla,2 {’y J’y G~ ’V“,k%’l’k} . (2.197)

Using the variational principle we immediately get the EoM for the tensors perturbation

’

v+ 2%7;]. — V2 = 0. (2.198)
Now, going into Fourier space,
dSkeix.k s (1 s\ * /1), * *
fYZ] (T7 X) = W Z |:€’Lj (k)u8(7—7 k)bs(k) + (sz) (k)us (7-7 _k)bs(_k) 3 (2199)

where €;(k) are the polarization tensors defined in section us(7, k) are the mode functions while
bs(k) are functions of k. The basis we adopt for the polarization is completely equivalent. The
equation in Fourier space for the mode functions are

’

(7. k) + 25wl (7, k) + KPug(r, k) = 0, (2.200)
a

v(7,k)
a(r)

0 (J(T,k) LYrkd oK) <a2 _2c/2>> +23' <7/(T,k) - U(T,k)a’> k)

which, using this field redifinition u(7,k) =

a a a a asd a a a a a
(2.201)
0+ (=L e = S8 L (e m ) g (220
- bl CL2 9 - a 7_2 9 ) .

where we have exploited the results of appendix and where 12 = % + 3e. Thus, we see that
equations for the mode functions are identical to the one of the scalar field and we do not repeat the
calculations but we report the results

=S5 () () -2 (&) e
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where the subscript T" stands for tensor, the subscript s refers to the polarization. The tensor spectral
index is

np = —2e. (2.204)

At horizon crossing we have
167 [ H \? 8 ( H\*
Pik)= —& | — As(k)=——) . 2.205

The total tensor power spectrum, which is the sum of the two polarization states contribution, is

2.6 From quantum fluctuations to initial conditions

Now, we have to understand how from primordial quantum fluctuations we can set the initial condition
for the subsequent evolution of the fluctuations. This can be done using that the gauge invariant
curvature perturbation on uniform energy density hypersurfaces,

. 1
(=—9¢— o & (2.207)

Po

is constant on super-horizon scales. Hence, the concept is that the fluctuations generated during
inflation go on super-horizon scales. Subsequently, they become frozen and remain so until re-entering
within the horizon during the epochs of radiation or matter dominance. As an illustration, let’s take
two scales, denoted as A and )\/, as depicted in the figure @ These scales are associated with wave
vectors k and k', respectively. Throughout the inflationary phase, A and A" go on super-horizon
scales at times t1 (k) and t; (k/), respectively. Subsequently, during the epochs of radiation and matter
dominance, these scales re-enter under the horizon at times #5(k) and ¢5(k’), respectively. Thus, if

Matter dominance

1 =
AT |
: Radiation H
| dominance !
A — t
Lo ! i
I : |

I I Y

Figure 9: The scales A and M.

we want to evaluate the power spectrum of matter or radiation perturbation we need to evaluate the
relation between these perturbations and (. It’s possible to show that

5& AT 5pmat

Crad = = Ta Cmat = 3,0mat’

(2.208
4p- )

o6



where we have used the standard relation between radiation energy density and temperature, p, oc T4,
It’s worth noting that we have computed these quantities within the spatially flat gauge, where qAS = 0.
This choice of gauge is permissible because { remains gauge invariant, allowing us to choose any gauge
we desire to evaluate its expression. Now, if we want to evaluate the power spectra for temperature
and matter perturbations we simply have to use that ( is conserved on super-horizon scales

Glta, k) = k) = g2 (2.209)
C(t1,K) = Clt2, k) = %, (2.210)

from which we can write
Al a0 = ACl, ) - (2.211)

2.7 The Importance of the stochastic background of GWWs

In this section, we mention something about the importance of detection of GW's in constraining
Inflationary models. First of all, we have to introduce the so-called scalar to tensor ratio r, which is
defined as

A 16 [ M}
=T =— | =2 Te = 16€ = —8nr. (2.212)
A T |\ H2
¢ lk=aH M2

pl k=aH

r=

This relation is often called consistency relation. The actual bound on the scalar-tensor ratio is [32]
r < 0.036 (95%C.L.). (2.213)

The scalar to tensor ratio would provide useful insights into the dynamics of Inflation since it allows
us to evaluate:

e The energy scale of Inflation
We say the energy scale at which Inflation took place basically depends on the slow-roll potential
Einy =~ Vi. Now, we can write

1 1 1 2 VT 16
Bing = Vi~ [HMy)? = |A2My | = 15| 10°Gev, (2.214)

where it’s clearly an estimate which allows us to individuate the order of magnitude of the
quantity of interest. From this relation, it’s evident that a detection of the background of
stochastic GW's would give us insights into the energy scale of Inflation.

e The distinction between large and small field models
A measurement of r would provide useful insights also on the kind of model we have to consider.
In fact, we can write the excursion of the scalar field during Inflation as

1

. H ho [t 2
A, — / odtL = O [ Bt = EMyNews = - MyNears. (2.215)
i H HJy 4
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3 Parity violation in the galaxy four-point correlation function

In this chapter we discuss the issue of the measurement of parity violation in the galaxy four-point
correlation function as presented in [ and [I]. This is the starting point of the work since the goal of
the thesis is to try to reproduce these kinds of signals as relic signatures of parity violation in the Early
Universe. We are going to do this in section [f] and in section [f] in which we study models of modified
gravity which can imprint parity-violating signatures in the trispectrum of the curvature perturbation

C.

Before entering theoretical computations regarding the four-point correlation function or its analogous
in Fourier space, the trispectrum, we would like in this chapter to illustrate the basic ideas underlying
the measurement of parity violation in the galaxy four-point correlation function. So for the sake of
simplicity, space curvature and expansion are ignored. This allows us to work in three-dimensional
euclidean space, R3. We disregard that galaxies are observed along the back-light cone, not at a fixed
instant of cosmic time ¢. This is a good approximation [G] because most of the available data samples
only a small fraction of the Hubble distance. A more detailed and complete analysis can be carried
out taking into account additional effects, such as spatial curvature 0. So we can say that position-
dependent fields are real random fields that are statistically homogeneous and isotropic in the sense
specified in section Moreover, they satisfy the hypothesis of the ergodic theorem eq..

In particular, the field we analyze is the fractional matter density field defined on R? as

dp(t
s(t,r) = 22T (3.1)
po(t)
where po(t) is the spatial mean of p(t,x) = po(t) +dp(t,x). For the sake of simplicity, in the following,
we omit the time dependence of the density fields. The galaxy four-point correlation function is defined
as

((s,r1,r2,1r3) = (0(8)0(s +11)d(s +1r2)d(s +r3)), (3.2)

where (..) denotes the ensemble average and s, r1, ra, r3 indicate absolute and relative positions on R3.
Invoking the ergodic theorem, eq.([1.122]), the galaxy 4PC'F' estimator [I] becomes

~

((r1,re,r3) = (6(s)6(s +11)d(s +r2)d(s +1r3)) (3.3)
- ‘1//dsé(s)é(s+r1)5(s+r2)5(s—|—r3), (3.4)

provided that V', the volume over which we measure the 4PCF, is sufficiently large. In eq. we
denote with a hat the quantity measured from data and we opt for this notation throughout the
entire chapter. We stress that in data analysis we have to take into account the range of validity of
eq.ﬂ and we simply assume that the volume is sufficiently large. In eq. we have introduced
the 4PCF estimator but, in practice, we cannot use it and we group the data in bins of finite size,
B(ry,rp,r3), for example, angular and radial bins. For example, given a sample of N, galaxies at
positions

Xj=1,.,N,, such that Vi € [I, Ng], r; € [20,120]h~" Mpc, (3.5)

we can divide this interval in 10 identical parts with Ar = 10h~'Mpc. We label each bin or interval
with an index b = 1, .., baz=10 and we identify A, = [10(b + 1),10(b + 2)]h"1Mpc. In this way, we
can define 6°(r)

0°(r):R —R (3.6)

{Gb(r) =1 ifrely,

. 3.7
6°(r) =0 otherwise (3.7)

9If the volume is too small we are not computing the NPCF
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In the same fashion we can introduce the angular binning. Therefore the problem reduces in estimating
the coefficients of such decomposition

(B =/dr1d1‘2d1‘3C(1‘1,I‘2,I‘3)B(1‘1,r2,1‘3)> (3.8)

where the é B is a R number and the subscript B refers to one of the bins we are using. We stress
that unavoidably we have to average over the space otherwise we are not measuring the 4PCF as
explained in sec In general we have access to a discrete field of Ny particles at positions x;=1,. N,
with weights w;, which is defined as

Ng
5(s) = > wis® (s —xy). (3.9)
=1
Using eq.(3.9)), the estimator becomes
2 1
(B = v /dsdrldrgdr35(5)5(s +1r1)d(s+1r2)d(s +r3)B(ry,ra,r3) (3.10)
1 Ng Ng
=v /dsdrldrgdrgB(rl,rg,rg) Z w5,0®) (s — Xjo) Z w0 (s + 1y — x;,) | x  (3.11)
Jo=1 Ji=1
N.q N‘]
X 1Y wpdP(s+re—xp) | | D w8 (s + 15— x;,) (3.12)
Jo=1 ja=1
Ng
= Z Wi, Wy, Wi Wiy B(Xj, — X, Xjp — Xjo, Xjy — Xj), (3.13)
J0,71,J2,73=1

which is a sum over a triplet of particles, and it has a complexity O(N;L). If we consider the generic
NPCF, the estimator has complexity O(NéN ) which, unless N is small (N = 2) it’s useless due to
computationally costs [0]. To solve the problem, instead of projecting on angular bins, we use a
basis for isotropic functions of N — 1 vector variabled'V] introduced in section [3.1] whose elements are
products of N — 1 spherical harmonics:

3

/ dsd(s) / [H dri0% (1:)6(s + 13)Ya,m, (is) | , (3.14)
i=1

where YA, m, (F;) = Ya,m, (01, 1) is the spherical harmonics with indices A; and m; (appendix [B.1]). We

are not going to use eq.(3.14])) but a sum of terms like this weighted by Wigner symbols, as explained

in section This trick allows us to obtain an algorithm that has complexity O(N, 5) for every N, as

explained in section [3.3

The remainder of this chapter is structured as follows. In section|3.1] using techniques of quantum me-
chanics, we discuss how to decompose a generic isotropic function of NV vector variables in a convenient
orthonormal basis, which is the one used in data analysis. In section we show why, considering a
scalar field, we need the four-point correlation function to search for parity violation signature. We
give both an intuitive geometrical argument and a more formal one, based on the properties of the
basis’ elements introduced in section In section B3] we briefly introduce the algorithm used in
the analysis and in the final section B3] we discuss the claims of measurements of parity violation
signature found in the galaxy 4PCF by [ and [IJ.

3.1 Isotropic N-point basis functions and their properties

As discussed in section [1.6] we know that the NPCF's of a real scalar field are isotropic functions of
N — 1 vector variables. In this section, following [, we present how to provide an orthonormal basis

10As explained in sectionthe NPCF are isotropic functions of N — 1 vector variables.
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for square-integrable isotropic functions of positions R = [ry, .., rn], where R stand for the collection
ofry,..,rn. To do that in a manageable way we use the quantum mechanics (hereafter QM) formalism
for the addition of angular momentum. In appendix [B:2] we summarize the most important features
of the procedure used for the addition of two angular momenta following Ed. In QM we have that
the orbital angular momentum is defined as L (LZ, Ly, L ») =r x p and it’s possible to diagonalize
simultaneously L? and L, since [L ,Lz = This procedure can be found in any QM textbook and
we have that the spherical harmonics Ylm(e, (;5) of order [, mEl are common eigenfunctions of L? and
L, with eigenvalues (I + 1) and m respectively

f/2}/lm(97 ¢) = l(l + 1)}/lm(97 ¢)7
L.Yim (0, 6) = mYim (6, ¢), (3.15)

where [ > 0,1 € N and m € [—1,1]. As stated in [B7] we know that
L*(R®) = L*([0, o0), r’dr) @ L*(S?) (3.16)

and that the spherical harmonics are an orthonormal basis of L2(S?). In eq.(3.16) we have introduced
L%([0,00),7%dr) = {f(r) :R—= R | / drr?| f(r))?, < oo}. (3.17)
0

Thus it’s always possible to decompose any f(r) € L?(R?) in the following way

+oo 1

=0 m=—1
where we r = |r|.

We introduce the method starting from the case N = 2, i.e. the decomposition of a square-integrable
isotropic function f(ry,rs) € L?(R?)® L?(R3) of two vector variables, r; and r. We seek an orthonor-
mal basis for isotropic functions of r; and ro. We can achieve this by using some basic facts of QM.
The basic idea is to think of L?(R?) as the state space of a free particle with spin 0 with an associated
angular momentum operator L. So the functions we want to decompose belong to the state space of a
composite system of two subsystems of particles with 0 spin with space states €; and €2 and angular
momentum operator L; and Lo. We indicate the composite space state as

£ =¢€1 ® ey, (3.19)

and its relative angular momentum operator with L = L; + Lo.

Now we want to make contact with the notation introduced in appendix Since the angular
momentum operator acts only on the angular part of the functionEL the one which can be decomposed
on S?, we write

e1 =2 = L*(R) = L*([0,00), rdr) ® L*(5%) = L*([0, 00),%dr) @ X1\, (3.20)

where X1\2 is the space where the angular momentum operator has no trivial dependence, i.e. L?(S?).
According to eq.(B.15|) we can write

x = (L2([0, 00), 72dr) @ L*(5%)) @ (L*([0, 00), r2dr) @ L*(S?)) (3.21)
= (L*([0, 00), r2dr))®? @ (LQ(SQ))®2 (3.22)
= (L%([0, 00), r%dr))®? @ Z x(L (3.23)

11n what follows, we omit the operator symbol, i.e. the hat, for notational simplicity.
12See appendix for definition and useful properties.
13We can formally write L = |,, ® L in order to emphasize that it doesn’t depend on r.
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where x(L,m) are subspaces with definite total angular momentum. We stress that ) x(L,m) is a
convenient way to express L%(S?) ® L?(S?). We recall that if we choose the spherical harmonics as
basis for L?(S5?) according to eq., we can always decompose a generic square-integrable function
of two vector variables as

f rlarQ Z Z Z fl1m112m2 (T17T2)}/l1m1 (915¢1)Y22m2 (025 ¢2) (324)

l1,la mi=—11 ma=—I2

We are not interested in generic functions of L?(R? ® R?) but in the isotropic ones. Now the isotropic
functions are eigenvectors of L with eigenvalue L = 0. So the relative state space is

(L*([0, 00), r%dr))®% @ x(L = 0,m = 0). (3.25)

Now we can express the states of x(L = 0,m = 0) either in the basis in which the states are com-
mon eigenfunctions of L, (L1),, L3, (L), or L? L2, L% L,. Our goal is to use products of spherical
harmonics, which are common eigenfunctions of L?, (L1),, L3, (L), and in order to do that we’ll use
the Clebsch-Gordan coefficient. To do that, we have to sum L; and Lo, into L = Ly + Ly = 0. An
element with L = 0 can be obtain only if L1 = Ly = A since |L1 — Lo| < L < L; + Ly. We denote,
according to the notation of appendix [B. | this state as Py o = |A, A, 0,0), which is expressed in the
basis of common eigenfunctions of L2, L2, L?, L,. The Clebsch-Gordan coefficients (see appendix
allow us to get an analytic expression for Py s as a product of spherical harmonics

A

(DA ~1A o
PA,A:WZm(Aml,Am\oo>|Am1 |Amg) = ZAﬁ A (F1) YA ( Z m Yam (#1) Y5, (F2),

(3.26)

where |A,m) denotes a single particle state with quantum numbers A(A + 1) and m respectively for

L? and L. and I = % is used to specify the angular dependence. In the first step of eq.(3.26| we

use the definition of the Clebsch-Gordan coefficients, in the second one we use their explicit expression
while in the last one, we use the expression for the conjugate of Y, (6, ¢) (see appendix |B.1). Using
eq.(3.25)) every isotropic function of two vector variables can be decomposed as follow

flri,ra) = f(r1,ra) Paa(in, Ba). (3.27)

A=0

Now we can generalize this decomposition to square-integrable functions of N vector variables, R =
[r1,..,rn], which we denote as

L2R)®N = {f: (R)®N - R| Hd3n|f 2 < o0}, (3.28)

(R3)®N
which can be written as
L*(R*)®N = (L*([0,00), r?dr) @ L*(5%))®N = (L*([0, 00), 7*dr))®N @ (L?(5%))". (3.29)

Now we seek an orthonormal basis of isotropic functions, i.e. functions that are invariant under
simultaneous rotations of the position’s vectors,

VR € SO(3), f(RR) = f(Rry, .., Rrn) = f(r1,..,rn) = f(R). (3.30)
We proceed in a similar way to what was done in the case N = 2. We identify

Vi=1,.,Ne¢g = L*R>) = (L*([0,00), %dr)); @ X, (3.31)

14YWe adopt this notation throughout the rest of the chapter.
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as the state space of a free particle of spin 0 and relative angular momentum operator L;. In a similar
way to eq. @[) we have renamed L?(S?) with x in order to make contact with the notation of the
appendix @ We also have introduced a subscript ¢ = 1,.., N in eq. to identify the N vector
spaces we have to consider. Therefore we can interpret

e = (L*(R?))®V, (3.32)

as the resulting vector space for a system of N particles with spin 0 and total angular momentum
operator

L=> L. (3.33)

In similar way to eq.(3.23]), we get

e = (L%([0,00),7%dr)1) @ x1 ® .. @ (L*([0, 00), 72dr)n) @ xn = (L3([0, oo),r2dr)®N ® Zx(L, m),
: (3.34)

where in the second passage we have dropped the subscript i for simplicity and where x(L,m) are
subspaces with definite total angular momentum. Since the spherical harmonics are basis of x;,
according to eq.(3.34]), we can decompose any function f(R) € L?(R*)®V as

Z Z fll’ SIn,ma,..mpy Tl? T HYE imy; z;¢z (3.35)

l1,..Iy m1,..,mN

We are not interested in projecting onto a basis the radial part of the functions but in working only
with the angular part. What we mean is that we are not interested in writing fi,  1y.my,..mx ("1, TN)

of eq.(3.35) as

Ju e my (115, TN Z Zakh kNSl MmN ka (i), (3.36)

k1

where {fl, ,f]} is a basis for LQ([O,OO),T2dT' and where ak, . gy i1,.In.mi,..my S are numerical
coefficients. Our goal is to decompose the isotropic functions using products of spherical harmonics
but if we want to reconstruct the full function we always have to remember that the coefficients
multiplying the product of spherical harmonics won’t be real numbers but functions of the moduli of
the radii. Now we are interested in isotropic functions, which are eigenfunctions of L with eigenvalue
L = 0 since we know that rotation invariant states are the ones with 0 angular momentum. A basis
of the space can be obtained by taking the tensor product of the single particle’s basis, i.e. a basis
for L?(R3). But we are interested in obtaining a basis consisting of spherical harmonics products.
So, as in the case N = 2, we want to express our basis elements as linear combinations of common
eigenfunctions L?, (L.)1, .., L%, (L.)n. The states in x(L,m) can be written as common eigenfunctions
of the operators L2, .., L3, L%, L, or common eigenfunctions of L2, (L1)s, ..., L%, (Ly)» and we can link
them using Clebsch-Gordan coefficients (see appendix .

Now advancing to N > 3 vectors we need to specify a scheme for the addition of angular momenta. If
N = 3, the sum of the the angular momenta associated with the first two directions, A1 and As, give
rise to Ajo, which, due to the triangular rule for addition of angular momenta must satisfy

‘Al — Ag‘ <A <A+ As. (337)

Now to have a state with total angular momentum we need A3 = Aj5. Therefore in the case N = 3,
we don’t need to specify any intermediate state. However, once we go beyond three vectors, there are

15The index k;j can be continuous but for the sake of simplicity we use a discrete one.
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choices to be made in the sense that we can have different intermediate combinations which lead to a
state with 0 angular momentum. So we need to specify a scheme with which we sum the various angular
momenta. We adopt a convention where we decide to sum the momenta as cumulants, i.e. summing
A1 with As we get Ao which combined with Ag give rise to Ajo3 and so on. For the sake of simplicity,
we indicate the full angular momenta with A = (A1, A2, A12,..) and with m = (mq, mg, ms,..). We do
not need to specify mio since mis = my + mo. It’s important to specify the intermediate momenta
because we get different elements of the basis. Let’s suppose that

AM=1A=2 A3=3, Ay =1, (3.38)
we have different possibilities to get status with 0 angular momentum. For example
A12 =2 — A123 = 1, A12 =1— A123 = 1, (339)

give rise to two different elements of the basis which are respectively Py and Py, where A = (1,2,2,3,1,1)
and A’ = (1,2,1,3,1,1). According to what we have done in the case N = 2 we have introduced the
elements of the basis as Pp. So any isotropic function can be decomposed as

Zf 71, "N ) PA(F1, ., BN), (3.40)

where the sum is over all the possible combinations of N angular momenta that give a final state of
0 angular momentum. The basis’ elements can be written as

Z C’Al_‘[YAmI r; (341)

mi,ma..

where the weights are

CA = CAl AN = Z <A1,m1,A2,m2|A12,m12> X .. X

mi.myN
mi12,Mm123..

(Ar.N—1,m1.N—2, AN—1,mNy—1|A1 N—1, M1 N—1) (A1 N—1, M1 N—1, An, mp]|A, 0,0), (3.42)

where |A,0,0) is the state in the basis of common eigenfunctions of L L27 ., L%, L% L,. Following
the same reasoning of eq. we can demonstrate the eq. using 1terat1vely the addition formula
for angular momentum. Indeed we can start decomposing Py as if it was the state resulting from the
linear combination of |A; y—_1,m1. n—1) and |[Ax, my):

A1 N—1,m1 N—1, AN, mN) = Z (A.N—1, M1 1, AN, mN[[A,0,0) AL N—1,m1 N=1) YA ymy
mi1..N—1,MN

(3.43)

where |A; ny_1,m1. n—1) is the state resulting from the addition of N — 1 angular momenta. Now
using the addition formula for

Ai N—2+AN-1 = A1 N-1, (3.44)

we can proceed in an iterative way decomposing |[A1 y—1,m1. N—1) as

AL y-min-) = Y, (An-2,mia2, Avon,myoalAL N1, ma 1) X
mi, . N—2,MN—-1
X |A1.N—2,m1.N-2)YAy_1my_, (EN-1)- (3.45)
So we get

Py =My, A Ao, AN) = > D (Arma, Ay, ma|Arp, mag) X

mi,..,MN ™M12,M123..

N
<Al..N—l7 mi.N—1, AN7 mny, |A7 07 0) H YAimi (f‘l)v (346)
i=1
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which can be recast in the desired expression of eq.(|3.41)).

We conclude this section by deriving the explicit expression for eq. and by analyzing some useful
properties of the basis elements. Now we focus on deriving the explicit expression for eq. in
the case N = 3, which is the one corresponding to the four-point correlation functions. Then we’ll
generalize to the case N > 3. So we have

CTA/}?, = Z<A17 mi, A27 mQ’A127 m12> <A12, mio, Ag, m3’A, O7 O> (347)

mi2

_ mz (Al Ay App ) <A12 As O> (_1)—A12+A3—m12+A2—A1
mi2

mip M2 —MmMi2 miz m3 0

_ m(ﬁ; Ay Az ) <A3 As O) (_1)—A3+A3—m12+A2—A1
1

mo —M3 m3 —ms 0
A Ay A ) (—1)As—ms —As+As—mgtAs—A
=/2A35+1 L (—1) fsThAsTmaTA2T A 3.48
’ (ml mz —m3) /2A3+1 (=1) (3.48)
_ (M A A (—1)AstAztis (3.49)
mi Mg Mms ’ ’

where in the first step we have used the definition of the 3 — j symbols (appendix , in the second
A12 A3 0
mio M3 0
In the third passage, we have employed eq. while in the last one, we have changed the signs of
the integerd’} When N > 4 we have

we have exploited that ( > is different from 0 only if mio = —mf and that Ao = Ags.

07/7\1 — Z (A1, m1, Ao, ma|A12, mia) X ..

mi12,M123,..

X (A1 N—1,miN—2, AN—1,mN—1|A1 N—1, M1 N-1) (A1 N—1,m1.N—1AN, mN|A,0,0)  (3.50)

N-1
_ H m Z <A1 Ay A > <A1..N2 An_1 A N_1 ) y
= j .

7j=2

mp M2 —Mi2 mi.N—-1 MN-1 —M1.N-1
mi12,MmM123,.-

% <TA/:L1..N1 Ay 8) (_1)—A12—..—A1‘.N71—m12—.-—m1..N71+A2+.-+AN—A1 (3.51)
1..N—-1 MmN

N—-1
= H oA, + 1 Z <A1 Ay A ) <A1,,N_2 An_1 AN> "
; mip m2 —Mi2 mi.N—2 MN—_1 MmN
J=2 m12,M123,.
An—
X (_U—le\l 71)—A12—..—A1,,N71—m12—‘.—m1'_N71+A2+4,+AN_A1 (352)

V2A 1 N1+ 1
N—2

_ H oA, +1 Z <A1 Ay A ) <A1..N2 Anv_1 AN ) y
j=1

mp M2 —Mi2 mi.N—2 MN-1 —Mi1.N-1
m12,M123,-

% (_1)+A12+.-+A1A.N—2*m12*~~*m1“1\1—2 (_1)A1+A2+~+AN’ (3.53)

where in the second step we have used the definition of the 3 — j eq.(B.22)), in the third we have used
the property eq.(B.24) and in the last step we have used that

(_1)AN*mN (_1)7A127~~7A1”N—1*mIZ*-~7m1A.N—1+A2+-‘+AN*A1 —
(_1)A1+A2+~+AN (_1)+A12+..+A1A.N—1*m12*-~*m1A.N—1 (_1)A1.AN—1*AN (_1)*m1uN—1*mN —

(_1)A1+A2+~+AN (_1)+/\12+..+/\1“1\1—1*77112*-~*ml‘.N—17 (3.54)

where we have used that A1 y_1 = Ay, m1.y—1 = —my and the fact that since all the angular
momenta are integers their sign in the exponential of (—1) doesn’t matter. Note that in an analogous

6This can be seen from the definition of the Clebsh-Gordan coefficients.
17If a,b c 2, (_1)a+b — (_l)afb — (_1)7a+b — (_1)7a7b'
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way to the case N = 3, the sum in eq.(3.51]) goes from mjs to mi 1 while in eq.(3.52)) from mi2 to
mi.N-2-

We conclude this section by demonstrating some useful properties of the basis we have introduced.

We start analyzing parity. Since the parity of the spherical harmonics Y;,,(r) is (—1)! (appendix [B.1])
we get

PIPAR) =2 > CAHYAmZ £ = ) CAHTPYAW B = ) CAHYAmZ

mi1,ma,.. mi,ma,.. mi,maz,..
(3.55)
N A
= g(A) Z Cfvxz H YAimi(f‘i) = E(A)P/%(R), (3'56)
m1,ma,.. =1

where €(A) = (—1)22‘1\;1 Ai and where we have used that C2 are numbers which do not transform under
parity.

Now we analyze the behavior under complex conjugation

. N .
Pi [PA]A %f Zﬁl A; %s even (3.57)
P} = —[P2]* if 7.0 Ay is odd
We now prove this last claim. First, the spherical harmonics (appendix [B.1)) satisfy
Yim(®) = (=1, () (3.58)
and we can also write that
<L11 —my, L21 _m2’L7 _m> = (_1)L1+L2_L<L17 my, L27 m2|L7 m>7 (359)
since
(L=, Ly =malL, -y = (22 E2 ) gyt (3.60)
—mip —MmMm2 M

_ <L1 Lo L ) (_1)7L1+L2+m\/W(_1)L1+L2+L (361)

mp Mmoo —Mm
= (L1, m1, Ly, ma| L, m)(—1)1TL2tE (3.62)
= <L1,m1,LQ,TTlQ‘L,Tﬂ)(-l)LlJFLQ*L, (3.63)

where we have used eq.(B.22)), eq.(B.28) and we have flipped the sign of L in the last equality. Then
we have [CA]* = CA since the Clebsch-Gordan coefficients can be chosen to be real ([58]). Using

eq.(3.63) we have

cA. =e(N)CA (3.64)

m
since

ch = Z (A1, —mq, Ao, —mg|A12, —mi2) X .. X (A1 Nn—1,—m1. N—1AN, —mN]|A, 0,0)

mi2,..

= > (A1, m1, Mg, mafAyg, mag) X ..

miz,..

(A.n—1,miN—2, AN—1,mNy_1|A1. N—1, M1 N—1) (A1 N1, m1.N—1, AN, mn|A, 0,0) X
% (_1)Al+A2_A12+A12+A3_A123+--+A1.4N—2+AN—1_A1.4N—1+A1..N—1+AN

= Z (A1, my, Ao, ma|Aq2, mig) X ..%

miz,..

(A n—1,mi N—2, An—1,mNn_1|A1 N—1,m1 N—1) (A1 N—1,m1.N—1, AN mn|A, 0,0) X
% (_1)A1+A2+..+AN

= 5(A)er>u

66



where in the first step since mqg,.. € [—Aj2, A12],.. we directly flip the sign of mja,... Now we can
prove the claim of eq.(3.57)) in the following way

N N
(Pal"= > On]lYim@E)= > CullYa-m@E)(-1)™ (3.65)

mi1,ma,.. i=1 mi,ma,.. =1
N N N
=c(d) > O (=== [ YA m () =e(A) D Cn ][ Yaum: (8) = e(A) Py,
mi,ma,.. i=1 mi,ma, i=1

(3.66)

where we have used that ), m; = 0 and since m; € [—A;, A;], in the fourth equality we have flipped
the sign of m = (my,..,my).

From the definition, it’s clear that Pas are a complete basis of x(0,0). Now we discuss the orthonormal-
ity condition of Py, which simply follows from the orthonormality of the spherical harmonics eq.(B.3])
and of Clebsch-Gordan coefficients, appendix

o

Az,A’QéAlg,A’IQ"’ (3.67)

[ RPRIPL R =5,

where we recall that R = [f1, .., Tx].

3.2 Parity violation with the four-point scalar correlation function

In this section, we explore the necessity of using N PCF's (N-Point Correlation Functions) with N > 4
to search for parity violation signatures. We consider a random real scalar field ¢(x) defined on R3,
and denote all the correlation functions with the Greek letter (, specifying their dependence to clarify
the context.

Firstly, we approach this issue from a geometric perspective. We can envision the NPCF's as solid
figures: the 2PCF corresponds to a segment (see Fig. , the 3PCF to a triangle (see Fig. ,
the 4PCF to a tetrahedron (see Fig. , and so on. Geometrically, a parity transformation is a
reflection through the origin (as depicted in Fig. [10a} [11a] and [12a]). NPCFs violate parity if the
reflected solid figure differs from the original one, i.e., they cannot be rigidly rotated to overlap. In a
3D space, parity transformation can also be interpreted as a reflection about a plane (such as the y = 0
plane depicted in Fig. [L0a} |[11a} and [12a]), followed by a 180° rotation about the vector perpendicular
to that plane, y = (0,1,0) in our case. Since the NPCF's are isotropic, only the mirroring effect is
significant.

If N = 2, there always exists a rotation, represented in Fig. that can map the transformed
segment back to the original one. In the same way the parity-transformed 3PCF (ﬁg can be
transformed into the original one through the two rotations sketched in fig[TTh] and While in the
case N = 4 we can rotate as in fig[I2H but as we can see in fig[T2d the two tetrahedrons are different.
Choosing the blue dot as our primary vertex, the 4 PCF' is defined by the remaining three vertices, the
orange (r1), red (ry) and violet (r3). For a given tetrahedron, {(ri,re,r3), we can order the argument
from the smallest to the larger one, i.e. 1 < r9 < r3. When viewing the tetrahedron from the blue
dot, i.e. the primary one, looking down along each vector r;, the direction in which one reads going
from smallest to largest side defines a handedness, clockwise (right) or counterclockwise (left). In this
fashion, the tetrahedron of ﬁg is right-handed while the parity transformed is left-handed (see
ﬁg. So regarding the 4PC'F' parity converts the clockwise tetrahedrons to the counterclockwise
ones. This kind of argument can’t be applied in the case N = 2\3, i.e. we aren’t able to define a
handedness that is equivalent to saying that the 2PCF and 3PCF are parity symmetric. The same
line of reasoning can be applied in the cases in which N)4.

We can demonstrate why parity violation could occur only with N > 4. The NPCF are isotropic
functions of N — 1 vector variables. Therefore they must be function of scalar quantities only. In the
case N = 2 we have only one available vector, r. The only scalar we can create is r. While if N = 3 we
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Figure 11: 3PCF
have r1, 73 and rq-ra. So we can’t violate parity since |P[r1]| = |ri| and P[r;-ra] = (—r1)-(—r2) = r1-ro.

If we have three vectors ri,ro, r3 we can form scalar quantities from an odd number of vectors, such
as r{ X rg - r3, which are not parity invariant.

We can also tackle the problem using the transformation law of P, introduced in section [3.1] i.e.
eq.(3.56). The case N = 2 is trivial since we have not angular dependence. While in general, eq.(3.56)
tells us that

PIPy] = e(A)Py with e(A) = (—1)Z1 A, (3.68)

If N = 3 we have to sum two angular momenta, A; and As, to obtain 0. To get 0, inevitably, we need
A1 = Ao, which implies

e(A) = (=1)MHhe — (L1)2M =1 yA e (3.69)

Since every element of the basis is parity even, we have that any isotropic function of two variables is
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Action of the
parity operator P

C(r T, 1)
Y
[
[
(a) ¢(r1,r2,r3) and P(r1,r2,r3). (b) The first rotation. (¢) The parity even and parity odd

tetrahedons.

Figure 12: 4PCF

parity even. In the case N > 4 we have to sum N — 1 angular momenta to obtain 0,

> A;=o0. (3.70)

For example if N = 4 we can obtain a Py with A = (A, A2, A12,A3) = (1,2,2,2) which has ¢(A) =
(—1)1+22 = —1. So if the isotropic function of N vector variables gets non 0 contribution from the
elements of the basis with ¢(A) = —1 the NPCF violates parity.

3.3 The galaxy four-point correlation function estimator, data analysis and results

In this section, we discuss the estimator of the galaxy 4PCF (eq.(3.84)) projected on the basis of

section we outline the algorithm used in data analysis (eq.(3.97), eq.(3.98) and eq.(3.99) and
lastly we report the claim of parity violation of [ and [I], which use the final galaxy catalog of

Baryon Oscillation Spectroscopy Survey (BOSS), from the twelfth data release (DR12) [@] of the
Sloan Digital Survey-III1 (SDSS — II1).

The galaxy 4PCF estimator has been introduced in eq.(3.2]) as
((s,r1,r2,r3) = (6(s)d(s +1r1)d(s +r2)d(s +r3)). (3.71)

From the discussion of section we learn that the galaxy 4PCF is homogeneous and isotropic, so it
can be decomposed into the basis introduced in section (3.1

C(rl,r27r3) - Z CA(?"l,’I“Q,7‘3)PA(f‘1,f'2,f'3), (372)
A=(A1,A2,A3)

where A = (A1, Az, A3); in the case N = 3 we don’t need to specify any intermediate state of angular
momenta since Ao must be equal to Asg. ((r1,r2,r3), using eq.(3.49), becomes

C(I‘l, ra, r3) = Z CA (Th T2, 7’3) Z 07/7\1Y/hm1 (f'l)YAﬂnz (f'Q)YA:ams (f'3) (3'73)
A

mi,m2,ms3

mip m2 ms3

=S Glrmrr)(d) Y (Al A2 A3)YAW<f1>YA2m2<f2>YA3m3<f~3>. (3.74)
A

mi,m2,m3

The coefficients (hereafter denoted "multiplets") (a(r1,72,73) can be obtained through the orthonor-
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mality relation eq.(3.67):

Ca(r1,72,73) :/dfddfzdf?)C(l“l,r2,r3)PK(I‘17r2,I‘3) (3.75)

= (_1)A1+A2+A3/df'ldf?df'SC(rlaI'Q,I'S)PA(I'LI'QJ'?)) (3.76)

A A A e aa N N A
- Z (mll m22 mz> /drldr?dr3<(r1>r27r3)YA1m1(rl)YAzmz(r2)YA3m3(r3)7
mi,ma2,m3

(3.77)

where in the second equality we have used eq.(3.57), Py = €(A)P,, while in the last equality the
explicit expression for Py which is eq.(3.41) in the case N = 3. Now we recall that from eq.(3.56) and

(13.57) we have

PIPA, Ao,ng) (T1,T2,13)] = €(A) P, Ay,04)(T1,T2,T3), (3.78)

*

PlAy g ns) (P15 T2, 13) = £(A)Pa a5,04) (1, T2, T3), (3.79)

which allows us to find a natural split of {(rj,ra,r3) into parity-even and parity-odd parts:

C+(r1,r2,13) = > Ca(r1,72,73) Pa(F1, B2, £3), (3.80)
A1 +A2+A3:even
(—(ry,ro,r3) = Z Ca(r1,72,73) Pa(T1, T2, T3), (3.81)

A1+As+Az3=0dd

which satisfy

Pl¢((r1,r2,13))] = £[C((r1,12,13))], (3.82)
Ci((r1,r2,r3)) = £[(L((r1, T2, T3))]. (3.83)

We stress that since Pps are orthonormal and the ones with A; + A2 + A3 odd are immaginary, to
obtain a real 4PC'F (p,4A,+As=0dd(71,72,73) must be purely immaginary.

Now we briefly explain the algorithm used in data analysis. In eq.(3.4]) we have introduced the galaxy
4PCF estimator

E(r1,T0,15) = % /dsa(s)a(s +11)8(s + 2)3(s + 1), (3.84)

where we recall that we denote with a hat the quantity measured from data. If we now insert eq.([3.84))
into eq.(3.77) we obtain an estimator for the basis coefficients of the galaxy 4PC'F

. 1 A Ay A3\ (v .
Ca(r1,me,m3) = V/d35(5)/ > <m11 m22 mi) (gdri5(5+ri)YAimi(ri))] (3.85)

mi,Mm2,m3
A Ay Ag) 1
- ¥ (1 2 3>v / dSO(S)an, g (S, 71) @A s (8, 72) g g (5,773),  (3.86)

mp Mm2 Mg

mi,m2,ms3

where we define the harmonics coefficients as

an,m;(s, 1) = /df'ié(s + 1) YA, m, (F5). (3.87)

Then we bin the 4PCF in radii, the appeal of this decomposition is clear since eq.(3.85)) is exactly
separable in ¥;. Similarly to what we have done in eq.(3.7)), we introduce a binning function 6°(r)
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which is unity if r is in radial bin b and zero else. The radially-averaged 4PC'F becomes
. 1 3 .
P = o / [H r2dr0" (n)] Ca(ry, 72, 73) (3.88)
i=1

=0 [asots) [ [ N (Hdrl (r YAm<rz>6<s+ri>)

mi,mz2,ms3

A Ay A3\ 1 , ,
- Z <m11 m22 3) V/d 5( )a/\l my (S) l/)\g mg(s) ?\3,m3(s)7 (390)

ms
mi1,m2,m3

(3.89)

where we have introduced the radially averaged harmonic coefficients

. 1
alki7mi(s) = /driabi (ri)YAiﬂh (f‘i)(S(S + I‘i), (3.91)

Wy,

and the bin volume

3 3
v = H Vy, = [H r?drﬂb" (1”1)] . (392)
i=1 i=1

In eq. we have introduced a bin index B = [b1,be, bs] where b; specify in which bin we are
analyzing the variable ;. In the example of eq.( ., b; = 1,..,10. So in that case we have 103
possibilities for the bin index; B = [1,1,1],[1,1,2].. etc. We underhne that (B » doesn’t depend on
(ri,72,73), it’s the coefficient of é (r1,ro,r3) projected in the basis’ element denoted by A for the
angular variables and B for the radial one.

As mentioned in section [3| in general we have access to a discrete field of N, particles at positions
Xi=1,.,N, With weights w;

Ng

i(s) = Z [wié(?’)(s - XZ)] , (3.93)

=1

where §(3)(..) is the three dimensional Dirac delta function. Using eq.(3.93) we can replace the integral
of eq.(3.90) with a sum over the NN, galaxies:

Ng

2 Ay Ay Az 1

F=Sw Y (m1 S Valghml(xi)agm(xi)agm(xi). (3.94)
=1 mi,ma,ms

Strictly, this decomposition is correct only if the bin indices b1, b and b3 are not coincident (due to
shot noise effects, [5]). Therefore, in data analysis, we guarantee this by enforcing by (b (bs.

Now in practice, we assume a fixed maximum multipole A,,q, and a number of bins N,. We take
Aaz relatively low, which gives an angular resolution of 6, ~ A?r:;:r for the internal angles of the

4PCF tetrahedron [IJ. This approximation ensures that only a finite number of al/’\iimi (x;) coefficients
(asymptotically EQ, N, x A3, ..) need to be estimated at each position x;. If we want to reconstruct
the 4PCF, ((s,r1,r2,r3) from the set of measured basis coefficients, this truncation would lead to
an approximation error. We can avoid this issue by projecting the theory model in the same way. In
data analysis we are not interested in all the possible A with A; < A4 but only in the ones that can
violate parity, i.e. A1 + Ao + As = odd.

The full procedure for estimating the 4PCF from a discrete set of N, particles, eq.(3.93), is thus:
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b;

1. For a given primary particle i = 1,.., Ny, compute a (x;) as a weighted sum of spherical

Aimi
harmonics:
) 1

o) = o [ 8 (1300 45 Vi () (3.95)

1 Qo
", [wj/dr‘s(s) (r + Xi = %) Yam, (£)8" (7”)] (3.96)

b;

7 J:1

1 Qo
= o> [ Y, 05 =)0 (x5 — i) (397)

2. For each A multiplet and bin index B, sum over mz, ms, mg the product of a?{l m (Xi)a?\i,mQ (x;)ab?
weighted by e(A)CA to obtain

Ar A Ag) 1
5 (1 2 s) B (K0, 1, (K0)E, 1 () (3.98)

mip Mo ms
mi,m2,m3

3. Repeat for each primary particle and sum to get

N,
BN At Ay Az 1 4 \bs N bs ,
K=>w Y Ty g (K0, o, (K0, 1 (50). (3.99)
=1

mp M2 M3
mi,ma,m3

We note that the 4PCF contains also a disconnected piece sourced by two copies of the 2PCF.
Whilst this can be subtracted at the estimator level directly [B9], it does not contribute to parity-odd
multiplets since the 2PCF can’t violate parity as explained in sec[3.2] As anticipated in section
the algorithm we implement has a complexity O(NgQ). Each coefficient alj{'imi of eq.(3.97)) involves a

sum over N, and the algorithm require to evaluate af\iimi at the location of each of the N, particles,
thus we get complexity order O(N7). Note that eq.(3.98) can be at most of order O((1 + 2Aaz)?)
while eq. is of O(Ny), therefore their contribution can be completely disregarded in evaluating
the efficiency of the method. We mention that in the analysis we do not have access to the overdensity
matter field § directly, and we must work instead with a set of data and random particles. This allows
an estimation of the full 4PC'F via a generalization [60] which we are not going to discuss.

We conclude this section by reporting the results of the analysis of [2] and [, which use the final galaxy
catalog of the Baryon Oscillation Spectroscopic Survey (BOSS), from the twelfth data release (DR12)
[6 of the Sloan Digital Sky Survey-II1 (SDSS — III). The survey contains two samples, CM ASS and
LOW Z. The former sample which contains 587 071 (216 041) galaxies in the Northern (Southern)
galactic cap, across a redshift range z € [0.43,0.7], while the latter contains 280 067 Luminous Red
Galaxies (LRGSs), across a redshift range z € [0.2,0.4]. Basically, the analysis used the method, we
have discussed in this section, restricted to the parity odd multiplets, i.e. A; + Aa + A3z = odd. [
find in LOW Z 3.10 evidence for a non-zero parity-odd 4PCF, and in CM AS'S a parity-odd 4PCF
at 7.10. [ find a a detection probability of 99.6% (2.90) using the CM ASS sample. This provides
significant evidence for parity violation signature, either from cosmological sources or systematics. The
authors perform various systematic tests which do not reveal any observational artifacts. However, at
the moment we cannot exclude this possibility.
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4 The diagrammatic rules for the In — In formalism

In the previous sections, we have seen how to deal with the computation of the power spectrum
for the single-field slow-roll model of Inflation. The procedure we have described it’s standard and
can be applied to every model of Inflation. In order to compute the power spectrum for tensor and
scalar perturbation one has to derive the equation of motions, solve them with Bunch-Davies initial
conditions, impose the canonical commutation relations, and perform the computation of the two-
point correlation function in Fourier space. The power spectrum is the only correlator we need to
consider if the field is Gaussian (see section [1.6). However, a detection of a non-zero three-point
correlation function would rule out automatically the Gaussianity of the field under consideration.
This line of reasoning clearly applies to all the other statistics. So, Non-Gaussianity constitutes a
key observable in Cosmology since it allows us to discriminate among competing scenarios for the
generation of cosmological perturbations [I0]. Furthermore, concerning scalar fields and the quest for
parity violation, it becomes essential to examine at least the four-point correlation function, which is
the goal of this master’s thesis.

Consequently, it becomes imperative to develop methodologies enabling the efficient computation
of higher-order correlation functions in the early universe. According to the Inflationary paradigm,
quantum fluctuations of the Inflaton field can be transferred to matter and radiation as explained in
section

In this section, we delve into the computations of correlation functions beyond the two-point statistics
of quantum fluctuation during Inflation. These are “quantum averages', not averages over a classical
ensemble of a stochastic field (see section [1.5]). We are interested in reaching the latter situation
since every cosmological field, the over-density matter field § or the CM B temperature field T, from
which we build observables today is assumed to be a stochastic classical field described by the set of
N —point correlation functions. The field configuration in the early universe must be locked into one
of an ensemble of classical configurations with ensemble averages given by the quantum correlators
computed in the early Universe. It’s suggested that it happens on superhorizon scales [6I]. Once the
fields under consideration are classical we can apply the Ergodic theorem, eq. and interpret
these ensemble averages as spatial averages.

The formalism we are going to introduce in section is the In — In formalism [IT], which is very
similar to what is done in quantum field theory (QFT) in the computation of S—matrix elements. Our
goal here is not to provide a complete derivation of this formalism, but rather to explain the proce-
dure for conducting such computations throughout Schwinger-Keldysh Diagrammatics for Primordial
Perturbations [[4], which are the cosmological analogous to Feynman rules in QFT.

4.1 The In — In formalism

In this section, we want to sketch the derivation of the “Master formula" of the I'n — In formalism for
the computations of cosmological correlation function during Inflation following the treatment made
in the appendix of [IT].

4.1.1 The Hamiltonian time dependence

Therefore, consider a general Hamiltonian system involving canonical variables ¢,(¢,x) and their
corresponding conjugate momenta m,(t,x), where the index a serves to identify the fields and their
spin components. The system satisfies the canonical commutation relations

[¢a (t7 X)a Wb(ya t)] = iéab5(3)(x - Y)a [¢a(ta X)a d)b(ta Y)] = [Wa(tv X)7 Wb(ta }’)] =0, (4'1)
and the equations of motion
a(t,x) = i [H[(t), 7 (1)), da(t; X)), Fa(t,x) =i [H[p(t), w(t)], 7alt, x)], (4.2)

where H is the Hamiltonian which is a functional of the fields and the functional dependence does not
depend on the time ¢ considered.
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Keeping in mind the explanation of the Inflationary dynamics and the distinction between classical
and quantum behavior of the inflaton as outlined in section [2.2.1] we assume the existence of a time-
varying solution denoted by complex numbers ¢,(x,t) and 7, (x, t) that satisfies the classical equations
of motion. During Inflation, this corresponds to the Robertson-Walker dynamic determined by the
homogeneous part of the scalar field. The background equation of motion reads

.  GH[G(), 7 (1)] SH (o(t), 7(t)]
%(va)—m’ C dgu(xt)

The next step is to expand the Hamiltonian around this background in the same way we have done
in section @l and 2.4]

Ta(x,t) = (4.3)

Ga(t,X) = o (t,X) + 00a(t,x) , Ta(t,x) = Ta(t,x) + 074 (¢, %) . (4.4)

Now, we can plug eq.(4.4) into eq.(4.1]) to obtain the commutation relations for the perturbations

560a(t, ), (t,¥)| = ibusd*(x = ¥) . [060u(t,%),365(t,%)] = [ma(t, %), 0m(t, )| =0, (4.5)

where we have used that the background solutions are numbers that commute with everything. The
next goal is finding evolution equations for the perturbations using eq. . Thus, we need to expand
the Hamiltonian in powers of the perturbations d¢,(t,x) and d7,(t, x):

o). 0] = 150 7(0) + 3 X005 g D% LA 0 )+ 00, (01

(4.6)
where H[0¢(t),dm(t);1] is the sum of all terms in the Hamiltonian beyond first order in the pertur-
bations. The Hamiltonian’s zero-order term, being a function of time and possessing commutative

properties with all other elements, can be ignored in all the following discussions. At first order, we
observe that

[Z/ 3 5H t)(t Son(y.1 +Z/d3 w(m(y,t)’g%(x,w] = da(x,1), (4.7)
7 (1))
y:1)

DA

Thus, we can rewrite the evolution equations

)
R ED K o s b<y7t>,6wa<x,t>] = Falx,t). (48)

Galx,1) + 86a(x,1) = i [HI6(0), m(D], 00a(x,6)] . Falx,) + 0a(x, 8) = [ HIG(0), m(0)], ma(x,1)] |
(4.9)

using the observations we have made as
Sbalse,t) = i[Ho(0). 7(1): 8 00u(x,0)] . d7alet) = i[H{6(0) (0t bmalet)] . (4.20)

However H generates the time-dependence of ¢q(t,x) and m4(t,x), it is H that determines the time
dependence of the perturbations. Thus, in order to find the evolution equations for the perturbations
one has to expand the original Hamiltonian H in powers of fluctuations disregarding the zeroth and
first order in these fluctuations. This construction gives H an explicit dependence on time.

4.1.2 The master’s formula

In this section, we derive the master formula of the In—In formalism throughout an operator formalism
as presented in [[7]. We are interested in the computation of the expectation value of an operator,
which we generically call @, which is a product of §¢, and dm, evaluated at the same time ¢ but
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different spatial position in general. These fields are, for example, Inflaton fluctuations, scalars, and
tensor fluctuations of the metric. As we’ll see we can compute correlation functions in the Heisenberg
picture as

Q1)) = (2QM)|), (4.11)

where t is the end of inflation since we are interested in computing correlation function when Inflation
ends. |Q) is the vacuum state in the far past which we indicate as to, which can be taken to be —oo.
This is the reason why the formalism is referred to as In-In. In this formalism, both vacuum states
are considered in the distant past, while in quantum field theory, the states under consideration are
the initial state |[/N) in the remote past and the final state |OUT') in the distant future.

Now, since Q(t) it’s a generic product of fields we need to understand how this field evolves in time.
Using eq.(|4.10]), we can express the fluctuations at the time ¢ in relation to those of the same operators
at an initial time £y by means of a unitary transformation

86a(t) = U™ (£ 10)0¢a(to) Ut,to) . 0malt) = UL(t, to)dmalto) U(t, to) | (4.12)

where U(t,tg) is the evolution operator defined throughout the differential equation

%U(t,to) — i H[6o(to), om(to): | Ut to), Ulto,to) = 1. (4.13)

It’s possible to show that what we have written is correct but we postpone the demonstration since
it’s equal to the one we present to demonstrate that eq. is solution of the differential equation
(4.15). To evaluate U(t,ty), we decompose H into a quadratic part Hp, which refers to the kinematic
part of H, and an interaction term H;

H[56(t), 57(2); ] = Holod(t), 5w (t); 1] + Hiloo(¢), 5 (1); 1] (4.14)

Our goal is to find a similar decomposition as the one made in QFT to evaluate the Dyson evolution
operator H3]. To this end, we introduce an analogous of an “interaction picture” in which the time
dependence of the fluctuation operators §¢L(t) and é7L(t) is governed by the quadratic part of the
Hamiltonian

604(t) = i Holog! (8), 0w (8);], 60(0)| ,  oxi(e) =i Holde! (1), o' (98], omi(e)] . (415)
and the initial conditions
364 (to) = 0¢alto) ,  Smi(to) = 0malto) - (4.16)
The solution of eq.(d.15) can be written as
SpL(t) = Uy L (t,t0)0a(to)Uo(t, to) ,  oml(t) = Uy (t,to)dma(to)Un(t, to) (4.17)

with Uy defined by the following differential equation

SUn(t,to) = i Foldo(to), 67 (t0)31] Un(t o) (4.18)

with initial condition
Uo(to,to) =1. (4.19)
It’s easy to show that Up(t,to) is unitary. In fact, we have

d d _ d. , _
0= %1 = % (Uo(t,to)UO 1(t0,t0)) = Ug(t,to)%UO 1(t0,t0) - ZHo[(sqb(to),(Sﬂ'(tO);ﬂ Uo(t,to)UO 1(t0,t0),
(4.20)
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from which we can obtain

d

dt UO (tv 750) = +1 U(;l(t’ tO)HO[5¢(tO)a 67T(t0); t] . (421)

which is identical to the hermitian conjugate of eq.(4.18]). Notice that the fields in Hamiltonian
Hy[d¢p(to), dm(to); t] are evaluated at the time tg, thus the time dependence is encoded in the explicit

time dependence |..;t]. Now, we show that we can write the solution as we have stated. In fact, let’s
define the fields as

5o (t) = Uyt (t,0)8¢" (to)Uo(t, to), ol (t) = Uy (t, to)dn! (to)Uo(t, to), (4.22)

where we omit the subscript a for simplicity. If we now take the time derivative of the d¢’ (the
reasoning is identical for the conjugate momenta)

0340 = ( 5505 .10 ) 36/ ()it t0) + U (10036 ) (00l (1.29
= (iU (¢, to)Ho [69(to), 0 (t0)]) 50 (to)Uo(t, o) + Uy ' (t,t0)8¢" (to) (—iHo [69(to), 7 (t0)] Uo(t, to))

(4.24)

= iUy (1, t0) [Ho 159t cwto)] 56! (to) — 667 (to) Ho [56(to), 67 (t0)]] Tn(, to) (4.25)

= +iU; (t, o) [Ho (6" ¢( (to),t), 89" (to)] Uo(t, to) (4.26)

— i [Ho (676(t), 6 (8), ),6¢>I(t)], (4.27)

where in the last step we have used the fact that the Hamiltonian is a polynomial in 6¢! and d7! and
the definition of the interaction picture fields.

Now, we can proceed in deriving the form of the unitary operator U(t,tp). Now, from eq.(4.12) we
can write

5pa(t) = U1 (t,10)50aU (¢, to) = U (¢, t0)Uo(t, to)Uy *(t, to)dpaUo(t, to)Uy H(t, to)U (t, to)  (4.28)
= F7'(t,t0) 00k (1) F (t, to), (4.29)

where
F(t,to) = Uy L (t,t0)U(t, to), (4.30)

is unitary since the product of unitary operators. Now, we seek a differential equation for F(¢,t)

d

4.31
dt

DF(t,10) = SUTN G 10)U (1 t0) + U™ (1, 0) U (1 1) (431)
=+ Uy (£, o) Hol6(to), 0 (t0); U (1, to) — Uy (¢, to)i H[06(to), dm(to); U (1, t0)  (4.32)
= —+i Ho[5¢(1), 67(2); 1] F (¢, to) — Uy ' (¢, t0)i H[5¢(to), 0w (t0); t]U(t, to) F(t,t0)  (4.33)
] (4.34)

(4.35)

5o( F
= +i Ho[0g(t), 0m(t); )UG (t, to)U (¢, to) — i H[5¢(t), dm(t);1] 4.34
= —iH[(t)F(t,t0) 4.35

where, we have used that all the Hamiltonians employed are polynomials in the perturbations and
where we define Hy(t) as the interaction Hamiltonian in the interaction picture

Hi(t) = Uo(t, to) Hi[5¢(to), 57 (to); 1U (¢, to) = Hil69' (¢), 67 (t); ¢]. (4.36)

The solution of equations like eq.(4.36]) is well known [E3]

F(t,to) = Texp <—¢ t Hy(t) dt) : (4.37)

to
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where T is the time-ordering operator [3]. Thus, a generic operator Q(t) product of d¢s and d7s, can
be written in terms of the free fields of the interaction picture as

Q(t) = F(t,t0) Q" (1) F (¢, o)
= [Texp <z t: H(t) dt)] QL () [Texp (—i t: Hi(t) dt)] , (4.38)

where T denotes anti-time-ordering. Now, we are almost done but we would like to substitute the
vacuum of the interacting theory with the one of the free theory in the correlation functions eq..
We can do this because of the identity F~'F = 1 [I7l B2]. Thus, we finally arrive at the master
formula of the In — I'n formalism

(Q(t)) = (0] [Texp (z tHI(t) dt>] Q' (t) [Texp (—i tHI(t) dt)] 10). (4.39)

to to

4.2 The diagrammatic formalism

Now, throughout the rest of the thesis, we do not work with the master formula of the In — In
formalism, eq, but rather with a set of diagrammatic rules which are the cosmological equivalent
of Feynman rules in QFT. This set of rules is the so-called Schwinger-Keldysh Diagrammatics for
Primordial Perturbations [[4] which can be derived in a path integral formulation of the problem.
While we abstain from presenting the derivation of these rules, we offer a concise overview of the
essential steps required for evaluating correlation functions based on the given Lagrangian of the
system.

The problem we are confronted with, the computation of correlation function during Inflation, involves
just three degrees of freedom. One of these is represented by a scalar field, which can either be the ¢
field or the Inflaton, contingent on the gauge chosen. The remaining two degrees of freedom pertain
to the tensor perturbation. The dynamic is governed by a Lagrangian density £, wherein, due to our
perturbative scheme, exclusively “polynomials” of the fields are incorporated, and the couplings are
allowed to possess a time dependency, given the time-varying nature of the background.

Even if the basic ideas are very similar to the Feynman formalism, there are a series of properties
that are different with respect to the QFT case. First of all, there exist two kinds of vertices which
we call plus + or minus -, which originate from the time-ordered product and the anti-time-ordered
product, correspondingly. Consequently, when evaluating a diagram containing N vertices, it becomes
necessary to sum all the possible configurations (a total of 2N options) involving the assignment of
each vertex as either a plus vertex or a minus vertex. Each plus or minus vertex contributes a factor
of i or +i along with any factors from the vertex itself.

Moreover, we encounter four distinct types of propagators, depending on the four possible vertices
combinations at disposal

++, = - (4.40)

To compute the propagators at tree level, we require the mode functions that fulfill both the Bunch-
Davies initial condition and the canonical commutation relation. Refer to section R.4lfor an illustrative
instance in the context of the single-field slow-roll model of Inflation. However, if we aim to accurately
retrieve the complete outcome, these factors should be incorporated. Then, the tree-level propagators
in the 3—momentum space are [I4]

Git(k;mi,m2) = Gs(k;11,12)0(11 — 72) + G (ks 11, 72)0(T2 — T1) (4.41)
Gi—(k;m1,72) = Ge(k; 71, 72), (4.42)
Gy (k;11,72) = G (ki 11, 72), (4.43)
G—(k;m1,m2) = G (ki 11, 12)0(11 — 72) + G (ks 71, 72)0(72 — 71), (4.44)
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where

G (k;1,12) = u(m, k)u* (12, k), (4.45)
G (k;mi,m2) = u* (11, k)u(me, k). (4.46)

In diagrammatic representation, a black dot signifies a positive vertex (+), while a white dot represents
a negative vertex (—). Therefore, we have

T1 T2
o—e0 = Gii(k;m,m), (4.47)
T1 T2
&——0 = Gy_(k;m,m2), (4.48)
T1 T2
o—o0 = G _(k7,m), (4.49)
T1 T2
O——0 = G__(kjm, 7). (4.50)

Within a diagram, there are internal legs that link points within the diagram, and external legs that
connect an internal point with an external one. The external points are where we position the fields
for which we intend to compute correlation functions. The propagators we have written can be used
both to evaluate internal legs (bulk propagators) and external legs (bulk-to-boundary propagators).
The external legs terminated at the final conformal time 7 = 79, which is the time at which we are
interested in computing the correlation functions. We’ll set 7 = 0, in the next chapter. It’s important
to emphasize that a boundary point does not differentiate between the positive (+) and negative (—)
designations, resulting in just two categories of bulk-to-boundary propagators.

.
o a=G(k7) =G (k7 7p),

o  a- G_(k;7)=G_1(k;T,7y).

Notice that we have indicated the external points with a black square. Here we have discussed the
propagator for a scalar field. When we want to deal with tensor fields we also have to take into
account the polarization portion of the propagators. We are not going to discuss this point but the
polarization portion is identical to all four propagators and takes the form

*

>t [] . (4.51)

3 ab

if the propagator connects the vertex ij with the vertex ab. We can think of these two vertices as the
71 and 75 in eq.(4.50). The fact that the polarization doesn’t change depends explicitly on how we
compute the propagators; for more details see [I4].

The final aspect to address pertains to deriving the vertex factors. The process bears resemblance
to the methodology employed in QFT. Nevertheless, in this context, we do not make the Fourier
transform with respect to conformal time. Consequently, time integrals will manifest in the eventual
results, and they often add complexity to the computations involved. As previously mentioned, for
every individual interaction vertex present in the original Lagrangian, we must formulate two distinct
vertices, representing the + and — types, respectively. We provide a series of examples in order to
clarify the procedure. We represent scalars using a solid line and tensors using a wavy line. We don’t
differentiate between internal and external lines, as this becomes evident based on the vertices that
the line connects.
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Non-derivative couplings. Non-derivative couplings are easy to derive and one just proceeds in a
completely analogous way to the QFT case with the differences mentioned above. Let’s consider an
interaction term of the form

A
Cim = 5504 (7)p (1, %). (4.52)

Then in three-momentum space, we get the following rules

Tf Tf
= —i)\/ dra*(r)---, = -l—z')\/ dra*(r)---, (4.53)

0 0

where - - - means that we have this time integral acting on every part of the correlation function which
is time dependent.

Derivative couplings. Derivative coupling has to be treated in a different way. First of all, we have
to distinguish spatial and temporal derivatives since we do not Fourier transform with respect to the
time variable. Regarding spatial derivatives, no additional explanations are required. For instance,
let’s examine the diagrammatic rule for the subsequent interaction:

Ay

Lint 5 () (9'%) (Digp), (4.54)
which is given by,
k1
ks x +%(k1 ko + ko -k + ks ki) /Tf dra’(r)--, (4.55)
ko !
3}
¥ _%(kl ko +ko- ks +ks- kl)/Tf dra’(r)--- . (4.56)
ko !

Now we can analyze the time-derivative couplings in the Lagrangian. The time derivatives within
a vertex should be directly applied to the propagators connected to it. Let’s take the following
interaction,

A
Limt o< —EaZ (T)(pgp’z. (4.57)

The diagrammatic rule is given by,

1
T T A [T
3 x— 23/ dr aQ(T) [0-G 1a, (k13 7,71)] [0r Gtay (k25 T, 72)] Gy (k3; T, 73) (4.58)
T0
T2

+ 2 permutations, (4.59)

where permutations refer to various combinations in which the two temporal derivatives can be ar-
ranged and, where a1, a2,a3 = *. The corresponding rule for the minus type vertex is derived from
the plus type by introducing an additional negative sign.

Now, let’s provide an overview of the steps required to calculate a general correlation function:
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e Initially, the action needs to be expanded up to the second order concerning both tensor and
scalar perturbations. This expansion is essential for determining the EoM. Typically, this
process is carried out separately. While evaluating, for example, the scalar component, any
other factor apart from the scalar function under consideration is set to zero (refer to section
. If we are considering only traceless and transverse tensor and scalar the FoM are decoupled
since we are not able to form a non-zero bilinear involving the scalar, the tensor, derivatives,
and the Kronecker delta and the Levi-Civita tensorEl (see section for a complete discussion
about this point).

e Subsequently, after establishing the correlation function being computed, the next step involves
identifying the specific type of diagrams that could contribute to it. Once we have established
the “kind" of coupling we need, for example, a tensor-scalar-scalar non-derivative coupling, we
have to expand the action and find every term that contributes to it. Then, we have to recover
the diagrammatic rules for this interaction.

e Then, we have to sketch all the possible diagrams of interest labeling each vertex with a black
dot (plus-type vertex) or a white dot ( minus-type vertex), in all possible ways. Therefore, we
have 2% different diagrams if we have N vertices. Then, we label external points as square dot.

e Then, using propagators and rules vertices we have to evaluate each diagram and sum everything
together. Integrate each vertex over time from the initial time which we’ll set to be 7 = —o0
to a final time, which is set to be zero 7y = 0. Please note that each vertex has an associated
different time variable.

« Finally, we obtain the correlation function in Fourier space by multiplying the result by (27)35(3) (> ki),
where k; are the three-momenta involved in the diagram.

18We do not possess any other tools for index contraction.
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5 Chern-Simons theory of modified gravity

5.1 Modifying Einstein’s GR

The actual Inflationary paradigm, standard slow-roll models of Inflation, provides a satisfactory ex-
planation for various experimental observations, including those related to the CM B and LSS. These
include the homogeneity, isotropy, and flatness of today’s Universe and the origin of the initial density
perturbations. Einstein’s General Relativity (GR) is the paradigm used for the description of grav-
itational interactions. However, since Inflation could take place at very high energies, it’s possible
and interesting to consider models which go beyond standard gravity. For example, the first model of
Inflation [G3] was based on R2-higher order gravitational terms.

Besides these considerations, there are other reasons, not strictly related to Inflation, that suggest
a modification of General Relativity could take place at high energies. In particle physics, we lack
a quantum description of gravitational interactions, i.e. “quantum gravity", which can’t be achieved
by quantizing GR with standard techniques. Moreover in cosmology, explaining the late-time cosmic
acceleration of the universe with GR is full of difficulties. In the FLRW model, which is based on
Einstein’s gravity, it’s assumed that this phase of accelerated expansion is driven by a cosmological
constant A which is interpreted as vacuum energy. This assumption comes with two challenging issues:
the inability to account for the gravitational properties of the vacuum energy and the coincidence
problem. The former, basically, consists of the incredibly small and highly fine-tuned value of the
vacuum energy [64]. The latter corresponds to the fact the densities of dark energy and dark matter
are measured to be of the same order of magnitude, i.e pf;% ~ O(1). This implies that we are living
in a very special period of cosmic history, which is the result of specific initial conditions in the Early
Universe. The so-called “coincidence problem" is trying to find an answer to “why now" this specific
period occurs. Due to these reasons, numerous alternatives to standard gravity have been explored in
recent years.

5.2 Effective field theory approach

In order to modify gravity we follow the argument presented in [I§] in order to illustrate the basic
ideas of this kind of approach without adventuring into extensive computations. First of all, we focus
only on the case of a single-field slow-roll Inflation model, i.e.

M2
£=v=g [(;lfe — 59" 00, v<¢>> , (5.1

where we recall that g = det(g,,) and Mgl = ﬁ. The first term corresponds to the Hilbert-Einstein

action which is the unique, up to a cosmological constant contribution, diffeomorphism invariant action
for a four-dimensional metric, whose FoM are at most “second order" ﬂIQﬂEgl Hence, the expression
of eq. represents the most general Lagrangian density for gravity and a scalar field, whose FoM
involve a maximum of two space-time derivatives. The basic idea of this approach is considering the
action of eq.(5.1) as the first term of the expansion of the “true" Lagrangian in effective field theory
approach (EFT). The terms with higher derivatives are suppressed by some undefined large mass
parameter M, which characterizes the true field theory which produces the EFT Lagrangian. Here
we assume that all the coupling constants in the higher-derivatives terms are powers of M multiplied
with coefficients roughly of order unity, where the number of powers required is fixed by dimensional
analysis. Since we can’t produce any term with three—derivativﬂ the first correction can be written

19We have up to second derivatives; the Einstein’s field equation contains up to second derivatives.

20We have to construct scalar quantities using the Riemann tensor, the Ricci tensor, the Ricci scalar, the metric
tensor, derivatives of the scalar field, and generic scalar function of the scalar field. Since the curvature tensors contain
two “powers" of derivatives and have an even number of indices we can’t write a scalar term with an odd number of
derivatives.
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[ as

SL=L=,/g %M]%R — %g’wau(b&,d) —V(¢)
+ f3(8)g" 0,00 + f4($)9” 0pp0e T + f5(6)(O8)* + f7($)R* 0,00, ¢ + fs(d)Rg" 0,0y
+ fo(#)RO¢ + f10(d)R* + f11(¢)R™ Ry + f12(6)C* P Chapor + f13(0)E" P ClipClooin|,  (5.2)

where £#7°? is the Levi-Civita tensor density defined as é#*F7 = % with e#”P? corresponding to the

Levi-Civita symbol [B8]. Moreover, the various f, coefficients are dimensionless, i.e. they contain the
necessary numbers of power of the scale mass M, and they can depend on a generic function of the
Inflation field. In eq.(5.2]) we also have introduced the Weyl tensor which is defined as [[3]

6 (gupgua - gl/pguo-), (53)

1
Cuypa = R,u,upa - i(gupRl/U - guURup - gupRp,a + guaRup) +
which is the traceless part of the Riemann curvature tensor. The last term of eq.([5.2))

f13(¢)5ﬂypacﬁ>\,ullcpan>\a (54)

is the so-called Chern-Simons term, which can also be written as replacing the Weyl tensor with the
Riemann tensor (see appendix [D.2)) as

F13(0)E" P R* 1 Ry (5.5)

The Lagrangian described in equation consists of various terms, but only the Chern-Simons term
can exhibit parity-violating signatures. Assuming that this is the “right" approach to Inflation, only
data that can tell us which coefficients f, have to be kept in order to reproduce the dynamics. Since
at the moment, with the current data, we are not able to do this we can study the effects of the
Chern-Simons and set to zero all the other terms. So we are left with the following action

M2
TR~ g 0,00,0 ~ V(9) + " RE| (5.6)

S:/d4x\/jg i

where we have introduced the Pontryagin density defined as
*RR ="R°"™ Ry ppuv, (5.7)
where

* ROPHY lwvaﬁ ROP
2

a,B = 2\/jge,llV(XﬁR0'pa/8. (58)
Note that in eq.(5.6]) we have set fi3(¢) = % with f a dimensional constant, it contains one power of
M.

We conclude this paragraph by mentioning two important properties of the Chern-Simons action.
Firstly, we note that the Pontryagin is zero when evaluated on the background since the Weyl tensor
is conformally invariant [BF]. It is worth recalling that a conformal transformation maps

Guv — guv = 92(1')9,[“/7 (5'9)

where g, is a generic metric and, where (z) is an arbitrary non-vanishing function of spacetime.
Therefore, the spatially flat F'LRW metric is conformally equivalent to the Minkowski metric, in which
all curvature tensors vanish. Consequently, there are no modifications to the background equation of
motion for the Inflaton, i.e. we obtain the same results we have shown in section [2.2.1}
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Furthermore, the Pontryagin density can be written as total derivative [G3] in the following way
~ 1
VoK% = §*RR, (5.10)
where

Ko .= gohdy (Fgga(;l“7 Srgo_ g ;X), (5.11)
is the CS topological current. In what follows we often use C'S to indicate quantities related to the
Chern-Simons theory of modified gravity. Notice that the e*?%7 is the Levi-Civita “symbol" which
is related to the Levi-Civita “tensor' via é*#97 = % (see B8] to a complete explanation on the
convection). For the sake of convenience in what follows, we will also use the symbol K¢ for the
topological C'S current, which corresponds to K with the replacement of the Levi-Civita tensor with

its symbol equivalent.

5.3 Metric perturbations and gauge fixing

We work in the so-called Arnowitt-Deser-Misner (ADM) formalism of the metric, section in the
generalization of the spatially flat gauge [I[H]. The reasoning that allows us to impose this gauge is
analogous to the one we have done in section In Cartesian coordinates, the metric tensor and its
inverse become

. N
) (~(N?— NiN¥) N; (kN
v =4 ( N gz‘;‘ 9= ]]\\?27 (9" —NNJivgj) ’ (512

where a?(7) is the scale factor, NN is the lapse function, and, N; = ;1) + E; is the shift function which is
decomposed in a scalar part ¢ and in a vector part, the divergence-free three vector E;, i.e. 9;E" = 0.
In this section, we omit the use of the superscript (3) for spatial tensors because it becomes evident
from the context whether a tensor is associated with the spatial hypersurface. The spatial metric
receives a contribution from the background and from transverse and traceless symmetric tensor and
can be written as [I5]

1 , .
Gi5 = (12 exXp hij = CL2 <52J + hij + §hikhkj + > y hzi == 0, 81'}7]@]' =0. (513)

(1)

ij
second, hz(j), order and so on as we have explained in section Following [IH] we have written the
metric in the following way

In the generalization of the spatially flat gauge, we don’t have considered perturbation of first, h;

1
9ij = (exph);; = bij + hij + ihikhkj +ot (5.14)

which, since g;; is symmetric is well defined. We recall that the lapse and shift functions are auxiliary
fields in standard gravity, section [C-3.2} which can be removed by solving the FoM as we have done in
section However, considering that we have modified the gravity sector of our theory through the
Chern-Simons term, it is necessary to determine whether these fields become dynamical or not. Now
we show that they remain as constraints and that the C'S term doesn’t modify the first-order solutions
of their Euler-Lagrnage equations which are what we need since we are interested in expanding the
action up to third order. We are going to compute the graviton-mediated trispectrum in section
which is computed using two vertices of the kind scalar-scalar-tensor, constituting a third-order term.
Thus, as explained in [§ [ O3], we need the solution of the constraints equation at first order. Now
since the C'S term can be written as

CS /d%\ﬁ "RR = /d4iﬂ\ﬁ /d4 -7 VaK® (5.15)

= /d4$ [_¢JcKO o; (;;) Kz] _ /d4x[ ¢’fK0] _ /d4x [_;}Eow‘k (F;?“Uajfga—i— 3Ff‘UF;’XI‘§k

(5.16)
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we observe that we have a Levi-Civita symbol multiplying everything. So a possible contribution to
the Lagrangian is a scalar quantity constructed contracting the Levi-Civita symbol with a product
constructed using the two scalars, NV and 1, the solenoidal vector, E;, a traceless and transverse
tensor, h;;, and their derivatives. The maximum number of spatial derivatives that can appear is six
since we have the multiplication of three Christoffel symbols which can contain one “power" of spatial
derivatives and because the quantity D appears already in the form 0; D in the metric tensor eq..
Now since we are interested in first-order constraint equations for the lapse and shift function, we only
need to discuss all the bilinear terms we can construct; we are considering the action up to second
order since higher order terms produce non-linear term in Euler-Lagrange equations.

We directly discuss the problem in Fourier space since it’s easier. Since we have only two fields in
the bilinear we can express everything as a function of only one vector variable k because of the
three-dimensional Dirac delta arising from the x integral. For example in the case of a product of two
generic scalar fields A and B we get

d3k6ix~k d3q6ix~q dgk
drd®x A(T,k)B(1,q) = [ dr———=A(7,k)B(7, —k). 5.17
[t e A 0B a) = [ dr g A 19B(r (517)
If we have derivatives in Fourier space we’ll have a correspondent k;s, but we can have only one k;
contracted with the Levi-Civita symbol otherwise we get zero because of symmetry. Thus if we have
more than one derivative we must perform contractions in order to have only one ks contracted with
the symbol.

Starting from the combination of two scalar fields, S; = N/v and Sy = N/1, and considering three
and five derivatives Iﬂ we only can get

S1Sokikikie, Sy Sokikikk?e !, (5.18)

which clearly are all zeros for what we have anticipated before. In what follows we completely disregard
temporal derivatives since the results are unchanged. Regarding the scalar-tensor bilinear, without
considering the ones with more than one “free" k appears, there are only the following possibilities

Shijikie !, (5.19)

which is zero and, where S = ¢, N. In principle, we have to consider three or five derivatives but in
these cases, we have two ks contracted with the Levi-Civita symbol. Now going to the vector-scalar
combinations we need at least two free derivatives to get non-trivial contractions but these terms are
zero, as explained above (we can’t contract the ks with the vector because of transversality). For
example, we could write

SNkt (5.20)

which clearly is zero. Considering tensor-vector contribution we have to contract one of the two indices
of the metric with a derivative index or with the index of the vector

Nikih'jkpe7 ) Nykihl k€7 Nkl kbt kel (5.21)

which are zeros because of symmetries or transversality of the vector and tensor. Regarding tensor-
tensor and vector-vector bilinears, we can create non-vanishing terms which, in real space, can be for
example

hii ™ B ;€% Ni s Nyed® (5.22)

This discussion teaches us that the equation for the lapse function is unchanged and thus it remains
a non-dynamical d.o.f. However since terms as the ones in eq.(5.22), exist we have to show that the
field E; does not become dynamical.

21t’s pointless to consider one derivative since this means that two indices of the Levi-Civita symbol must be contracted
to form a scalar quantity.
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This can be proved by observing that the only Christoffel symbol which receives a non-zero contribution
from Ej is Iy, Therefore, given the form of eq., we conclude that the shift function remains
a non-dynamical d.o.f. For completeness, we demonstrate the statement we have done regarding the
Christoffel symbols reporting only the contributions which contain temporal derivatives of the shift
function

1 , 1 B . . N . .
T = 5 [9% (900.0) + 6™ (29000 = 900.)] = 5 [N 2 <2NN . 2N,-Nﬂ) + (QN,Z- _ONN; + 2Nj7iN’)] =0,
(5.23)
1 .
ng’ = 5900900,1' + g% (90j,i + 9ij,0 — 9oi,j) — 0, (5.24)
) 1. . - Nt . . . NENJ .
FZOO = 5 [91090070 + 91](290]'70 — good')] — |:]\72 (2NN — 2NZN’Z> + (hw _ e )N7]:| — hZJNJ',
(5.25)
1. .
0 =5 [glo(gjo,o + 9005 — 950.0) + 9" (9,0 + groj — gjo,k)} —+ 0, (5.26)
17, A
=5 [gzo(gjo,k + gro,j — 9jko + 9" (gjik + Grij — gjk,l)] — 0. (5.27)

Now from the previous results, it’s clear that the constraint equation for N is the same as in standard
gravity while the one for the F; receives additional contributions. However, these contributions are
linear terms in the transverse vector field E? (they can contain spatial derivatives clearly) so, as in
the case of standard gravity, we can find a solution by setting F; to zero, as we have done in section
2.3.1] Thus we can compute the constraints in a similar way to what we have done in section [2.3.1
and write the solution for the constraints up to first-order [I5] as

PS¢

N=1+_ 22
T oHME

»# d( H
N; =0+ E;, E;= = = — [ - 2
i =0+ E;, E;=0 ¢=x, &% SHONE, di ¢6¢ , (5.28)

where we have reintroduce the Planck mass to recover the correct prefactor with respect to the result
presented in [I3].

5.4 The equation of motion for the Inflaton and tensor perturbations

In order to obtain the FoM we need to expand the action of eq. up to second order considering
the constraints we have previously solved for the scalar sector. We work in conformal time. Regarding
the Inflaton, at second order, the action doesn’t receive any contribution from the Hilbert-Einstein
action since

Kij= 050, KY=-a"'0%p, K'j=—a"20'0;1), (5.29)

from which we understand that both K? and K% K;j can be written as total derivatives. Notice
that in evaluating eq. we have considered that the three-dimensional Christoffel symbols do not
depend on any scalars. The three-dimensional Ricci tensor clearly can’t contribute since we do not
have scalars in the three-dimensional metric.
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Thus we obtain, using the constraints. the scalar Lagrangian up to second order

2 2
52 — / e (5¢ 2 _ 6¢ 00 ) a (t) 200 — adixd,06¢ — o’ 9 (f)’ 50
2 2( 5 ¢> 2 00° lyrx=g(r)
2HM2
] (5.30)
[ 1 2 92V
z/d‘* %(5¢2—5¢ 5¢) e )2§M25¢5¢ + ad®x3pd —% %(f) - ()6¢2]
(T, x)=¢(T
(5.31)
(a2 (. N1 ¢ at 92V
~ / d'z % (5¢2—5¢7i5¢ﬂ) e )QIfMQ 5660 — a(r)Hede 5¢—5 5 ¢>(2¢)‘¢( - )5¢]
) 7 (5.32)
[ 2 4 a2
~ [ d'z | L (662 — 54,60 —22H55’—“6V(¢’)’ 52 5.33
/ 0|5 (087 -d0i06") —aHesors -3 5552 o6 (53)

where we have disregarded a first-order piece and, at lowest order in the slow parameter we have used

that
92y — ¢ da (_H5¢> — Gi <_H5¢> — _76(5(;5 - ei \ﬁ ~ —Eeéq'b (5.34)
XTomaz a7 dt\ ¢ é V2M, 6 ‘

We need the equation of motion for the scalar in order to write down the scalar propagators and to
compute the scalar power spectrum. This computation yields identical outcomes to those derived in
chapter However, it’s valuable to verify that when employing two distinct gauges, we arrive at
the same outcome.

Regarding tensor perturbations, the Hilbert-Einstein term becomes as in section

:ﬁgsz%ﬁ () (W73) = (Ol )(@07)] (5.35)

while we need to expand the Pontryagin density and we achieve this using a smart trick. Since the
Weyl tensor is conformally invariant we have that also the Pontryagin density is conformally invariant,
thus we can perform the expansion using the Minkowski metric as the background. Furthermore, we
know from eq. ) that we can write

/d%ﬁqﬁ *RR = /d4 F v K = /d4 ¢v K* (5.36)

:/d4 [_ZIKO ) <2¢f> K] —/d4 [ ;be()] (5.37)

where we have used the Leibniz rule for covariant derivatives [[3] and we have eliminated surface
contributions. Thus we are left to expand K in a Minkowski background, where the Christoffel
symbols and all the curvature tensors are zero. Thus the relative perturbed quantities are at least of
first order. Thus, as explained in the appendix the action we get

2 gbl ] d)/ 1l / m
S(C; = /d4:c [_UK(]] = /d4xe ]lg [—h iOjh 1 + hyy hlk’mj] . (5.38)
Collecting everything together we get
4 92
5 — / d'x { [( )2 5¢,Z-5¢ﬂ} —oa?Hespsp — L0 V(f)‘ S+
2 00° loirx

2

T2 () (1) — (0ub) (0] + m@[<””@mm“”wmﬁm4} (5:39)
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Our action coincides with the one presented in [ B8] 67]. Since the main reference of the computation
of the trispectrum in section is [@ we briefly verify that the action reported in that paper coincides
with eq.. We report this computation since it’s not completely trivial. The only difference
presented is in the expansion of the action is in the C'S term which they write as

/ d'z” f 52(*RR) = / d d}”k[ B0 + (Ohiy) 00 W™ + 00" R)] (5.40)

The first term in eq.(5.40) can be reformulated such that only two (instead of the original three)
“powers" of metric temporal derivatives appear

first term = /d4 ikl hay( (9;h' )/} (5.41)
Z]k ]. / " !
:/d4x¢;f 5 [ " (0;h%) —hkl(ajhli)} (5.42)
ijk ’
- / d4x;€;f {—hil o(0;n')'] —d)hkl(@jhli)} (5.43)
4 Eijk / 1\ ro N " N
= [t {hooin)” s @h'a) — oha(oh1)'} (5.4)
i ik
= [t (o) — b @in) — omiy(o,n''} (5.45)
ijk
:/d4x64jf {—h;lgbl(ajhlk)/}, (5.46)

where we have eliminated total derivatives due to boundary terms and in the second equality we have
symmetrized the integrand in i, k. The second term in eq.(5.39) can be rewritten as

ijk

second term = /d4 ¢ |:(8mhgi)(ajalhmk+akamhlj):| (5.47)
) k

_ / 4x¢;; [(amh;i)(aja’hmk+akamh’j)} (5.48)

4 ¢€ijk1 ! lirm ! myl ! myl

= [ @ g [t @00 + Ot @:0"HS) ~ @ty @71 (5.49)
) k

= [ty [FoOmmi @) ~ @umny) @56 (5.50)
ijk

_ / d'x 62; ; {—gz)(amhgi)(a,@amhlj) + (OkOmhij) [8mhli¢/ n (amhli)@]} (5.51)
ijk

/ diz 6; {(akamhlj)amhl@’}, (5.52)

where we have disregarded a total derivative and we have used that h;; is transverse, i.e. eq.(D.12).

Now we compute the FoM for scalar and tensor in Fourier space. Thus we expand the scalar and
tensor perturbation as

3k
dp(r,x) = /(271_) [u(T,k)bo(k) + u* (1, —k)b5(—k)] (5.53)
dsk (S) * e * * ik-x
hij (%, 7) 7 [ ), (I, 7)bs (k) + (€)) (k) (—k, 7 (k)| e, (5.54)
where E,E]) is an arbitrary polarization basis introduced in appendix |D.1] In the following discussion,

we adopt the chiral polarization basis, i.e. the one we indicate as {R, L} in appendix For the
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scalar part, varying the actior@

0Sscalar = /d41'{ [ /M —5¢ (qus

/ i3 209) [ (a25¢/>/ +a?V2(6¢) + 2 (a(r)H(t)e) 86 — a

dA

] - za(T)H(t)e% (5¢>’5¢) 5

rad

10°V

iy 5(’5]

and going in Fourier space, we get the FoM for the mode functions, u(r, k),

u' (7, K) + 2(;/((:)) u'(1,k) + (k2 +

which introducing the new variable x, (7, k) = a(7)u(r, k) becomes

" o o " /2
[ Xu_ xu@  axy [a g
0=1" 2 @ |a@ ?g)x
a a a a a

which using that - = %(1 + 3¢), appendix

)

’

—92-

a(’

a

C.1

282‘/ -~ 1 82V o 377\/

o2 T H2 992 T 12

Xu

a

(v

a/xu 9 282V
22 >+(k +a 78<Z>2

where we have used eq.(2.66)), can be put in the following form

+ (kz—

where u% = 4 + 9¢ — 3ny, and which as shown in appendix can be put in the form of a Bessel
equation. A solution satisfying the canonical commutation relatlorﬁ and initial Bunch-Davies vacuum

B4] can be found as, appendix

Xu(T, k) = VT

2
Vrp

(VT
= —exp1t <—7T+

2

2

1
24>Xu:0;

D) V=TH (—kn),

where H, ,Eclp) (x) is the Hankel function of the first kind of index vy [B3].

SR %) "5}

2 /
an(lg> u(r,k) — 2 (a(r)H (t)e) u(r,k) =0

(5.55)

(5.56)

(5.57)

(5.60)

(5.61)

(5.62)

Regarding tensors, we use the variational principle directly on the Lagrangian expressed in Fourier
space. In order to proceed in a systematic way we split the action into three pieces:

S1= /d4xM§l<12 [(hij)/(hji)/ - (3khij)(5khji)} :

4€jk
52 = /d 4
53:/d4x

*Here we adopt the same notation used in [[3].

Z3Please notice that with the change of variable used, we have put the kinetic term in the canonical form

(o)
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(5.63)
(5.64)

(5.65)



As shown in appendix [D.I} going to Fourier space we get

dTM2a2 3 ’ ’ ’ ’
= [ T i) 0, 0 () — K2 () + s s (0]}

4 (2m)3
(5.66)
S=-[ar ’;ﬁ s {010 — i O (10} (5.67)
So=+ [ i TR im0 — w0 (K}, (5.68)

where for the sake of simplicity we eliminated the time dependence of the mode function. Now if we
perform a variation over ug(k), which is one of the two independent degrees of freedom, of the three
actions we get

M2a® Bk (] 1 , 2
551 = —/dT pi T {[a? <a2uR(—k)> n k:2uR(—k)] 5uR(k)}, (5.69)
3 !
55y = /de/ L P (k) dup(l), (5.70)
= +/d7'(?t @ 3uR(—k)5uR(k). (5.71)
So putting everything together we get the EoM
M ) 2 k(. S
0=——F— [ (a?ur(-K)) +k%R<—k>] ts {dur(-1)} + fck%R(—k), (5.72)
which sending k — —k becomes
1 ' ! k 1" ’ ! 1" !
0= (1) + 2% un ()’ + Fun(k) — Mif (6" up(0) + & (k) + K fun(0)} 6} (5.73)
p
o 2k foa 2% ) 2%
= uR(k) (1 — Mglfa?(b) +UR(k) (2 u 7Mglfa2¢ ) + k uR(k) (1 lefa2> R (5.74)

where we recall that & =| k |. Now if we apply the variational principle with respect the other degree
of freedom, i.e. ur(k), we get

e [ i s, o
Ss :/drl;/dgk qS/u/L(—k)}l&uL(k), (5.76)
/ d 9 dgk (k) (k) (5.77)

T ur, ur(K), .

When we combine the three contributions, we obtain

0= M’;’a { [;2 (a2u’L(—k))2 + k2UL(_k)] } + jﬁ {cb/ui(—k)} + fc’fgw(—k)’ (5.78)

which sending k — —k becomes

!

1" / 2k "o’ ron /
0=uy(k)+ Q%UL(k) + k*ur (k) + M fa? {qs up (k) + ¢ up (k) + k* {ur(k)} ¢ } (5.79)
p 2% o d 2k k¢’
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It’s possible to write eq.(5.74) and (5.80]) in a more compact way as

" 2]{? ’ ’ CL/ 2k ” 2]43@25/
0=u.(k) [1=A——d | +us(k) [ 2= = Asmo— 0 | + KPus(k) [ 1= Ae—— |, (5.81
(k) ( YN ) (k) ( c Vi ) ( >< A@@faz> (5.81)

which is identical to the one obtained in [66]. In eq.(5.81) As = £1 respectively for R and L polarization
(see appendix [D.1]). Now we introduce the following quantity

2k ,
Zs(k,T) = a(T)\/l — )\swﬁs s (582)

and a related new variable y;(7, k) which is defined as
Xs(k,7) = zs(k, T)us(k, 7). (5.83)

Before proceeding in manipulating the FoM we show how to write the function multiplying ’U,/(T, k)
in a smarter way. If we take the time derivative of z4(T, k)

’ 1 ’ 2]‘6’ " (12 (I/ Qk' "
k7)) = — (200 = Ae—2—g" | = L (2% N —2" 4" ), 5.84
Zs( aT) 228 < aa Mlefd) ) 2Zs ( a Mgla2f¢ ) ( )
which becomes
22’5 a/ 2k "
k =2— —ds——— . 5.85
( Xohny a? ( a SMZ?ZCLQfé ) (5.85)

In order to get the FoM in the new variable we need to compute the first and second derivatives of
u(7,k) in order to substitute their values in eq.(5.81))

wlier) = X0 - ST k), (5.56)
o (0m)’
v X, (k, 7) , 2, (k, T) 2\ T . (k, )
s(k,7) = 7«25(1(, n —2x,(k,7) 20k 7) + xs(k,7) |2 ) - 20k 7) (5.87)

The equation of motion in the chiral basis, suppressing the time and k dependence and using eq.([5.85)),

(5.86) and (5.87), becomes

_ 2
1 ! Z " 2 /
Xs 1 Zs ( 8) Zs Zs Xs Zs
0= |=—=— — + 2 — = —= + - = k, 5.88
) Xs 22 Xs 23 22 a2 2 23 ] s 7') 2 a2 ( )
_ _X;l Z;/ 23 4 k2 Xs Zg (5 89)
|z Xs 22| a? zs a2’ '
which we can write in a very simple form as
7" Z”
Xs + | K2 - Z] xs = 0. (5.90)
S

Finally, if we expand keeping the lowest order in the slow-roll parameters and we introduce the
“chemical potential" u as

2eM,, [ H \? 'H
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we arrive at the desired expression [1 GS]

" 243 2k
Xs + |:k2 - < T o +)\s T,u>:| Xs =0. (592)

72

Note that our result differs from the one presented in [d] since we have changed the sign of the
Pontryagin density in the action; this sign can be reabsorbed in the coupling and we recover the
expression presented in the paper. Before proceeding we discuss a technical point. The coefficient
As is equal to +1 respectively for R and L modes. This implies that there exist some values of the
physical wave number kppys = % for which the factor 212%(7', k) becomes negative. This happens when

2k

2k / .
¢ = b>1, 5.93
]\/[Iflfa2 Mglfa ( )

which, introducing the Chern-Simons mass,

M2f H
— 7 5.94
Mes =4 = 0 (59
can be written as
kphys ;
2 > 1. 5.95
Mcg ¢ ( )

These modes acquire a negative kinetic becoming ghost fields [ @ [68]. Since this kind of behavior can
be problematic [69] we assume that only gravitons with kpp,s < Mcs are at work at the beginning of
Inflation. This condition holds also during the rest of the Inflationary period since the universe expands
kphys decreases. Moreover, at the beginning of Inflation, we need also gravitons with k,,s > H, which
implies that the mode function is deep inside the horizon, i.e.

Aphys << (5.96)

ﬁ .
This condition is crucial to have quantum tensor perturbations produced from a Bunch-Davies vacuum

state [. This condition is preserved if Mcg >> H, which, in the language of the chemical potential
reads

H
= pu<<1. 5.97
Mos M (5.97)

Now, the effective potential :E%T“ approaches 0 in the asymptotic past, i.e. 7 — —o00, we can use the
Bunch-Davies vacuum state as the initial condition for (5.92):

1
V2k

Thus, introducing vy = % + €, the solution of the FoM for the mode functions is [, GS]

xs(1, k) = e~ kT, (5.98)

~ . s 2 1
Na(rK) = (—2k7 )Ty —re kT4 E) 7 <2 ¥ Bp — Asip, 1+ 207, 2ik7> exp ()\sgu> . (5.99)

where U is the Tricomi’s confluent hypergeometric function [B5]. The solution for the tensor mode
function due to canonical normalization becomes

us(7,k) = ﬁ L

} ) m D 1
(—2]{:7’)UT \/_77671k7671(1+7r QT)U (2 —+ f)T — )\s’iﬂ, 1+ 217T7 27,]67'> €xp (Asg'u’> ’

Mpl Zs (Ta k)
(5.100)
where the correct normalization is recovered from the action presented in []. We observe that MLQZ
p

can be incorporated a priori into the definition of z4(7,k). However, since it is not required for the
solution of the equations of motion (EoM ), we have set it to one in the previous computation.
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5.4.1 The scalar and graviton propagators.

In this section, we introduced the different propagators we have to employ in the following sections in
order to apply the Schwinger-Keldysh diagrammatic rules, section

As explained in section [£.2] we have four different kinds of propagators both for the scalar and tensor.
Starting with the scalar sector, the tree-level propagators in momentum space are

Giy(k,i,m0) = ulk, m)u"(k,m2)0(11 — 72) + u*(k, 71)u(k, 72)0(T2 — 1), (5.101)
Gi—(k, 11, m2) = u"(k,71)u(k, 72), (5.102)
G_y(k,71,72) = u(k, )u" (k, 72), (5.103)

_(k,11,7m2) = u*(k, 71)u(k, m2)0(11 — 12) + u(k, 71)u*(k, 72)0(T2 — 1) (5.104)

where u(k, 1) = a(7)xu(k, T) is the scalar mode function. The bulk propagators are
2

2k3
2

2k3

where the index b stands for bulk, and where we have taken the second conformal time to be zero since
we are interested in computing the correlation function outside the horizon. In the last step, we have
taken the lowest order in slow-roll parameters since in section we work within this hypothesis.

Gy, 7,0) = G4 (ke 7) = w*(k, T)u(k,0), = —— (1 — ikr)e ™7, (5.105)

G_p(k,7,0) = G_(k,7) = u(k, 7)u"(k,0) = (14 ikt)e (5.106)

Regarding tensors we have

Gt s(ky 11, m2) = us(k, m)ug(k, 72)0(11 — 72) + ug(k, m1)us(k, 72)0(2 — 71) (5.107)
G s(k, 11, m2) = ug(k, m)us(k, 72), (5.108)
Gy s(k, 11, m2) = us(k, 71 )ug(k, 72), (5.109)
G__ s(k,m1,m2) = us(k, m1)us(k, 2)0(m1 — m2) + us(k, 71)us(k, m2)0(m2 — 1), (5.110)

where the index s represents the polarization states, and where us(7, k) is what we have computed in
eq.(5.100). We do not report the tensor bulk propagators since we are not going to use them.

5.5 Scalar and tensor Power Spectrum

In order to proceed to the computation of the primordial power spectra, we must canonically quantize
the scalar and tensor fields. In order to recover the canonical commutation relation we have to quantize

the rescaled fields both for scalar, x,(7,k) = a(7)u(r,k), and tensor, xs(7,k) = M”%Q(T’k)us(ﬂ k),

which are
Xs(7. k) = xs (7, K)bs (k) + x5 (7, k)bl (—k), (5.111)
7, K) = xu(7, K)bo(K) + X% (7, k)b (—K). (5.112)

where by(k), br(k) and by, (k) are the respectively creation and annihilation operators which obey the
usual relations

(OB =0, biloy =0, [bi(k),bl(K)] = (2m)*0P (k — K3y, [bi(k),b;(k)] = [b] (k),bl(k)] =0,
(5.113)

where ¢ = 0, R, L. Now, in order to derive the Power spectrum we must evaluate

(Ofa(r, K)a(r, =K)10) = a=2(7)(0] (xu(k)bo(K) + Xz (K)BH(—K) ) (xu(~K)bo(~K) + xu(~K ) B (~K) ) [0)



where in the first step we have suppressed the temporal dependence for clarity. Now, from this, we
can derive the inflaton adimensional power spectrum, introduced in eq.(|1.154)

k3 k3
oz P k) =5 50

where S stands for scalar. Since we are interested in super-horizon scales, we can use the asymptotic
expansion for the Hankel function for —k7 << 1

HV (2) ~ [—F(V) (2>Vz‘] , (5.118)

s x

A(Scf)(k;) = - (T)Xu (Tv k)XZ (T’ k)v (5'117)

to approximate the scalar mode function as

Xu(T, k) =~ ﬁexp (iV—TW + ZE)\/TT [—F(VT) (2)VT z] = exp (Zg (,/T _ 1) (—kT)—uTJr% F(VT)QVT_%,

2 2 4 s —kT 2 vV 2k F(%)
(5.119)
Thus, the adimensional power spectrum becomes
2
kg 2 (k)T (vr) | Jovpes
Ase(k Hr(1l - 2°VT ™ 5.120
2
L3 (_kT)—2—2(36—77V) T2 +e—ny)
Hr(1 - 2 92(Be=mv) 121

= oy (Hr(1 - ) T o , (5121)

where we have used that vy ~ % + 9¢ — ny. At first order in slow-roll parameters the adimensional

power spectrum Asy(k), i.e. Eq.(5.121)), and the power spectrum Psq(k) become

Ass(k) = (;‘:)2 (a’;) e (5.122)

1 H2 /[ kO 2Benv)
Psg(k) = B <aH> ; (5.123)

which are identical to the ones we have derived in the standard scenario. Now passing to the curvature
perturbation with [I5]

¢ (k)
((k) = Y, (5.124)
we can write the adimensional power spectrum and power spectrum as
H 2 A —2(3e—nv) 1 H 2 k —2(3e—nv) 1
Ac(k) = — — 5 = — —, (5.125)
2w aH QEMpl 27 My aH 2¢
1 12 k —2(e-nv) ¢ H\2/ k —2(@e-nv) 4
Pe(k) = — — =\ — . (5.126)
B2 \aH 2eM M,y aH 4ek3

Concerning tensors, we can follow the same procedure with a slight modification to account for the
polarization tensor. Therefore we compute

(01hg; (kA (= )[0) = €5 (k)€™ (k) (Olas () a3 (—K ) |0) = 2us(k)uj (k) (2m)* 6P (k + k), (5.127)

where we have used that efj(k)e?*(k) = 2 for both s = L/R, see appendix In order to proceed
we need a super-horizon expression for the solutions of the FoM. Using the asymptotic form of the
hypergeometric confluent functions we can write [G5]

~ Y21 T i-3+5or) L) (ZRTN T g
us(m k)~ o AR H@( ) e e
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Therefore the adimensional power spectrum reads

2 _
B2 1 T C'(vr) (—k7)3_2VT A\
AS — e sTH 5.129
T or2 M;l 22(1,k) 2(k7)3 [ I‘(%) 2 ( )

1+ Asp —kr\

= 5.130

772]\/[5[23(7', k)72 ( 2 ) ( )
H? somp [ —ET —2

2 S — 5.131
w2 M2 ( 2 ) (5.131)
A

= TTeAW, (5.132)

where Arp is the adimensional tensor power spectrum we have computed in section 2.5 where we have
taken the lowest order in the slow roll parameters and in p and, in the third step we have considered

Kphys
22(1,k) = a(ﬂm ~ a(T). (5.133)
Mecs

We can approximate in this way because we initially consider a scenario where kppys < Mcg at the
beginning of Inflation, and additionally, in eq.(5.132)), we are considering the value of z at the end of
Inflation. Thus

k

a

k

ap k

B OE a

-N
e, (5.134)
g a

B

where the subscripts stand for the beginning and the end of Inflation while /N is the minimum number
of e-folds required to solve the shortcomings of the H BB model. Thus, it’s clear that any correction
to a(7) in z4 is completely washed away by the accelerated expansion.

The disparity between the L and R power spectra at the linear level offers a potential observable,
which is often called the chirality parameter

AR — AL —(1-
_orAr (dmy) = (mme) (5.135)
AR+ AL (T4 mp) 4+ (1 —mp)

which we expect to be small and as discussed in [7], only weak constraints could be put with future
C M B experiments. This quantity is the degree of gravitational circular polarization introduced in [
which is

Heire =T =7

V2N ( 1 ) , (5.136)

f My,

which quantitatively takes values according to [0

1 2 9
) ~ € 2 H 10 GCV 2
Mere = 09 (355 (1014G6V> ( 7 ) +OW). (5.137)

Another important feature is the total tensor ratio is modified in the Chern-Simons theory of modified
gravity even if the effect is unobservably small

AZS = AR+ AL~ Ar (14 07)). (5.138)

Therefore, at linear order in u, we do not observe any modifications in the total power spectrum or
in the relationship between scalar and tensor quantities, r = 16e. Going to higher orders in p, it’s
possible to modify the total power spectrum with respect to the standard single-field slow-roll model
[[. Exploring the modification of the spectral index is intriguing, but we refrain from conducting the
calculation here since a similar computation is carried out in the subsequent chapter (the result is
identical once we exchange the two chirality parameters).
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5.6 The scalar trispectrum graviton mediated

The goal of this section is the calculation of the scalar trispectrum, building upon the approach
introduced in [, and incorporating an additional observation that was not discussed in the paper,
section [5.6.3] We restrict ourselves only to the lowest contribution in slow-roll parameters that can
present parity-violating signatures, which is the zeroth order.

Before proceeding with the calculation, it is essential to elucidate why an imaginary part of the
trispectrum leads to parity violation, as emphasized in [d], whereas the real part cannot produce such
an effect. In fact, we know that the four-point correlation function, i.e.

C(1,%x1,%X2,X3,%X4) = (00(T,%1)00(T,%2)d0(T,x3)dP(T,X4)), (5.139)
is real and in Fourier space can be written as

d3k‘1€ik1 X1 d3k2eik2~x2 d3k36ik3‘x3 d3k‘4eik4'x4

Since C*(T, X1,X2,X3, X4) = C(T, X1,X2,X3, X4) we have C*(T, kl, kg, k3, k4) = C(T, —kl, —kg, —kg, —k4).
Hence, if the trispectrum is real, it cannot violate parity

R[C(7, k1, ko, k3, ky| = (*(7, ki, ko, k3, kq) = ((7, —ki, —ka, —k3, —ky), (5.141)
while if it has an imaginary component
[T, k1, ka, k3, ka))]" = F[C(7, —k1, —ka, —k3, —k4))] = = [((7, k1, ko, k3, kq)], (5.142)
it clearly presents parity-violating signatures.

Now we delve into the actual calculation of the trispectrum, which is performed using the Schwinger-
Keldysh diagrammatic rules [I4] for the In-In formalism’s master formula [I7] (see section [£.2). The
initial step involves identifying the types of diagrams that contribute at the lowest order in slow-roll to
the scalar trispectrum. First of all, we notice that the scalar contribution to the trispectrum coming
from all the possible diagrammatic possibilities of terms coming from the expansion of the potential
can’t violate parity. For example the following interaction vertex

1 0*V
diz— ——6¢* (7, %) : (5.143)
/ Al 0¢* $(rx)=6(7)

which diagrammatically in Fourier space has two formﬂ

¢ (k1) 6p(ks) oo (ky) 6¢(k3)

¢ (k) 0¢(ka) O¢(ks) ¢ (ka)

Figure 13: Quartic interaction from the potential expansion.

can’t produce any contribution to the parity-violating part of the trispectrunﬁ We notice that the
possible contributions to the parity-violating trispectrum must be the ones, shown in fig[T4] which are
mediated by gravitons since the parity violation arises from the modification of standard GR. Clearly,
there are contributions coming from much more complicated diagrams involving loops but here we
consider only the dominant terms which are the tree-level contributions. Thus at lowest order, we are
seeking the following diagram shape:
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¢ (k2) d¢(ks)

do(k) d¢(ka)

Figure 14: The diagram for the graviton-mediated trispectrum.

Based on the preceding discussion, it becomes evident that we require interaction vertices of the type
depicted in fig. These vertices involve two scalars and one tensor.

dp(kz)

dp(ki)

Figure 15: scalar-scalar-tensor vertex

This kind of contribution can come up only from the kinetic term and the C'S one. Expanding the
kinetic term we obtain the following contribution to the action in position space

s —

wnt

- / d%%a?(f)hifa,-aqs(f, X)9;56(x, 7). (5.144)

which in Fourier space becomes

ikriqu(k, T)u Zelf Yup (K, T) (5.145)
h

int —

S(l)_l/ d*x d3keik.xd3qeiq~x B K iKx
(HT)? (2m)3  (2m)3  (2m)3
=50 )3/ dr &k &g &K
=25 | THO2 20)7 (27)3 (273

Sk raqu(k, T)u(e, 7) S & (K)un (K, 7)5%(k + q + K),
" (5.146)
from which, according to [I4] we can write the relative vertex diagrammatic rule in Fourier space as
ko ko

1) K_ (1) K

—ik{Khels (K) [T 72

o (2

= ik{ ks (ey (K))" [ i

T0 (I{f')2 ?

k1 kl

Figure 16: Diagrammatic rule for the interaction vertex

Z4each vertex can be of the + or — type which is respectively represented with a dot and an empty dot, see section

3

See section for the diagrammatic formalism.

96



where (1) on the vertex is used to refer to the interaction of eq.([5.144)), EZ(K) are the polarization
tensors introduced in appendix with h = L/R, and K = k; + ko.

Now we need to expand the C'S term in order to obtain the scalar-scalar-tensor vertex. Using the
conformal invariance of the Weyl tensor [[3] and retaining the leading order in slow roll it’s possible

to get [
S@ = / d*z f ﬁ (alaqs) ¢k [(Okégb) aih;j] , (5.147)

which up to a surface term can be written in Fourier space as

S =
int — fMpl

dSkeik-x d3qeiq-x d3K6iK~x ,
ijk [ g4 . !
Vee /d x GrF @rF @) ikrigqr (u(k, m)u(q, 7)) Eh I (K)up (K, )

(5.148)

3 3 3
et (am)? [ i s (Pl 7)) Y (K75 k+ @+ K),

- u 2m)? (2r)? (27)? -

(5.149)

where we have reintroduced the Planck mass by dimensional analysis. Now, since temporal deriva-
tives appear [[4], we directly write down the expression of the vertex in which the external lines are
contracted with scalars. The associated diagrammatic rule becomes

59(7s k2)

o = i e Ry (K) [ dr (G (k1,77 G (k7o)
o9 (7s ki)
59(7r ka)

@ K:+iﬁm\/€eijkk{k§(e K)) [dr[G_(ki,7,77)G_ (ks 7, 77))] -
oo (7s k1)

Figure 17: Diagrammatic rule for the C'S interaction vertex

Thus, using the two interaction verteces of eq.(5.147) and eq.(5.149) we can get four diagram combi-
nations:

o dp 00 5¢ 8¢ 8¢
(1) 5 ) (1) 5 (2) >“< >_<
56 5 ¢ 0¢

Figure 18: The possible diagrammatic combination using the two vertices.

where we haven’t specified the momenta of the scalar field and the kind of vertices (see section [4.2))
for simplicity but in the calculations all the possible permutations must be considered in order to get
the correct result. Notice that the second and the third diagrams can be obtained one from the other
by exchanging the momenta.
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Thus we start the computation of the first possibility in which the two vertices came from the kinetic
term. Now we have to compute twelve diagrams since we have three channels

6 (k) dp(ks) do(k) 6 (k)
dp(ks) dp(ks)

do (k1) dp(ks) 0¢(kz) dp(ks) 0¢(kz) do(ks)

Figure 19: s,t and, u channel

and each channel comes in four combinations since we have two vertices (each vertex can be of the +
or — type which are respectively represented with a dot and an empty dot)

dp(ka) dp(ks) do(ka) do(ks)
h(kr) h(kr)

dp(ki) op(ks) Sp(ky) dp(ka)

dp (k) dp(ks) do(k) do(ks)
h(kr) h(kr)

oo (k) dp(ks) 09(k1) dp(ka)

Figure 20: The four possibilities for the s channel

Since the computation for each channel is identical we introduce K; = (k}, k%, k?, k‘}) with I = s,t,u

KS = (klkaak37k4)7 Kt = (k17k37k27k4)7 Ku = (k17k47k37k2)5 (5150)

and k; = k} + k? = k3 + k}. Therefore, we can determine the contribution from the four diagrams
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for the generic channel I using the rules we have determined above.

st = =3 / M7 b (g (KLY (279 (5}, 7)S 4 (R, 70)

H27'17'2
x [¢" ]ab(kf)(kl) (k7)°G+ (K}, 72) S+ (K7, T2 )un (kr, maz 7y, 7o) Juj (ky, min[ri, 72])] (5.151)
=Y PuK)IY (k). (5.152)
h

0 a d
second = zhj Py(K7) /_ N H:i)2 ( sz (S (k1. 7)S- (k7. 70)[S+ (K7, 72) G (KT, m2) i, (i, mo)un (Kr, 7))

(5.153)
- th (K1) (1, ko) I (Ks, Ka), (5.154)

dr dr .
=" Pu(Ky) / : 2 Juso (kb ) (K3, 70) [u—s (k3 mo)u—y (Kb, mo)up (kr, 7 )y (ki 7))
h — 00

(5.155)

—ZP(K)/O dri [ugp (K}, T )urs (K2, T )un(k 7-)/d7—2[u (K3, mo)u_y(kF, m2)uf (kr, )]

- h 1 - (HT1)2 +b\1y 71 +b\hvyy 71 h\NT,71 (HTQ)Q —b\Ivy, 72 —b\ vy, 72 h\ Ty T2
(5.156)
= th K)d k17k2)3( (ks ka), (5.157)
fourth = — th (K13 (k), (5.158)
h
where we have introduced

Py(Krp) = s (kr)(kp)'(k7)? [€"]5 (k) (K1) (k7)", (5.159)

and the following notation for the time integrals

drd
32 (Kp) = / T g (k)G (K2, 7) G (K, 72) G (kY 7a)up [k, max(r1, 7)]uf k7, min(ry, 7)),

(H2Tl’7'2)2
(5.160)
D) 10 1.4 dr i j * (1,0 j
dn( Ika):/W9+( 1. 7) 9+ (kp, T)up (K7 + kg, 7), (5.161)
Tyar, (K1) = R (317 (K1) - 3§ (1, kD3, (ki K1) ) (5.162)
Summing everything together we get
(56(k1)56(k2)56(ks)56(K1)) = — 3 2P, (K1) Toar, (K1), (5.163)

I,s

Now using eq.m that
Pr(Kr) = e} (K)(k1)' (k7 [ o (K1) (k}) (k7)" = [e5]"(K) (kp)" (k) ea (K1) (k) (k)" = P (K7).

(5.164)

we can write, from eq., that
R(6p(k1)dp(ka)op(ks)dp(ky)) = —2Z§R Pr(K71)) [Toarp (K1) + Tyar, (Kr)] (5.165)
I(0p(k1)dp(ka)dp(ks)dp(ky)) —22 (Pr(K1)) [Tvarr (K1) — Tyar, (K1)] . (5.166)

Thus the computation of the graviton-mediated trispectrum proceeds in two steps: the computation
of the polarization sums and the time integral.
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5.6.1 Polarization sum

First of all, we introduce a Cartesian system in Fourier space such that the z—axis is parallel to k; as
shown in figure [21] (for clarity we haven’t reported all the vectors). In this particular reference frame,

k-
y §

- Ky
Figure 21: The basis.
the two polarizations read
1 1 ¢ 0 1 1 —i 0
R . L .
V2o 0 0 2\o0 0 0
and we can write in polar coordinates the Kés as
= K} [cos (¢}) sin (6}) ,sin (67) sin (¢}) , cos (67)] - (5.168)
Now we want to compute the polarization factor
b . d
P(Ir) = ety (k) (K1) (K3)"| e (o) (KF)° (1)) (5.169)

which is the product of two similar expressions; we can obtain the second from the first by exchanging

LIR (k) ki = 0, the

momenta and taking the complex conjugate. Using that K? = k; — K% and that €ij

first term for the right polarization can be written as

cos (¢H)sin (03)\ " | (1 i 0 cos (¢} sin (61)
(€8 0r) (K1) (K3)"| = K} | sin (6}) sin (o}) 75| =1 o) K (s (o) sin (07)
cos (9}) 0 0 O cos (9})
(5.170)
cos ((b}) sin (9}) T 1 cos (qﬁ’]) sin (9}) + ¢ sin (9}) sin (qﬁ})
= —K}K} sin (9}) sin (qﬁ}) — | +icos (qﬁ}) sin (91) — sin (9}) sin (gzﬁ})
cos (67) V2 0
(5.171)
KlK} (98]

—_ \I/EI sin? (9}) e*i(200), (5.172)
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where K} =| K} |. Now sending K; Y2, K3/4

second factor in eq. m

and taking the complex conjugate we get for the

K3K3

b ) (5)° (5D)' | = [ebyier) (561)" (K3)"] = = ==L E sin? (6) e, (5.173)

Taking the product of eq.(5.172)) and eq.(5.173)) we obtain
Pr(K;) = % [K}K}” sin (6}) sin (63) e+i¢}e—i¢ﬂ ‘. (5.174)
Pr(Kp) = % |KHK sin (6}) sin (6F) =191 g (5.175)

5.6.2 Time integral

We now compute the time integral following the procedure adopted in [@]. What we want to compute
is

Tar, (K1) = R (317 (K1) - 3§ (1, kD)3, (ki k1) ) (5.176)

where we recall that from the computation of section [5.4]

u(r, k) = ( ) LVT (Z%Tw + i%)\ﬁ—fﬂgp(—m, (5.177)
_ 1 (_kT)g —ikT —i( +m —T) 1 AsTp
us(1, k) = o k)2 e e U(2 + vp — Asip, 1+ 2up, 2ikT)e 2H. (5.178)

First of all, we are interested in keeping only the dominant term both for the real part and the
imaginary part of the scalar trispectrum. We have to retain p since the parity-violating part of the
trispectrum, i.e. the imaginary piece, has to be proportional to u. Regarding the real part, this is
different from zero and contains terms of zeroth order in the slow-roll parameters because the solution
of the EoM contains zeroth order terms in the slow-roll parameters. Keeping this assumption in mind
we have

2i(1 + ikT)e T
qHM (—kr) = \[ = 2s(7,k) ~ a(7), (5.179)

a(t) = ———, wvp=

[\
w\wﬁ

where in expanding z we have also considered that being an effective field theory we have kyp,s < Mcs.
Thus for the scalar we obtain

I VEQ+ikne T\ g o
u(r,k) = (+iHT) 5 (-1 | - Y _m(lﬂm)e : (5.180)

while for the tensor we get

2 . . 1+’Lk7’
us (7, k) = ]\Z (—HT) (=2k7)2 /=1 " (1)U (2 — Aqip, 4, 2ik7)e 50 (U(24l512k:r)> o180
H —ikr (U2 — Asip, 4,2ikT) . _ AT
= v 1 k sah, 5.182
<Mpm?3> o (g ) ik (152

Before continuing, we introduce an additional approximation to enable us to analytically evaluate the
time integral. We assume that

U(2 — idopt, 4, 2ikT) ~ CsU (2, 4, 2ikT), (5.183)
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where we can find the amplitude at first order in p by imposing the equality in 7 =0
Cr=1—i(-14+~v)u, CL ~1+i(—14+9)p, (5.184)

where v = 0.577216 is the Euler constant. Using the HypergeometricU][...] function in Mathematica,
we can derive this result. To assess the accuracy of our approximation, it is crucial to emphasize
that the primary contribution to the graviton mode function arises near horizon crossing, where
| Tk; |= 1. Furthermore, if —k7 < —1 the integrand is highly oscillatory and we expect a subdominant
contribution [I7]. Moreover, we can plot the

CSU(2 — ASM? 47 212) |2

| U(2,4,2iz)

: (5.185)

as show in figure 22] In the first subplot, we display the outcome for the right polarization, whereas,
in the second subplot, we show the result for the left polarization. From the plot we can appreciate
that if 4 << 1 and z = k7 < 1 it’s reasonable that the approximation works.
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Figure 22: | W |2 vs u for different value of z = ku.

This assumption allows us to evaluate the time integral taking the 0th order in slow-roll and p solutions
of the FoM,

- |

u(r, k) = \}m(l e (5.186)
. |

us(1,k) = — (1 + ikr)e T, (5.187)

M, VE?
since i has the only effect to modify the amplitude of the mode function. Thus we can simplify the
scalar propagator as
H? ;
Gk, 7) = o5 (1 - +kr)et T, (5.188)

We do not report the explicit expression for the modification of the tensor propagators since in the
time integral we report the explicit expression for this propagator as product of mode functions. Since
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in the time integral, i.e. eq.(p.176f), the graviton mode function appears always multiplied by its
complex conjugate we have that

Tyar. K7) =R <CSC;<€ASM [H,(f)(Kz) 3( )(kI’kZ)g( ) *(k3, kj-*)} O) , (5.189)
M:
which using that up to first order Cs;C} ~ 1 we get
Tyar, (K1) = €™ Tyar, (K1), - (5.190)
Therefore using we finally obtain using the ie-prescription in the asymptotic past [I5]

Toar. (K1) _ = ——= ax + kr)(la — 2bs) + k7 (K7 + K7)| +(1,2) + (3,4
(KDl ,—o T, 20\ [l 2( 5a+ k) ([ad]” — 2b34) + K7 (K7 + K7) | +(1,2) < (3,4)
KK} | biy k v, 1
LT —kr+ L <K§K}1 ki I) +(1,2) < (3,4)
ki agy afy a3y ke + o1 a12
4
]{,‘I T 1 1 k[
afyadsky [ H kQ afpafy  kajyad,
(5.191)
with
. i I i J T i J i J ) H ?
kt:Z|K1’a ajj = ‘KI\‘HKI“HW}? by = [(|K1’+|K1)k1+\K1HK1’}7 Ay =4 M)
< p
(5.192)

It is worth noting that the outcome of eq. remains independent of the polarization, as evident
from our choice to set p equal to zero. Consequently, we omit the chiral index when discussing the
time integral evaluated at p = 0. The program used to compute the integral is available on this
Now we can finally compute the graviton-mediated trispectrum as

R0 (k1)6p(ka)do(k3)d(ky)) = —4Z§R Pr(K1)) Toarp (K1) ,—g » (5.193)
(8¢ (k1)0¢ (k2 )0 (k3)dp(ks)) = —4MZ (PR(K1)) Toary (K1)|,—g - (5.194)

We now focus on one of the collapsed limits of the trispectrum, i.e. the one in which | K% [>>| k; |~ 0
with ¢ € 1,2,3,4. Operating with this approximation is much easier, and our goal is to demonstrate
that the trispectrum’s amplitude in the collapsed limit is too small for detection. In this way, we
only want to highlight the difficulty of detecting the trispectrum. Certainly, a more comprehensive
examination becomes necessary in alternative configurations, as we encounter numerous simplifications
in the collapsed limit. The collapsed limit also implies that K} ~ —K% and K3 ~ —K%, and the fact
that k; ~ 0 makes our previous assumption for the tensor mode function exact. Unless the conditions
K} = —K% = —K% R K‘} are met, we can select a specific channel, and the influence of the other two
channels becomes negligible, due to the factor % By excluding this possibility and narrowing our
focus to one channel, the resulting outcome is

Collapsed _ _& H4 QK}K?
n=0 23 \ T1, 2K 4

Tvari (KI)‘ (5195)

and the corresponding trispectrum reads

A 4 1773
R(56(k1)5(ka)66(k3)d6(ka)) = [K}K G sin (O}) sin (63)]” cos (+2i (¢} — 67)) Ay (H‘*H ) ORI KT

2k3 2K 4
(5.196)
H* KK}
(66 (k1)06 (ko) 66 (ks) o (ka)) = mp [K} T sin (O}F) sin (€3)] sin (+2i (¢} — ¢I))2k3( ; ) ! .
[Ti=1 2K
(5.197)
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Now recalling that d¢ = —%C = —v2eMy ¢ we can switch to the trispectrum of the curvature
perturbation and we get

__ 1 1312 [sin (©1) sin (02)] cos il—gg;éitHi4

RC (k1 ) (2 (ks )¢ (o) = faiz) (K7 K] [sin (O7) sin (07)]" cos (+2i (01 — 1)) 55 (H;m
(5.198)
3 o 31 . 2 : 94, o

(¢ ()¢ (k) (s )¢ (k) = sz’ [KGET) [sin (O7) sin (O7) " sin (+21 (07 — 01)) 55 (M
(5.199)

Now we can use the expression of the power spectrum of the curvature perturbation at 0%* order in
slow-roll

1 (H\?

we can rewrite the real and complex part of the scalar trispectrum as

RAC (1) () (ka) () = o [sin (©1) sim (60)]7 cos (+2 (6} — 08)) Pelkn) Pe(ED P(KD), (5.201)
(¢ (et ) (o) (5 (8s)) = 1 Teier sin (6F) sin (63)])7 sin (+2i (9} — 65)) Pe (k) Pe (k) P (k).
(5.202)
where we have used that
_ H \?2
Ap =4 (]\4pl> , 1 = 16e€. (5.203)

We conclude this section with some final remarks about the graviton-mediated trispectrum. The
natural smallness of the trispectrum is due to the r suppression factor and it makes it unobservable
given the current limit on the sensitivity [@]. The factor r originates from a consistency relation within
bispectra [@], as it can be demonstrated that the trispectrum emerges as a product of two distinct
bispectra in the collapsed limit. It is possible to incorporate enhancement factors through adjustments
to the model, such as in quasi-single field models of inflation [ but we are not going to discuss this
point. Nevertheless, caution must be exercised to avoid compromising the bispectrum measurement,
given the interconnections between the trispectrum and the bispectrum in the collapsed limit.

5.6.3 The scalar trispectrum with the Chern-Simons interaction vertex

In this section, we provide a brief explanation as to why the interference diagrams (refer to fig.
and the one involving two vertices from the C'S term do not contribute to the scalar trispectrum. We
can discuss both terms in the same way by repeating all the steps we have done previously:

e write down the four amplitudes coming from the vertices combinations,

e evaluate the polarization portion,

e use the simplifying assumption to treat the hypergeometric confluent functions,
o derive the time integral.

The two contributions are 0 since the time integral is 0. In the case of the interference term, which
diagrammatically is
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¢ (k2) d¢(k3)

2 5, )
dp(ki) dp(ka)
the time integral becomes
Ty, (K1) = % (357 (K7) = 357 (k1 k)3, (03 K1) ) (5.204)

where

drid ’ .
32 (K,) = / ﬁ [y (b, 7 )ug (2, 71)] g (63, 7)us (K2, 7a)un [k, max(ry, 72)]uj, [k, min(7, 7)),

H2T17'2
(5.205)
Wi 1y — [ 97 i It (K K
3y, (k. k7) = W“Jr( 1> )us (e, 7)ug, (kK7 4k, 7), (5.206)
30016 = [ it [ 06k )06 )]+ 1), (5207)

With an implementation of the previous [codd, we can show that this integral is exactly 0. While
regarding the diagram with two C'S interaction vertices, which is

oo (ka) 59 (k3)
2 , 2

do(k) dp(ka)

we can write the time integral as
Tyar, (K1) = R (317 (K1) = 31 01, kD)3, (k. k) ) (5.208)

which can be evaluated using this and the result of the trispectrum and it approximately scales,
as order of magnitude, as

H\* H®
(09 (k16 (k2dp(kadp(ka) ~ fQEJW]fl (Mpz> 70 (5.209)

where with k& we are simply counting the power of ks which enter in the expression. Eq.(5.209) is
largely suppressed with respect to the standard case which scales as

H \*H*
pl
The suppression factor is
4 HAM?2 2
il i (5.211)

fPMZ T M28eH?M? ~ Mg

where we have use that f =

Mes2¢p _ Mog2v/2eH
M2 T :

pl M
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6 Chiral scalar-tensor theories of gravity

In this section, following the idea of an effective field theory approach to modify the standard Inflation-
ary scenario, section we introduce the so-called chiral scalar-tensor theories of gravity proposed in
[[@. As the Chern-Simons theory of gravity falls short in explaining the signal detected in LSS, the
idea being explored is whether these types of theories can amplify the signal through the birefringence
effect they induce on left and right-handed gravitons. As we’ll see this is not the case. Within this
theory, we introduce covariant parity-breaking terms which have more derivatives both of the metric
and of the Inflaton field, which, in this context, is not minimally coupled to gravity. However, these
theories lead to equations of motion with higher-order derivatives and, Ostrogradsky shows that this
may make the theory pathological [70] with the appearance of ghost’s modes, for example. However,
under suitable conditions, it’s possible to show that this occurrence is not verified [[9. We are not
going to discuss this point in depth but simply we list which hypotheses are needed.

The actions of the theories we are considering have the following form
4 M%l 1 g
Spv, = [ d'zv/—g |5~ R+Lpn — 59 009 —V(9)| (6.1)

2
Spy, = / d'zy/—g [MQ”R + Lpy, — %gwamam - V(¢)} , (6.2)

where, £py, and £ py, represent Lagrangians that incorporate parity-violating operators involving up
to only first and second derivatives of the inflaton field, ¢, respectively. The explicit expression of the

Lpv, is [Id]

4

Lpvi =) aala, (6.3)
A=1
where, with M, = 1, we have
L1 = &% Ragpo R0\ 87, Ly = & Rogpoe R, ¢ by
Ly = &% Rappe R L7 00", Ly = & RppagR,,0 5, (6.4)

where €,,,3 is the Levi-Civita tensor (see section , and ¢# = VF#¢. The couplings a4 in (6.3]) are
adimensional functions of the scalar field and its kinetic term, i.e. aa = aa(¢,¢"¢,). In order to
avoid the Ostrogradsky modes, we have to work in the unitary gauge [2.3] and we have to set

4aq 4 2a9 + az + 8ayg = 0, (6.5)
from which we understand that we have only three independent coefficients.

Now, switching to the second Lagrangian Lpys we have [T

7
Lpve = Z baMy, (6.6)
A=1
where
My = ™ Rog oo P07, My = e"P Rogpe by’ 107 18,
M2 = EuyaﬁRaﬂpg¢pu¢0y, M5 - 5uua5Rapa>\¢p¢B¢Uu¢)\m
M; = e Rogped” ¢’ ud v Mg = " Ry, $a ™6™, 6™,
M7 = (0¢)M; , (6.7)

where ¢, = VoV, ¢ and by = ba(¢, #*'¢,). Also in this case, to avoid the Ostrogradsky pathological
modes, we have to work in the unitary gauge with the following four conditions [I9]

b; =0, bg = 2(()4 + b5) , by = —Ai(bg — b4)/2, (68)
where A, = ¢(t)/N and N is the lapse function of the spacetime.
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6.1 The actions in the ADM framework

We work in the ADM formalism of the metric, section [C.3] and in the unitary gauge, section 2.3
since we have to avoid pathological modes. In Cartesian coordinates and conformal time, we write

G = a2(7) <‘<N2 ]_ViN"Ni) gj) : (6.9)

where a?(7) is the scale factor, N is the lapse function, and, N; = 9;¢ + E; the shift function and, the
spatial metric is

1 . .
gij = aQ (6%51']' + exp hij> = (12 <€2<(Sij + hij + ihikhkj + ) R h; = 0, 8ih1j =0. (6.10)

According to the Hamiltonian analysis performed in [I9] we can write the parity-violating actions in
the following way

de ((H \? ,;
V9L = & (Mpz> il [2(2(11 + as + 4ay) (KKWDZKJW + @R, DK — KmiKm”Dlan>
— (az + 4aq) <2Kmin”DnKlm n (3)lem”DnKim)} , (6.11)
i b1 (by + b5 — b3)
V=9Lpv, = € |2N [ “ NKy DK™ 4+ 222 =8 K™ D, K™
PNt M, M, ’
3 n gm 2(b4 + b5) m
+ ¢< G Rt "K™; DN — TSZ(S)RWK iDiN ||, (6.12)
p

where we have reintroduced the Planck mass.

We conclude this section by discussing equations of motion of the lapse and shift functions. We can
apply exactly the same discussion of the Chern-Simons case, section Thus, since we do not need
to expand the action to fourth order in scalar and tensor perturbations, we only need first-order
solutions for the constraint equations. We can set the solution of the constraint equations of motion
as in standard gravity

Y SN

NiL:Oa d}:_ 7+X7 ._Eé (613)

N=1+ H 2H2M2<

<
H’
6.2 The FoM and the Power spectrum

In this section, we investigate the chirality introduced by these theories in the primordial power
spectrum of tensor modes. Here, “chirality" refers to the distinction between left-handed and right-
handed gravitons. We won’t provide a detailed derivation of the results but will provide brief insights
into the key aspects. The primary references for this subsection are [§] and [71].

Before going into the details of the tensor computations I want to stress that the purely scalar part
does not receive any contribution at quadratic order for both Lagrangians. Thus, since we are working
in the unitary gauge we can copy what we have obtained in section Thus, we have at quadratic
order the following Lagrangian

5(424) = / de3xa26M§lhij{C/2 — aigajg}, (6.14)

from which we can derive the solution to FoM in Fourier space with Bunch-Davies initial condition
and at lowest order in slow-roll parameter as

1 A iH i
u(r,x) =——[(1—— | " = ——— (tk7 + 1) e "7, 6.15
() VackaMy, ( kT) V2ek3 M, ( e (6.15)
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where we have used a(7) =~ —% and we also have to recall that in order to recover the canonical

commutation relation we have also to impose the condition on the Wronskian, eq.7 of the
normalized field, which in this case is aMpl\/ZC . We rewrite the mode functions in the form of
eq.(6.15) since we are going to compute the graviton-mediated trispectrum in section at lowest
order in slow-roll parameter§?®} The full solution is the one presented in from which we recover
the power spectrum for scalar perturbations.

The initial step for calculating the power spectrum is to derive the equations of motion, which we
accomplish in Fourier space. Therefore, we express the tensor modes in Fourier space as follows:

hii(x,t) = &%k 37 bk t)el?) (k)elx (6.16)
1] 9 (277')3 s S ) 1] Y .

where ez(;) (k) are the polarization tensor in the {R, L} basis, appendix [D.1} hs(k,t) are the so-called
mode function of tensors. The action derived by Lagrangian Lpy, (6.11) at leading order in slow-roll
and at quadratic order in h;; is given by [§]

d*k
st = 3 [ar [ S5 [ap e - B )], (6.17)
s=L,R

! .
where hy, = %hs, and we have introduced

M? ko M? 4 2 .
A2 = P2 (g phys B2 = ZPl,2 (] _ D 1

with A\s = £1 for right and left-handed gravitons respectively, and with

MS$, 1 1
Mpv = Pl.f s 6.19
b8 g2 (f+gH (6.19)
and a a
fza1+?2+2a4, gz§2+2a4. (6.20)

Now, everything works in a very similar way to what we have done in the Chern-Simons of modified
gravity. First of all, we notice that the right-handed graviton modes, i.e. Agp = +1, can acquire a
negative kinetic term if kypys > Mpy,, where kppys = % with k co-moving wave number. In such
cases, these modes become unstable, potentially leading to critical issues within the theory, such as
a breach of unitarity or the propagation of negative energy modes forward in time[§]. To avoid such
circumstances, we introduce a cutoff scale denoted as A < Mpy,. At the beginning of Inflation, we
restrict our consideration to gravitons for which k,p,s < A. Moreover, at the beginning of inflation,
we need also gravitons with ks >> H. This follows from the fact that we impose Bunch-Davies
initial conditions. Thus, by putting everything together we have that

X1 = << 1, (6.21)

MPV1
where we have introduced the chirality parameter x1 in analogy to what we have done in section
Now, we observe that this condition is verified throughout the inflationary epoch since the scale factor
exponentially increases. For example at the end of inflation, we have

Fiphys _ Kphys ap _ Kphys e 90 (6.22)

ap ap ag ap

where ap and ap are respectively the scale factor at the end and beginning of inflation.

26We seek the lowest order in slow-roll parameters since we expect that the parity-violating trispectrum to be propor-
tional to the chirality parameters which are much lower that one.
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If we now introduce a new quantity, the graviton speed, as
BQ
2 _ T
CT,S =93 (623)
AT,s

the action (6.17) becomes
d*k
SV = Y [ar [ SR [l - ). (6.21)
s=L,R

In order to canonically quantize the field we have to write the action in the canonical form. Thus, we
make the following field redefinition
ps = At shs . (6.25)

This allows us to rewrite the action as
PV1 _ d k 2 T s
Soy Z | (k, 7)[? = o ks (K, 7) [ + ! sk, (6.26)

Now, applying the variational principle in Fourier space we get the following equations of motion for
s

A/l
!+ <Tk: - A?) 1 =10, (6.27)

where the we can rewrite the last term using

2
AIT/’S d A’ITS A/TS 2+3€ )\sk ) )
AT’S - E (ATys * AT75 - T2 o T X1+ 0 (6 » X1 6X1) ) (628)

where € is the first slow-roll parameter, section 2.2] Thus, the EoM at lowest order in x; and slow
roll parameters are [[1]

2 1
vHh — 7 k 3
w + (c?nskz — TT2 44 /\STX1> ps =0, vp B +e, CTs =~ 1= AskTX1. (6.29)

We promptly observe that in this theory, a birefringence effect occurs, implying that the two chiral
polarizations propagate at distinct velocities that deviate from the speed of light. This marks the
primary difference between chiral-scalar tensor theories of gravity and the Chern-Simons one. As we’ll
see this particular feature does not influence the calculation of the graviton-mediated trispectrum. No
enhancement is observed compared to the Chern-Simons theory.

It’s important to highlight that when setting f + g = 0, we fall back to the standard scenario. Now
we can rewrite the FoM for the mode function as

H 2 1 H
2 <1 sk T) S L ] fs =0. (6.30)
PV;

It’s possible to find an approximate analytical solution [§ [[I] in terms of Airy functions [G3]

() = <5(”>1/4 AI(€) + 5 (5@))1/4 Bi(6). (6:31)

9(y) 9(y)
where y = —k7, a and 3 are constants to be determined, and
vy H H 1

+ As——— 6.32
SyMPv1 MPV1 (6:32)

(—% S V9(y) dy’) y< Y5,
£(y) = 0 2/3
- (315 Vo ay) v,

9gy) =5 —-1-A
(v) 2

(6.33)
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with

2
1/3 H —1/3

Yo = — b , (6.34)
BAS—Mpvl
where
273 a 2 2
H H H
Y=Y +,]-4]|1+3 + Y2 , Y:—2—|—27u2< > —9< > .
' <MPV1 > ! ! T\ Mpy, Mpvy

(6.35)

By assuming that the Universe was initially in an adiabatic vacuum state we can set the value of the

integration constants [[T]
™ i /4 _ 7'(' i /4
a= U—le , g =i we (6.36)

Before passing to the computation of the power spectrum we stress that the solution is a sort of
“expansion” in slow-roll parameters and y; of the de-Sitter mode functions [§].

Now, we can compute the super-horizon power spectra for left and right gravitons in the same way
we have done previously so we do not repeat the computation. Finally, we get [[1]

’uR(y)y<<1|2
)
A7 R

Jus (y)y<al®
2 )
ATL

)

PR =2 (6.37)

where an expansion in y = 0 of the solution to the EoM is employed [I]. Retaining only the leading
order in slow-roll parameters, we finally obtain

Pr ™ H Pr T H
pL_ T 7 pR_ L - 6.38
e R B (6.38)

where here Pr is the GR’s power spectrum eq.([2.206). We notice that, in order to find the solution
we have used

_ 2 1 2 kphys 2
A2 = ~ <1 + A2 ) ~ (6.39)
) 2 2 s 2 ’
MR (1 ) T AR\ My ) MR
where in the last step we have used the idea of eq.(6.22)), i.e. we have completely disregarded %3/51
since at the end of inflation we have
Mpv, | Mpv,|gag  Mpvy, |p

where the subscripts B and E stand for the beginning and the end (of the inflationary period) while N
is the number of e-folds. Thus, it’s clear that this term is completely negligible at the end of Inflation
when we compute the power spectrum on super horizon scales.

Now, we can appreciate how the chirality of this kind of theory impacts on the power spectrum. First
of all, we have a modification at the linear level of the two tensor power spectra

PT 7T H PT T H
Pk~ L 1+ — P~ (1-= 6.41
TE eXp( +16Mpvl>’ T < 16Mpvl> (641)

This effect is encoded in the so-called chirality parameter x which is defined as

PF—-PF 7 H

Pj@—l-P% 16 MPV1 '

X (6.42)
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where in the last step we have stopped at first order. The procedure is exactly identical to what we
have done in the case of the Chern-Simons theory. As we have previously done another interesting
quantity to compute is rpy;, i.e. the tensor-to-scalar ratio in the chiral-scalar tensor theories of gravity.
The first modification to the total tensor power spectrum is at second order in x1

2 H 2
1+ —

256 \ Mpv1
from which we can immediately compute rpy, since the scalar power spectrum get no contributions
from the chiral-scalar tensor theories

PP = PR+ Pk =Pr =Pr(1+x?%), (6.43)

APVl
TPy, = ATS =r(1+x%), (6.44)

where r is the tensor-to-scalar ratio eq.(2.212)), in the standard GR slow-roll single-field model of
Inflation. We immediately understand this correction is unobservably small since the chirality y is

< 1.

The chiral-scalar tensor theories of gravity also modify the spectral index of tensor perturbation. We
apply the same line of reasoning presented in [[0] and we derive the index at horizon crossing

k= a(t,) H(t,), (6.45)

where k is the comoving wave vector and t, is horizon crossing time. In what follows we suppress
the star for notational convenience. As shown in [[H the tensor modes become constant after horizon
crossing and get frozen on superhorizon scales. Thus, we can compute the spectral index in the
following way

dln APV dn x> dln (14 x2) dt 1+e
e AP — 2 +2 ~ —2 + 2yt 4
"= Ik T dnk €t dt dlnk €TAXTg (6.46)
2 H? HM 1
_ gy T e AT Y (6.47)
128 Mpy, | Mpy, Mz, | H
2 H H M
~ 2+ ( ) e < > M N (6.48)
128 \ Mpy, Mpy, MPV1

where we have used that the spectral index of standard GR is —2¢, eq.(2.204)), we have used a change
of variable, we have expanded the logarithm at linear order and we have used that

dlnk d 1 /. .
—= = S n(a(H() = — (aH + aH) — H(1— o). (6.49)
Therefore, even in this scenario, the deviations from the standard spectral index (np = —2) are

typically small, making the detection of primordial gravitational waves (PGWs) predicted by this
model well beyond the capabilities of gravitational wave interferometers.

Now, we switch to the second Lagrangian, denoted as £ py;,, which, when expanded to second order
in tensor perturbations, is described as [§]

Y d3k AZ
SPV2 = Z dr (27_[_)3 T,s

s=L,R

/ 2 M]%l 21.2 2
Wk, ) = =P’k g (e, 7)) (6.50)

where we have introduced

- M2 k 5 MPZ ~ H -1
A2 = P2 (1 — )\ S Mpy, = — [ b — b—— 6.51
T,S 2 a SMPVQ ) PV2 2 1 MP[ Y ( )

where the two couplings b; and b are defined as function of the indipedent parameter

- ¢ ¢t
by = —=b b= —(by+bs—b3). 6.52
1 M]63l 1, M]Sjl( 4 + 05 3) ( )
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Now everything is identical to the previous case once we have introduced a second chirality parameter

X2 = << 1, (6.53)

MPV2

where we have taken y2 << 1 in order to avoid ghosts in the model. Then, one can obtain the same
results we have derived in the previous case simply by making the following substitution

Mpy, — Mpys,,
X1 — X2 (6.54)

6.3 The scalar-scalar-tensor vertices

Now, we turn our attention toward the calculation of the leading contribution to the trispectrum,
which can give rise to parity-violating signals. The idea is quite similar to what was described in the
Chern-Simons theory, chapter [5| Thus, we are not going to repeat all the conceptual steps. We seek
diagrams of the form

(ko) C(ks)

C(k1) C(ka)

Figure 23: The graviton-mediated trispectrum

Thus, as a first step, we have to write down all the possible vertex of the type scalar-scalar-tensor.
The first contribution arises from standard GR and on superhorizon scales it has the form [IH]

Sint = / drd®zeM3a®(T)h" 0;¢0;C, (6.55)
where we have switched to conformal time and we have reintroduced the Planck mass with respect to

what is presented in [IH].

Next, we need to calculate all the potential scalar-scalar-tensor vertices that stem from the parity-
violating terms in the Lagrangians £py, and £ py,. Before going into the actual computations, pre-
sented in section and[6.3.2] we introduce some basic quantities that we are going to use throughout
the actual computations.

First of all, we recall that the metric tensor in cartesian coordinates and cosmic time can be written
as

—1 0 -1 0
= yir4 — B -
Guv < 0 aQeQC((SZ.j + hl])) g < 0 a72€72((61] _ hz])) ) (656)
where we do not consider second-order tensor perturbations since we are seeking scalar-scalar-tensor

vertices. Moreover, we do not expand directly the scalar part since retaining the exponential simplifies
the computations.

Then, we can compute the three-dimensional Christoffel symbols up to second-order as
b= | (015Ck + 0G5 = ¢ + 5 (g + By — hyn®) = (B5Ca 4+ hiaG — h“éjkgl)] . (6.57)
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As apparent from eq.(6.11)) and eq.(6.12]) we also need the expression of the extrinsic curvature tensor,
the three-dimensional Reimann tensor, and three-dimensional Ricci tensor Then, we compute the fully
covariant expression of the extrinsic curvature

1..
Kij = 5 (93 — DiNj — D;Ni] (6.58)

P {e2< 1/;’[ (W + —his'| } , (6.59)

where 9 ;¢ ;) = ¥ ; +v,;¢ i, which is the symmetrization operation. Moreover, we have used that at
first order we have

(H + C) (04 + hij) + — Vi — Y€+ 0ij v Ak

N; = @ g NI = a26;;N7. (6.60)

Incorporating the accurate factor is essential from a dimensional perspective. We’ll discuss about this
point in section [6.3.2]

If we compute the (1, 1) version of the extrinsic curvature tensor we immediately get

ij _ (H+C) 5mj + Tj - 6—2( (¢,m’j . ¢,ijhml) + |:¢7[j<,m} +¢7l<,15m wl (hl[m i hmj,l>:| ]
(6.61)

The trace of the extrinsic curvature up to second order is
K =3 (H+C) = (475 = v.h!7) e 409, (6.62)

We also need the three-dimensional covariant derivative of eq.(6.61)) in evaluating eq.(6.11]) and (6.12)
but because of symmetries we get zero contribution from terms proportional to the Kronecker delta.

Thus, we write the covariant derivative of k™; putting to zero (H +¢ ) 0™ ; and we obtain

L

DK™ ; = 2j +<2C,11/1’ gt h ,l>+[—1/1,jC’ it f (hf[ g1 —h j’f)

wf m g vy m
2 (hf[ g h jﬁl’f)] - = (Mg = k™). (6.63)

The first order expression for the Riemann tensor and Ricci tensor are
Rijk =0 I:(S {i(,j} + §h {iJ}] -0 [5;{{47]} + 2hk{i,j}:| , (6,64)
1
Rij = —Cij = 05V*C — §V2hija (6.65)

where {i,j} is the antisymmetrization of the indices. As we’ll see we need the expression of the
curvature tensors up to second order but only in scalar quantities. Thus, we obtain

Rjim" = 0" (iC1im + Cmd" 1€ 4 + 0™1C jCm — 0" 5CmC1 — Cmd" 1€ 50, (6.66)
Rini = (i + 0miC s (6.67)

6.3.1 The expansion of Lpy,

We start seeking the scalar-scalar-tensor vertices in the £ py, Lagrangian, which we can write as [IJ]

¢3l{ [m (ba + b5 — b3) }
L=l IN|NK DK™+ 3 K, K™D, K™ (6.68)
N4 M, ! M, !
: 2(by + b
+ ¢>[ 5 G) Ry K™Dy N — W@)leijDiN] } (6.69)
pl
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We start by expanding the third and fourth terms in the Lagrangian

hd g b )
— %b:; {e”l(?’)Rﬂm"KmiDnN] ¢M38 { WG R, "Kmiang}, (6.70)
pl
fourth = ——=2(bs + bs) |V Ry K™ ;D;N | = —————=—> &R, K™0,|, (6.71)
M, ! HM} !

where we have used the expression for N, i.e. eq.(6.13). Evidently, in order to perform the computa-
tions, we require the first-order expressions of the Riemann tensor eq.([6.64)), the Ricci tensor eq.([6.65]),
and the extrinsic curvature tensor, which reads

hm
K™ == _ym (6.72)

where in the extrinsic curvature tensor we have set to zero the Kronecker delta. This necessity arises
from the fact that the zeroth-order contributions within the extrinsic curvature are proportional to
the identity, and as we have explained above they do not contribute. Thus, the third term reads

Mha (. . .. m )
p
(6.73)

Because the scale factor’s powers have an impact on the outcomes, it is worthwhile to invest time to
verify that no errors have been made. This can be made by a dimensional analysis. Indeed, we have
the flexibility to decide whether the comoving coordinates (z,y, z) possess dimensions or whether we
attribute dimensions to the scale factor since we are working with a spatially flat RW metric, i.e.

ds* = —dt* + a*(t) (dz? + dy? + dz?) = a®(7) (—d7* + d2® + dy* + dz?) . (6.74)

If we work in cosmic time it’s clear that ¢ has the dimension of a length while switching to conformal
time we have the option to decide whether to assign dimensions to 7 or a(7). Working with a(7) with
the dimension of a length we can verify if we have the right number of its powers in eq.([6.73). We
want that the action, i.e.

ird term H3 i ; im S im n n Cm m :
SR =28 / dtd3wb36”{<,g’€,zmh i = CmCah™ s+ 1B 1y + 1y ] ( Haz TV ¢ >c}
p

(6.75)

posses no dimension. Let’s take the first term for example in eq.(6.75) which in conformal time
becomes

H3 g m
S = 2G2W drd®zbsa™" (7)€ ¢ ;Cmh ™ (6.76)
pl

Now, the line element drd3z, (, hij, and their spatial and temporal derivatives have no dimension in
these units. Moreover, H = % clearly has mass dimension one since t has the dimension of a length.
Consequently, when considering the integrand in eq., which includes %T), it becomes apparent
that it possesses a mass dimension of one. Consequently, the total action exhibits a dimension of zero.
Thus, we have confirmed that the correct number of scale factor powers has been incorporated. We

can carry out this type of analysis for each term we are going to write.

Now, we can expand the fourth term as

H M. . . .
fourth = —8€?(by + bs)e’' — VE {Vthz ( %ag + ev2<vm7j> - hmjgml}gi. (6.77)
pl

115



Now, we focus on the expansion of the first term, which is the more complicated one

¢')3

first =
M 51N 2

1 H3 o
€712by K DI K™ —ezN (MQ> €220 Ky DIK™;. (6.78)

. SN2
First of all we notice that N2 =1 + 2% + (%) . The second order term in N2 can’t contribute since

we would need one of the two extrinsic curvature tensors to be of zeroth order, i.e. proportional to
a Kronecker delta. However, we can’t disregard a priori the first order contribution. Thus, we divide
the computation in two steps:

« the first one in which N=2 =1,

e the second one in which we take N2 ~ —2%.

1. Thus, we start from the first computation in which we can write the Lagrangian as

H3
( ) €193 b Ky DK™ (6.79)

In order to perform the expansion we need the expression of the extrinsic curvature, eq.(6.59)), and
its covariant derivative, eq.(6.63]), up to second order by setting to zero all the terms proportional
to a Kronecker delta. The calculation is quite lengthy and we report the final result omitting

the prefactor
oo (S varin Y] - (-6m 10 26)
{CL2 |:_ ( }C‘Ifl2 +ed 2§fl> (hfj,m . hm;f) . ( Cf +€a 2€f> <hfj,m . hm3f>:|

. NS i :
e, <_a_2C n 66_2C> ,jhz{m,f}} + a? [(_HC’GQ + 68—2C,z‘> Cm

(fpeea)e] )

where we have have used eq.([6.13)).

hmz

eilemiDlej = Gijl{ [Hhmz + —

2. The second piece, which we can call B, is easy to compute

s [ H3 ¢ H\? .. .. Comi :
2 ijl m _ iglgm 2 [ —25m -2 .
22 ( 2) b1V K, i DI K 2—H 2 (Mpl> b1Ce "™ a < a N3 + €0 C7mz> .

(6.81)

N\DD
[Slfe

Thus, collecting the two pieces we immediately obtain the expression for the first piece of the first
term of the Lagrangian

H3 07 'mz' m im
(3 o [ e e (Gt )] 5 (i)
{aQ |:_ < lf[fl2 +€a QCfl) <hfj,m o hmyjf) o ( HCfQ +€8 2(}0) (hfj,m _ hm3f>:|
2 — a2 - 2 ¢ 9-2¢ I A 2 Cz o
1I¢j—a a H+e ¢) sty ta 5 T€ C Cm

Cm —92: hmjl H 2 Logdli 2 _QCmi _9
—— m ) : N b ERT - - mi | -
* < Ha? s s 2 te M, 16 e @ H +ed

wjw
(N1

first = €22

Njw
N

2

(6.82)
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In the end, we have to evaluate the expansion of the second term, which we can write as

= 7.3 72 Eijlflk K D K l—Eg 27 Z]lfl.K }< D }< l (6 83)
mi mi bl .
Mfz N3 Z\[3 N3
where, for the sake of simplicity, we have defined f1 == by + b5 — b3. First of all, we notice that

the terms proportional to the Kronecker delta in K,,; and K" can be set to zero since they produce
vanishing contributions. Now, to advance further, we observe that we can take K™; up to first order.
Consequently, we divide our calculations into three distinct parts and we’ll ignore the couplings for
the sake of simplicity:

1. the initial part A in which K"; is of zeroth order and we set N =1,

2. the subsequent part B in which we take K" ; of first order and we set N =1,

3. the last term D in which we consider higher orders in N. Since K,,; and D, K™; are at least of
first order we need to consider K"; of zeroth order.

Notice that the terms proportional to Kronecker’s delta contain all the zero-order terms.

1. We already compute the first term since we can write

H3 ..
A= 6323M3l €I H 1 K i DK™, (6.84)
p
3.5 H4 iql hmz m 1 Clm 2
:6222M3f161{ [Hhml—l— [2@( + €020 >:|—2< Ta 5 +ed” sz

(SN
H
{a2 I:_ ( Cfl 2Cfl> (hfj,m hmf ( Hif + e 2( ) (hfj,m —hm’jf>]

—a?h™C; — a® (—a_2C + 68_2Cj> Jh [< — 5 el e > Cm

+ (- + 0% )g}h”;f’} (6.55)

2. We are not going to explicitly perform this computation since there are no particular technical
parts worth to be discussed

B = fie H* 2342 —a*2£+ev2¢ —Ch™; + —a*2£+ev2g‘ " ™). (6.86)
M3 H im 5] H 5J Js

pl ;

3. The result of the last computation reads

3 éHg iil 3 §H4 il . _ C o hm’,l
C =e€222 Mj’l €V H fi Ky Dj K™ = 3222 M—gle” a’C <—a QE + eV 2() . 2J (6.87)

Thus, by collecting everything together we have the scalar-scalar-tensor vertices from the Lagrangian
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of eq.(6.12)
¢Ch 2H3 gl )~ pm CFogm, n n ¢ 2/ ’m"
V _QLPV2 = 2¢ ME b36 g,]ﬁ,lmh i g,]mg,lh i+ h {L,j}m + hm{j,l} _CL2H + eV C ,zC,n +
pl

H2

+e€ (Zi) bleiﬂ{ [Hhm, + = i
{a2 [— < Cﬂ +ed™ 2sz> (hfj’m hm’f ( 5t el 2Cf> <hfj’m - hm’jf>] +
— aQiLmZC,j —a? (—azé + e@%) ,jh } [( QC ) Cm+
+< éer + e %, )C} h";j,z} o 2( ) bl 0 (—a_2€?+63_2§;,mi>
3,3 H4 I hmz m 1 C,im —2 "
+€222M§’lf16]l{a2 [ mi + =5 [QC,I < P L e 2 )] ~3 <_Ha2 + €d 2C,m> X
(8 ) 1) - () 1)

—a2hmlC7j_a2< 2<+€8 24> et +a2[( ;12+ 0~ 2g)<,m+

Cm hm',l
(i) o T

H? . .
— 8¢?(by + bs)e WM {v%m, < ] 4 eV c%) - hmjc,ml}c,i+
pl

[N
N

2

H3 .. A",
+fle%M32%a2 (— 25 Loy 24) <—a2¢hm,7j - (—aQé +ev2g> Jhml,n)
pl ,im
s 5 HY . ... . o,
+ 3fle%2%Wa2e”lc (—a_QH + ev—2<) 21’ , (6.88)
pl mi

which is a quite long Lagrangian but as we’ll see it has no impact on the leading order of the graviton-
mediated trispectrum.

6.3.2 The expansion of Lpy,

Let’s now focus towards £ py, as represented by equation . Since many of the terms overlap with
those already computed in the preceding section, we won’t repeat those calculations. Instead, we’ll
present the computations different from our previous analysis. Furthermore, we are not providing a
complete representation of all vertices stemming from the Lagrangian because, as we will demonstrate
in section these vertices are subject to suppression relative to the coupling we derive from the
Hilbert-Einstein term. This can be understood also by dimensional analysis however for completness
we report this computation.

We write down once again the expression of the £py, Lagrangian in the ADM formalism and within
the unitary gauge as [I9]

4e H ? @] m m mn
V9L = & <Mpl> il [2(2a1 + ay + 4aq) (KKmZ-DlKj + O Ry DK™ — KpiK Dlan>
—(as + 4a4) (2KmiKJﬂDnKlm + <3>Rﬂm"DnKim)} . (6.89)

Now, we can start by expanding the first term in the Lagrangian in order to find the scalar-scalar-tensor

vertex
4e H

2
first = — ( ~—— | €7'2(2a1 + ag + 4a4) K K, DIK™, (6.90)
N \ Mp,
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where € is the first slow-roll parameter, eq.(2.58]). First of all, we notice that K,,; and K™; can’t
contain terms proportional to a Kronecker delta because of symmetry the result would be zero. Thus,
we immediately understand that we need the expression of K up to the first order, which is

K =3(H+¢) - V2. (6.91)

Now we can split the expansion into three parts:

e The first one, A, in which % =1 and K = 3( — a~2V24. Thus we immediately get

H\? .. .
A = 4e <J\4l) 6”[2(2@1 + ag + 4ay) (3( — V2¢) KpiDiK™; (6.92)
p
H\? ;. : 3 jm
= —4e <Mpz> €7'2(2a; + ag + 4day) (3( - V2w> a2 i 2” (6.93)
H 2 . v2g o Comi . hm‘l
— 4 2(2 4 o igl 2 [ _ —25m —2 . 75 )
€ (Mpl) (2a1 + a2 + 4ay) [3(4— a2 EC] e’'a ( a I + €0 “Comi 5
(6.94)

e The second one, B, in which we consider the first order expansion of % ~ —% and K = 3H.

We get
é H ? a5l m
B=—2de| — | €7°2(2a1 + a2 + 4a4)3HK,,,; D|K™; (6.95)
H My
: H\? I R
= —Ca’e <1V[pl> 24(2a1 + ag + 4a4)e”l <—a 2% + €d QC,W) 23’1 (6.96)
e The third piece, C, in which we set N =1 and K = 3H. Thus we have
H \?2 g
C = 4e (M) 2(2@1 + as + 4&4)3H€ZﬂKmiDlej (697)
pl

(6.98)

where we can use eq.(6.80)) to obtain the final result. We do not collect everything together since we’ll
make a general discussion

Now, we can focus on the expansion of the second term of eq.([6.11)), which is

H \?2 g
second = % (ﬂh) (2a1 + a2 + 4ay) eljl(z%)RW-Dlej7 (6.99)
P

where the @) indicates that the quantity we are considering belongs to the spatial section. For
simplicity, we’ll omit it. First of all, we notice that D; K™; can’t contain terms proportional to a delta
since the result would be zero because of symmetries. Moreover, the only first-order term it contains
is proportional to h. Thus we need the expression of the Ricci tensor up to the second order in scalar
perturbations, which is given by eq.. We do not need to consider tensor perturbations in this
expansion. The final result is the sum of three pieces:

o In the first piece, we set N = 1, we take R;,; of second order in scalar perturbations and we fix

DyK™; = 24t The result is

h™j
2

2
A =8¢ (H) (2a1 + ag + 4ay) D¢ s (6.100)

My,
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e In the second piece, A, we take the Ricci tensor at first order, the covariant derivative of the
extrinsic curvature up to second order and we set N = 1. The final result is

M,

g -2/ m m m C -2/
—gnK—MH+a9%)ﬂ@fJ+hﬁ —hf0+(—ﬂH+d?%)

e )
+ Cmi Ky _ Comi [— ( < + €0 2C> g™+ R = k™)

H\? .
B = 8¢ () (2@1 + ag + 4a4) EZJZ{

)

f

2 a2H
+ <_6L2Cff + 682<> f (hfl’j + hfjJ)]
T 2 S €02 S +ed7 %) o™ (6.101)
2 T\ T a2H J a?H S '

o The last piece, C', we consider N of first order, R;,; of first order in scalar perturbations, and

we take DiK™; = hﬂ;j’l. Higher order terms in N produce quartic vertex interaction. Thus, we
have

R

H\? -
C = 8¢ <J\41> (2a1 + ag + 4ay) %e”lc,im 5 (6.102)
P
Now we turn our attention to the third piece of the Lagrangian
2
. de H il m n
third = N E € 2(2(11 + ag + 4a4) (—KmZK nDI K j) (6103)
P

We can split the computation into three parts

o To start, we can set N equal to one, and then we can examine the two terms that emerge when
we consider the zeroth-order values for K,,; = a*H&,,; and K™, = H§™,, respectively. We
can’t have both of them of zeroth order at the same time because we would get zero because of
symmetries. Since we fall back to something proportional to K;,D;K"; we do not repeat the

actual computation (see eq.(6.80)).

e Then, we have to consider all three extrinsic curvature tensors at first order and we get
H\* o _
—2¢ (]\h) 62]12(2011 + a9 + 4&4)@2 [_C¢,inhnj,l + w,im¢’m,nhn‘j7l ) (6104)
P

e Finally we have to consider the possibility of expanding N. We can’t expand N up to the
second order since D; K" is of the first order. So we would have to take the other two extrinsic
curvatures of zeroth order and we get zero. The final result is

H \?2 . ) )
2¢ <M) EZJ12(2CL1 + a9 + 4a4)a2§“¢,mh"jvl. (6.105)
pl

Then, we can turn our attention to the fourth term in the Lagrangian

4e ([ H\?
=~ (Mpz> 7' [~ (a2 + 4as)2K i K" D K] (6.106)

However, we do not perform this computation since it is identical to what we have already computed
in expanding the second term in the Lagrangian £ py;,.
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Now, we can expand the fifth term in the Lagrangian

€ H\?
=4 (= 4a4) DRy " Dn K™, 1
N (Mpl> (az + a4) Rjim (6 07)

The method to perform this computation is identical to the expansion of the second term of the
Lagrangian £ py,. Thus, we report the result

H \?2 el . . . .
= —4e (Ml> (a2 + 4as) 5 [hmi,jC,mz — WG im + R0 Cm — hmi,jg,lc,m}
¥4

H \?2 ,
— de () (ag + 4ay) GZJZ{C,lm [wfihfm : ¢f] (hfm 4+ hI™ — hmi’f)
M,

¢7f m m hm w’fvi m m m .
+ 9 (hfi,j’ —h i’f,j)_TJC,i_72 (h j7f+h fJ—hfj’ ) —(](—)l)

H \?2 ,
— 2¢ <Mz> (a2 + 4aq) GZ]l{hn{j,l}m + hm{z’",}j} 2CnY™ i — 940" )
p

H 2 ijl ~n hj”
+ 4e <Mp1> (ag +4ay) €' ,l{¢,fihfj,n — 5 Git¥um [hf[i,j] - hiff]

Y, .
— 7 i (B, — hfn,j)+2fh§f,i}n—(JHZ)}

M

H \?2 .
+ 2¢ <> (az + 4ay) e”lhmi’{jC’l}m, (6.108)
pl

where we do not have substituted the actual value of v for simplicity.

6.4 The graviton-mediated trispectrum

In this section, we want to illustrate the main ideas revolving around the computation of the graviton-
mediated trispectrum. In this section, we’ll show that we do not obtain an enhancement factor with
respect to what we have obtained in Chern-Simons even if here we have a birefringence effect. The
reason is that the correction to the velocity of the chiral polarization of the gravitational waves,

k
Che ™ 1= XskTx1j2 1+ >\ wH X120 (6.109)

scales with the chirality parameter. It is evident that as —k7 approaches infinity, the sound speed
can grow significantly. However, when we examine the behavior of the trispectrum for —k7 << —1,
we encounter a highly oscillatory integrand during the computation of the trispectrum, leading to
significant cancellations [I7].

In order to proceed, we are going to use the same scheme we have applied in the Chern-Simons case.
First of all, we want to show that any contributions arising from the vertices we have computed in
section and can be disregarded with respect to the case in which we consider two standard
G R vertices in trispectrum. The contributions under discussion refer to the interference components
involving a standard G R vertex and a vertex derived from the Lagrangians (6.11)) and (6 -, as well as
diagrams featuring two vertices from these two Lagrangians. First of all, given the explicit expression
of the Lagrangian £ py,, the contributions stemming from that Lagrangian are slow-roll suppressed if
we take € ~ 1072 m This is different for £py, since it has the same slow-roll prefactor with respect
to the standard GR vertex. Then, they have a suppression factor given by the ratio

H n
<> ., withn e N,n>2. (6.110)

M,

*"There are models of inflation for which e ~ O(1).
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From Planck data [72], we know that at the horizon exit of a given physical wavenumber %, the Hubble
parameter, which is equal to %, has the value [I§]

k
H == =/e2 x 10"Gev, (6.111)
a
where € = —% is evaluated at Horizon exit for any given wave numer k. So it’s clear that if we take
e ~ O(1) we have that
H 4
— | = 1077, 6.112
(Mpl> ( )

which results in suppression factors of at least 10~8 with respect to the standard GR vertex. In this
discussion, we are considering the coupling parameters which are functions of the scalar field (see
eq.(6.11) and eq.) as order one quantities [I8] according to the idea that we are building an
EFT of Inflation (see section . We want also to discuss deeply about this point. Since the theory
is built as an EFT of Inflation the vertices stemming from the Lagrangians, £py, and £ py,, contain
more derivative with respect to the standard GR vertex term. So their contribution is suppressed by
powers of % where A is a cut-off scale. Thus, because of everything we have said we can conclude
that we can safely disregard all the contributions we have computed.

Up to this point, we have provided a preliminary dimensional analysis argument. However, our next
step is to validate this analysis and confirm that there is no enhancement factor involved when we
examine the scalar-scalar-tensor vertex stemming from the Lagrangians Lpy, and Lpy,. The fact
that there are no enhancement factors due to the sound speed is clear from the explicit expression
of the vertices presented in section [6.5.1] and [6.3.2] Furthermore, one should consider whether there
exist enhancement factors of the form % that lead to enhancements as k approaches zero. We ask this
question since we have to employ the solution for shift function
26

N =9, o =—a 7 eV, (6.113)

in which appears the operator V2. In Fourier space this results in a factor of k% where k is the

comoving wavevector associated to the field ¢ in 4. Thus a priori one can expect an enhancement
factor of the form % since we have a temporal derivative acting on (. The general idea of this kind of
analysis is that a spatial or a temporal derivative is equivalent to k£ factor in Fourier space. However,
as one can verify in all the vertices written in section [6.3.1] and the scalar field ¢ appears at least

with one spatial derivative. So, we do not produce any enhancement factor.

Now we want to provide an explicit example in order to clarify why we can disregard all the vertices
stemming from Lpy, and Lpy,. This is not a very rigorous proof but it’s reasonable that everything
works in this way. Let’s consider the two interaction vertices

.. 4 .. 1Y
S = /d7d3$€Mgla2(7')hUai(aj<, S = 93¢ () /dtd3$f161]thmi2C,lCI{7la (6.114)

where the second vertex is a contribution extracted from eq.(6.88]). In order to compute the trispectrum
within the In — In formalism we have to switch to conformal time and we get

7
2

Njw

2
L

m €

H* .
<M‘°’1> /degxa(T)fleﬂhmiC,lC’ 1 (6.115)
p

Now, the idea is to make a comparison of the two vertices at the horizon crossing. We recall that
given a comoving wavector k the definition of horizon crossing is

k= aH. (6.116)

28 The idea is the same presented in [].
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First of all, we make this comparison at horizon crossing since the most important contribution to the
time integral part of trispectrum arises at horizon crossing [I7]. Certainly, each momentum entering
in the trispectrum crosses the horizon at distinct intervals, but for simplicity, we approximate them
to be within a similar magnitude, k. Moreover we disregard any directional contribution form the
polarization portion. Thus, if we make a comparison of the two vertices at the horizon crossing we get

4 3.4 5
(H >f1 o' he <J\Zgz> : (6.117)

3 2 4772
M, My a*H
from which we understand the large suppression we get. In this computation, we also used that f; is
roughly of order one. However, it will be interested to understand to compute the trispectrum with
an explicit form of the coupling parameters. We are not going to discuss this issue but we’ll make
some comments in section

—a(T)Q%E% (ﬁi) SreT hmi2¢ ¢
| M2a(7)HI0,C0;C

N
N

|~ €

Now, we focus on the computation of the graviton-mediated trispectrum with two standard GR
vertices. We are going to use the same approximation we employed in the Chern-Simons case; we
approximate the tensor mode functions with the one in de-Sitter and we match the approximate
solutions with the real ones in 7 = 0. Actually, we do not need to match the approximate solution
with the real one. In fact, since the graviton mode functions appear in the propagator we need only to
match the expression of the square modulus of the mode function in 7 = 0 with the real value. But two
times the modulus of the mode function in 7 = 0 is the Power spectrum of tensor perturbation thus
we can use the result reported in [TI]. Moreover, we notice that everything works in exactly the same
way as what we have done in section to the computation of the Chern-Simons graviton mediated
trispectrum. The polarization portion of the diagram is identical since the coupling between the two
(s to the graviton in the chiral scalar-tensor theories of gravity is identical to the inflaton-inflaton-
coupling in the Chern-Simons case. Moreover, the time integral is the same since the time-dependent
part of the mode function is identical in eq. and eq.. The difference between this case and
the Chern-Simons case arises from the normalization factor in the amplitudes of the mode functions,
denoted as uc¢(7, k) and use(7, k), as well as the prefactor in the vertices. However, it’s easy to show
that once every factor is taken into account the result is identical to the one we have computed in
Chern-Simons once we have switched to the new chirality parameter

4
R(C(k1)¢(k2) (ks )¢ (ka)) = ————5 Y R(Pr(K1)) Toary, (K1), —g - (6.118)
<2€M2> I
3¢ k1) (ko) (ka)C (k) = =5 > S (Pr(Kr) Toar (K1)l o (6.119)
<2€M2> I
where x; with ¢ = 1,2 is the chirality parameter introduced before and, where,
. 512
Pr(Kr) = % [K}K? sin (07) sin (67) e”‘z’}e*"bﬂ , (6.120)
. 372
Pr(Xp) = % {K}K? sin (9}) sin (9?) e_w}e“‘bﬂ . (6.121)

Moreover, as we have computed in chapter [f] we have

A, H*? K+ K?[1 .
Toar, (K =—-_1 U L k — 2L+ KHK? + K7 1,2 3,4
(KD, =0 2k3 H?12kf’{ [l ]? 2(%4“‘ 1)([ag4]? 34) + K7 (K7 + K7)| +(1,2) ¢ (3,4)
KiK7 | bl k bl 1
LT —kr+ & <K}”K§—k 1) —— || +1,2) & (3,4)
ke ag afy a3y ke + -1
4
k] I 41 (1 1 k[ > }
— | bl bk, 2k ki + + )
afyaisky [ (H > ki alyady  keafyal,

(6.122)
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with

H

My

vy

4
ko= IRyl ol = |[IKE [+ K] k], = [(1K: |+ | KDk | KK ], 4 =4<
(6.123)

All the conventions we are using here are identical to the ones we have adopted in chapter [5}

As stressed many times in chapter [p| it’s reasonable that the assumption we made works since the
real mode functions are a “sort" of expansion in the slow-roll and chirality parameters around the
de-Sitter mode functions. However, it’s important to note that providing a numerical verification of
this assumption in this particular case is significantly more intricate, and as a result, we have chosen
to omit it. Moreover, we stress once again that this assumption is exact in the case of the collapsed
trispectrum when K; ~ 0.

6.5 The graviton-mediated trispectrum with de-Sitter mode functions

The next step one could be interested in is trying to understand if it’s possible to generate a parity-
violating signal using the vertices we have written in section [6.3.1] and [6.3.2] without the suppression
introduced by the chirality parameters. We won’t delve deeply into this aspect, but we aim to provide
some comments that could prove valuable for a future analysis. The key point we aim to demonstrate
is that, regardless of the specific form of the coupling function in the vertices, it is impossible to violate
parity in a trispectrum involving two vertices originating from £ py; and £py, and the de-Sitter mode
functions. Thus, we must consider a trispectrum in which we consider a standard GR vertex and one
of the vertices we have obtained in the expansion of the Lagrangians. We are going to show this with
a specific example.

Now, in order to perform the computation we need to write down the diagrammatic rules for the
In — In formalism. Thus, we need the vertex contribution for the two terms we are considering.
Starting form the the vertex arising from the standard GR we have position space

mt / drd®zeMpya®(T)h" 0;¢0;¢, (6.124)

which, writing the scalar and tensor fields in Fourier space, becomes

S( ) M / drd3z d3ke®* d?’qeiq'X d3 K eKx
int

(H)?2 (2r)3 (@23 (27) ikriqrue(k, m)ue(q, T) Z K)up (K, T) (6.125)

h

T 3 3 3
_ _(27.(.)3le/ ([j,,—) (d ls (;iﬂg (d [)( k‘fqluc(k: T)UC q,T ;E uh(K, T)dg(k—i—q—FK).

(6.126)
According to [[4] we can write the relative vertex diagrammatic rule in Fourier space as

k2 k2

= —2M2K{KY(K) [T = F2MEK{ K, [ .

0 (HT)2? (HT)

k1 k1

Figure 24: Diagrammatic rule for the interaction vertex
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Now, we need the interaction rules for the other vertex

262 H3 .
51(7212 = Ty, (M‘ﬁ) /d7d3$b3€”l§,jg,lmhmi (6.127)
D

which is the first contribution we have written in eq.(6.88]). This is not exactly the first contribution
but is one of the terms we get once we integrate by parts to remove the temporal derivative from the
tensor perturbations. Writing the scalar and tensor fields in Fourier space, the vertex becomes

2 3 3 3 3
(2) 3. 2¢ H / 3 d°k d°q d°K , ,
@) — 4 @emPis— (=) [ drd*zHrb kgt (k, 7
= +ent i (i) [ ord oo e bt )
x Y [en]™ i(K)uj, (K, 7)6% (k + q + K), (6.128)
h

The relative vertex diagrammatic rule in Fourier space can be written as

ko
3
— +Z']‘\1/[L; <Mipl) €1k [ drbsHTu!c(k, T)ug(q, 7),
ky
ko
3
— _g‘]‘\% (Mipl) €Mk [ drbsHTu!c(k, T)ug(q,7),
ky

Figure 25: Diagrammatic rule for the interaction vertex

where we have also a factor of two due to symmetry factor. The key distinction compared to the
Chern-Simons case is the inclusion of an ¢ factor in one of the two vertices. Consequently, in the
total polarization factor, we introduce an 7 factor that is absent when the sum of the momenta in the
two vertices is even. It’s important to have an overall factor of 7 in the polarization portion not have
a single factor of ¢ in the vertex itself. If we use two vertices of the Lagrangian of £py, and Lpy,
we always have a polarization factor that contains an even number of momenta and we do not get
any overall ¢ contribution. This is crucial when we write down the explicit expression of the real and
imaginary part of the trispectrum.

Now we proceed in the computation of the trispectrum following what we have done in chapter [ we
know that each channel comes in four combinations since we have two vertices (each vertex can be of
the + or — type which are respectively represented with a dot and an empty dot)

Hence, we can calculate the contribution arising from the four diagrams for the general channel I
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C(k7) C(ky) (kP C(k7)

h(kr) h(kr)
¢(k;) ¢k ¢(kj) ¢(kj)
¢(k7) C(kj)  C(k7) ¢(k7)
h(kr) h(kr)
¢(k;) ¢k ¢(kj) ¢(kj)

Figure 26: The four possibilities for the s channel

utilizing the established rules:

first = —i8e2 M,y <J\ijl)3 zh: Pu(K )3 k), (6.129)
second = i8> My (Aljm)g zh:Ph(KI)gﬁj)(KI), (6.130)
= i8¢ My (Aljm)g zh:Ph(KI)gﬁj)(KI), (6.131)

fourth = —i8e2 M, J\lezf Zh: Pu(K)3 k), (6.132)

where, the bar is the complex conjugate operation, and where, we have introduced
. . X b
Py(K) = " (Kp) (K1) (K2) eate [ehafm[)} (K3 (K3 (KD . (6.133)

For the time integrals the following notation has been adopted

dri1dmob
99 (K;) = / dndrabs(r)meg 41 7G5, (03, m)S, (k2 72)G' (b, 7a)up s, max (o, 7)) fr, min(ry, 72)],

Hr?
(6.134)
dnd
321)(K}): %9+(k}’7-1)9+(k%aTl)u;;(kly7—1)9/4,_(1{377_2)9,_5_(1(4[1,TQ)UZ(k[,TQ), (6.135)
1
Cuar, (K1) = % (3,7 (K1) - 8, (K)) (6.130)

where the scalar propagator, G, and the tensor mode function,uy, can be computed using the result
of section Summing everything together we get

3
(C(k1)¢ (k)¢ (k3) (ka)) = —i8e? My (i) > Pu(K1)Coar, (K1), (6.137)
P Ih

Now, we can put the real part and imaginary part of the trispectrum as in eq.(5.165)) and eq.(5.166]
but with the crucial difference that we have a ¢ prefactor

H

3
RIGIn)ge)o o)) = 860 (1) 39 (PRCKD) o (1) = Cor, (1)), (6138)
p I

3
(¢ (k)¢ (k2)C (ks)¢ (ka)) = —8€* My (i) D R (Pr(K1)) [Coarg (K1) + Coar, (Kp)] . (6.139)
p I
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Now, it’s clear that in order to compute the leading order contribution we can use the de-Sitter mode
function; the real one are expansion in slow-roll and chirality parameters around this solution. This is
the most important difference with respect to the standard GR vertices. It’s possible to compute the
integral by taking b3 constant and we’ll also consider it of order unity since we are dealing with an
effective field theory and the result is exactly zero for this vertex. It’s possible to use other vertices to
obtain a non-zero contribution. In this case, we are not going to produce a parity-violation but the
idea is the same also for the other vertices.

What we intend to convey is that when we examine the trispectrum with two vertices from the
Lagrangians £py, and Lpy,, we do not introduce an additional ¢ contribution in the polarization
factor, and both the real and imaginary parts would take a similar form to the one we previously
computed in the Chern-Simons scenario

R(C(r)¢ (k)¢ (k3)¢ (k) o< D S (PrKD)) [Coar (K1) + Coar, (K1) (6.140)
I

S(¢(r)¢ (ko) (k3)¢ (k) o< D R (PrK)) [Coarr (K1) = Coar, (K1) (6.141)
1

where the explicit form of the polarization factors and the time integrals don’t matter. In fact, if the
propagators for the chiral polarization are identical we have that

CvarR (KI) = CvarL (Kl)a (6142)
which implies
S(C(k1 )¢ (k2)C(ks)¢(ka)) = 0. (6.143)

Finally, it would be interesting to compute the graviton-mediated trispectrum using an explicit form
for the coupling functions as the one proposed in [§] in order to understand if it’s possible to produce
an enhancement in the signal.
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Conclusions

The starting point of this work is the detection of a connected four-point correlation function of the
matter over-density field that exhibits parity violation [Il . We would like to stress one more time
that if these measurements are confirmed and proven to be primordial in origin, they will have two
significant implications. Firstly, discovering a connected correlator beyond the two-point statistic
provides evidence for primordial non-Gaussiany. Furthermore, considering that weak forces are not
involved in the formation of large-scale structures, such evidence would indicate the presence of new
physics.

Given our current absence of primordial tensor mode detections, the scalar sector remains the sole
domain in which we can investigate parity violation. Concerning scalars, as we have seen, the first
correlator capable of exhibiting parity violation is the four-point correlation function. Moreover, us-
ing the approach introduced in [G], we have built the estimator for the galaxy four-point correlation
function in chapter [B] This estimator enables us to significantly decrease the computational expense,
reducing it from O(Ny) to O(NZ), where N, represents the number of galaxies in the survey. Conse-
quently, it empowers us to measure and compute this correlation function, which would otherwise be
challenging due to computational costs.

Moreover, I'd like to emphasize that the signal may be spurious, and there is no a priori reason to
assume that this signal originates from early universe physics. It could have its roots in astrophysical
sources or late-time cosmological effects. However, the huge amount of data we expect from future
experiments such as DESI, EUCLID, and RUBIN, galaxy surveys, would provide a natural en-
vironment to study scalar correlation functions and in which to hunt for parity-violating signatures.
These upcoming surveys will provide larger samples and different systematics concerning the BOS'S
catalog. This will enable us to gain a better understanding of the true origin of the signal. If the
evidence is of cosmological origin, it would likely be detectable in DESI. Discovering evidence in
DESI would serve as a compelling indicator that either the signal is authentic, or it is caused by
some yet-undiscovered parity-breaking systematic shared between BOSS and DESI. However, con-
sidering the technical differences in the instrumentation used in the two surveys, the latter possibility
also appears unlikely.

I also would like to stress that this effect of parity violation in the C'M B is not observed [73]. This
could imply two possibilities: either the signal identified in the BOSS galaxy catalog is spurious, or
parity violation occurs at significantly different scales. We observe parity violation in the formation
of large-scale structures, but we do not detect parity violation on the scales of the cosmic microwave
background. The second scenario would be very interesting and challenging from a theoretical point
of view.

Then, we try to provide an Inflationary model that can leave a parity-violating signature in the
scalar trispectrum of the curvature perturbation. Thus, following an introduction to cosmological
fundamentals, including F LRW dynamics, perturbation theory, correlation functions, and the gauge-
invariant curvature perturbation on a uniform energy density hypersurface denoted as ¢ in chapter
we redirect our attention to the inflationary phase. Our primary objective is to explain the observed
signal as a remnant signal of parity violation occurring in the early universe. Firstly we review the
shortcomings of the H BB model and their inflationary solution. Then, we present the single-field
slow-roll model of inflation under the slow-roll hypothesis [I0]. The inflationary background dynamics
mimic the behavior of a Cosmological constant component giving rise to an accelerated expansion
period. Then, we present a detailed and self-consistent analysis within the ADM formalism, the
Hamiltonian formulation of GR, of the tensor and  power spectra on super-horizon scales. We also
stress the importance of a detection of GW's background since it wuold be crucial insights into the
dynamics of Inflation.

Prior to delving into the computation of the parity-violating contribution within the framework of
modified theories of gravity, we introduce the Schwinger-Keldysh diagrammatic rules for primordial
perturbations [[4] M7]. These rules enable the computation of primordial correlation functions using
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the In — I'n formalism, similar to how S—matrix elements are evaluated using Feynman diagrams in
particle physics and flat spacetimes.

Then, we start the analysis of modified gravity models in order to see if it’s possible to produce a
parity-violating signature in today’s observables. First of all, we consider the Chern-Simons theory
of gravity, which is constructed as an effective field theory (EFT) for gravitation. The interaction
Lagrangian we add to the standard Inﬂationary one is of the form

Lint = F * RR = git e PPRI 5 Ry por (6.144)
where f is a dimensional constant. We provide a comprehensive and thorough derivation of the
equations of motion and power spectra for both scalar and tensor modes within the spatially flat
gauge. The main feature of this kind of model is that it introduces a modification of the equation of
motion for the left and right polarizations for gravitons. This modification depends on the so-called
chirality parameter

H

w= Mes << 1, (6.145)
and in the limit in which u goes to zero, we recover the standard single-field model of slow-roll Inflation.
This modification of the FoM results in different propagators for left and right gravitons. This can
source parity violation in the trispectrum, which is the Fourier transform of the four-point correlation
function. Furthermore, the chirality parameter introduces variations in the primordial power spectra
for tensor modes, resulting in modifications to the scalar-to-tensor ratio, the spectral index, and the
overall power spectrum for tensor modes. Nevertheless, as we have observed, these effects remain
unobservable due to their suppression by the smallness of the chirality parameter.

Then, we present a detailed analysis of the computation of the graviton-mediated trispectrum in this
model working within the ADM formalism in the spatially-flat gauge. The two vertices that contribute
to the scalar trispectrum are

m 7

st — / de?’x%a?(T)hiiam(T, x)0;0(x,7), SZ) =— / drd*v———/e (0'60) € |(0,50) Dby, |

(6.146)

fﬂ4@

(2)

We have shown that the 1nterference term and the purely Chern- Slmons contribution, S it

are re-

computed using the approximation made in [@ for the mode functions. Basically, we approximate the
Chern-Simons mode functions with the de-Sitter ones multiplied by a constant which is different for
left and right gravitons. This constant is obtained by matching these approximate solutions with the
original ones in —k7 = 0. This, as we have verified, it’s a reasonable assumption. Thus, the main
contribution to the trispectrum arises when considering two vertices of the type Sl(,llz The main feature
in this case is that the trispectrum violates parity since the propagators for left and right gravitons
are different. The signal we get in this particular model is too weak due to chirality suppression. As
discussed in [@, in models that go beyond the standard inflationary scenario with dynamical Chern-
Simons term, such as those involving multiple scalar fields or superluminal scalar sound speed, it is
possible to encounter a substantial enhancement factor F' > 10 for the trispectrum. In the paper, the
author does not provide a comprehensive discussion on this topic. Therefore, it would be worthwhile
to conduct a thorough investigation into such models to comprehend how they can generate such a
significant enhancement, making the signal detectable.

Hence, we investigate alternative theories in which, in principle, there is a possibility of enhance-
ment owing to gravitational waves (GW's) birefringence. These theories extend Chern-Simons gravity
by incorporating parity-violating operators that involve the first and second derivatives of the non-
minimally coupled inflaton field such as

F( )" P Roppo Run’ oV OV 0, g(0)e ™ Ry oo RFPONP b, NV 2. (6.147)
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To begin, we calculate the modifications made to the power spectra of tensors, and we discover a
situation that mirrors the one discussed in the context of the Chern-Simons theory of gravity. We
observe changes in the tensor power spectra, yet these modifications are unobservable. Then, we
provide an original calculation of the graviton-mediated trispectrum within the framework of chiral
scalar-tensor theories of gravity [8 M3]. The procedure for the scalar trispectrum is identical to the one
we have presented for the Chern-Simons theory. All the couplings introduced by these new theories are
largely suppressed with respect to the standard gravity term, which is analogous to the kinetic term in
the Chern-Simons theory. Given that the suppression of the trispectrum results from the smallness of
the chirality parameter and the fact that the theories are constructed as effective field theories, it would
be intriguing to further explore the scenario where this chirality parameter goes to zero. For example
in the case of £ py, it’s sufficient to send f+ ¢ = 0 in order to have Mpy, — +oo, (see [ for details).
In this case, we can use de-Sitter mode functions in order to assess whether enhancement factors
become possible. In this scenario, we have demonstrated the necessity of considering an interference
term between the standard GR term and a term originating from the expansion of the Lagrangians
Lpy, and Lpy,. Otherwise, we get a zero parity-violating part of the trispectrum. Another intriguing
aspect of this scenario involves attempting to assign specific functional forms to the coupling functions
appearing in the vertices, such as f and g in equation , and trying to understand if it’s possible
to get an enhancement in this case.

Currently, aside from the modification of the Chern-Simons theory outlined in [d], there are no other
instances in the literature of inflationary models that can produce a signal capable of explaining the
observations reported in [Il B]. Nonetheless, as outlined in [4], it has been shown that it’s impossible
to generate detectable signals for a series of inflationary models.
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A Appendix A

A.1 Friedmann equation

Now we derive a useful form for the first Friedmann equation ([1.12) with matter, radiation, and
cosmological constant components

8t k  8mG K
H2 — _ JE—— Al
3 P = g Mt PR+ (A.1)
This equation will be useful in the derivation of the proper distance and the angular diameter distance

in section and From the continuity equation (1.15)) we know that

ap\3 ap\4 1
pPM = PoM (f) (w=0), pr=por (;O) (w = 5)7 pA = pao = const(w = —1), (A.2)
thus we can write
G ap\ 3 ap\ 4 3K
2 _ «0 &0 _ -2
12 = 558 Lo (%) 4 oo (22 pon = a2 (A3)
Hg G ap\3 ap\4 3K _o
_ o @0 20 7 A4
H? 3 ['OOM<a> +p0R(a> +poa 87G" (A4)
- ap\3 ap\ 4 ao\ 2
— H? [QOM (E> + Qop (;) + Qop + Qox (;) } (A.5)
= H? [QOM (1+2)° 4+ Qor (1 + 2)* + Qoa + Qo (1 + 2)2] , (A.6)

where we have used that %2 = (1 + z) with z redshift [33]. Moreover, we have introduced the energy
parameter for each component today which is defined as

Qo = 2% (A7)
Poc
where, the index ¢ represents matter, radiation, or cosmological constant, while p. denotes the present-
day critical density. This critical density signifies the density that the universe would possess if it were
flat

3H?

POc = 87TG (AS)

A.2 The proper distance

To begin with, let’s consider a light signal traveling from a luminous source to our location, which
we take to be at the origin of the polar coordinates system. Due to isotropy the signal travels along
radial null geodesic with ds? = dQ2? = 0, so that we can derive the following differential equation

dt dr
==+ , (A.9)
a(t) V1 — kr?
where the choice of + depends on the interval of integration. If we integrate from (¢1,71) to (t2 >
ti,m9 > 11) or (to < tj,r9 < 71), we use the plus sign; otherwise, we use the minus sign. Thus
integrating eq.(A.9) we are able to relate the radial comoving coordinate with the emission time of a
light signal

/tt Jf% o /0 \/iw (A.10)

which using the following change of coordinates

r = sinh y ifk=-1
r =siny if k=41
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becomes

todi x(r)
/to % = —/X(O) dx = —x(r). (A.12)

Now recalling the definition of the redshift, (1 + z) = % we get that

d d ag apa
1 9oy _ _0d
dt( +2) = dt(a) a?

which we can recast in the following way

: (A.13)

dz dt
H(z)ag  alt) (A4.14)

If we want to compute the radial distance of a source observed with redshift z, eq.(A.12)) we can write

that
0=s| [ =) =51 am (a1

dz

aogHy / \/ ’

QOM 1—|—Z +QOR(1+Z)4+Q()A+QDN (1+Z)2]

(A.16)

where we have used the explicit expression for H(z), i.e. eq.(A.6). Eq.(A.16) can be expressed in a

more convenient way considering that , = — 5,
0~0
1 d
aopr(z) = — sinh { Q2 / - , (A7)
HoQ2 \/ QOM 1+z) +QOR(1+Z) + Qoa + Qox (1 + 2) ]

where in the case k = 0 the limit 2, — 0 is used.

A.3 The angular-diameter distance

In this section, we introduce another kind of distance, angular diameter distance, d, which allows
us to compare angular sizes with physical dimensions. Let’s consider two points A and B at spatial
coordinates

{(rA,eA,¢A> = (r,04,0) (A18)

(ereBad)B) = (7’, 9370)

which both emit lights at time ¢; and they are observed at present time ¢y3. They subtend, in the sky,
an angle with modulus

|0 1=]04—0p | (A.19)
and they are separated by a proper distance given by
s =a(t1)r10. (A.20)
We define the angular diameter distance so that

dA = 5 = a(tl)rl. (A.Ql)

This definition makes sense only if the two points are at the same radial coordinate, for example in
the case of C M B emission we know that all the points lie on a surface. In general, this definition is
used in the small angle approximation to compute the physical extension of a source in the sky.
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A.4 Perturbation theory

In this section, we present the theorems’ statements, omitting the proofs, which we utilize in deriving
the gauge transformation of perturbations.

Theorem A.1. Let & be a vector field on a differential manifold M, generating a flow ¢ : Rx M — M,
where ¢(0,p) = p, Vp € M. ¥V X € R and ¥p € M, we write ¢p(p) := ¢(\,p). Let T be a tensor field
on M. The map ¢y defines a new field 3T on M, the pull-back of T' , which is thus a function of X.
The field p3T admits the following expansion around A = 0 :

e RN g
AT =2 %0 av
k=0

£ET. (A.22)
A=0

Theorem A.2. Let M a differential manifold and ¥ : R x M —— M a one-parameter family of
diffeomorphisms. Then 3¢, .., ¢¥)_ . one parameter groups of diffeomorphisms of M with associated
vector fields (1), .., k), -- such that

\IIA:..ogb(Ajgo..qu()\iQ)oqﬁf\l). (A.23)
3 p

According to what is presented in [II] we call this kind of decomposition a knight diffeomorphism.
We stress that W) is not a one-parameter group of diffeomorphisms but a one-parameter family of
diffeomorphisms. Now we are ready to state the fundamental theorem used in obtaining the gauge
transformation rules of section [.2

Theorem A.3. Let M and T' a tensor field defined on it. The pullback of VAT by a one-parameter
family of knight diffeomorphisms W with generators ((1y,..,((x), .- can be expanded around A = 0 as
follows

too too  foo N+2lot Akt

nr=Y Y .Y . £y £, T A.24
MO e ol (R L T G (A.24)
T0H=0 =

135



136



B Appendix B

B.1 Spherical Harmonics

We introduce the spherical harmonics in the Condon-Shortley convection as

(204 1) (I —m)! _—
Y, = (-1 P im B.1
lm(97 ¢) ( ) \/ A (l—l—m)‘ l (6080)6 ) ( )
where L e N, m € Zm € [-,1], 0 € [0,7], ¢ € [0,27) and
m 1 2\ 2 dl+m l
P (x):ﬁ(l—xﬁm(x - 1), (B.2)

with € [—1,1]. In the form of eq.(B.1) the spherical harmonics are an orthonormal basis of the
vector space L%(S?), where S? is the unit sphere. The orthonormality condition reads

[ A2Yi0(6,0)Y10(6.6) = BB (B.3)

where we have defined the scalar product as

fge LS (F(0.6).9(6,0)) = / 40 (60, 6)g (0, 6). (B.4)

While the fact that they are a basis implies that Vf € L?(S?) we can write

o0 l
=0 m=-—1
where

Now we analyze the behavior of spherical harmonics under the parity operator, P, which acts on
vectors as Vx€ R® P[x] = —x, which in spherical coordinates (fig]27]) reads

P[x](r,0,¢) =x(r,m— 0,0 + ). (B.7)

So under parity, we get

P[Yim] = P[NP (cos)e™?] = N P["(—cos0)e™ @) = (=1)™(=1)"HY,(0, ¢) = (=1)'Yu (6, ),

(B.8)
where we have defined N = (Qi;l) 8;2;: and we have used
Pl (—z) = (-1)' P, (), (B.9)

which can be deduced from

dl+m

1 2 l 2
PR T

Pl (z=—2) = 5 (1= %)

wl3
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Figure 27: Transformation of the vector x under parity, P.

B.2 Addition of angular momenta and Clebsh-Gordan coefficients

Consider a system, whose state space is x, and an angular momentum operator J relative to this
system. Since [J2,.J,] = 0, it’s always possible to construct a basis of common eigenvectors of these
two operators:

J?|j,m) = j(j + 1)|j,m),
Jz|j, m) = m|j,m), (B.11)

with m € [—j,j] and j could be a fractional or integer number. Since it’s a basis we know that
x = span{|j,m)}. We denote by x(j) the vector space spanned by the set of vectors of the standard
basis which correspond to fixed values j. There are 25 + 1 of these vectors in this subspace and we
know that the entire space can be considered as the direct sum of these subspaces

X =>_x() (B.12)
5]

We recall that J? and J, are block diagonal with respect to this decomposition of .

Now consider a system formed by the union of two subsystems, we refer to the subsystem 1\2 respec-
tively with an index 1\2. The state space of the global system is the tensor product of the individual
space states

X = X1 @ X2, (B.13)

and we know that a basis of the total system is constructed taking the tensor product of the bases
chosen in x;1 and xa:

|j17m17j25m2> = ’jl)m1> 029 |j27m2>' (B14)
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Since the decomposition of eq.(B.12) holds for the vector spaces x; and y2 we obtain
X=Y_x101) @D x2(j2) = > x1.2(j1j2)- (B.15)
S5 D 52}

The space x12(J1j2) = x1(j1) ® x2(j2) has dimensions (2j; + 1)(2j2 + 1) and it’s invariant under the
actions of any functions of Ly = L1 ® J; and Lo =J; ® Lo.

Typically, since L? = (Lg + L1)?, L2, L3 and L, = (L), + (L2), commutes, a change of basis is
performed such that

L*|L,m, L1, Ly) = L(L +1)|L,m, Ly, L), (B.16)
L.|L,m, Ly, Ly) = m|L,m, Ly, L), (B.17)
L3|L,m, Ly, Ly) = Ly(Ly + 1)|L,m, L, Ly), (B.18)
L3|L,m, L1, Ly) = Ly(La + 1)|L,m, L1, Lo), (B.19)

where it can be shown that |L; — La| < L < L; + Ly. The Clebsch-Gordan coefficients are the
coefficients that allow us to pass from the standard basis, the tensor product of the two bases in x1
and xa2, to |L, M, Ly, Ly). In fact, we can write

Ly Lo
L, M, L1, Ly) = > Y (Li,ma, Ly, ma|L, M, Ly, Ly)| Ly, m1, Ly, my), (B.20)

mi=—L1 ma=—Lo

where we define (L1, mq, Lo, mo|L, M, Ly, Lo) as Clebsch-Gordan coefficients. We haven’t summed
over the indexes j; and jo since the change of basis can be performed individually inside each of the
X1,2(J1,72) since eq. holds. We recall that the operators L2, L%, L% and L, are block diagonal
with respect to the decomposition of eq..

To conclude this section we recall some basic properties that can be easily demonstrated ([5G]) or
imposed

1. (L1,ma, Lo, mo|L, M, L1, Ly) = (L, M, L1, La| L1, m1, Lo, m2),
2. 3 m (L1, ma, Lo, malL, M, Ly, Lo)(L, M, Ly, Lo| L}, m}, Ly, m5)
Y ST I NV d(L, Ly, Ls), where

LiLy " LyLa"mymy  moma

{(5(L L1, Ly) = if |Ly — Ly| < L < Ly + Lo

1
| , (B.21)
0(L,L1,Le) =0 otherwise

3. Dy my (L1, ma, Lo, ma| L, M, L1, Lo)(L', M, Ly, Lo|L1,m1, Lo, ma) = 6,16, 18(L, L1, La).

B.3 Wigner or 3-j symbols
The Wigner symbol are defined in terms of the Clebsch-Gordan coefficient via
<j1 J2 j3> _ (=1yramms

mi1 Mo M3 B \/2j3+1

(jimijama|jzm—s), (B.22)

which can be inverted as

(jimajoma|jzms) = \/2j3 + 1(—1)717727ms (jl o ]3) ' (B.23)

mip Mmz M3

In the special case in which j3 =m3 =0, j1 = jo =1 and m1 = —mg = m is possible to derive ([B3])
. . 1 j—m

i 0y _ o (B.24)
m —m 0 25 +1
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The orthonormality condition reads ([])
3 Jvod2 s\ (Ja 2 Js ) _ QjraOmima
mi1 mo m3/) \mg mo M3 251 +1 7
m2,m3
where 04 is the Kronecker and summing over m; we get
3 JvoJzo gz (Ja gz U3\ _y
mp m2 ms mg M2 M3 ’
mi,m2,m3

The symbols have the following symmetries

JvoJ2 g3\ _ (Js 2 4 — (—1)iriatis J2 1
mi1 Mo M3 m3 Mg 1M1 mo MMy

— (_1>j1+j2+j3 < J1 J2 J3 > )

—mp —m2 —MmM3

(B.25)

(B.26)

(B.27)

(B.28)

The symbols can also be taken to be real since the Clebsch-Gordan coefficients can be taken real ([54]).
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C Appendix C

C.1 Quasi de Sitter Universe

In a quasi de Sitter stage of the universe, we consider a slowly varying Hubble parameter, which is

H
€=-1 £ 0. (C.1)
It’s possible to show that by switching to conformal time 7 we can write
1 1
TR & (1+e). (C.2)

CaH(1—¢) aH

Now, we derive some useful expressions. We start by computing at first order in slow the first and
second derivatives of the expansion parameter a(7)

a (1) = +7‘2H(11 9" 7(11— 6)CL(T)e, (C.3)
3¢
a' (1) = _7231['—}(—’1_i 1), (C.4)

where we have used that

() ~a05 (57) = -et0e (€5)

We conclude this section by computing the ratio between the second derivative of the scale factor and
the scale factor itself

a'(r)  2[143e 2 3
= Hr(l—¢) =~ = |1+ €] . C.6
a(7) mH(1—¢€) 71 =€) T2 + 2¢ (C.6)
C.2 Bessel’s equation
The goal of this section is to show that the following equation
7 V2 —1
up(T) + [k? — T4 up(t) =0, 2 >0, 7<0, (C.7)

can be solved by means of Bessel’s equation [B3]. If we introduce a new variable

ug(t) = V—712(—kT), (C.8)
up(r) = —k/ =75 (=7 — Z;\;?, (9)
A7) = k2= (ke 2 (k) _ 2(—kT)

w(T) =k (—k7)+k v aent (C.10)

where we also have directly computed the first and second derivatives. Plugging in the result in

eq.(C.7) we get

" 2 (kT z2(—kt v -1
0=k V=72 (k7)) +k \(m) - 4§_T)§ + |k — p. 4] —72(—kT) (C.11)
= k2 =72" (—k7) + Al [/ﬁ - ”2] —72(—k7) (C.12)
e T2 ’

which, multiplying by (—T)% reads

0= (—7k)2" (—kr) — kr 22
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where we have defined x = —k7 in order to make clear that this a Bessel’s equation [BH.

As this result is utilized multiple times in the thesis, we solve this equation with the condition that in
the sub-horizon regime, i.e., when —k7 > 1, the following holds

—kT>>1 1 —ikT
up(17) —— ——e , C.14

and also with the condition on the Wronskian which allows us to recover the standard commutation
relation once we quantize,

upul — uiuy, = —i. (C.15)
Please note that we can always impose two conditions since the differential equation is of second order.

Thus a general solution can be written using the Hankel functions [B3] as follows
ug(r) = C1(k)HY (—k7) + C1 (k) HP (—kT), (C.16)

where H" and H? are respectively the Hankel’s function of the first and second kind. Since B3]

(1) 2 . am s
H,, ~[2]2 _ar _®
(2)(‘76) [”]lexm(x >~ %) , m>>1, (C.17)
He'(z) =~ [F]? epi(—o+ 5 +7)
we must impose that
Ca)(k) =0, (C.18)
B V&S s
Cony (k) = *5- expi (7 + Z)' (C.19)
Finally, we can write the solution as
up(r) = \f\/—fﬂgn(—kr) exp +i (% + %) (C.20)

Using the asymptotic expansion for the Hankel functions [B5] we immediately get that on super-horizon
we have

N

() —kr<<1 ei([/—%)%(_ 21/—%’ (C.21)

I
I

|
ol T
\_/\_/

kr)~v+t
V2k
where I'(v) is the Euler function of v [B3]. In order to verify the condition on the Wronskian we need
two useful properties [B5]

4i
(1) — @)= (1) (2) - _ =
HY = B2, w{ D), P ()} = - (C.22)
Thus, we can write
" T 43 .
W {ug(=7), up(=7)} = Z(—T); =1 (C.23)

which proves the statement.
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C.3 ADM’s formalism

The ADM formalism, proposed by Richard Arnowitt, Stanley Deser, and Charles W. Misner in 1959
[[3], presents a Hamiltonian treatment of General Relativity (GR). While we won’t delve into the
derivation of the General Relativity Hamiltonian in this context?] we will focus on the fact that this
formalism brings to light a crucial insight. Within the ADM framework, it becomes apparent that
four out of ten metric degrees of freedom are not dynamical and can be eliminated from the Lagrangian
once we have solved their Euler-Lagrange equation. Moreover, this formalism offers valuable insights
into both the quantization program of general relativity and the domain of numerical relativity.

C.3.1 Globally hyperbolic spacetime

First of all, we need to introduce the concept of a globally hyperbolic spacetime which is the cornerstone
upon which is based the entire formalism. Indeed, the applicability of this formalism is contingent
solely upon the condition that the spacetime is globally hyperbolic. It is worth noting that instances
exist where these conditions are not met, thereby rendering the utilization of this formalism unfeasible.

In order to do this we have to introduce some notions regarding the causal structure of a manifold.
Considering a manifold M, we define a causal curve as one that remains time-like or null at all points.
Consequently, for a subset W of M, its causal future, denoted as J* (W), consists of points that
can be reached by following a causal curve starting from W. Similarly, the chronological future,
denoted as I'™(W), includes points that can be reached by following a timelike curve starting from
W. Furthermore, we assert that the subset W is considered achronal if there is no causal curve
connecting any two points within it. Then, we define the future domain of dependence of W,
DT (W), as the set of points that can be reached from a future-directed causal curve starting from W.
In an analogous way, we can define the past domain of dependence of W, D~ (W). There is no a
priori reason for which a generic point of the manifold must stay in one of the two domains. We can
now introduce the concept of Cauchy surface, which is defined as an achronal surface ¥ for which
D(X) = D(X) U D™ (X) coincides with the entire manifold M. If a spacetime has a Cauchy surface,
it’s said to be globally hyperbolic.

C.3.2 The ADM’s decomposition of the metric

In this section, we provide an interpretation of the concept of time flow in GR, and we present an
operative way to introduce the ADM splitting of the metric throughout the introduction of the lapse
and shift functions.

Let be (M, gag) a globally hyperbolic spacetime with a Cauchy surface ¥. It can be shown [I3] that it’s
possible to foliate it with Cauchy surfaces 3; parametrized by a global time function ¢. The core of the
ADM formalism is the splitting between the notions of “time" and “space", creating a framework that
enables a description of spacetime’s temporal evolution. The idea of globally hyperbolic spacetime
suggests that the variables evolving with time pertain to those defined on the spatial hypersurface 3.
These variables are the six independent components of the induced three-dimensional spatial metric,
which evolves as one moves within the foliation.

Let us now proceed to formalize this conceptual framework. First of all, we proceed to introduce the
induced spatial metric. Thus, let n® be the normal Vectorls_Ul to the X, which are spatial hypersurfaces
since they are achronal [[3]. Now it’s possible to decompose the metric as

hozﬂ = gaB T Nang, (024)

where one can show that h*g and —n®ng are projectors on the tangent vector space [[G]. Then, we
discuss the concept of “time flow" by defining a smooth vector field ¢%,

1OVt =1, (C.25)

29The derivation of the Hamiltonian can be promptly obtained subsequent to the forthcoming discussion.
30Tt’s orthogonal to the hypersurface and —n®nq = 1.
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this condition amounts to say that this vector field always has a normal component to ¥;. As empha-
sized in [T, and as becomes evident from its definition, we can select the vector field t* as we like.
Moreover, we can decompose this vector in its “temporal" component also called lapse function NV,
and its “spatial component"' also called shift function N¢

N = —n%,, (C.26)
N = hotP. (C.27)

By utilizing the integral curves of t%, it becomes possible to uniquely introduce a family of diffeomor-
phisms denoted as ¢¢ : g — Xy, where g and X represent different spacelike hypersurfaces. Hence,
by progressing forward in time, we observe the effect of this “moving forward in time", as we begin
from Yy and advance by a parameter t to reach ;. This offers an idea of how to proceed in order
to find the Hamiltonian formulation of General Relativity (GR). In fact, we can conceive the entire
manifold as the “evolution" of ¥y through time. This suggests that we must view the Riemannian
metric on the three-dimensional spatial manifold as the “true" dynamical variable in GR. Being N
and N, the component of the tangent vector to the ¢,, it’s clear that they represent the prescription
to move forward in time as presented in figure 28 These variables are not dynamic in nature and can
be removed from the Lagrangian once we have solved their constraint equations.

Zt+dt
Nn“

Euclidean Coordinate
observer « observer
trajectory trajectory

Figure 28: Moving in time with the lapse and shift functions.

Now, we need to derive the explicit form of the metric in ADM’s formalism. This can be done as
presented in [[7] introducing a set of coordinates on the manifold. First of all, we notice that the
hypersurfaces are the level sets of the time function ¢

Y= {y® : t(y®) = const}, (C.28)

where y are generic coordinates on M. Thus, introducing a new coordinate system (¢,2%) in such
a way that the coordinates z% on the hypersurfaces 3;—¢ are transported along the time flow, ¢,
introduced previously. It’s clear that the tangent vector field to these curves,

Yo (t) = y*(t, 7"), (C.29)
where Z% it’s a generic point on Y;—g which is fixed for each curve, corresponds to the vector field

t* = Nn® + N©. (C.30)
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The time flow can be viewed in this sense by following the curve we have introduced. In the language
of coordinates, the tangent vector reads

(@w:(%flfﬁ% (C.31)

Now, the lapse function measures the rate of proper time measured by a Fulerian observer (ﬁg
which is an observer at rest in the spacetime. An observer at rest in the space-time can move along
a trajectory whose tangent vector is normal to the hypersurfaces. In fact, as shown in figure the
lapse of proper time between ¥; and ¥ 4, for the Eulerian observer is

dr = N(t,z")dLt. (C.32)

While the shift vector N*(t, 2") represents a “spatial” function that quantifies the displacement between
Eulerian and coordinate observers following a time-lapse dt from ¥; and ;1 4, as shown in figure
The coordinate observer is the one that follows the time flow introduced by the vector field t*. Thus,
moving normally (see the Eulerian observer trajectory in figure from ¥ to X444 the coordinates
of the point on the upper leaf, :L"zpper, are related to the coordinate of the starting point on >, xfaw,
in this way

o, =1 a:impﬂ =2 — N'(t,z,y, 2)dt, (C.33)
as shown in ﬁgure Please notice that at the infinitesimal level, it’s indifferent to take N* on ¥; or
Yirar; [[8] takes the vector defined on ¥; for example.

The construction we have done is useful for understanding how to write the four-dimensional metric
tensor using the three-dimensional one, the lapse, and shift functions [7§. In order to do this we want
to compute the displacement of two infinitesimally adjacent points y*(t) = (¢,2°) and y* + dy* =
(t + dt,x* + dx'), which respectively belong to ¥; and ;4. What we have to do is compute the
spacetime distance of the two points. If we want to compute distances in one of the two leaves
we are considering, i.e. 3; and ¥4, we use respectively the spatial metric (S)gij(t,x,y, z) and
(3) gij(t +dt,x,y, z). If we want to move between the two leaves we can use the prescription provided
by the lapse and shift functions. Thus, we have everything to understand how to calculate distances
between the two points. We can use the generalization of the Pythagorean theorem in GR. The time
separation between the two leaves is

N(t,z,y, z)dt, (C.34)
while the “spatial" separation on the upper leaves between the two points reads

(z° + da’) — (l'zpper) = [a:’ + daji] - [;U’ — Ni(t,z,y, z)dt] = daz' + Ni(t,z,y, 2)dt. (C.35)

Thus using the general relativistic version of the Pythagorean theorem [8] we get

ds® = —N?dt? + (3)g¢j(t +dt,x,y, z) (dxi + Ni(t,x,y, z)) (dxj + Nj(t, x, v, z)) (C.36)
~— (N2 - NiNi) dt® + (S)gij(t,a:,y, 2)dx'da? + 2N, (t, x,y, z)dx? (C.37)

where we have disregarded quantities that are infinitesimal of higher orders and where we have defined
N; = (S)QijN] and N;N* = (3)gijNJN’. Since what we have computed is invariant; the path we’ve
taken does not impact the outcome. Thus, we can read the components of the metric tensor and its
inverse as

SNNY N (e
g,u'l, — N'L (3)9 ) 9 = Nz‘ ((3)92] . N'LNJ) B (038)

ij Nz
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where () g*®) g, . = §; and where the inverse metric is obtained by imposing ¢" g, = 6", [[8]. The

explicit components of the vectors N and n® and the projection tensor h,, read

1

nt = N (1,-N"), n,=N(1,0,0,0), (C.39)
N#=(0,N"), N, =huN", (C.40)
NN N; y 0 0

We conclude this section by making remarks about the projection tensor and by introducing the
covariant derivative on spatial hypersurfaces. Now, given a “spatial" vector v, i.e. n,v® = 0, if we
want to raise and lower indices we can use h, or h*”

Vg = hagvﬁ = (gap + nang)vﬁ = gagvﬁ, (C.42)
and this reasoning can be generalized to each kind of tensor. Moreover, it’s possible to show that
Do = ho’ V3, (C.43)

it’s the only covariant derivative operator defined on ¥ [[3] (see the definition of covariant derivative op-
erator). We extensively use this definition in the next section while trying to express four-dimensional
quantities in terms of three-dimensional ones.

C.3.3 The extrinsic curvature

Now, before proceeding with the derivation of the ADM’s action, we need a final ingredient, the
extrinsic curvature, which is strictly linked to the concept of “temporal" derivative of the spatial
metric. As we’ll see it contains a temporal derivative of the spatial metric and so it represents the
conjugate momentum with respect to the spatial metric ) gij which is the canonical variable in this
formalism. Thus, the fundamental ingredients we have are the lapse and shift functions which merely
prescribe how to move forward in time, the canonical variable (3) gi; and its conjugate momentum II;;
which is strictly linked to the definition of the extrinsic curvature tensor.

Whilst all of the information about the intrinsic curvature of a manifold is contained in the single
component of the Ricci scalar, the extrinsic curvature describes the way something is embedded in a
higher dimensional space[B8]. There is a nice example presented in [B8] regarding a cylinder, which is
R x S'. It’s always possible to choose coordinates in such a way that the cylinder is flat; We are also
free to consider an alternative metric wherein the cylinder isn’t flat. However, the key point we want
to underscore is that it’s possible to render the cylinder flat within a certain metric. Thus, it has zero
intrinsic curvature but it does exhibit non-zero extrinsic curvature since the cylinder is embedded in
higher-dimension space. Extrinsic curvature refers to how the surface curves in dimensions beyond
its own, while measurements of lengths and areas within a curved surface only reveal the intrinsic
curvature, excluding the extrinsic curvature.

Now, we can turn our attention to the definition of the curvature tensor [I3] which is
Kop = ha"V(3, (C.44)

where (g is the unit tangent vector to a geodesic congruence which is orthogonal to the specific
hypersurface we are considering, €. Since the congruence is hypersurface orthogonal we have that the
vorticity tensor is zero, thus the extrinsic curvature is symmetric [I3] [[G]. Nonetheless, it’s feasible to
expand this definition by differentiating it with respect to the normal vector field to 2. It’s conceivable
to conceptualize extrinsic curvature without necessitating the introduction of any geodesic congruence.
This is due to the fact that when provided with the normal vector to a spatial hypersurface, it’s always
possible to identify a set of geodesics that, on the hypersurface X, possess the normal vector as their
normalized tangent vector. Thus, we can write

1
Kop = haVang = 5 £nhag, (C.45)
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where the last equality can be shown in this way. First of all, since the extrinsic curvature is symmetric
we have

Vang = Vgng. (C.46)
Now, using this equation and the normalization condition we get
naVgn® =n*Vgn, =0
naVPn* =nVvPn, =0 , (C.47)
n*Vang =n*Vgne, =mnVgn® =0

Now, we can verify what we are interested in by direct computation of the Lie derivative as

£nhaﬁ = (gozﬁ + nanﬁ)w n’ + (ga'y + na”’y) nry;,@ + (97,6’ + n’ynﬁ) n’y;a (0'48)
=ngn’Vyng + nan’Vyng + Vong + Vgng + nyngVaen? + nen,Van” (C.49)
= 2Vang +ngn’Vyng = 2heVyng, (C.50)

where ; stands for four-dimansional covariant derivative and where we have used eq.(C.47)).

Now, we derive an explicit useful expression for the extrinsic curvature starting from the definition
and using the definition of the Lie derivative [Bg]

1 1

K.g = §£nha5 =3 NV hag + hayVan” + hmvam] (C.51)
1

= §hoﬂh55 [V yhos + Ty Vsn” + hs, Vomh] (C.52)

where the last passage can be proven by direct evaluation and using the definition of the projection
tensor hog and the properties of eq.(C.47). Now, by multiplying and dividing by the lapse function
eq.(C.52)) and by using that

hyy NV 2" = h,,V,Nnt, (C.53)
we arrive at
Kop = %hﬁhﬁ‘s [NV s + by Vs N1 + by, Vo N1t (C.54)
- %h(ﬂhﬁ‘s [(t — N¥) Vs + houVs (# — NV) + hguVo (# — N9 (C.55)
= %hoﬂhlg‘s [£ihas — £8hys) (C.56)
where we have used that n® = & (t* — N®). Now, we need to directly evaluate the second Lie
derivative
ha hg® £8hqs = haThg® [INTV hag 4+ hay VN7 + hg VN7 (C.57)
= hah’ 'y + W oh” 5V, Ny + ha higsVoy (RN, ) (C.58)
= DoNg + DgNy + ho"hg? NPV yhos + haghs” Ny Vo hXY 4 hothg, Ny Vb (C.59)
= DyNg + DgN,, (C.60)
where in the last passage we have used that
ho "R’ NHV hos = haThg® N (0, V uns + Vnans) = 0, (C.61)
hauhg” NyV X" = ho,hg” Ny (VynXn” +nXV,n") = 0, (C.62)
ho!' by Ny 'V ,RYX = hot'hg, Ny (V, Vn"nX +n"V,nX) = 0. (C.63)
Now, we are ready to express the extrinsic curvature in its final form
Kop = % ha"hs® £ihys = DaNg = DgNa| = i [as = DaNs = DsNa| (C.64)
where in the last step we have used hag = 8%‘;5 . This property can be immediately understood

once we recall the coordinates we are adopting; see also the discussion relative to the Lie derivative
presented in [3§].
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C.3.4 The ADM’s action

Now, we start by deriving the expression for the ADM’s action. First of all, we stress that the
philosophy is to relate four-dimensional quantities to three-dimensional ones. For the sake of simplicity,
we explicitly indicate when a quantity pertains to three dimensions. As we’ll show in a moment we
have that

R R
G Bnan'g = Raﬁno‘nﬁ — §ga5nanﬁ = Ra/gnanﬁ + 5=

Raogn®n® = K? — K*°K 3, (C.66)

{<3>R L R? Ko‘ﬂKaﬂ}, (C.65)

DN =

where G, is the Einstein tensor [Bﬂ 3) R is the Ricci scalar of the spatial hypersurfaces, and
K? = (K%,)%. (C.67)
Once we have established these relations we can write the Hilbert-Einstein action as [I3]
Lip = V=gR = NVhR = NVA2 (Gagnn® — Ragn®n”) = NVR [ R+ K Koy - K?], (C.68)

where we do not show that /—g = Nv/h [I3], where \/—g and V& are the determinant of the four and
three metric. The crucial observation we make is that there are no temporal derivatives of the lapse
function N (¢, x,v, z) and the shift function N(¢, z,y, z). Consequently, these components account for
four degrees of freedom that act as constraints in the same fashion the temporal component of the
vector potential A is a constraint in the electromagnetic Lagrangian. We will proceed to solve the
relative equations of motions and subsequently plug the solutions into the action. This is the most
significant outcome from the perspective of our objective within the framework of the ADM’s action.

We now move forward to demonstrate the previously mentioned identities eq.(C.65) and (C.66]). To
accomplish this, we start with the expression for the three-dimensional Riemann tensor. Thus, we
consider a one-dimensional form defined on ¥ and how the Riemann tensor acts on it

®) Ry ws = (Do Dg — DgDy) w,. (C.69)
First of all, we evaluate the first term and then we obtain the second by symmetry

DaDgw, = hg*ho haV (I hs?Vws) = h b hat* ViVt + Iy Kognt Vews — b wcK 5K,

(C.70)
where, in order to get the final result, one has to use
Vah®y = Va (nn,) . hg'ny =0, ROgH7, =0, naw? =0, (C.71)
Now, using eq. and its symmetrized version we get
G Ragy® = holhg*h 0 Ryny” + KKy — Koo K25, (C.72)

where no specific remarks need to be made regarding this calculation. Now, we list a series of properties
that we need to perform the actual calculation.

Ragy59°79" = Rang™ = R, (C.73)
Rapys9*n"n® = Rpasyg™'nn® = Rgsn’n’, (C.74)
Ra/gmgno‘rﬂgﬁ = Roynn7, (C.75)
Rag,ﬂ;nanﬁn'yn‘s = —Rag(;,yno‘nﬁn"yn‘S =0, (C.76)

where R is the Ricci scalar while R,z the Ricci tensor. Thus, in order to proceed we have to compute

Reopysh® P = Ropgas (97 +non?) (g” + nﬁn‘s) = R+ 2Ra5n®? = 2Gogn°n”. (C.77)
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Now, if we compute
) Roagysh®h% = Roprsh® W + KP K5 — K2, (C.78)

where, no observations are to be made for this computation. Thus, we have proved the first relation.
Now, we turn to the second one.

Rogn®n® = Ry 5"n%n? = —n“gX Ry Prg = —n®gXY VoV, — V., Va] 1y (C.79)

= K? - K*K,p. (C.80)

In arriving at this result, we’ve exploited the symmetries of the Riemann tensor. Notably, the key

observation is that the final outcome is attained through the application of Leibniz rules, along with
the properties outlined in equation Eq.(C.47), and the symmetry of the extrinsic curvature tensor.

We conclude this section by observing that since K, is a spatial tensor we have that K*“n, = 0.
This, implies that KH0 = KOM = 0. So, in order to compute the ADM’s action we do not need to
evaluate Ko,

K¥K.; = KVK;;, K=K", =K. (C.81)

This essentially indicates that we can work as Kj;; were a tensor defined on a Riemannian manifold
and raise its indices using ®) gij- This final step is allowed by the explicit expression of h*¥, for which
we are aware that h*? = 0 for all . This observation will be useful when expanding the action of the
chiral-scalar tensor theories of gravity.

C.4 The tensor power spectrum in single-field slow-roll models.

As mentioned in section we have the option to simplify the equations by setting N = 1, N* = 0,
and all the scalars in the metric to zero, resulting in the following expressions:

1 0 1 0
= . g = o g o). C.82
I <0 a? (655 + vij + %%m%)) J <0 a=?(6Y — Y + WWz)) (©.82)
Starting from the extrinsic curvature tensor we simply get
L, . . 1 5. 1, 15, 1 .
Kij = 59ij = aad;j + aavij + §a27ij + iaa%k’y]’-c + Zazfyiwf + ZGQ’nk*y]’?“. (C.83)
from which we can obtain the fully contravariant version as follows
K4 — gilgijlf (C.84)
“agsit i Y ik ivesif if L Y ik A . 1 5. 1, i
=a (0" —v +§7 Vi) (67— +§’Y V) aa5lf+aa’nf+§a ’Ylf+§aa’Ylk7 f
Lo ko Lo
T MY TR (C.85)

3 R T R (RN I
=a! (daw +aay” + S0y + Saaqyt + oM + JaP g ) +

oo o 1 a . 1. - 1 .
a? (—5”7” - fy”éjf> (daélf + aayy + a2"ylf> + 3 [”y}’yjf + 55ll'yjk’nk + ”ylk’yz} (C.86)

2 2
a i @ i 1 oo 1a g b ok g L o ik
= 55” - E’y” + 30 ¥+ 5;7’ T~ 70 ¥y, + 1 Qs (C.87)
=a * aadV + aar + 1(127” + lda'yi ARI 4 1aQﬁi’ykj + la%i AR —2(aay" + 4 aay’
2 PR 4 'k 4 'k !
Lo gr 1ooa g . i it L gk L kg
= 5a* ! = Sa?iy] + da [V}W + 505+ 57 (C.88)
g A R I DU IR
=a* (aaé” — aay" + iazf'y” + §aa’yhkj — 1(12%7“ = 4a2’y,7;;'yk3> (C.89)
@ ooa o 1 o o 1la a1 o a1 o o
— 55” _ g,}/z] + ia 2713 + ig,yzk,yi _ 10’ 2,sz,yi _ Za 27’”{’%' (C90)
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Now we can compute what it’s needed in order to rewrite the Lagrangian

y a a1 la 5, ; 1 1
KZ]Kij — [ag(szj _ g,}/z] + 2a Q,Yzy + 5?7%’% 4a Q,sz,yk 4a 27zk,yi:| (0'91)
: : L. 1, ko Lo kLo g
X | aadij + dayij + 5a™yij + Saaving + 07Vf + a5 vad) (C.92)
a ) 1, 1 5. a . 1 15,
=3 {3aa + §aa%k’yf + 2a2%m/m] = gfy” {aa%‘j + ] +30 —244 [ + 2a2’m} +
(C.93)
1. P P NP i
[+2aa%mk i 4a2%:m‘k’] = (C.94)
)
a® 1.

Now we can compute the trace of the extrinsic curvature retaining terms up to second order as follows

| 1 . . 1 5. 1. 15, 1 .
9VK;; = a 2(8% — 4 + 27“ j) [aaéij + aav;; + §a2%j + §aa%kvf + zaQ'yik’y}“ + Za%ik’y]’?
(C.96)
la oy 1 Ta a 1. 1, a
3 + oKy 4%w " ik } o [aéij + %t Y| gy, (C97)
- 33. (C.98)
a

Now in order to complete the computation of the Lr we need the expression of the Ricci scalar.
Thus, starting from the Christoffel symbols we have

i g
Oy, = 5 Lk + kg — gjw] (C.99)

1 . . 1 1
— 5(5“ — A+ 27”7}) [’Yﬂ,k Wi = Yk T 5 ((%f’m),k + (). — (V;fwj),l)} (C.100)

1 A . | A . . 1 .
=3 <7§k + Yk — v+ 3 ((’YfZ'ij),k + (Vi) — ('7]]:’7fj)72)> - 57” Vit + Vi — Vik,l -
(C.101)

Before we continue, it is worth noting that because the tensor is traceless and transverse, (3)I‘§l is of
second order in the perturbation. Therefore the Ricci tensor on the three-space reads

1

Rij = 0T} — 0,1}, — 7r§jrfk — T}, Th (C.102)
1

= OuBf; — 0;A; — ’Yu k=g Vi + Ve — ’ij’l} |:’Ykl,i + i — ’Yli’k} ; (C.103)

where we have introduced Bifj and Ay, the explicit forms of which are not crucial for our current
discussion. The essential point is that they can both be expressed as spatial divergences. Now since it
eq.(C.103]) contains both first and second-order terms to get the Ricci scalar is sufficient to contract
with the inverse metric expanded up to first order

- 1 1 , . A .
R=a 2{53'17] + 577 k= [vlk” +9M - vzﬂ ['y’“ﬂ + " — m’k] } (C.104)
- ‘ 1 .. 1 ) )
=a 2{F2,i + 57”%3'”“,1@ 1 [’Ylk ikt — A et — Vi;’lvki,l} } (C.105)
_ Y lopig L kL (C.106)
- () 2'7 Yii k 47 kil .
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where the explicit form of D; is not important but it’s worth noticing that it’s of second order in
tensor perturbation. Using this Mathematica it’s possible to verify that

Vhx a1+ 0(h?)). (C.107)

Thus we can finally write the action, setting N = 1, as follows

M2 5
st = / 72” d*zNVh [(3)R + Kij KV — K? (C.108)
M? 1 1 1 .. 21 52
_ pl g4, 3 ‘ ok li ook a ids, g%
= / 5 d*ra {a2 [&Dl + 5713%] K+ 17 il ] + 3a2 + Z’YU'YU 9@2 } , (C.109)

which neglecting the 0th order action, integrating by parts, and eliminating total derivatives can be
recast as

(2) 4 MPQI 3 ) ija L k
Sp :/d x?a {fyj%j—azfy KVl } (C.110)

The result can be rewritten using conformal time as
2

M 1%g i
s = /d4x8pla {v "y is —’yl’,m:”“}- (C.111)
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D Appendix D

D.1 Polarization tensors

The focus of this section is to analyze two bases for the polarization tensors along with their respective
properties [7]. First of all, we introduce the Fourier transform of the tensor perturbation as

d3k (5)
hij(x,7) = P Zszhs(k, T)es; (7), (D.1)
where 61(5) (n) are the two components for the polarization basis and

n=

= (sin 6 cos ¢, sin # sin ¢, cos 6) (D.2)

> &

with k =| k |.

1. The {+, x} basis which is constructed starting from two orthonormal vectors

v = (sing, —cos,0) ‘ ‘ 0 4 E7 (D.3)
w = (cos B cos @, cosbsin @, —sin b)) 2

=(1
v =100 if § =0, (D.4)
w = (0,1,0)

which are orthogonal to the vector n. Thus we can introduce the two polarizations tensor as

+ o vy anyean . X . ).
€ = Vilj — wiwj, €, = Wiv; + viwj, (D.5)

which are real, traceless, and transverse, i.e.

[e;®)] =[], Tr{e;k)} =0, €Kk =€;kk =0, withs=+/x. (D.6)

ij ij ij ij
Sending k — —k we have that (see fig27] appendix [B.1))

v — +, (D.7)
w— —w, (D.8)

which allow us to write

(k) =ejlk) (D.9)
eixj(—k) = —eixj(k)
Moreover, it’s easy to show that we have
{Tr{ejj(k)ejj(k)} =Tr{c;()e(k)} =2 (D.10)
Tr{e;; (ke (k)} = Tr{e]; (k)ej; k)} =0
2. The chiral basis {R, L} is defined as

+ . X + - X

o€l S— €l
O Il A (D11)

iJ \/§

which are one the complex conjugate of the other, traceless and transverse, i.e.

[EL»(k)]* = [eg(k)] , Tr{efj(k)} =0, efj(k)ki = 65»(k)k‘j =0, withs=R/L. (D.12)

] vy
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Using eq. we can deduce

Moreover, from eq.(D.10) we can obtain that

{Tr{eg(k)efj(k)} = Tr{ch(k)ef(k)} =2

Tr{el(k)ef(k)} = Tr{es(k)ek(k)} =0

[

The last property we report is

i1 1y []] (k) = —iAsk )" (K),

(D.13)

(D.14)

(D.15)

where \; = +1/ — 1 for s = R/L and k =| k |. In the case s = R we can write the following

[+ (k) + i [e¥]} (k)

Ik, [ER]; (k) = €9/ k;

V2
o val — wfwl + iwfvl + z'vfwl
= € .
J /2
_ kwivl + vl — vt + jwiw!
V2
,kiwivl + wiwt + vl — wiwt
= —
V2
= —ikARrel,

where we have used that (a x b)?) = ¢*a;b, and that

kxv =w
kxw =-—v,

(D.16)
(D.17)
(D.18)

(D.19)

(D.20)
(D.21)

(D.22)

which can be obtained by the definitions of v and w. Now taking k — —k in eq.(D.21]) we get

€l k; [GR]; (—k) = i1 [e4]]

This concludes the demonstration of the assertion of eq.(D.15).
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D.2 Two equivalent ways to express the Pontryagin density
Now we prove that the Pontryagin density

*RR ="R°"" Ry pu, (D.24)
can be expressed alternatively as
*RR ="C7"MCyp. (D.25)

This follows from the definition of the Weyl tensor

1 R
C,uupa = R,uzzpo' - E(g,upRua - g,uchlzp - gl/pR,ua + gl/aR,up) + g(gupglla - gupg,ucr)- (D26)
In fact inserting eq.(D.26]) into eq.(D.25) we get
1
*RR=*CoP" (o = 2\/_79eWWCMWCW, (D.27)
— 1 ehvpo Rn)\ _E(HRV_HR)\_)\RH_F)\RH)_’_E(H A A n)
—2\/_—!] I 29,u>\ gvlv =g plv vy T g ity 6g,ugl/ 9 ug v
1 R
X Rﬁ)\po - *(gano')\ - gp)\RUH - gaan)\ + ga/\R/m) + 7(gpf€ga‘)\ - gmigp/\) ) (D28)
2 6

which can be decomposed into three terms that we evaluate separately. The first one reads as

i ehpe KA 1 A K A K R
Ist = 2\/_79 R ,LLVRH)\pO' - §(Rp ,ul/Ra)\ - R p,uuRmf - Ro /u/Rp/\ +R o;prn) + E(Rpa,uz/ - Ro’p/u/)
(D.29)
etre N 1 A K A K R
= 2\/_—.9 |:R uuRnApU - i(Rp uuRU)\ - R pul/Ran - RO’ uuRp)\ +R JuVan) + E(Rpauu - Rapuu):|
(D.30)
eHvpo N
= 5= Rge. (D.31)

where we have used that e#"?? R, ,, = 0 and e“”””R)\VpUR’\M = 0. The first relation can be demon-
strated in this way

P Ruvpo = €7* Ry + €% Rigji + €% Rijor + €7 Ryjro = 4¢%7* Ry, (D.32)
— 4 [ Rops + 92 Rosy + €9 Rogns + 2 Roggy + 2 Rogrs + €% Ry ] (D.33)
=4 [ (Ro123 + Rozs1 + Rog12) + €% (Ro1s2 + Roz1s + Rosa1)] =0, (D.34)

where we have used that

R,ul/pa = _Ru,upa
Ruvpe = —Ruvop » and Ryvpo + Buoup + Rypow = 0. (D.35)
Ruupa = Rpauu

In an analogous way we get
ENVPUR)\V,DUR/\,LL — EOZ]kR)\ijk’RAO + EZO]kRi)\jk’RAOR)\O + EZ]OkRij)\kR/\O + E’L]kORijk‘)\RAO _ 460Z]kR)\iij)\0
(D.36)

— 4R>\0 [60123R)\123 + 60132R)\132 + 60213R>\213 + 60231R)\231 + 60312R)\312 + 60321R)\321]
(D.37)

= 4R [""% (Ra12s + Raos1 + Rasi2) + €%% (Raas2 + Raois + Raga1)] = 0. (D.38)
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The second piece of eq.(D.28)) can be written as

1 1
2nd = — 4\/_7'96“”)0(95#1%1)/\ - QSR//) - g;);Rg + gzi\RZ) Rli)\po' - i(gano)\ - gp)\RUH - gaan,\ + gg,\Rp,.;)
R
+ E(gpngak - gongp)\)] (D.39)

e 1 R
- ﬁRu [RMW - §(gpuR0A = 9oaRop — gopBRpx + gorRpp) + g(gpugcrk — Gougpr) — (1 < V)]
e 1 R
+ 4\/ngV Rn,upa - Q(ganau - gpuRaﬁ - gameu + gUMRpH) + g(gpfegau - gmigpu) - (M A V)
(D.40)
=0, (D.41)

where we have used that g,s and R,g are symmetric, e#"?? R, ,, = 0 and e p"R,\VpJR)‘H = 0. The
third one can be put in the following form

R 1 R
= *EW”U(Q”MQ)‘V - g)\,ugnu) RpO'KJ)\ - *(ganoA - gp)\Rm@ - gm@Rp)\ + gcr)\RpH) + 7(9[)%90)\ - gongp)\)

6 2 6
(D.42)
B wpe 1 R
= Eé‘u P |:Rp0'uu - i(gPMRUV - gpl/RO'/J, - gUuRpV + gm/Rpu) + g(gpugov/ - gaugpu):|
B wpe 1 R
- geu ’ |:Rpauu - i(gpuRau - gpMRO'V - gal/Rpu + gO’MRpl/) + E(gpugou - gm/gp/t):| (D43)
= 0. (D.44)

Thus we have proved the statement.

D.3 Expansion of the Pontryagin density in tensor perturbation up to second
order

As explained in section we don’t need second order perturbations but only first order one. Thus
we can use the following metric tensor

= (0 i) (0 o ) (D49

Now we can proceed in computing the Christoffel symbols and we get

Iy = I'g; = Tho = 0, (D.46)
1 1.,
ng = 5900(—917,0) = ihijv (D.47)
i Lok , ' A —ldikh'~—1h'i DS
0j = 99 (k0,5 + 9kj0 — Gojk) = 5 ki = 50 (D.48)
; 1. 1 . ) .
ik = 55” (hjg + Pksj = gjk.s) = 5 (R + i = G, (D.49)

where, in this context, we have represented the time derivative using the conformal derivative, as we
began with a metric where we adopted conformal time. Thus we can expand the zero component of
the topological current,

ag 2 g €
KO = 60657 (Fga&;ryx + grgo Se 'YX) 5 (D50)

156



up to second order, in the following way

2
KO = (Obed <r"bmacrmdn + Srnbmrmdrldn> (D.51)
= €Ode (Foboacrodo + Fobfacrfdo + Ffboacrodf + FfblacFldf> (D'52)

:€0bcd< hbfah d+ h bahdf+ (hf l+hflb—hlb’f) (hdfc+hf,dc—hfdc )) (D.53)

1 I !
= eOde§ <h pOch g — hlb’fhldjc), (D.54)

where in the second passage we have disregarded third order terms while in the last one, we have
eliminated all the contributions that can be integrated away in the action. Thus we get

Sgg, = /d4 [ ¢fK0] _ /d4xjf {—h/fbach/df+hlb7fhld,fc:| ) (D55)

D.4 The actions S;, S;, and S3 in Fourier space

So starting from the kinetic term, i.e. Sp, using this expression for the tensor in Fourier spacda_-rl

ok
hyer) = Y / (e, ), (k) e, (D.56)

s=R/L
we can write

e otk

/
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drM?a® g3 p ' / /
- / i <§w]§3 LR 00 (—10) + ) () (k) — K fur ()ur(—k) + uz (Jur (k)] |

(D.60)

31Notice that between this mode functions and the one written in section there is a multiplicative factor which
doesn’t modify on the FoM.
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where in the second equality we have performed the q integral using the 63(k + q) arising from the x
integral while in the fourth we have used eq.( . For the action Sy we obtain

61 i f 3 e+zkx 3 eJrqu , ,
- 3 Ry d(q%) el ()gjfeal' (@) (@) (D.61)
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where we have used the same techniques adopted in deriving eq., we have used eq.(D.13)), in the
fifth equality we have exploited the property demonstrated in eq.(D.21]) and (D.23) of the appendix
[D1] Regarding the action S3 we get
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where we have exploited the same properties used for deriving the expression of Ss.

D.5 Expansion of

2 (r.k)
(

z(7,k)
The goal of this section is to expand at the lowest order in the slow roll parameters ZZ((TTiS), where we
recall that
2k , k
2o(k,7) = a(T)\/l - )\swgb = a(r)y/1 - Asg, (D.74)
where in order to simplify the computations, we have introduced
=) (D.75)
g=—5—0¢. .
M2 f
The time derivative of z reads
,d 1 a? g/
while we can write its second derivative as
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Now we can write the quantity of interest as
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Now we need the explicit expression of 7 and its derivatives as functions of the slow roll parameters
(see section 2.2). Thus, considering the lowest order and taking ¢ < 6] we retrieve

g 2 (¢ 2 (o) 2 4 2 ) 2eMy [ H
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(D.81)

where we have used that ¢ = —/2eM, H and a(1) =
its first and second derivatives we respectively get

—m (see appendix |C.1|). While regarding

(5) - 2020 L (Y [ (ALY | - 2 () st w2050
(D.82)

32We can choose the sign of the derivative of the inflaton field as we want since it depends on the shape of the potential.
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where we have used the fact that derivatives of the slow-roll parameters and H produce other powers
of these parameters and

"

<g') N IQ@MM (Hmf>2], _ 2v/2Myy <Hmf>20(€§) ~ 0. (D.83)

a? f M f M

pl pl
Inserting eq.(D.81)), (D.82) and (D.83), in eq.(D.80), we obtain
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Now using that what it’s shown in appendix we obtain
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Finally, if we introduce the “chemical potential" p as
V2eMy (Hing\?
p= YT <”f> (D.86)
f Mpl
we arrive at the desire expression
" ]. + 36 Qk
Xs + [/& — ( — + “)] Xs = 0, (D.87)
T T

which coincides with eq.(4.9) of [[ and with eq.(59) of [65].
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