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Abstract

Gravitational waves induced by scalar curvature fluctuations are a possible source of the
cosmological background of gravitational waves. After providing an overview of the theory
behind this study, we offer a detailed explanation covering topics starting from the metric
perturbation and concluding with the relative energy density of scalar-induced gravitational
waves. We consider a spatially flat Friedmann-Lemaitre-Robertson-Walker space and use
the conformal Newtonian gauge. In our study, we analytically examined the scalar-induced
gravitational wave spectrum in the periods of radiation and matter domination. In compar-
ison, numerical analysis was developed for the matter domination period. For the latter, we
considered two approaches, which led to different results.
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Part 1
Introduction

The aim of the following thesis in Theoretical Cosmology is to describe cosmological gravi-
tational waves induced by scalar perturbations. In order to understand this, we must first ask
ourselves: What is cosmology? What do we mean by cosmological gravitational waves? Why
should they interest us? In the following lines, we aim to answer these questions by introducing
the main concepts.

Cosmology is a branch of physics and seeks to study the origin, the evolution of the Universe
[1], and its large-scale structure. Where with the term 'Universe’, we mean all that physically
exists [2]. Cosmology as scientific study began with the discovery of Einstein’s static Uni-
verse (1917); the observational discovering of the linear relation between redshift and distance,
indicating the expansion of the Universe, Hubble [3]; and the development of the Friedmann-
Lemaitre models with the Robertson-Walker metric for a non-static description of the Universe
[2].

Einstein’s general relativity theory of 1915 provided the basis for the theoretical description
of modern cosmology [4], as the Einstein’s field equations govern the evolution of the Universe.
The theory of general relativity could be used to construct fully self-consistent models for the
Universe as a whole. One of the objectives of Einstein was to incorporate into the structure of
general relativity what he called Mach’s Principle. This means that, the local inertial frame of
reference should be determined by the large-scale distribution of matter in the Universe. There
was, however, a further problem, first noted by Newton, that for a static model the Universes
are unstable under gravity [5]. Soon after the Einstein’s theory, Friedmann worked on models
of the expanding Universe and Lemaitre developed the concepts of redshift and Big Bang [4].
These theoretical models solve the problem of instability, and form the basis framework of what
is referred to as the standard, ACDM model. Supporting Hubble’s observations.

In 1916 and 1918, Einstein found that at the linear order, the weak-field equations have wave
solutions [6] [7]. Gravitational waves are ripples in spacetime, their formation can be caused
by astrophysical phenomenon related to accelerating masses [8] or by cosmological phenomenon
related to the early Universe, such as quantum fluctuations of the scalar field or phase transition,
which result in perturbations of the spacetime metric [9, [10].

It took almost a century from the prediction of Einstein for the direct detection of gravita-
tional waves by the Laser Interferometer Gravitational-Wave Observatory (LIGO) in 2016 [11].
This observation of gravitational waves emitted from the binary black hole merger, GW150914,
opened a new era in astrophysics and cosmology. Gravitational waves offer a unique way to
observe and study the Universe that differs from traditional methods such as radio and optical
telescopes. The observation of gravitational waves will provide information about the early
Universe’s physical processes and its evolution as violent events occurred in the Universe. Cur-
rently, with ground-based observatories we are able to observe gravitational waves emitted by
astrophysical sources (near to us and with high energy), but they do not have sufficient resolu-
tion to observe cosmological gravitational waves. Space-based observatories (such as LISA [12])
can aspire to observe such waves.

Cosmological gravitational waves are assumed to permeate the Universe in the form of
a stochastic background of gravitational waves; i.e. a superposition of gravitational waves
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produced by a multitude of sources [I3], [14]. Many efforts have been undertaken in order
to characterise the stochastic background [13], 14, [I5], 16, [I7], only to cite some works. The
possible origin of a stochastic background can be traced back to different cosmological event,
such as inflation, phase transitions, cosmic strings, and binary system (like primordial black
holes). Therefore, the observation of this background could provide a smoking gun evidence of
the inflationary period and other theory about the primordial Universe. Gravitational waves
arising from the inflationary period are assumed to be of two kinds: the so-called primordial
gravitational waves, produced directly by the tensor perturbation arising from the quantum
fluctuations, and the induced gravitational waves, produced in later times, once scalar and
tensor perturbations, produced by the quantum fluctuations, enter the horizon.

As we are going to explain in cosmology, scalar, and tensor perturbations are more inter-
esting than the vector ones, as the latter decay exponentially in an expanding Universe. To
theoretically calculate induced gravitational waves, a non-linear approach to the theory of rel-
ativistic perturbations is required. The formulation of Einstein’s second-order (or higher) field
equations yields a nonlinear term, which can be regarded as the source of the wave. Consid-
erable work on the second-order perturbation has been proposed by Noh, and Hwang [18] and
by Gong et al. [19], of primary importance for the developing of the calculations in this thesis.
Many works on induced gravitational waves have been developed over the past two decades,
e.g. Baumann et al. [20], Hwang et al. [21], Gong [22], Sipp, and Schéfer [23], to name only a
few of them.

In order to deal with scalar-induced gravitational waves, we begin by introducing some
theoretical concepts necessary to contextualise both cosmology in general and more specifically
cosmological gravitational waves. After that, we present our calculations of scalar-induced
gravitational waves.

The first theoretical concept introduced are the Einstein’s field equations, resulting from
general relativity, Sec. We, first, describe the geometric part of these, and then focus
on the matter part. Einstein’s equations are necessary to describe the dynamic evolution of
gravitational waves. Next, we explain the standard models of cosmology, Sec. Introducing,
Robertson-Walker geometry and Friedmann-Lemaitre-Robertson-Walker Cosmology. This is
the geometry that will be used as the background solution, where we assume a spatially flat
case.

These two topics are the foundations of modern cosmology, from which we can start building
different theories. Once they have been described, we can deepen the discussion, introducing
more advanced topics. Like relativistic perturbation theory, described in detail in Sec. [ As
we have already introduced, the Universe can be described to a good approximation by the
background solution (FLRW), which is based on the cosmological principle: the Universe is
homogeneous and isotropic. Nevertheless, ignoring local characteristics, the Universe is not
completely homogeneous and isotropic; for a more precise description, inhomogeneities, and
anisotropies must be introduced. This can be done by perturbing the background metrics
and quantities of the cosmological fluid. In this section, we therefore define scalar, vector,
and tensor perturbations; and the important concept of the gauge transformation. In order
to get the contribution of scalar-induced gravitational waves on the relative energy density
of cosmological gravitational waves, the concept of power spectrum is needed, Sec. [l This
important tool allows us to obtain the relation at different points of a given quantity.

After this, it is necessary to characterise the period of cosmological inflation, Sec. [6] from
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which, due to the quantum oscillations, scalar perturbations (which will be the source of the
induced gravitational waves) and tensor perturbations (corresponding to the primordial grav-
itational waves) arise. Finally, we treat gravitational waves more precisely, Sec. We first
formally define gravitational waves in a Minkowski space, so that the fundamental concepts of
gravitational waves can be introduced. The decision to show these concepts with the example
of a Minkowski space lies in the simplicity of treating gravitational waves in this space. In such
a way, it is easier to understand the reasons for choosing transverse-teaceless gauge conditions,
the transition from real to the associated Fourier space, and polarisation. After that, it is useful
to understand, which are the various sources of cosmological gravitational waves, so as to have
a better understanding of what is expected to be observed with space-based telescopes, such as
LISA and Einstein Telescope (ET).

At this point, we have everything we need to deal with scalar-induced gravitational waves. In
the calculation part, adopting a geometric approach, we derive the evolution equations, Sec. [§
without fixing any gauge condition. That is, starting with the metric and the cosmological fluid,
we derive the Einstein’s field equations. Once the evolution equations are obtained, we calculate
the general solutions of the gravitational wave equation, in radiation and matter domination
epochs [0l By performing a gauge transformation of the variables, we find the most general
form of the perturbation variables, which include the dependence of the gauge choice. To solve
this problem, we must fix a gauge, i.e. choose a correspondence between the real Universe and
the background Universe. Our choice is the conformal Newtonian gauge (or also known as the
zero-shear gauge), Sec. Having obtained the solutions of the wave equation, we can describe
the power spectrum, Sec. At this point we have everything we need to find the relative
energy density of gravitational waves Sec. In this last section, we present the results both
analytically and numerically.
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Part II
Theory

2 General Relativity

General relativity is a theory developed by Albert Einstein in 1911. He derived a formula
for the light deflection in a gravitational field [24], but the complete mathematical formalism
was presented five years later in [25]. In this theory, we consider gravity as a manifestation of
spacetime’s curved geometry rather than a force. Wheeler in [26] described this central idea of
general relativity as:

"Spacetime tells matter how to move; matter tells spacetime how to curve.

The principle of equivalence of inertia and gravitation tells us how an arbitrary physical system
responds to an external gravitational field; this is the physical basis of general relativity, i.e.,
1) inertial and gravitational masses are equal; 2) gravitational forces are equivalent to inertial
forces; 3) in a local inertial frame, we experience the laws of special relativity without gravita-
tion. Therefore, the Einstein Equivalence Principle states: In small enough regions of spacetime,
the laws of physics reduce to those of special relativity; it is impossible to detect the existence
of a gravitational field by means of local experiments [27]. Mathematically, the curvature can
be described with differential manifolds.

2.1 Set up: Manifold and Curvature

By manifold, we mean a space consisting of patches that locally look like R™ and are smoothly
sewn together. In order to define geometrical features on a manifold, we need to introduce the
metric. Recalling the quote of Wheeler, the curvature is nothing but the manifestation of
gravity. Therefore, in general relativity, it is crucial to study curved manifolds. To do that, we
need the metric. Formally, the metric g, is a mathematical object that assigns a value to each
point in spacetime. It is a symmetric (0, 2)-tensor which is nondegenerate. The curvature can
be found from it and is described by the Riemann tensor Rf,,. This tensor characterises the
intrinsic curvature of spacetime at each point. Hereafter, we want to understand better how to
get the Riemann tensor and derive other proper quantities related to its curvature.

Let us consider the metric associated with the spacetime manifold. The canonical form
of the metric is g, = (—1,+1,4+1,41), i.e. we consider a Lorentzian metric. Therefore, an
infinitesimal distance between two points is defined as

ds? = g drtdz”. (1)

An object that can be derived from the metric is the Christoffel symbol. This symbol describes
the variation in basis vectors from one point to another in a coordinate system. It measures the
rate of change of the covariant basis with respect to the coordinate variable. The Christoffel
symbol is described as

1
ry, = 5g’“’ (0pGvo + Ovbpe — OvGup) - (2)

This symbol is also known as connection, because it describes how the tangent spaces at different
points in spacetime are connected. From the connection, we can find the Riemann curvature
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tensor, or simply Riemann tensor, Rf,,. This tensor provides an intrinsic way of describing the

curvature of a surface
Rl =0, — 8UF‘lfp +I¢ I'* —T¢ T (3)

vpo Vot pe vp~ oe*

Contracting it, we get the Ricci tensor and the Ricci scalar

R, = R},

v R:= RZ. (4)

The Riemann tensor, Ricci tensor, and Ricci scalar are intrinsic curvature measures [27].

2.2 Einstein’s Field Equations

This section aims to derive the Einstein’s equations. Here, we will derive these using the
Einstein-Hilbert action approach. In order to do that, we need to define an appropriate La-
grangian for general relativity.

In general relativity, the dynamical variable is the metric tensor g,,, since it is the most
fundamental field describing spacetime geometry. Hilbert [28] proposed a Lagrangian resulting
from the Ricci scalar, i.e. the curvature. The Lagrangian has to be invariant, so its value has
to be independent of the choice of the coordinate system. In contrast to classical mechanics,
where the action contains only the first derivatives of the dynamical variables, the Lagrangian
associated with the Einstein-Hilbert action must involve at least second derivatives of the metric.
Because there is no non-trivial scalar invariant constructed out of first derivatives of the metric
tensor, as it is always possible to find a coordinate system in the neighbourhood of any point,
where all first derivatives of the metric tensor are vanishing [27, 29]. Working with second
derivatives means considering all 20 components of the Riemann tensor. Considering a local
inertial frame, we obtain 14 curvature invariants, which are also coordinate-independent. Ricci’s
scalar is the only one of these 14 that is linear in the second derivative of the metric [29].

We now define the total action for general relativity as

S=Sga+Su = /dnﬂ? ﬁEH-F/dnl’ L, (5)

where S and L are respectively the Einstein-Hilbert’s action and the Lagrangian density,
the vacuum solution (only geometry). While the two quantities with subscript M correspond
to the action and Lagrange density for matter fields.

For both cases, we define the Lagrange density as

Li=/=gLi, (6)

where i« = EH,M; g := det(g,,) is the determinant of the metric tensor and L; are the
Lagrange functions. We start considering the geometric Lagrange function described by the
Finstein-Hilbert Lagrange function

3

c
L =
EH 167G

where R is the Ricci scalar and A is the cosmological constant. The Ricci scalar can be written
in terms of the Ricci tensor and the metric tensor, such that the Lagrange density yields:

(R—2A), (7)

3 3

C C
gy 9(E=20 =57

V=9(g" Ry —21) . (8)

Leg =



General Relativity Master Thesis Magnoli C.

Since the Einstein-Hilbert action cannot be expressed in terms of covariant derivatives of the
metric tensor, it turns out more convenient to describe the action under small variation of the
metric instead of working with the Euler-Lagrange equations [27]. Therefore, we get

3
167G

0SEH = 5/ d"z /=g (g" Ry, — 2A)
1%

C

— e [ 1V (R 2) 4V (06) R V5™ (5F)

167

3

= 167G [/V d"z (6v/=g) (R—2A) + /V d"x /=g (5g") Ry + /V &'z \/—gg" (5Rw)| .
(9)

First, we consider the variation of the square root of the determinant d,/—g. In order to
solve it, we use the following to relations:

%(det(A()\)) — det(A(N)) - Tr (A‘ldd)\A()\)) (Jacobi’s formula),

1= (A0 ) a7+ (At ) 4 Lo,

and so we get
1 4
5\/— = —5\/—gguyégu . (11)

Then, we need to work on the third term of Eq. [9] The variation of the Ricci tensor is
described by

ORyu = Ry, = 6 |0,0%, — 0,16, + T3, T8, — 1,15 | (12)

Now, as we want to compute the Ricci tensor at any point p, we can choose a coordinate system
centred in p, such that z(p) = 0 and I'/,,(0) = 0 [30]. This choice is not a problem since when
dealing with tensors, a coordinate system is as good as another [29]. According to this choice,
the variation of the contracted curvature tensor becomes

ORyy = 0, (3T%,) — 0, (oT%,) (13)
This is a tensor relation, since according to Jetzer [30], the difference of two connections 0I5,

is a tensor, and it holds in every coordinate system. Thus, it can be formulated in terms of
covariant derivatives, and so the Palatini identity [31] is achieved

ORyuy =V, (3T0,) =V, (8T%,) (14)
Then, since the covariant derivative of the metric tensor is equal to zero, we get
9" 6 Ry, =V, (¢"01%,) =V, (9" 01%,)
=V, w” (15)
= Opw” + 1,0,

6
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where the Christoffel symbol I'), can be expressed as

1
Fga = §g;w (aogp)\ + apga)\ - 6)\ng)
(16)

Therefore, Eq. [I5] becomes )
ﬁ(’?p (V—gu’). (17)
Plugging this result into Eq. [9] and using Gauss’s theorem, we obtain that if dg"” vanishes
outside the volume of integration, then it is vanishing on the boundary as well [30]. In contrast,
if we do not consider a finite region (hence an infinite volume of integration), we can set the
contribution to zero by making the variation vanish at infinity [27]. Therefore, the third integral
of Eq. [9 does not contribute

/Vd"x V=99" (0R,) = /Vd”x 9y (vV—guw’) = /{W d0,/—guw” = 0, (18)

where d0,, is the coordinate normal to the boundary 0V. Putting the results of Eq[11]and Eq.
together, we can rewrite Eq. [0] as

g"oR,, =

0SEH =

3 1
" - v 5 v A v ne
167rG/Vd T 9<Ru QRgu + Agu )59

(19)

63
& /=g (G + Agw) 69",
2 G

where G, == Ry — %ng is the Einstein tensor. According to Carroll [27], the functional
derivative of the action satisfies

oS .
0S = [d" -HP* 20
JEED> (50%") (20)
where {®*} is a complete set of fields being varied. Then, the Einstein’s field equation in vacuum
(i.e. if Lpr = 0) can be derived from Eq. and is

167G 1 0Sgy
/=g g™

Now considering a small variation of the metric on the action of matter, we get

= Gy + g = 0. (21)

5Sus :5/ diz Lo
1%

(22)
= [ d' (0v/=g) Lar + =g (6Lnr).
Following Carroll’s book [27], the energy-momentum tensor can be directly defined as
1 oSy
T, :=-2—— . 23
H /_g 5g;w ( )

7
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To conclude, based on the principle of least action, applied to the general action defined in
Eq. [5, we obtain
0S8 =0Sgy +6Sy =0, (24)

combining Eq. [I9]and Eq. 22 with Eq. we get

C4

e (Guw + Aguw) +0Lar | dgM (25)

552/ d"x \/—g[
1%
Therefore, recalling the functional derivative of the action Eq. 20} the Einstein’s field equations
yield
81G
G;w + Ag;w = A Ty (26)

In some cases, expressing Einstein’s field equations in other terms is useful. By multiplying
Eq. [26) with the metric g"”, we obtain the relation between the Ricci scalar and the Energy-
Momentum tensor trace

R = —87GT + 4A. (27)

So, we can rewrite Eq. [20] as
1
Ry, =8rG (Tw, — 2Tgm,> + Aguw. (28)

The usefulness of writing Einstein’s field equations is that the RHS can be written directly as
the source of the curvature, e.g. compare Sec. [3.2}

2.3 Energy-Momentum Tensor

In the previous subsection, we defined the equations that relate spacetime geometry to
the matter content, i.e. Einstein’s field equations, which are described by geometric tensors,
analysed in detail above, and by the energy-momentum tensor. The latter will be treated
differently here. One of the first to deal with this issue was Eckart in his paper [32], and
following his reasoning, we will define this tensor.

The physical meaning of the tensor components can be obtained by introducing an observer,
which allows us to describe these components in terms of projections.

These can be along timelike or spacelike directions associated with the observer. Those of
the former type can be obtained by contracting the indices with the four-velocity of the observer
uy,. While those along spacelike directions are defined by the #,, operator [33]. Where the
following relations hold

Huw = G + upuy, ufuy, = -1, Huu”. (29)

According to Eckart [32], we can get the following three components:

p= Tl“/uuuyv (30)
qu = — pUUPHZa (31)
Suv = TpJ’HZHg7 (32)
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where p is the invariant energy density, g, is the heat flow or energy flux and s, is the stress
tensor. Now we can separate the stress tensor into the hydrostatic (isotropic) pressure and the
anisotropic stress tensor as

Sy = Ty + DHpuw- (33)

Therefore, the Energy-Momentum tensor can be written as
Ty = pupuy + pHyw + 2Q(uuy) + T, (34)

which is the most general form for a single fluid. To consider different fluids, one must add the
individual energy-momentum tensor to derive the total energy-momentum tensor [34]. In Eq.
and Eq. we have explicitly kept the term relating to the cosmological constant. It is
common to put it on the right-hand side as a part of the energy-momentum tensor

A

PA = —PA = el (35)

Therefore, the energy density pp and the isotropic pressure pa of the cosmological constant are
part of the total energy density p and the total isotropic pressure p, respectively.
For this reason we can rewrite Eq. (and analogously, Eq. as

1
Guw = Ry — iRgW = 81GT ). (36)
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3 Standard Models of Cosmology

The Universe is composed of countless celestial bodies, such as galaxies, stars, and planets.
Despite this inhomogeneity and apparent complexity, cosmologists have assumed that the large-
scale Universe is simple. This idea is described by the cosmological principle that the Universe
can be considered spatially homogeneous and isotropic on a large scale. This principle is not
a physical law and is not exact, but rather an approximation, a hypothesis, which we believe
holds true on a large scale. As explained by Riddle [35], this is a property of the Universe
as a whole that breaks down on a local scale. The concepts of homogeneity and isotropy
can be explained as that there is neither a position nor a preferential direction in the Universe,
respectively. The concept of spatial isotropy of the Universe, mathematically, can be understood
as a 3-dimensional spherical symmetric hypersurface [36].

As Milne [37] states, this assumption follows from the belief that 'not only the laws of
nature but also the events that occur in nature, the world itself, must appear the same to
all observers! From current observations, this hypothesis appears to be correct [38], a prime
example being the cosmic microwave background (CMB). The CMB allows us to understand
that the temperature of the Universe (excluding small-scale variations) is almost the same at
any point in the observable Universe. Before discussing a cosmological model based on this
principle, let us put the cosmological principle in other terms, as proposed by Mo et al. [38].
They propose to explain the cosmological principle as the existence of a fundamental observer
at each point, for which the Universe appears isotropic. Introducing this fundamental observer
is possible to solve the problem that two observers in relative motion with each other cannot
observe the Universe as isotropic.

FLRW Universes are models based on the cosmological principle, exhibiting perfect homo-
geneity and isotropy. These, of course, cannot be exact models of the Universe, as they cannot
show the inhomogeneities associated with astronomical structures. More realistic models are
derived from perturbations of the FLRW Universes. To quote Ellis et al. [39], “The ’almost
FLRW’ models are the standard models of cosmology at the present time”.

Hereafter, we consider the Robertson-Walker geometries employed in the Friedmann-
Lemaitre world models (FLRW models) As we are going to learn in the following section,
a Universe is called FLRW if and only if the following conditions are valid everywhere [39]:

1. shear, vorticity and acceleration are zero everywhere;

2. the total matter contained in the Universe must have the form of a perfect fluid, i.e. no
anisotropic pressure and no energy flux;

3. all kinematics and non-zero stress-energy scalars must be functions of time only.

3.1 The Robertson-Walker Geometry

According to Weinberg [ib]ﬂ the metric describing a homogeneous and spherically symmet-
rical space can be described by the following relation

ds* = g datdz”. (37)

INB: In this book, Weinberg uses a convention of the (+ — ——) signature. While we use (— + 4++), so our
equations are modified in order to follow our signature choice.

10
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In his book, he specifies that, as previously written, symmetry is not relative to spacetime but
to a subspace of it. In our case, this subspace is described by hypersurfaces with the time
coordinate fixed. In the following, we propose a general description based on Chapter 13 of
Weinberg [36], without going into the demonstration presented in the book. We define a space
with dimension N and its maximally symmetric subspaces of dimension M. We can distinguish
these subspaces with N — M coordinates, v* and localise the points in each subspace with M
coordinates u®.

We can say that, subspaces with constant v’ are maximally symmetric if the metric of the
space is invariant under the influence of a group of infinitesimal transformations

u® = U/ = u® + £ (u,v),
(38)
R
with M (M + 1)/2 independent Killing vectors §iE| Thus, it is always possible to choose the
u-coordinates so that the metric Eq. can be separated as follows:

ds® = gij(v)dv'dv? + f(v)Gap(u)du®du®, (39)

where g;;(v), f(v) and gos(u) are functions of the v- or u-coordinate, alone. In order to find
the RW metric, we are interested in the cases where the space dimension is N = 4, and the
dimension of the subspaces is M = 3. We start considering the second term in the RHS of Eq.

B9,

20 = Gop(u)du®du®. (40)

According to Weinberg [36] the Riemann curvature tensor of the maximally symmetric metric
ga,@ is
®R
G Rr Y (G rTn — GaD
ot = ) (95890 — GBvGas) (4
=K (géﬁga'y - f]b"ygozci) s

where ()R is the Ricci scalar, n is the dimension of the space and K = néj:fl) is the Gaussian

curvature on the 3-dimensional space. This scalar curvature is constant for every space with
dimension n > 2. Contracting two indices on the Riemann curvature tensor to get the Ricci
tensor, we obtain the following relation:

Rop = 2Kjag. (42)

We define the following change of coordinate system

/\/Mdv = —t, (43)
1

u' = rsinf cos g, (44)
u® = rsinfsin g, (45)
ud = rcosb, (46)

2The Killing vectors describe the symmetries of a system
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where we opted to describe the spatial subspaces by spherical coordinates; because of the
cosmological principle. Then, according to this coordinate transformation Eq. @3] Eq. [39] can
be written as

d52 — _dtQ + f(t) |:€2b(r)d7"2 + 7‘2 (d92 + sin2 ed@2>:|
= —di? + f(t) [*0dr? + r2d0?] (47)

= —dt* + f(t)do?,
where the exponential factor is to generalise the metric as much as possible in order to preserve

spherical symmetry [27]. E| Therefore, the metric of the 3-space is

2b(r)

- . 2 2
grr = € ) gop =T, Gop =T

sin? 0, (48)
from which the Ricci tensors can be calculated

Ry = 2db(r)7 Rgp = e~ 20 (rdbd(r) — 1> 1, Gpp = e 2(r) [(rdbd(r) - 1) + 1} sin® 6.

r dr r r
(49)
By including the radial component of the metric Eq. I8 and the Ricci tensor [A9]in the relation
given in Eq. we can characterise the exponential function

1
2(r) — =
¢ 11— Kr2 (50)
and hence, we rewrite Eq. [A7] as
ds® = —dt* + a(t) [1_Wdr2 + 72 (d92 + sin? 0de2)} , (51)

where a(t) = +/f(v) is the scale factor.

We, then, define the scalar curvature K = 0 - k, where k € (—1,0,+1) is the normalized
curvature. In order to express the metric in terms of the normalised curvature, we parametrise
the radial coordinate so that » — v/6r and the metric of 3-dimensional space becomes

2
do? = % (1 ETW + r2dQ2) . (52)

To conclude, let us consider the Universes described by the three values of k. It is useful to
define a new radial coordinate

d _ (53)
= V1—Fkr?’

from which we get
siny ,ifk=+1;
r=4x ,if k=0; (54)
sinhy ,ifk=—-1.

By including the factor & in the scale factor a?(t), we can write the metric as

ds? = —di* + a*(t) [dx* + Sk(x)d?] . (55)

3Compare chapter 5 and 8 of Carroll [27] for additional information about the exponential function.
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where
sin?y ,if k=+1;
Se(x) = { X ,if k= 0; (56)
sinh?y ,if k = —1.
The metric with & = 41 describes a closed Universe (metric of the three-sphere), the one
with £ = 0 a flat Universe (metric of a flat Euclidean space) and the last one £ = —1 an open

Universe (metric of the hyperboloid), a proof can be found in Kolb, and Turner [40]. It turns
out useful to work with the conformal time, defined as n = a - ¢, such that Eq. [55] becomes

ds? = a*(n) [~dn? + dx* + Sk(x)dQ?| . (57)

Usually, the spacetime is considered to be spatially flat, so from now on, when we refer to the
(FL)RW-metric, we consider the case where k = 0:

ds* = a*(n) (—d?72 + gagdxo‘dxﬁ) , (58)

where gog is the 3-dimensional Euclidean metric, with signature (4+ 4+ +).

3.2 The Friedmann-Lemaitre-Robertson-Walker Cosmology

The dynamics of the expanding Universe appeared implicitly in the metric described in the
previous subsection. To make this time dependence explicit, we must solve the Einstein’s field
equations [40]. The first consideration is that due to the symmetries arising from the Robertson-
Walker metric, the energy-momentum tensor takes the form of a perfect fluid, the components
dependent only on time coordinates [41]. Hence, we know that the energy-momentum tensor
for a perfect fluid is

Ty = puyty +pHuw (59)

where H,, = g + uuu, is the projection tensor; and it fulfils the energy and momentum
conservation T},,,, = 0 [42]. According to Eq. we find that the metric components are

goo = _L Jap = a2(t)§0457 (60)

where g, is given in Eq. The only non-vanishing Christoffel symbols associated with this
metric are

. ~ o a‘t a a o
I, = a(t)a(t)gas. Oﬁzaétiaﬁ, a =Ty, (61)

from which we get the Ricci tensor

Roo = — 8 Roa =0, Rap = Rag + [a(t)i(t) + 26*()| Gs. (62)

where from Eq. we have Eaﬁ = 2kgag.
Here, as anticipated, it is worth considering the second formulation of Einstein’s field equa-
tions 281 The source of Ricci’s curvature tensor is

1
S =T — §Tgw,
(63)

1
= (p+p) upu, + 3 (P —p) Guv-
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Hence, According to Eq. which can be stated as
R, =81GS,, + Aguu, (64)

the Friedmann-Lemaitre equations yield

: ( 4 A

00-component:  H(t) + H*(t) = a(t) = _4nG (p+3p) + = (65)
a(t) 3 3

af-component:  H?(t) = ?p — % + 1; (66)

3.3 The ACDM Model

The concordance model of cosmology is a Euclidean Universe that today is dominated by a
cosmological constant A and non-baryonic cold dark matter (CDM), with initial perturbations
generated by inflation in the very early Universe. This model is known as flat ACDM model
[43]. This model assumes the FLRW cosmology as the background framework. As we discuss
in the following sections, The real Universe is not homogeneous and isotropic; instead, there
are small deviations from the cosmological principle described well by perturbations. These
perturbations arise from the quantum fluctuation during inflation and become the seeds for the
large-scale structure.
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4 Relativistic Perturbation Theory

As we have treated previously in Sed3.I| the FLRW metric Eq. is generally used to
describe the spatially homogeneous and isotropic Universe. For instance, neglecting local fea-
tures, the cosmic microwave background is homogeneous and isotropic up to an accuracy of
5T/T = 1075, if one needs more accuracy, it is necessary to take into account inhomogeneity
and anisotropy. As for the moment, it has not been possible to have exact solutions to Ein-
stein’s field equations due to their highly nonlinear nature; perturbation methods have been
developed [44]. In general, one considers the FLRW metric as the background Universe and
parameterises the perturbations to the homogeneous and isotropic Universe to describe the real
(inhomogeneous and anisotropic) Universe.

General covariance states that there is no preferred coordinate system in nature. This intro-
duces the concept of diffeomorphism, or, as we will explain, of gauge. In theories with general
covariance (like general relativity), the gauges give rise to non-physical degrees of freedom. For
this reason, one must fix the gauges or extract invariant quantities to obtain physical results
[45]. Additionally, splitting the variables into a background’s part and a perturbation’s part is
not covariant. Because of gauge dependence, it causes the presence of coordinate artefacts and
gauge modes in the calculations [44]. In perturbation theory, one always treats two spacetime
manifolds, the physical one M and the background one Mjgy. All perturbations are defined
by comparing the quantities in the physical spacetime with those in the fictitious background.
Therefore the perturbation’s quantities depend directly on the background’s choice. The back-
ground is called fictitious because it is a reference to carry out perturbative analyses and has
nothing to do with the nature [38| 45, [46]. Each physical variable @ is written in the form:

Q(p) = Qo(p) + i 5Q()" = Qo(p) + AQ(p), (67)
=1

where Q(p) in the LHS of[@ is a field over M with p € M. In contrast, Qo(p), the background
quantity, and 5Q(p)(i), the i-th perturbation of the quantity in the RHS of [67| are fields over
My with p € My. The two points are implicitly considered to be the same but defined on two
different manifolds.

In general relativity, points of M and M are unrelated. However, from Eq. [67} one iden-
tifies the assumption of the existence of a map, which permits to compare a physical quantity
in the two spacetimes.

Following [45], [46], [47] and partially [44] an infinitesimal parameter A is introduced for the
perturbation, as well as a (4 + 1)-dimensional manifold N'= M X R, where dim(M) = 4 and
A € R. Then the background spacetime is described by My = N[ x—¢ and on the other hand the
physical spacetime M = M) = N|,. Thus, the manifold A is foliated in by four-dimensional
submanifolds M, and these are diffeomorphic to M and M. Then one defines a chart in
which 24, with A =0, ..., 4, are coordinates on each M and z* = X\. Now we consider a set of
field equations

@] =0 (68)

on the physical spacetime for the physical variables (), on M. The field equation represents
the Einstein equation. If the tensor field Q) is given on each M, then it is extended to a tensor
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field on V. Such tensor fields are tangent to each M. We define a normal form and its dual,
(dX), and (9/0X)", respectively, such that they satisfy (d\), (9/0X)" = 1. They are normal to
any tensor field extended from the tangent space on each M. The set consisting in the normal
form, its dual and the basis of the tangent space on each M is the basis of the tangent space
of N.

In order to compare an arbitrary tensor field QQ on M with Qg on My, one needs to identify
the points of the physical spacetime with those of the background. Mathematically, the point
identification map corresponds to a diffeomorphism, ¢y : N'— N so that x|, : Mo — M.
This correspondence specified a vector field X, which generates a flow ¢ on N in which ¢
belongs. We define a pull-back ¢} of the diffeomorphism ¢,. Pulling-back a quantity means
evaluating it on My in order to describe the quantity ) in the same coordinate for each A. Let
p € My

Q(ea(p)) = (L2 Q)(p)

= Q(p) + AQx.
AQ) in the left-hand side can be Taylor expanded to get

(69)

SR
AQy =Y 50Q. (70)

k=1

where

Then the perturbation is nothing but:

AQ(p) = Q(p) — Q(p), (72)

where Q(p) represents the pulled-back quantity and Q(p) the background quantity. Important
to note that we could not have done the subtraction if we had not pulled @ back to M.

4.1 Decomposition of quantities

Hereafter, we define the decomposition of the geometric quantities and the cosmological
fluid accordingly to Eq. As explained above, this equation allows us to compare a quantity
in the physical spacetime with the same quantity in the background spacetime, which results
in a perturbation. So by rearranging the above equation, we can decompose the real quantity
into the quantity in the background and its perturbations.

Then we can define the metric as the combination of the background metric, i.e. the FLRW
metric, described by Eq. and the perturbation terms as

G = Guv + 0Gpu, (73)

where dgop = A, 0goa = B and dgag = Cqup, therefore, it can be expressed in the following
way:

goo = —a® (1 +24),
Joa = —a’B,, (74)
9op = a* (Gap + 2Cap) ,
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where A,B,, and C,g are perturbation variables based on the 3-metric g,3. Then, the time-like
four velocity (the motion of an observer)

1 1
0—Z-(1-4 e 75
u a( ), u LU (75)

where U® is based on the 3-metric g,g. The Energy-Momentum tensor quantities can be
decomposed into the background, and the perturbations as

p=p+0p, P=p+0p,  Ga=0aQs,  Tas=a’llug (76)

where a bar over the density energy and the isotropic pressure stand for the background fluid
quantity. As in the case of the metric perturbations, the four-velocity perturbation, the quan-
tities dp, dp, Qo and Il are based on the 3-metric g.g.

All the perturbation quantities expressed in Eq. Eq. [75] and [76] can be Taylor expanded
up to any order, according to Eq.

4.2 Scalar Vector Tensor decomposition

Another decomposition of the perturbation variables is that into scalars, vectors and tensors,
valid at all perturbation orders. This tool is very useful in perturbation theory, especially at
the linear order. In this case, the scalar, vector, and tensor quantities do not mix and evolve
independently.

v — v t
A=a, Ba=fa+BY,  Cop=0fos+7as+Clly+CY

U =-U+UY  6p,  p,  Qu=Qa+QY (77)

1 1 L @ ®)
Hocﬁ = ﬁ <H,a5 - 3ga/3AH> + EH(Z‘B) + Haﬂ

The decomposition in scalar, vector, and tensor is interesting because it lets us consider
the three kinds of perturbation separately. For example, the scalar perturbations of the metric,
which coupled with the density matter’s fluctuations p cause the large-scale structure we observe
today; the tensor perturbations describe the gravitational waves; while the vector perturbations
decay exponentially in an expanding Universe, the reason why they are less interesting to study.

They mix at nonlinear order, and the quantities’ evolution becomes more complicated. In
any case, as we are going to consider scalar-induced gravitational waves, this decomposition is
necessary in order to study only the scalar contribution to the source of gravitational waves.

4.3 Gauge transformation

As introduced previously, the main idea of relativistic perturbation theory is to find an
approximated solution of the EFEs, considering small deviation/perturbation from a known
background [46]. A physical quantity is defined on a different manifold with respect to the
same quantity on the background. We need to evaluate the two quantities at the same point to
perform calculations. Aiming to do that, we introduced a diffeomorphism and a pull-back of it.
In perturbation theory, this map is called gauge choice -or sometimes point identification map-
and this one-to-one correspondence between points in the physical and background spacetimes
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has to be chosen to define perturbation quantities [45, 146} [47]. The gauge choice is not unique,
and one can find different correspondences, even for the same background spacetime, because
of general coordinate transformations on the perturbed spacetime [38].

A gauge transformation is a change of the gauge choice, or in other words, a change of the
correspondence between the real Universe and the background Universe [48]. This transforma-
tion preserves the structure of a theory and aims to remove redundant degrees of freedom [49].
Following Malik, and Matra [44], we formalise this transformation by considering two different
diffeomorphisms ¢y : My — M) and ¥y : My — M), which are the two gauge choices and
connect the background with the A-leaf of the foliation. They are, respectively, the integral
curves of the vector fields X and Y defined on /. Thus, the vector fields are everywhere trans-
verse to M, and points on the same curve are considered to be the same point with respect to
the gauge choice. One can define a diffeomorphism ®) : My — My

D) = p_yoYy (78)

for each value of A\. Under this gauge transformation, the resulting transformation of a generic
tensor field T' (where the indices are omitted for seek of clarity) is given by

DYT = (p_ro))" T = Y5 \T = exp{ ALy }exp{-ALx}T. (79)
For the Lie Algebra of a Lie group, we can use the Baker-Campbell-Hausdorff (BCH) formula
1
log (exp{A}exp{B}) = A+ B+ 3 [A,B] + ... (80)
in order to simplify Eq. [79 and get

1
OUT = exp{)\ (£ — £x)+ R Lx, £v]+ }T
= expq — Z E)\ Leg (T (81)
k=1""

1 2 1 2 p2
= T — <A£<(1) + 5)\ £C(2>> T + §A £C(1)T + 0(3)

where T' is evaluated on My, () := X — Y and (o) := [X,Y] and in the last equality we
Taylor expanded the exponential. The definition of the (-field is different to the one proposed
by Malik [44]. We choose to rewrite the change of coordinates evaluated at the same point, with
only positive signs, as proposed in Magi, and Yoo [48]. We can simplify further the expression
including A in the variable and defining the vector field ¢* := Céﬁ) + %{é)

1
T =T~ £+ §£§T, (82)

where all the tensor fields T are evaluated on the same point. The map generated by ® enables
us to relate the two coordinate systems. This transformation takes the point p with coordinates
xH(p) to the point ¢ = ®)(p) with coordinates x*(q). Thus, according to Eq. we get

7" (q) = exp{—£L¢[p}2"(p)
1 (83)
= 2(p) = ¢H(p) + 5CL(P)C" (p).
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We want to express Eq. at the same point. In order to do that, we introduce a new coordinate
system Z* such that the coordinates of ¢ in the new coordinates are the same as p in the old:

T (q) = =*(p).
Rearranging Eq. [83] we obtain
(84)

o (p) = 7(q) + C(p) — 5CHP)C" (),

where (#(p) can be Taylor expanded around ¢
a¢*(q) 0= (p
(85)

¢(p) = ¢"a) + 927(q) B37(q

~—
~—

(C”(p) - ;C,’;(MC”(M)

~—

= ¢"(q) + {5 (9)¢"(9)-

The substitution of Eq. into Eq. results in the change of coordinates arising from the
(86)

gauge transformation, i.e.
1 v
2(g) + ¢"(g) + 5L (a)¢" (a)-

*(q) =
the gauge transformation is

4.3.1 Second Order Gauge Transformation
Tor
(87)

As we have seen in Eq. any tensor of order (n,m)
1

described as follows:
T(2F) = T(aP) — £:T(aP)

where T'(xP) := ®3T(z(p)) and we omitted the indices for seek of clarity. The Lie derivative for

such a generic tensor T is defined as follows:
£ = O = [0 ) TUEZ A + o 4 (9pCM ™) U]
(88)
Tl 4 et (O ) TH )

+ [(81/1 Cp) pY2...Um
Then we define a new gauge field £ such that up to the second order one can write { as
1 v 1 14
(h =g — BN = € - el (89)
Thus the gauge transformations for scalar, vectorial and tensorial fields are:
T=T-¢"Ty+ ¢ T,
(90)

1
=T- fuT,u + 55§VT,M + Qf#fyTJw

= Ty — (T + CHT) + 5 (TuwnC”C” + GG Topus + GG T + (G o + CHCHTy + CC,To)

T, —
(91)

1
Ty — (& Tw +ET0) + S Thnt € + ELELT, + € (€4 00 + €410 + €5,15)
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Tt = T — (T — CAT") 5 [0 (TP + CUTY — G — ¢, T) 4+ T

(92)
1
=T (T8~ LT) + € (GThE + €T - 4T, — €, T
T = T 4268 Ty )+ = (g CPC7 + T pCOC7 +2¢7CP T
pv = MV_( G + C,(# V)p) +§( nv,peCPCT + W,pC,aC +2¢ (utv)po
+ 2<0Tp(uCﬁ/)o— + 2(:; ’p(“Tl/)O' + 2<pC7()(—MTV)U,p + 2<§L<ngp0
, (93)
=Ty — (Tw/,pfp + 2Tp(u€,pu)) +&7 (2£,p(uTu)ﬂ70 + 2Tp(u§,€/)o + 9 o€’ + Twapgfzf)
+ 2Tp(u§ﬁ/§,€7 + Tpﬂéﬁ@z
~ 1 _ _ _ _
T =Ty — (CPTh, — CHTD + COTY) + 5 [CTCP Tl g + CTCETY, + 7 (ChTh — ChTE)
+2¢7 (COTh, — CT0, )+ (CBTE + COTop) — 2¢15¢5 T2
(94)

POV

1 _ _ _
=Tf (Th&" — E4TL + ELTY) + 58 Tl + €780 Tl + € (€0,T5 — €4, T)

7 (ST — €410, ) + 8TTY — 4Ty

1 /- _ _
THY v _ (Tw’p(p _ QTP(MCV)JJ) +3 (TWWCPCG TR (P (T — QCPT;(MCV)J
_QTP(#Q’;)UCU _ zfg(ugfo) o+ QTP(MC;) ¢+ QTPUC,’Z C’;)
—THY W ep p(pev) o (1 WV ep RV P o1 er) Tp(per)
—TH _ (T &P — 2T gp) 87 (ST pol? + TH 8l = 2P0 o — 2T,
FTAEE, + TEE

(95)

4.3.2 Conformal Newtonian gauge

Let us consider the gauge transformation of the scalar components of the metric, as defined
in Eq. [T7}, i.e: a, 8, ¢, and ~y. The gauge transformation at the linear order of the metric tensor
is given by Eq. 03] up to the first order

69#1/ = 59#11 - (gul/,p{p + Qgp(,u,gﬁ/)) . (96)
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Therefore the gauge transformation of the scalar components of the linear order perturbation
of the metric are

a=a—" -1, (97)
B=B+¢+¢, (98)
F=p -V +HE, (99)
y=7+¢& (100)

There are several kinds of gauge choices in Cosmology, one of these is called Conformal New-
tonian gauge. The choice, in the conformal Newtonian gauge, is to fix the scalar perturbations
B and  to zero. This means that, we choose the spatial conditions to be § = 0 = v and the
temporal condition y = a(y’ + ) = 0 [I8]. This gauge is also known as zero-shear gauge, as
the scalar shear is given by y = 0. From the previous relations, this means that we fix

f =—0= 07
(101)
& =—B++&=0.
They return a diagonal metric tensor for the scalar perturbations, which simplifies calculations
[49]. We define 9 := o, and ¢ := ¢, then the metric can be written as
ds* = —a?(1+ 2¢)dn? + a*(1 + 26)gapda®da’. (102)

According to Clifton et al. [49], this is the only gauge choice, that can be fully specified in
both cosmological perturbation theory and post-Newtonian theory and appears to be valuable
in the linear and nonlinear regimes of cosmology.
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5 Power Spectrum

This section will introduce an essential tool in cosmology: the power spectrum. This im-
portance lies in the fact that, it is a powerful and basic statistical measure that describes the
distribution of mass and light in the Universe [50]; moreover, the quantities that we can cal-
culate for a given model and then compare with observations are precisely the power spectra [51].

As we have discussed, the Universe is well described by the standard models of cosmology (i.e.
the FLRW models). These predict an early phase when the distribution of matter fluctuations is
very close to a Gaussian and later times when these fluctuations become non-Gaussian on small
scales due to non-linear gravitational evolution while remaining Gaussian on very large scales.
This is crucial for describing the power spectrum since a Gaussian field is fully described by
its two-point correlation function [52], and the power spectrum is the harmonic transformation
of the two-point correlation function, which corresponds to the Fourier transformation, in the
case of a spatially flat Universe [51].

We now consider FLRW background perturbations, which are treated as random variables
(stochastic variables), and the observations determine the statistical properties of these distri-
butions, according to Ellis et al. [39]. Let, for instance, A(x) be such a stochastic perturbative
variable. Then the two-point correlation function is defined as

¢(z) = (A(x)A(X)), (103)

this corresponds to the statistical average [39, [51]. In the following, we consider a spatially flat
spacetime so that the harmonic transformation reduces to a Fourier transformation since we
consider the curvature to be zero in this thesis.

Then the two-point correlation function in real space, described in Eq. in Fourier space
defines the power spectrum

(AK)AK)) = (2n)% 6(k + K')Pa(k). (104)

There is a more intuitive quantity related to it, the so-called dimensionless power spectrum,
defined as

k3
- on2
this quantity has the same dimension as the variable [5I]. Regarding the specific case of this
thesis, we are more interested in the power spectrum of primordial fluctuations. As we discuss
in the inflation section Sec. [0 in the simplest models, these fluctuations are almost purely
adiabatic and close to a scale-invariant power spectrum [53]. In the following, we consider the
primordial scalar power spectrum, i.e. the power spectrum of scalar perturbations. We now
consider the variable to be the Bardeen potential ®. Commonly, the parameterization of the
power spectrum is assumed to be a power-law of the form

A% (k) Pa(k), (105)

k

ns(ko)—1
A% (k) = Ap (ko) (ko> ; (106)

where kg is the pivot scale, ns(ko) is the scalar spectral index and Ag (ko) is the power spectrum
amplitude, which determines the variance of the fluctuations [54]. Nowadays, it is more common
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to work with the primordial curvature ( power spectrum, which is closely related to the scalar
perturbation primordial power spectrum by

4
A2 = §A§. (107)

Hence, we can write the power spectrum in terms of the curvature as

A2(k) = A (:{))ns_l , (108)

In the previous two equations, we have omitted the pivot dependence of the power spectrum
amplitude and scalar spectral index for clarity. These two variables are the parameters of the
cosmological model and are fitted to the data [55]. According to the Planck mission, from the
2018 data, the best-fits are

Ac(ko = 0.05 Mpe™!) = (2.1014581) x 107°, (109)
ns(ko = 0.05 Mpe™!) = 0.9649 + 0.0042, (110)

at 68% c.1. [56].
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6 Inflation

The purpose of this section is to add a new piece to the puzzle describing the Universe.
Initial conditions are required in the standard hot Big Bang model of Cosmology, they are
problematic in several ways. In 1980, Alan Guth proposed a possible solution to two of these
problems: the horizon and flatness problems. This solution is called cosmological inflation [57].
In this theory, the Universe undergoes a period of rapid expansion driven by a large cosmological
constant in the false vacuum [58].

There are two versions of inflation: The original idea was that the Universe was trapped in
a state of false vacuum and could escape through a tunnel to the real vacuum. This process
would have created bubbles of real vacuum that could have filtered and reheated the Universe.
Unfortunately, e.g. Guth himself, and Weinberg showed in [59] that this could not happen for the
needed parameters of the potential. The problem was solved (by Linde [60] and independently
by Albrecht, and Steinhardt [61]) by introducing a scalar field: the inflaton, and relying on fine-
tuning the inflaton potential. This resulted in a slow rolling inflation with N, > 60 e-folding
[62]. There are other models, but we will focus on the models with a single scalar field.

In slow-roll inflation, the inflationary period begins with the inflation in a region where the
actual potential is very flat, called the false vacuum. A (metastable) false vacuum is naturally
created in a theory containing scalar fields. This vacuum represents a temporary minimum
energy density condition, as Weinberg explained in [63]. This corresponds to a local minimum
higher than the global minimum (true minimum), see Fig. The properties of this false
vacuum are that its pressure is large and negative. In general relativity, pressures, like energy
densities, create gravitational fields. A positive pressure creates an attractive gravitational field,
while a negative pressure creates a repulsive field, which is the force responsible for this period
of strong expansion [64].

Fast Roll (not Potential
J '(r,a_) Dominated)

Onset of reheating

Slow roll
inflation
(Potential

Dominated)

@

Figure 1: The figure shows a scalar field slowly rolling down the flat region of a potential V().
In this case, the kinetic energy of the scalar field is very low. If the potential energy is greater
than the kinetic one, then the pressure is negative, cf. Eq[I16, and thus we are exactly in the
inflationary epoch. When the field reaches the steepest region, it falls rapidly towards the global
minimum of the potential and begins to oscillate about it [58]. (Figure credits: Albrecht [65]).

At the end of the inflationary period, as shown in Fig. if the scalar field reaches the
absolute minimum, and starts to oscillate. The decay of the scalar field (inflaton) to the other,
lighter fields to which it couples will damp these oscillations [40]. The thermalisation of the
created particles heats up the Universe, and a Universe dominated by radiation is settled [40, 58].
This period may be considered to be constituted by two phases: the preheating and the reheating
phases. In the first phase, particle creation results from parametric resonance.
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In contrast, in the subsequent phase, particle creation results from the decreasing amplitude
of the inflaton oscillation around the potential minimum, as the energy of the inflaton is trans-
ferred to other fields [66]. It is important to remark that there is not, at the moment, a clear
understanding of the period connecting the inflation and the Big Bang Nucleosynthesis [67].
However, we are expecting that some process of reheating has to occur in order to connect the
slow-roll inflation theory to the standard Hot Big-Bang theory [68]. Such a process is necessary
because inflation would leave the Universe empty of matter and with a much lower temperature
than expected for the radiation-dominated era in the Hot Big Bang Theory [69].

Before dealing mathematically with the slow-roll inflation model, we want to point out that
it could be interesting to understand how the introduction of this rapid expansion into the early
period of the Universe manages to solve some important problems of the standard model of the
hot Big Bang. This part will not be dealt here, as it is not highly relevant to the development
of the thesis [4

6.1 Cosmological inflation: slow rolling single scalar field

For inflation, we need matter with the property of negative pressure, i.e. a scalar field
describing a scalar particle of spin-0. Such particles possess a potential energy that can be very
slowly reduced as the Universe expands [72]. The scalar field in this period is called inflaton,
and we denote it as ¢.

O = Qo + 5¢qm: with 5qum <L P, (111)

where we have adopted the Kolb, and Turner convention [40], in which the quantum scalar field
is a correction of the classical scalar field, i.e. a perturbation.

We will begin by considering only classical dynamics and then analyse the evolution of ¢,
where we will omit the subscript for the sake of clarity. After that, we will treat quantum
fluctuations around the classical background evolution.

The dynamics of a scalar field minimal coupled to gravity is governed by the action

4 1
S =Seu+ 5= /d“fﬂ\/—? llﬁchR - (29“”¢,u¢>,u + V(¢))] : (112)

Similar to the procedure done in Section we can define the energy-momentum tensor as in
Eq. [23] and obtain for a scalar field

1
T;Sg) =0 uPy — G <2¢,p¢’p + V(¢)> (113)

We assume spatial homogeneity of the classical background field for the inflation, as proposed
by Kolb, and Turner [40], Eq. can be written as

T, = —8306%6,0+ 8% (5006° = V() ) (114)

4For this reason, we invite interested readers to consult books on cosmology, such as Moh et al. [38]; Mukhanov
[70]; Ryden [71]; Kolb. and Turner [40]; Dodelson [43], ... .
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From this, we can obtain the energy density p = —T}) and the isotropic pressure p = %T o
1.
po = 50" +V(9), (115)
1.5
po = 562~ V(@) (116)

For the purpose of showing how a scalar field can lead to negative pressure, we can write the
resulting equation of state from the previous two equations

12 _y
Py = Wypy, With wy = Py _ u (117)

P 30?+V(9)
This equation shows that if the potential energy V(¢) dominates over the kinetic energy %QBQ,
then wy < 0.
The equation of motion for the classical scalar field can be obtained by the conservation of
energy-momentum

¢+ 3Ho+ Vy(p) =0. (118)

The second term of the equation results from the expansion of the Universe. According to Kolb,
and Turner [40], there is an additional term in the equation of motion, which does not follow
from the Lagrangian density as we have considered; this is the term resulting from the decay of
the inflaton in the other fields to which it is weakly coupled. Hence, the previous equation can
be described as follows

¢+ 3H¢+ Vy(¢) + Ty =0, (119)

where I'y is the decay width and plays a role only during the scalar field’s oscillation. For a

formal treatment of the decay width and the Lagrangian density needed, one can read Dolgov,

and Linde [73]; Dolgov, and Hansen [74]; Abbott et al. [75] or summarise in Lazarides [76].
During the slow-roll phase the ¢ term is negligible compared to the friction term [77], then

Eq. becomes

_V(9)
- (120)
then .

3H(¢) — 3H?(9)

At this point, taking into account the fact that the pressure must be negative and therefore
from Eq. [T16] we know that the kinetic energy must be much smaller than the potential energy
¢ < V(¢), we can obtain the slow-roll conditions

(V(9))*

2
vig) <M (122)

and
Vos(6)| < HZ. (123)

We now define the slow-roll parameters

€= 41 and n:= <¢> , (124)
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and in terms of the derivative of the potential ey and 1y as

M2 2
R —

where Mp_l 2 .= 87G. Then the following relations hold

4 2
e=cy (1 — §€V + 377V> ~ey and npy e+ (126)

The slow-roll parameter € quantifies how much the Hubble rate H changes with time during
inflation [78]. In general, inflationary models differ slightly from a de Sitter phase (which has
e = 0, and this discrepancy is captured by this parameter [79]. The slow-roll approximation,
ie.

el and 71, (127)
implies
>0, ¢o<V(¢), I[¢<|Hg (128)

These lead to the slow-roll dynamics [79]

1
3M?

2
i V(6), BHO~ V@), po+ps= (W )) . (129)

As soon as the slow-roll approximation fails, the inflation ends [78].

6.2 Quantum fluctuations as source of primordial power spec-
trum

In the following, we will study the effect of quantum fluctuations around the classical inflaton
dynamics described so far. These fluctuations during inflation are the sources of the primordial
power spectrum, i.e. the seeds of all structures in the Universe [80]. In our discussion of
fluctuations, we will stop at the second-order action perturbation, which corresponds to the
action of a free-field, since at the linearised level, there are no mode interactions (as can be
clearly seen from Eq. [81]. But, it is essential to note that, in single-field inflationary
models, the theory is of interactive fields [34]. Thus

S =50+ 52 + 0(5(3)), (130)

where background action defines classical dynamics, while quadratic action specifies free-field
action and everything included in O(S(3)) establish interactions.
Now, in order to simplify the calculations, we fix the comoving gauge [34]

0=y = (ZS $(x) = o(t), (= vy = psp- (131)

According to, for example Baumann [80]; Maldacena [82]; Yoo [79], the quadratic action has
the following form
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Sy = / dtd*x a {8 ] / drd®x [ —(Vv)2+2”1)2 (132)

where ( is the comoving curvature perturbation, 7 the conformal time, and v is the canonically-
normalised Mukhanov-Sasaki variable

02
vi=2( and 2%:= (12% = 2a%. (133)
The Euler-Lagrangian equation for the field v of Eq. is
oL oL

”8((%1)) - % - (134)

= <8Z—V2+m2>v:(),
where m? = —2"/z. This is known as the Klein-Gordon equation.
According to Mukhanov [83], the quantisation of the dynamical system described by Eq.
132] is analogous to the quantisation of a scalar field with time-dependent mass m. Then we
define the momentum conjugate with v

gﬁ =, (135)

such that the corresponding Hamiltonian is

H:/d3x7{:/d3x (WU/—,C

1 (136)
= §/d3x [7r2 + (Vv)? —i—m%ﬂ

Replacing v and 7 by the corresponding operators ¢ and 7 and by imposing the canonical
commutation relation, we get the following expression for 0 [84]

3 , 3 , .
o(r,x) = / (;lﬂl; Dy (1)ekx = / (;lﬂk):% [dkvk(T)elk'x + dLUZ(T)e*Zk'X} , (137)

where ay and &L are the annihilation and creation operators which satisfy:
i, are] = |af | =0 and  [a,al,] = (@m)%(k - K). (138)

Substituting Eq. into the operator analogue of the Klein-Gordon equation we find
the so-called Mukhanov-Sasaki equation

v+ wivg =0, (139)
where w} = k? + m? effective frequency, and v; must satisfy the normalization condition
V1 ()i () — vp(T)vf (1) = 2i. (140)
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This condition comes from the fact that, since vj(7) and v} (7) are linear independent ad form
a basis of the solutions of Eq. the Wronskian W (v, vf) # 0. Then, since the Wronskian is
time-independent, the mode function ug(7) can always be normalised by the previous condition
[85].
Quantum states are constructed by defining the vacuum state |0) through the annihilation
operator
ax|0) = 0, (141)

and the creation operator to produce excited states

me =/ 224 o), (142)

where \/2E}, aims to make it Lorentz invariant and Ej, = |v},|? + k?|vg|? [79].

We now aim to find a vacuum state for the fluctuation. For this purpose, we must fix the
mode functions vg(7) with a second condition so that the expected value of the Hamiltonian
is minimised in the vacuum state. Since the normalisation given by Eq. is insufficient to
fix the solutions, we must find initial conditions for vg. As explained by Baumann [80], at
sufficiently early times, all modes of cosmological interest were deep inside the horizon and thus
are unaffected by gravity, and their frequencies wy are independent of time. In this limit, the
Mukhanov-Sasaki equation becomes that of a simple harmonic oscillator. The only solution
that interests us is the one describing the minimum energy state. Accordingly, we set the initial
conditions 1

lim v = ——e 7, 143
T " 2k (143)

The two conditions completely define a set of mode functions, and the last one defines a unique
vacuum, the Bunch-Davies vacuum.

The only thing left to do is to solve the Mukhanov-Sasaki equation with the initial conditions
just found, and then compute the power spectrum, which is nothing but the quantum zero-point
fluctuations. According to the definition of z given in Eq. [I33] we can compute the mass term
of the effective frequency. We recall that the effective frequency is defined as

"
wi =k*+m?  with m=-".

z
Then the exact solution of the mass term is
Z = (aH)? |2 —c+ §52 — 1552 + 153 + ege3| (144)
z 2 2 4
where ) ‘
&“E—%, EQEHis, 3—% (145)
We begin by considering a de Sitter space, a = —(H7)™! and ¢ = g9 = €3 = 0. Then the

Mukhanov-Sasaki equation Eq. becomes

(/-e2 — f) vp =0, (146)

and its solution is

we(7) = ae\;;i; (1 - I;) + ,Bf/i;; (1 + k;) . (147)
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Considering the initial conditions, Eq. we can fix the coefficients and find the unique mode
function

e—ikT i
=—(1——]). 148
(=" (1- ) (145
Then, the zero-point fluctuation is given by
(k) = (0]okdw[0)

= (0] (@vr(r) + alvi(r)) (awvi(r) + v (7)) [0)

(149)
= 0 ()0 () 0] [, al | 10)
= (27)3P,(k)o(k + K').
On superhorizon scales, the power spectrum of the field v approaches
(aH)?
P,(k) = —+. 1
(k) =" (150)

The power spectrum of the comoving curvature perturbation is calculated at the horizon crossing
of the superhorizon limit. Thus we get

3 3 Pv H2
iy = X Bok) : (151)

A2 = -
C7 g2 <(k) 2m2 22 8m2e

where Ag is the dimensionless power spectrum of the comoving curvature perturbation. It is
important to observe that in a perfect de Sitter spacetime, a problem arises in defining the
curvature fluctuations: as de Sitter means that the slow-roll parameter ¢ = 0 and, therefore, z
vanishes as well. This is due to the fact that a perfectly de Sitter inflation never ends, so the
curvature perturbation is meaningless.

Turning our attention to the slow-roll inflation case, we solve the Mukhanov-Sasaki equation
to find the power spectrum (as before).
From the definition of the slow-roll parameter € in cosmic time, we get the following exact
relation in conformal time

_d<1>_1d(“>_1_d(1) ming £ = const
e=-\g)=-% 7))~ 77 \ o7 )» @ssuming e = cons

(152)
= — — =(1—¢)1.
aH ( 24
Therefore, to the first term in € we find the relation
1
aH=——[14+e+0(2)]. (153)
T
According to Stewart, and Lyth [86], the standard result, considering constant slow-roll
parameters
Z” 1 2 ]. . 3 — &
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The result obtained allows us to solve analytically the Mukhanov-Sasaki equation and
derive the result in terms of Hankel functions [86]

vp(r) = V= [aHP (<kr) + BHP) (~k7)] . (155)
Again, through the initial conditions, Eq. we fix the coefficient and find the solution

1 1
=2

Then up to the first order z ~ 71/27¥ and following the procedure described in Eq. we are
able to find the dimensionless power spectrum of the comoving curvature perturbation in the
superhorizon limit (k < aH)

K3 I2(v) H?
A2=_"_p, =923 1—¢g) ! . 157
T op2t¢ r2(3/2) L ) 8n2e (157)

—TgHy)(—kr). (156)

In this section, we described the scalar fluctuations during inflation and the associated
power spectrum, assuming that the slow-roll parameters are constant. Stewart, and Lyth [36]
developed a more general result, in which these parameters are assumed to be small but not
constant. In the next section, when we discuss gravitational wave sources, Sec. we discuss
tensor fluctuations resulting from inflation.
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7 Gravitational Waves

Shortly after the final formulation of Einstein’s field equations, Einstein predicted the ex-
istence of gravitational radiation. In 1916 and 1918, he found that at the linear order, the
weak-field equations had wave solutions [6l [7]. According to Hughes [87], gravitational waves
are not only a consequence of Einstein’s GR theory, but they are necessary in any relativistic
theory of gravity. Gravitational waves are ripples in spacetime. Their formation can be caused
by astrophysical phenomena related to accelerating masses [8] or by cosmological phenomenon
related to the early Universe, such as quantum fluctuations of the scalar field or phase transition,
which result in perturbations of the spacetime metric [9, [10].

At the beginning of 2016, one hundred years after the prediction, LIGO-Virgo Collabo-
ration announced that their detectors simultaneously observed a transient gravitational wave
signal emitted from the binary black hole merger GW150914 [11, 88], with their ground-based
gravitational wave detectors. This observation also proved the unexpected existence of bi-
nary systems of black holes. Other binary systems have been discovered in recent years (see
[111 88, [89], [90L 01, 92, 93], 94], 95| 06, 97, 98, 99, 100]). The implications do not only stop at
the discovery of new astrophysical objects but also tests in fundamental physics and cosmology
[101], especially with space-based gravitational wave detectors, such as LISA [12], DECIGO
[102]. In addition to these individual gravitational wave sources, the Universe is permeated by
stochastic gravitational wave background [I4]. Observations of gravitational waves from the
stochastic cosmological background could have an important impact on the cosmology of the
early Universe and, consequently, on the corresponding energy ranges.

The general idea is that, while particles are coupled to the plasma, information about the
Universe is not measurable due to subsequent interactions. Once they decouple from the plasma,
they preserve information of that instant (e.g. the cosmic microwave background). Therefore,
the earlier a particle decouples, i.e. the weaker the interaction of a particle, the higher the
energy scale in which it leaves the thermal equilibrium. Considering gravitational waves, we
can do the following reasoning: the interaction rate is given by I' = no|v|, where the density
number n ~ T3 | for mass-less particles, assuming that the typical velocity is [v| ~ ¢ = 1 and
the cross-section of the process is given by o ~ G2T? ~ (T/Mgl)Z. On the other hand, we have
the Hubble parameter, which is H ~ T2 /My, during the radiation-dominated era. Thus, we

obtain
3
T ) T
— ~|— , (158)
( H graviton ( Mpl )

where the Planck mass is M ~ 10GeV. Therefore, the gravitons are decoupled below the
Planck scale [103]. Our knowledge of the Universe allows us to conclude that, since the tem-
perature of the Universe after inflation is always lower than this value, the gravitational waves
propagate freely immediately after being generated [L0T].

As we have seen, there are different sources of gravitational waves. They can be of relativis-
tic astrophysical origin (e.g. merging of astrophysical objects) or cosmological origin, produced
in the early times and resulting in a stochastic gravitational wave background, produced by
numerous weak and unresolved sources [10, [13} 104}, 14]. In this thesis, we will focus on the cos-
mological gravitational waves, more precisely on the scalar induce gravitational waves. However,
some of the considerations we will make are precisely the same for astrophysical gravitational
waves. This is because the differences between the two types of gravitational waves are few and
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related to the ’distance’ at which they occur and the wave’s frequency. Astrophysical gravi-
tational waves correspond to events relatively close to us, while cosmological ones correspond
to events typically occurring in the primordial Universe. In addition, the formers have higher
frequencies than the latter [105].

Typical sources of cosmological gravitational waves in the early Universe are quantum fluc-
tuations during inflation (typically referred to as primordial gravitational waves), resonance
during the reheating period, phase transitions, and primordial fluctuations. Our focus is on
gravitational waves that result from these fluctuations. It’s important to note that these waves
can lead to the formation of primordial black holes [106].

In the following, we will discuss the meaning of stochastic background and explain some
possible sources of cosmological gravitational waves, focusing on the one arising from slow-roll
inflation and the one induced by primordial fluctuation. After that, we will formally define the
gravitational wave, deriving the equation of motion (i.e. the gravitational wave equation) at
the linear order in a Minkowski spacetime, explaining the gauge choices that one can take, the
polarisations and showing how gravitational waves can affect the spacetime. In conclusion, we
consider the gravitational waves induced by scalar perturbations in more detail.

7.1 Formalism: Gravitational waves in a Minkowski background

The following is mostly based on [I01] 107, 108} [109]. Let us initially consider a Minkowski
spacetime, with metric 7,, and signature (— + ++). Then for a weak field, we can assume a
small perturbation from the Minkowski metric (cf. Eq.

G = NMuw + Py, (159)

where |h,,| < 1. Then, we consider the Einstein’s field equations formulation, where the
cosmological constant is put in the RHS of it as part of the energy-momentum tensor. Consider
the Einstein’s field equation as expressed in Eq.

1
Guu = R;u/ — §Rg,w = 87TGTHV.

Now, in order to find the Ricci tensor and scalar, we have to compute the affine connection
(Christoffel symbols) to the linear-order

1
Fltjp L= 79#0 (gua,p + Ypov — gup,a)

i (160)
= 51" (o + Mooy = hupo) + O(h?),
then the Riemann tensor is
Ry, =10, , =1, . =T Ih + 17 I,
=TI, —TW  +O(h?) (161)

1
= 5””7— (hUT,I/p + h’Vp,O‘T - h’pT,l/o’ - hyo'7p7') + O(hQ).
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As final step, we compute the Ricci tensor

Ry =Ry,
1 (162)
_ P _ _
and the Ricci scalar
R = RZ = h}ﬁf’ — O, (163)

where h = h¥ is the trace of the metric perturbation, the partial derivative is denoted with a
comma 0,z = x,, (respectively 0z = 90,2 = 2”), and the d’Alembert operator J = 0/0,,.
Therefore, the Einstein’s field equation in Eq. becomes

Ohyw + uwhpo” =207, ), = 167G (164)

In the previous equation, we have defined

- 1
h,uy = h/ux - 577,uuha (165)
which is known as the trace-reversed metric perturbation because h = —h. Since the fields are

covariant, we are allowed to perform coordinate transformation, which deviates only slightly
from Minkowski coordinate [108§],

ot — ot =2t + F = ot 4R, (166)

where in the second equality, we performed the change of gauge field according to Eq. 89} The
idea is to perform a gauge transformation (as we have seen in section . Therefore, we can
extrapolate the linear order terms from the relation we already derived for the second order.
We find that for the metric perturbation on a Minkowski background, the gauge transformation
yields B

hﬂl’ = h,l“/ - 2£(u,u)7 (167)

and the trace-reversed gauge transformation yields

B,u,, = Buu + nuufﬁy - 25(/1,,1/)' (168)

If £, < |hw| the condition |hy,| < 1 is preserved [109], this means that only slowly varying
coordinate transformations are symmetries of the linearised theoryﬂ The gauge freedom m
allows us to fix the gauge, and through a coordinate transformation, we can choose the Lorentz
gauge
hu” =0 <= 2h," =h,. (169)
One can easily demonstrate that this gauge choice is always possible (cf. [I01), 109]). Choosing
only the coordinate system, which satisfies the Lorentz gauge condition [I69] the Einstein’s field
equations can be written as
Dhyy = —167GT). (170)

°It is not necessary that they are infinitesimal as proposed by Caprini and Figueroa [101], it is enough that
the variation is much smaller than 1 [I09)].
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Due to the symmetry h,, = hy,, we are left with ten degrees of freedom, with the gauge choice
we can impose four additional conditions, such that we have six degrees of freedom. Let
us solve the partial differential equation [I70} the homogeneous equation is important, as it
corresponds to the vacuum equation of motion. We will focus for the moment on this equation,
and later, we will consider the inhomogeneous part. Therefore, the vacuum equation of motion
is

Ohy = 0, (171)
in the vacuum case, the Lorentz gauge condition does not fix completely the gauge. There-
fore, the Lorentz condition is not altered by a further coordinate transformation, which satisfies

0, = 0. (172)

This implies that we can choose the functions £, to impose four additional conditions on the
metric perturbation h,, [109]. Thus, we choose &y, S0 that the trace and the spatial-temporal
components of the metric perturbation vanish, A = 0 = hg,. Thus, the vacuum case described
in Eq. is equivalent to

Uhy = 0. (173)

Combining the Lorentz condition with the new conditions h = 0 = hgq, the only non-vanishing
components are the spatial ones h,g. Therefore, we can define a new gauge choice, which is
called transverse-traceless gauge (TT gauge) as

how =0, ha=0, hl;=0. (174)

o

With the choice of the TT-gauge we are left with only two degrees of freedom, fixing completely
the gauge freedom. In this case, the metric perturbation contains only the physical radiative
degrees of freedom [101].

The solutions of Eq. are plane waves

Py () = by (t,x) = Z h,]j(t)eﬁy(x), (175)
which can be expanded in the Fourier space

3 .

) (176)
ddk zkr P (k)hP( )

where eﬁ,/ are the polarization tensors with P = {+, X}, k* = (w/c, k) and k*k, = 0. We
define the direction of propagation k = k/k.

Since the temporal and temporal-spatial components of the metric perturbation are vanish-
ing, according to the T'T gauge choice, we can consider only the pure spatial component of A, .
The Lorentz condition for plane waves becomes ]R\ahag = 0. Without any loss of generality,
we impose that the direction of propagation k lays along the z-axis, and under the symmetry
and traceless conditions of the metric perturbation, we have

d k ehreP ()R (1) (177)

agtw

P=+,X
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where the component of the polarization tensor e:/a and e;fﬁ are defined

1 0 0 010
eqgk) =10 -1 0f , eXk)=[1 0 0 (178)
0 0 0/, 000/,

Let us now consider the effect of gravitational waves. Since the two possible polarisations
have the same behaviour and differ only in the fact that one is rotated by 45° with respect to
the other, we can consider only one of them. So, without loss of generality, let us consider the
polarisation P = 4. The solution in real space (Eq. for a wave propagating along the
z-axis corresponds to

hag(t, z) = h' (t)eq(x)

1 0 0 (179)
=hTexp{i(k,z —wt)} [0 —1 0 ,
0 0 O of

where h* is the amplitude of the oscillation. Spacetime stretches and shortens due to the
tension created by the gravitational wave [I3]. Considering a length L} along the i = =, y-axis,
the gravitational wave causes the length to oscillate of a factor 6Li(¢). Therefore we have the
total length as a function of the time as L'(t) = L} + JL*(t). According to the equation of the
geodesic deviation in the proper detector, the frame is

i

i) = 6T () = %ﬁagLi(t). (180)

Then, at 2z =10
+

OL*(t) = %Lg cos(wt),

. (181)

0LY(t) = —%Lo cos(wt).

In this case, as the x-axis stretches, the y-axis contracts and vice versa [13]. Same for the
X -polarization case, but with a rotation of 45° of the axes.

7.2 The stochastic gravitational wave background

As we have already introduced, the Universe is permeated by a stochastic gravitational
wave background. This gravitational wave signal arises from the incoherent sum of many weak,
independent and unresolved sources [14], 110].

"Backgrounds’ can also be generated by astrophysical sources, which cannot be resolved
individually [ITI]. We like the differentiation proposed in Grojean [112], where the astrophysical
one is the foreground, and the cosmological one is the background. Some backgrounds are
stochastic by generation processes, whereas others are due to characteristics or limitations of the
detector [113], resulting from the detector noise. By their nature, stochastic gravitational waves
are inextinguishable from such noises. Hence, based on these, we can understand the complexity

5In Maggiore [I09] Ch. 1.3, there is a derivation and explanation of this equation
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and difficulties in searching for and observing cosmological gravitational waves [I12]. Let us
now examine which may be the possible sources of the stochastic gravitational wave background
by generation process.

Slow-roll inflation

As we have seen in the previous section, during inflation, scalar, and tensor perturbations
arise from the quantum fluctuations. The tensor perturbations are nothing but the primordial
gravitational waves. As we have done for the scalar perturbation in Sec. [6] we can calculate
tensor perturbations. We first decompose the tensor perturbation of the metric in terms of the
helicity eigenstates as

hep =200 = % / Pk aexpp . p (k) (182)
aﬁ~ 045 T k aﬂ 9

with P = {+, X }. Since the energy-momentum tensor provided by the inflation is diagonal, the
tensor modes do not have any source, and therefore, the action becomes [7§]

SR = ]\? [ drde @) [(hg)? = (Vhao?] = 3 [ drd’k (Q(T)szlf ()7 =107

P=4,X
(183)
where
2 _ 1
PL 8@
Now considering the transformation
of = ahf, (184)
which satisfies the equation of motion
" 2 a”
UV + | k° — E Vk = O7 (185)

where we omitted the polarisation index for the seek of clarity. Now we perform the standard
quantisation (cf. Eq. and consider the Bunch-Davies vacuum state defined by the condition
in Eq. [[43] As we have found for the scalar counterpart, assuming constant slow-roll parameter,
we can express the solutions in terms of the Hankel functions, and according to the initial
conditions, we find the following solution [86]

- . T 1 L 3 — &
ahk(T) = Uk(T) = _TEHIS )(—kf’]—), where o= m (186)
Now the total tensor power spectrum is
Pr:=2(Py + Px), (187)

and, therefore, the resulting dimensionless tensor power spectrum in the superhorizon limit
(k< aH) is

3P I‘2 H 2
AZ = k2 L o2 T () yaum () . (188)
T 2 (%) 27
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(P)reheating

At the end of inflation, during the period of reheating, it est, when the inflaton oscillates
about the true vacuum and decays into lighter fields (which correspond to the material that
constitutes today’s Universe) [I3]. The production of lighter fields via parametric resonance
(preheating process) corresponds to a non-perturbative, non-linear and out-of-equilibrium phe-
nomenon [I14]. The violent excitation is expected to produce large scalar metric perturbations
[115, [I16] and tensor metric perturbations (gravitational waves) [117), 118, 119, 120]. A formal
treatment of this phase is beyond the scope of this brief introduction. Nevertheless, for more
interested readers, we recommend the book by Lemoine et al. [121] in which Kofman explains
this phase treated with different theories, as well as the generation of gravitational waves.

We consider a single-field slow-roll inflationary model (as described in Sec. |§[), which is
coupled with a single scalar matter field y with a coupling (x¢)2. The two fields are perturbed
up to the linear order as [55]

o(t,x) = ¢(t) + 00(t, %), (189)
x(t,x) = ox(t, ). (190)
The background solutions are
) ) 2V
o(t) = ®(t)sinmgt  with  my = @ (1o1)
x(t) =0

where mgy is the oscillation frequency of the inflaton ¢ about the minimum of V(¢). At the
linear order, the equations of motion yield [55, 121]

. . k2
0Pk + 3HIdy + (2 + mi) dpx =0, (192)
a
k‘2
6¥k + 3HOXk + (aQ + g2¢2(t)> Sxx = 0. (193)
From now on, we follow Maggiore [55], Eq. can be written as
B o) 4325 L 5y + [A) — 2gcos(22)]6 (194)

where z = myt, the resonance parameter g = (g@)2/(4mi) and A(k) = k?/(mga)? +2¢. If q
is large, a wide range of k can be in resonance, and one is in the broad resonance regime. In
this case, energy is pumped efficiently by the inflaton field into the resonant modes dyg; once
the resonant modes reach an amplitude y? ~ ®2, the perturbative approach breaks down and
preheating ends. Therefore, the matter field x dissipates its energy through interaction with
other fields, eventually leading to thermalisation.

The numerical study shows that: initially, the x field grows linearly, and this phase evolves
into a highly non-linear phase (see, e.g. Lemoine [121]), characterised by the formation, expan-
sion, and collision of bubble-like field inhomogeneities. Most gravitational waves are produced
in this phase by the collision of these bubbles [55].
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Phase transition

Hereafter, we will discuss the gravitational waves produced during phase transitions very
synthetically. Firstly, phase transitions are a generic prediction of quantum field theories, and it
is reasonable to expect that some of them occurred in the early Universe. The standard model
of particle physics predicts that phase transitions occur at 150 MeV, QCD phase transition
(quark-gluon confinement), and at 100 GeV, electroweak phase transition. Both are in the
early phases of the radiation-dominated era [122].

If the phase transitions are of second order or smooth crossovers, they should not lead to
observable gravitational waves [123]. However, first-order phase transitions are expected to
produce gravitational waves via bubbles nucleation (see, e.g. [123], 124}, [125] 126, 127]).

A concise explanation of the gravitational waves’ production is given by Hogan [124]; he
proposed considering relativistic matter that undergoes a first-order phase transition from a
high-temperature phase H to a low-temperature phase L. After that, L-phase bubbles nucleate
at isolated points in the plasma and rapidly expand until the mean pressure equilibrium of the
two phases. Nucleation ceases when the bubbles have expanded sufficiently to compress the
remaining H-phase and return to conditions where the two phases can coexist in equilibrium.
The pressure waves of the expanding bubbles then produce gravitational waves. These produce
an acoustic background noise that, in turn, generates a gravitational wave background.

Primordial fluctuation

As discussed in Sec. [6] during the slow-roll phase of inflation, scalar perturbations, as well
as tensor perturbations arise. The formers are encoded by the comoving curvature perturbation
¢, and the latter, described previously in this section, by the primordial gravitational waves
hap. Hereafter, we are going to discuss the scalar perturbations.

Since the underlying model of inflation is not known, the scalar perturbations might deviate
significantly from quasi-scale invariance at small scales [I01]. First-order scalar perturbations
directly induce gravitational waves at second and higher-order as they couple with the tensor
modes. The counterpart of induced gravitational waves is the formation of primordial black
holes. Primordial black holes are generated in those regions where the density contrast dp/p is
higher to a certain threshold [I0T], [106].

Once the primordial black holes form, they may also be sources for gravitational waves. They
can generate gravitational waves in two ways: from a merging process and graviton emission
[106]. The former is due to the formation of binaries due to three-body interaction with the
nearest primordial black hole and the eventual merge of the black holes. The latter is the
process of graviton emission by Hawking radiation/evaporation (for detailed discussions, see,
e.g. [128, 129] for binaries and [I30] for evaporation).

7.3 Induced Gravitational Waves

As introduced previously, gravitational waves can be induced by perturbations as well. Many
papers, reviews, and books treat this kind of gravitational waves, for example [20] 211, [104, 100,
108, 55, 23]. In order to analyse the induced gravitational waves, we need to perturb the
metric and the cosmological fluid quantities to the non-linear order (second or higher order of
perturbation). In this section, we will continue the discussion of Sec Therefore, we consider
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again small perturbations from a Minkowski spacetime

1
uv = Nuv + h}(},}) + §h;(¢2u)7 (195)
where the indices (1) and (2) correspond to the first and second order. Then exactly as in
Sec. we can find the Ricci tensor and scalar, from which we can find the Einstein’s field
equations

R _ (Lp v = 87GTY
wy 5 g,ul/ = oT uv

(196)

r® (g (2)—8 GT?)
nwy 5 Guv = o’ 17%

Following the notation and explanation of Jetzer [108], the left-hand side of the second order
Einstein’s field equation can be written in terms of ¢,

1 1 (2)
— 2 _ (=
Ly e [RW (2ng,> ] . (197)

Therefore, putting together the two Einstein’s field equations we find

) 1 (1)
R,y — §R9W =81G (T +tw), (198)

where T}, = Tﬁi) + Tﬁ). Following the procedure to get Eq. we find

Ohyy = —167G (T + tu) - (199)

The right-hand side of Eq. is called source term. This equation shows that gravitational
waves linear in h,, can be induced by a contribution from higher-order perturbations of the
metric; in the specific case of the second order. At the linear order, scalar, vector, and tensor
modes, evolution is governed by uncoupled equations of motion. The evolution becomes more
complicated, at higher order. Since the scalar, vector and tensor modes mix. For example,
combinations of scalar-scalar, scalar-tensor, and tensor-tensor perturbations, represent a source
for gravitational waves [22], 131].

The initial part of the next chapter develops the Einstein’s field equation, as described by
Eq. [199] adopting the FLRW metric instead of Minkowski.
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Part 111
Scalar-Induced Gravitational Waves

This section aims to present scalar-induced gravitational waves. To do that, we discuss
second-order relativistic perturbation theory, which is needed to find the evolution equations
for gravitational waves. The linear order results are also significant, so we include them in
Appendix [A] Below are the results we have obtained. First, we present the evolution equations
for gravitational waves, Sec. without imposing any gauge conditions. In other words, we
derive Einstein’s field equations from the metric and the cosmological fluid. Once the evolution
equations are obtained, we calculate the general solutions of the gravitational wave equation
in the radiation and matter domains, Sec. [9] As we have seen in the theory part, we need
to choose a gauge, i.e. a correspondence between the real and the background universe. Our
choice is the conformal Newtonian gauge (also known as the zero-shear gauge), Sec. Having
obtained the wave equation solutions in our gauge choice, we can describe the power spectrum,
Sec. We have everything we need to find the relative energy density of gravitational waves,
Sec. The results are presented both analytically and numerically in this section.

8 Evolution Equations

The following section presents the main steps needed to obtain the Gravitational Wave
equation. The real inhomogeneous Universe is defined as a composition of the FLRW metric
(homogeneous and isotropic) and perturbations to the background metric.

1

goo = —a*(L+24), 0= (—1+24-442+ B.B"),
1
Goo = —a*Ba, g = 5 (=B 248 + 25705, (200)

_ 1/
o = 0* (Jap +2Cap), 97 = e (gaﬁ —20°° — BB + 4C‘WC§) .

«
up to the second order, from the homogeneous and isotropic Universe described by the FLRW

metric.
From the metric Eq. has been derived the Christoffel Symbols (connections), according

to Eq.

whereby A = AM 4 %A(Q), B, = Bc(ll) + %B&z), and Cyp = C’Sg + %0(26) are perturbations,

1
Fffp = igW (Op9vo + OvGps — OsGup) - (201)
According to Eq. [3], we can find the Riemann tensor

Rl = Q,Tt, — 9,1l + 15, K —T5 W (202)

Vo pe vp- o€

Contracting the Riemann Tensor, one gets the Ricci tensor, and by contracting it again, one
obtains the Ricci scalar, according to Eq.

R, := R},

wpv? R:= RZ; (203)
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the second-order expansion of Christoffel symbols, Riemann tensor, Ricci tensor and Ricci scalar
can be found in Appendix [B] Now, it is possible to define the Einstein tensor, defined in the
theory part as:

1
— 59 R. (204)

G =R 5

The Einstein’s Field equations (EFE) have been computed, where the convention ¢ = 1 has
been used.

GY = 8nGT! (205)

The various components of the Einstein and Energy-Momentum Tensor have been expanded
up to the second order in perturbation, obtaining the following results (Eqs. 206}, 207, 208] 213]

and [215)). For the Einstein Tensor:

Gy=A-3 Cf)? + ;2(1) [2% (Co) +6H*A—2HBS, — Cly + ngg] + ;2(2) B(Caﬂ)’(caﬁ)’
- %(Cg)’(cg)’ +AHCOP(Cpp) +AHA(CL) — H(CS) — 12H?* A% 4 3H?A + 3H>B,B°
+2HB Ay — (CF) B + AHABS, — HBS, — 2HBC}, — B (C},) - %B%B;%
+AHBCL+ B (CL,) - %BQB;B —20°0C7 5~ fc Ban;ﬁ - %ij;g
+ (Cap)' B + 4HCopB** + iB/g;aBa;ﬂ + iBa;ﬁBﬂ%a + %C; sCSF + 2030 C)

: .3 :
—205°C) +4C°C ;. —20°PC, 4 CoypCP7 — QCQBWCQM] :

aBsy
(206)
1 (M) r1 . 1 / 1 @) /
0 _ — [t R > 118 o « - « Y «
Gh=— [(Cﬁ;a) S Bt 5 B — 2HAs + (C8p) } + {(Cﬁ) Ol + 2404,
L (cs.) +ABL, - LBY B‘”‘ 4 BOCY 4 (Caa) A + LBy A
-5 (C8a) + 4B, — 1 BE, + Jipo T (Ca) A + S Bpia
1 . 1.
- 503;013;3& —(C8) Ap + 8HAA, — BoAp —HAp — 2HBBayp + §A’aBa;ﬁ
+ 203 o B = (C7) (Caryip) = 20°7 (Carip) — 2A(C3) 34 (C“) +2(C5)'C,
+ By G,y — BECR,, + 20 (Cpa)', — BYCY,,,, — BYCL5, + BYC,. — Cpya BY
+Chan BT + Can By = Cay BY |,
(207)
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(1)

pe 1 —a —a
G5 =Ag5 — 37 [+ 23] + = (C§)" = g5(C)" +2M(CH) + 2HgF A — 2Mg5 (CT)

i i o 1 1 . . _
+2HGGA + AH'GEA ~ MBS + (B + HB + 5(BY) — A — O — 2Mg3 B

2

—g4 By BY 4 ge Ay By 1 1( ey
§(BY) + O + O + g§AT — O — 9800 + 98C5 | + 5 [-4/(CP)

o Y / o\ o 1 !
—2(C) (Cp) + () (03) —24(c8)" —20v1cy, + 5 (c5)" + 554 (C7)
3—a / 07 ! 1—a 07 ! 5\ —o Yo Y " ¥
+593 (C0) (07°) = 585 (C7) (€3) +295C7° (Crp)" + 2954 (C7) —fgﬁ ()"
/ /
—4HA(CF) — 4HC™ (Cpy) + M (CF) — SHGFAA + HGg A + 2HG5 B (B, )
+AHGEC™ (Crs) + AHGEA(CY) — HG3(C)) — AH g A> + HP G5 A+ HPg§ B, B
_SH/GEA® + P GGA + 2HGEB, BT — A B 4 L () By — 2By — A(BY)
9p 9p 952~ 2P To\My) Up B B
1 o Ly YV (i Y e v (e ay A A
+ MBS + (By') — (BY)Cig, = 2HBYC, — BY (Cf ) — 2HB A + A Ag
1

SABY 5 (C7) By~ 2HABY — (BB, Mg B~ A(BY) - ¢t (B))
5B+ 1 (BY) — (B Oy = 2HBICfy 4 090 Cp5 = B (C5) + B (O

. 1 . ) /
el el ; S Qo Y0 - I53 — /
+ 2445 — DA - BBy, +207°C 507 5+ 2HgEB A, + (C§) B+ g5A'BY,

~ 3 (C3)' By + 4Hg3ABY, + L BYBY + S BB + 2054 (BL) ~ Mas B, — 198 (B2)'

+(B)Cg., + 2HBCY,, — g3 (BY) C3., — 2Mgg B'C3., + CJC3., + CH Cy.,
+287 (0g,) - B (03,) — 28587 (1) + %BVB;;‘7 + =055 + BVB

+ %B‘*Bgh +2C*7Chg., + %C;‘; — 205 AAT + ggm - 7Ban7 - %ng] + O A
+ OO AT — GEAL AT — CF AT 4 G3CI A7 — (Cp,) B — %BMBOKW ~(c2) By
~ 2HCSBY — €3 (B ) O3, O + 202 A7 — ggB Bl +2g5 (BY) (C2,5)
+AHGIBICY,s — 20)°C5 — 2055 — 2G5 ANCY 5 2057005 + 25587 (2,

(el ] 0 = 0 0 0
— 207 CBO,;;(; — 207 Cf:é;ﬁé - QCOWC,Y;ﬁ(; - ggB’YBW(; + 207 ngcg - QCQ’YCB;,Y(;
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1 )
—2g5C7°CE 5 iggq’gé + gﬂBVB’ 5+ 206%*57 5+ gﬁc 2+ 33 (Cys) BT
_ s 1 s 3 5 5\ .
+4HG§Cs B — quBWBWS + Zgg 5B+ 255C s (3%5) — 2035, C*7°
+ 2C,,6C7 4 :QCE sCT0 = 2g5C s AT 4+ 255CLCs.. — 2g5CT°Cs.

__ _ . 3_ .
+4gﬁa0750 —2g5C7 075 -t 95 1esC10 — 593 75;8675,6} : (208)

The Energy-Momentum Tensor can be decomposed into fluid quantities in the following
way:
T;w = puyuy + pHuV + quy + QU + T, (209)

where H,,, is the projection tensor defined as
H;u/ = Qv + UplUy, (210)

and the variables p, p, g, and m,, are respectively the energy density, the isotropic pressure,
the energy flux and the anisotropic pressure measured by the observer in the w,-frame. These
fluid quantities have been decomposed into background and perturbations

p=p+dp, p=1p+dp, o = 0Qa, Tap = a’lag, (211)

where 6p, dp, Qo and Il,g are perturbed up to the second order. To compute the Energy-
Momentum Tensor we need to define the frame four-vector u, as

1 1 1
W= (1—A+3A2+UQU(X—UQBQ>, u® = ~U®,
a? 2 2 a
(212)
_ 1 1 2 1 « — 1 B
Thus the components of the Energy-Momentum Tensor are:
T = —p— (p+P) U* (Us — Ba) — Q% (2Uy — Ba) (213)

T9 = (p+p) (Us — Bg + 2ABs + 203,U* — AUg) + (1 — A)Qp + (6p + 0p) (Us — Bp) +

(U* — B*) l3a,
(214)

Ty = pog + 115 — 2C“ gy + (p+ p) U™ (U — Bg) + QU™ + Q* (Us — Bg) - (215)

The gravitational waves are tensor perturbations, which means we can extract the tensor
modes by applying an operator to the obtained results. According to Hwang et al. [132],
transverse-tracefree (T'T) projection of the pure space component of a tensor S,z is:

1
3

VAT (5]
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We are considering a flat space, therefore K = 0, g_}g = 5%‘, and we are looking at the pure
spatial component of the tensor, thus the covariant derivative ; is replaced with |: VT = T,,.
We can simplify the expression in Eq. creating a tracefree tensor Ti,53 and setting the
condition for flat space. - -

Let Sop = Sap — %QQ/BS;Y and because the 3 metric Sg‘ =g* S8

_ _ 1 _ _ _
Wsg = g°P13S0s = S5 + 5A7 (VoVs +05A) S — AT (VoS + VpS5h) . (217)

Firstly, we need to calculate the tracefree Einstein (Eq. and Energy-Momentum (Eq.
tensors and then applying on them the tensor mode operator Eq. Then we can solve
Eq. 217 for both tensors and rewrite the solution of the Einstein Field Equation according to
the results obtained.

The notation in the last equality of Eq. is needed to simplify the results after the
application of the operator defined in Eq. because: (1)(t)Gg corresponds to the differential

form of the gravitational wave equation (LHS), (2)(t)ég = 0 as it is composed only of single
perturbation terms and (3)“)@% is composed on quadratic terms which will summed with the
Energy-Momentum tensor (t)Tg‘ (Eq. | in the RHS of the gravitational wave equation.

a2GG = { [(ca)" +2r(cg) - AC‘;} - %53 [(CJ)" +2n () - Acﬂ }
+{ (el + 5 (B5) +mmty 5 (B) - A - s+ 3+ ) - 393 (2w,

! 5
) - a4 - acy) |

67 ! o ! o |0¢ « ‘Ot « (o] W
—A(B%5) — A(BI%) + Al A + 24415 + CF1p Al + O AN — O AP 2C’YAB:|

+ [—QHBO‘AW - B (]

W) ()

L5~ 3B"ABs — BB, — B (CW)

|
Y Boy + (1) Bley — (BYY €0 — (BYY O — L (Behp,, 4 pilep
+<”’) |5+(7> s~ (BY) Oy — (B7) %8_5( Bly T V\B)
! !
—2HBICS y — 2HBYCL, — 2HCEBY g — 2HCS BN — O (BY)5) — O (B175)
Lpe g 4 iple,pr yopv(co Y 4 ippe, il —pr(ce )
TP BBy T 5Bl <ﬁ|7>+§ By T 50 Ppjy — (v\ﬁ)
o\ o7 NP v o I paly o\ nlv ayy/ /
+(C8) B}, + (BY) €y, + 2HBICGp, — (Cay) B = (C2) B | + [-2(C*7) (Cpy)

+(c8) () =20 (Cpy)" = 4HC™ (Cpy) + CP0C, 5 + 2075ClG 4+ C725C
p) Ay By 7618 +o8 1851y
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+CJCRy, + 207 T, = CF O = 207 Y5 + 205 11Cly5 — 2070Cs 55 — 207°CT

—4CCly1.5 — 2C51,C*N0 +2C7°CG, 5 + 2C°TAC, — 2C4,CM + 2CM|5CM|5}

—%55 ({A’ (1) —24(c7)" —4mA(C]) — 2HBY A, — A'B], — 4HAB],

~24(B)) +24AA + A, AP — G AP 4 20,;4P0 1 24P 5} + {2 (c) By, + B ¢4,
+2HBCY, +3B7 (CJ),) + B] Bl — 2(B) Oy — 4MBCY), — 387 (C3,)

+3B B — 3BVA37 —2(Cys) B — 4} B — BB — 205 (BWS)/}

+ [—2 (Coa) (€79) + (€3)' (€)' = 2078 (C)! = AHCT (Cr) +4CTCE, 5 — €50
—4C7°C5 +ACTP T, — 8CMCE s +4CT AC, s — 20, 5C7 + 307&5075'6])}

:{(“>ég}+{(b>ég}+{(C)ég}, (218)

where for simplicity, we consider (9G4 := ((%) Pg) — %5;“(“’) PJ). Then

2
@OGy = {(8 —|—2H8—A> <t>cg},

a?(n) | \ ot? ot
BOGs —,
(219)
= 1 1 1
() Go — (@) pory 4 — 5o((b) —1 2 () pela (a) pld (a) play
Gﬂ—az(n){( Pg) + 505(0P) + A {2( P+ 5 Lsa(@ P — (@plem)

a) paly 1 [v6c
—(@p )}+§A 2((a )Pvéﬂ)}

T = {115 — 20Ty, + (5 + P)U° (Up — Bp) + QU + Q" (Us — By)

1 (220)
~398 [+ DU (U, = B) + QU7+ (U - B}

Oy = {Hg — 2C°Tlg. + (p+ P)U* (Ug — Bg) + QU™ + Q* (Us — Bg) — %53 [(p+ p)U® (U. — B.)
FQUE + QF (U - Bu)l) + A7 {5 (0 + DIU* (U — B+ QU + @ (U - B
1 a € |vé - = |vé
508 {(HM; —20:115.) ™ 4 (54 DU, (Us — By) + Qs + Q, (Us — B))
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Iy

5 +[(p+ p)Us (Uy — By) + Q,Us

[ya
S
Qs (U = B + (5 + U (U, — By) + QU+ Q° (U, - B)I})}

TN {(m = 203.) "+ (5 P, (Us — Bs) + QU + Qs (Us - BMIZM} ‘

18
(221)

Rewriting the Einstein’s Field Equations according to the results Eq. and Eq. we
obtain the Gravitational Wave Equation [222

& 2 g Al Doy =B g 222
877724_ H%— 5= 8 (222)

where the tensor () S§ is the quadratic source term of gravitational waves and is defined as:
055 = 8ma*(n)GITE — a?(n) PGS, (223)
We consider only the scalar perturbations as sources of tensor modes, as in [132]. From now

on, we replace all the covariant derivative with the partial derivative (denoted with a comma),
since we are working on a flat space.
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9 Fourier Analysis

According to Maggiore [55], to solve the wave equation it is convenient to work in the
momentum space. Therefore, the Fourier counterparts of (¢ Cap = hap and S,p (where for
clarity we omit the index ®)) are:

d3k
h ,X) = /
af3 (77 ) (27‘(‘)3
Pk
e xS k).
(27‘(‘)3 af (77 )

One can expand h,g(n,k) and S, (1, k) in the basis of the polarization tensors 65,37 with
P = {+a X}

6ikxhaﬂ (777 k) )

(224)

S (0:%) = |

haﬂ (777 k) = Z egﬂ(f{)hp (777 k) )
P=+,x

Sa,ﬁ (777 k) - Z GSB(E)SP (777 k) :
P=+,x

(225)

We omit the polarization symbol P, as the polarization modes must have the same statistical
properties in a parity-preserving universe [I132]. Therefore we consider only a polarization mode.
In the Fourier space and using the identities in the wave equation in Eq. becomes

ok 0 9
(EM?+2H87)+k )h(n,k)—S(n,k). (226)
Introducing a field v such that h (n,k) = ﬁv (n,k), then Eq. becomes
i
o0+ (1 = 2 ) 0000 = s (1) (227)

where the prime indicates a time derivative based on the conformal time 7. The solution of Eq.
is different in the RDE and MDE, as in the first one a(n) o« 1 and in the other one a(n) « 7.
Therefore, the homogeneous solutions in the two eras differ, but the particular solutions have
the same form. For this reason, we show the particular solution, and then at the end, we give
the results for the two eras.

The particular solution can be found by Green’s function method. Let us fix the wave
number k and find the solutions of Eq. Consequently, let us define v (n,k) = vi(n) and
vg (n,k) = v2(n) be solutions of the homogeneous differential equation Then the Green’s
function G (n,7) is

G (.7) = 2LD)v2m) = i (m)va()

~ ) 228
W) 225
where W (7) is the Wronskian, which is defined as
W () = vy ()v2(77) — v1(7)va (7). (229)
Then the general solution of Eq. 227] is
U
v (1,k) = vnom (n,k) + /0 diy G(n, 7, k)a(7)S(7, k), (230)
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where the homogeneous solution is a linear combination of vy(n, k) and va(n, k). Then, using
the definition of v(n, k), we find the general solution of Eq.

h(n, k) = (177) [vhom 010+ [ i Gl 7. Kl (231)

In radiation dominated era, with a(n) « 7, the homogeneous Eq. reduces to
V" (n,k) + k*v (n, k) = 0. (232)
Using the Ansatz of plane waves, the two solutions are
v1 (n, k) = ¢y sin (kn), ve (n,k) = co cos (kn), (233)

where k = |k|, and the corresponding Green’s function is

The solution of Eq. for a given k-mode in radiation dominated era, becomes

) =~ [exsin (k) + cxcos (k) + [ i sin b0 — IS0 . (235)

1
a(n)
In matter dominated era, where a(n) oc n?, the homogeneous Eq. reduces to

" (n,k) + <l<:2 - 7722> v(n,k)=0
(236)
o &

x @v(x) + (x2 - 2) v(z)=0

where z = k7. The second equality in Eq. can be solved with the Frobenius method, where
the Ansatz is a power series. The two solutions are then expressed in terms of the spherical

Bessel functions (@) @)
2 . 2 sin (x cos (x
o) = \/;le(x) N \/;x ( 22 ) ’
2

(237)
B B 2 [cos(x) sin (ac))
vo(x) = \/;a:yl(x)— Wa:( 2 + . :
Therefore, the corresponding Green’s function is
G(n,7,k) = kni [j1(k)y1 (kn) — j1(kn)y1 (k7)) , (238)

and the solution of Eq. for a given k-mode in matter-dominated era becomes

i) =~ e Gon) + camn )+ [ di i ki on) — s nn ()] ) . )
(239)

49



Gauge transformation Master Thesis Magnoli C.

10 Gauge transformation

Recalling the decomposition in scalar, vector, and tensor, Eq. we get the following gauge
transformation of the perturbative quantities of the metric and cosmological fluid quantities.
We start defining the vector field £# as follows:

¢t = (T, L) (240)

Then, the metric perturbation quantities are:
~ 3 1
A=A~ (T'+ HT) = AT = 2A(T' + HT) + JT? + TT" + (2#? + m') T2
(241)
1
+BHT'T = A0 L = BoL' + To L' + £ (T), + HT o ) - L L

Bo =By — T+ Ll = 24T — (Bl + 2HBo) T = BoT' + 21T + T (17, + 2HT,0 )
— Bagl? — BaLP o +2Co3L"" — LT + TpLl + LOT o5 — T (L), +2HL,)  (242)

— 2L 5L — L°L), 4,

~ 1 1
Cap =Cag = HT0ag — Liag) + BaT)g) — (Clog + 2HCap) T + 5 (2H? + M) T2 - 5TaTs
+ HTT 005 — Capy £ — 2030 L0y) + L1 Ty + HL T b0g + 2HL (o 5T + Lo )T

LY (0Lp)y + L7 L(apyy + %Ev,aﬁmﬁ-
(243)
To get the cosmological fluid quantities, we use Eq. and the definition of the quantities.
Consequently, we find:

3

=2 [1 — AUT + T’ + JA* — BUa + %U“Ua + A'T — HAT + U°T,,
a

% (H2 - ?—l’) T? — AT' = TT" + LYA o — HLT o — LT, |,

(244)
B = [0 (£ — ALY+ H (L)' T — (%) T+ HUT — (u®) T+ UP LS
B (pray Brro
—LP (L g~ L Uﬁ} ,

—~ 1
0p=0p=(p+0p) T =0pal®+p (TT + Tol®) + 5p"TT, (245)
op=0p— (p+0p) T —0pal® + 7 (TT +Tol") + %ﬁ”TT, (246)
Qa=Qa— HQu+Q' )T —LPQup—Q°Lsa, (247)
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~ 2
Hop = ap — (Hllag + Wap) T — 2L7 Tgyy — LTMagp, + gm@madaﬁ. (248)

To decompose the gauge-transformed metric perturbations into scalars, vectors, and tensors;
we need to separate L% in scalar and vector part

L= L+ L° (249)

So, perturbations defined in Eq. [77] gauge transform as:

G—a- %(QT)’ 1A, (250)

B=B-T+L +A'VBy,, (251)

F=~y—L+ %A‘l (3A71V OV Cep — €., (252)
G=g+HT + Bcga _ éA‘l (3A71VVACes - cga)} , (253)

B = (B + LY) + (Beo — VaA 'V Bgs) , (254)

O = CY — L0 + 2871 (VAC1ag — VaAT' VPV, )] (255)

) =cl)+ [Cga[g + S AT (Va Vg + 8aA) CUG + A~ (QV(O‘C%W)} . (256)
00 = 2 (1 AHT + T+ VY], (257)
Uz%[U+L’+U§], (258)

00 =~ [U0 4 (L) + Ug] (259)

which are expressed as in Noh, and Hwang [18], i.e. A¢ represent the quadratic parts of Eq.
and similarly for all other variables. This representation allows us to simplify the calculation.
Looking back at Eq. 222 we note that: the source term is a polynomial composed of second-
order monomials. These are a combination of two quantities, except for the anisotropic stress.
As we are interested in the second-order contribution, the individual perturbations must be of
the first order. For this reason, the representation is helpful. On the other hand, the LHS of
the equation is composed of a single term and the anisotropic stress in the source term, which
is why it is also necessary to have a second-order description. We recall that a barred C is the
tracefree tensor C.
One can express the gauge transformation of Eq. 222] as follows:

0” ) OF &
o T g, — ) " Cas = Sas, (260)

where S, 5 = 87a?(1n)GDT,5 — a2(n)(c)(t)éaﬁ
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10.1 Conformal Newtonian Gauge

Previously we have calculated the general solution of the gravitational wave equation Eq.
[231], where Eq. and Eq. are the solutions in the RDE and MDE, respectively. Both
solutions depend on the source term S(n,k). We aim to fix the gauge condition according to
the Conformal Newtonian gauge (cf. Sec. to fix the redundant degrees of freedom.

Let us recall the Conformal Newtonian gauge conditions, i.e. spatial conditions =0 =~
and temporal conditions, x = a(8 + ') = 0. These conditions completely fix £&# = (0,0). As
previously explained, we define ¢ := a and ¢ := . Important to remember that we are only
considering scalars as sources of tensor modes. It means that the source term consists only of
scalar perturbations. Therefore, the source term in Eq. [260] becomes:

1
Sop == [20W s+ Vath s + 20 (a0 g) + 200 05 + 406,05 + 300 — 3008 (20AY + 407
+ 20,67 + 2000 + 4606 + 36,,67) | + 87 (0)G|[Lag — 2011 as +3(5 + P)U.aUg

1 o
— g%ﬂ (Hg — 26117 + 3(p +p)UﬂU’7)},
(261)
where we have used the definition of [I§] Eq. 175, ie. Qo = —(p+p)Uq and Uy = —Up,.

Then, using the following background and first-order relations (cf. Sec. for the background
evolution, and Appendix |[A| for the generic evolution equations at the linear order)

K= (Y- 9, (262)
k= 127G(p + p)aU, (263)
¢ +1p = —8ma®(n)GII, (264)

and the transverse traceless condition, we can rewrite Eq. as

1
Sap == [ 20008 + Yt + 2, (a,p) + 20005 466,05 + 300, — 50as(20AY

+ Y7 + 267 + 2600 + 400G + 36,07 | + [20(6 + ) ap (265)
+2U7@ )G+ DU als — 3as (2606 + ) + 247G +DU,U7)],

In the Fourier Space, this equation of motion corresponds to Eq. 226] The source term of
Eq. is a convolution of two first-order scalar perturbations at different wave numbers [20)].
Recalling S (1, k) = e*?(k)Sas (1,k), in the momentum space Eq. yields

3
S (0, k) =/ ’ L [ (k) qags) - [Y(m @) (n,k - a) = 20(1,a)é(n, k - q)
(2m) (266)

— o(m, @)é(n, k — q) + 24ma* ()G (5 + P)U (0, @)U (0, k — @)

52



Gauge transformation Master Thesis Magnoli C.

Using the background and first-order relations, we can express U in terms of ¢, and Eq.
becomes

3 A~
S(n,k) = a2(11+ ) / (5733 [ (k)gaqs] - [(5+ w)(n, @) (n,k — q)
- (1 + w) (2¢(na Q)Qb(ﬁv k — q) + ¢(na Q)Qb(??, k — q))
) (267)
+ ﬁ(w(nv q)¢/(777 k — q) + ¢,(na Q)Q/)(Uv k — Q))

4
229 (1:a)¢ (. a),

where w = p/p. We split the first order perturbation into transfer functions ®(kn), ¥(kn) and
primordial fluctuation ((k)

¢(n, k) = ®(kn)¢(k), (268)
P(n, k) = W (kn)C(k). (269)

Replacing these into Eq. we find

3 A
S 03 = [ 55 [ Fanas] - . k)@~ ). (210)

where

F0.3e. ) =g (5 w) ¥ (al) ¥k — ) = (1) (20 ([l )

a?(1 4w

+ @ (laln)(|k —aln)) + = (L(laln)®'(k —aln) + &' (laln)¥(k —aln) (271

4

H
1 @’ ' (|k

+ 72 ® (lal) @ (k —aln)|.

Eq corresponds to the source of gravitational waves generated by the primordial fluctua-
tion ((k). As we will discuss in the next subsection, the formulation used, allows us to describe
the power spectrum of gravitational waves in terms of the primordial one.
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11 Power Spectrum

Let us consider the power spectrum of scalar-induced gravitational waves. Using the def-
inition of power spectrum, defined by the two-point correlation function. Then the two-point
correlation function is

_ 1
~a?(n)

The power spectrum of tensor metric perturbations is

(e e () ) / " i / " dify Gie(n, 1) Ghe (. 7)) a(7i2) { Sic(7in) S () ). (272)

(hac(m)he (n) ) = (2m)°3(k + K') Py (k, ), (273)
and the power spectrum of primordial fluctuations is defined as
(C(k)C(K)) = (2m)°0(k + k) P (k). (274)

According to Equation the two-point correlation function for the source terms can be
written in terms of primordial fluctuations:

3
el fiika) [

where e(k,q) = eaﬁ(];:)qaqg.
According to the Wick’s Theorem, one can split higher-order point correlation function as a
sum over all permutation of field pairs product; in our case means

(Cla)¢(k —q)¢(a)C(K —d)) =(¢(a)¢(k —a) )(<(a@)¢k —q')) + (¢(d)¢k —a) ) (¢(q)¢(K' —d))
+ (C(k —q)¢(K' —q') )(¢(a)d(d’))-
(276)

Inserting in Eq. the definition of primordial power spectrum Eq. and splitting the
four-point correlation function of primordial fluctuation as in Eq. we get

d3 q/

(S Sie ) = | P

e(k',d) f(2, X, d') (C(a)C(k — a)C(a)¢(K —a')),
(275)

(S (i) Sw () ) = d(k + K') / d*q (e(k, ))* Pe(la)) P (1k — al) £ (71, k, @)-[f (72, k, @) + f (72, k, k — q)]
(277)
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12 Relative Energy Density

In the following subsections, we will present an analytical and numerical approach to de-
termine the relative energy density of gravitational waves ;. The first approach is based on
the research conducted by Baumann et al. [20] on gravitational waves. This study made some
simplifications to allow the analytical calculation of the relative energy density. The second
approach is based on the semi-analytical approach proposed by Ananda et al. [133] and by
Kohri, and Terada [134].

Both approaches incorporate considerations aimed at reducing complexity. First, let us
define the Bardeen potentials as linear combinations of scalar perturbation, which are gauge
invariant

d(nk)=0¢+H(B—7) :qﬁ—l—%x? (278)

W K) = =2 [a (5 —7)) = v - x (279)

where in the conformal Newtonian gauge xy = 0. According to our gauge choice, Bardeen’s
potentials are simply ® = ¢ and ¥ = ¢. Considering the separation of the two metric per-
turbations given in Eq. and Eq. the Bardeen potentials can be separated, as well as
transfer functions and primordial fluctuation.

According to Dodelson [43], we know that the two gravitational potentials ® and ¥, defined
in Eq. and respectively Eq. are equal and opposite unless the photons’ quadrupole
moment Oy and neutrinos quadrupole moment A5 are negligible small. The relation between
these quantities is

2
(B0, k) + W (1.5) = — 270 (0,05 + ), (280)
where p,, and p, are, respectively, the energy density of photons and energy density of neutrinos.
Typically, they are negligibly small; therefore, we can assume they are zero, thus ¥ ~ —o.
Therefore, from the first order relation [264] we find that the scalar component of the anisotropic
stress is zero.

In addition to that, the energy-momentum tensor Eqs. [2131215| are given in the general
uq-frame. In this case, the tensor contains ten independent parameters: one of energy density,
one of isotropic pressure, five of anisotropic stress, and the remaining three can be assigned to
velocity U, or flow Q). In order to fix the redundant degrees of freedom without any loss of
generality, we can choose a frame. The two most commonly used frames are the normal and
energy frames. Choosing the energy frame, we get Q. = 0 [I8], and therefore, we are left with
a perfect fluid governed by the energy density and the isotropic pressure.

In this case, the function f in Eq. is expressed solely by the potential ® as

fnk,q) = 5+ 3w)®(|qln)®(|k —aln) + %(‘P’(Iq\n)@(\k —qln)

|:(
3@2 +w

+ @(laln)® (k- aln)) + 550 (aln)@'(k - aln)].

Following Mukhanov [70], in the presence of scalar perturbations only, the evolution of the
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Bardeen potential ® for a perfect fluid is governed by

AD — 3H(D' + HD) = 4nGa’Sp (282)
(@ +HD), = 4nGa*(p+ p)v (283)
" + H(2D + &) + (H2 4+ 2H)® = —4nGa?dp. (284)

Then, we define the pressure as a function of the density energy and the entropy op =
c25p + 76S. According to this definition, combining Egs. and we get the equation of
motion for the potential ®

" + 3H(1 + c2)®' + (H*(1 + 3c2) + 2H')® = —4rGa*768S. (285)

Considering adiabatic perturbations, such that §.5 = 0, the equation of state can be expressed
as p = wp, where: for the RD epoch w = 1/3 and for the MD epoch w =0, i.e. p = 0.

Let us now consider the two eras separately:
In a Universe dominated by relativistic matter, the scale factor a(n) n?/(1+39) thus the
equation of motion governing the Bardeen potential in the Fourier space yields:

p, 6(1+w)

& + k2wd =0 286
(14 3w)n thRw (286)

This equation can be solved using the Frobenius method, and its exact solution is:

®(n,k) = (Vwkn)™* [e1(k) Ja(Vwkn) + ca(k)Ya(vwkn)] | (287)

543w

where J, is the first kind Bessel function, Y,, is the second kind Bessel function and o = 2(T80) "

In RD epoch the scale factor is a < 1, « = 3/2 and therefore the solution becomes

o010 =2 (51 st (51) + oo (22)] (258)

where j; and y; are the spherical Bessel functions. In order to find the coefficient, we consider
the potential at early times, just after inflation end, n — 0.

2 sinz CoST
lim ®(n, k) = lim /=272 |1 (k - —co(k — si
Linny (n,k) = lim x [cl( ) ( . cosa:) o )( . smmﬂ

z—0 e

ot
=22l L ),

where z = kn/+/3; the second equality is found by expanding the trigonometric functions
around zero, and the third equality is obtained by setting ca2(k) = 0. According to Maggiore
[55], we must set ca(k) = 0 because if this mode is present at the epoch in which we set the initial
condition and is of comparable size to ¢;(k), it means that towards the end of the inflation/early
in RD epoch this mode must have been extraordinarily large, concerning c; (k). It makes more
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sense to assume that the two modes have similar sizes once they emerge from inflation, as there

is no evidence of physical mechanisms that would explain a substantial difference between the

two modes. Therefore, by the time we set the initial conditions, co(k) has to vanish.
Therefore, the Bardeen potential in the RD epoch is

d(V3z) = % {sizx - cosx] , (290)

from this solution, we need to consider the difference between superhorizon modes (kn < 1)
and subhorizon modes(kn > 1). Taylor expanding the previous equation for x — 0, we see that
superhorizon modes freeze out; on the other hand, subhorizon modes decay and oscillate, i.e.

1 k<1 m<ne
q)(kn) = { cos (kn) ‘. (291)

— Jkn>1, < neg

As the decay of the subhorizon modes dominates the oscillation, we can ignore the oscillation
and merge the two expressions, and get an expression valid for sub- and superhorizon modes:

D (k) = (202)

1+ (kn)?*

In a universe dominated by non-relativistic matter, like in the MD epoch, we have a o 72,
and the equation of motion for the Bardeen potential becomes

o+ 99" =0, (293)
n

The exact solution of this differential equation is

CQ(]C)

D =c(k)+
1() 775

: (294)

and as before the decaying mode c2(k) = 0 vanishes. This means that the potential during the
MD phase freezes on all scales, and it has the same constant value arising at 7¢4, the time at
which the transition from the RD era to the MD era takes place.

To summarise:

;N < Neg (RDE) (205)

1
(k) = 4
;1 > Neg (MDE)

1

1+(kneq)?

The source term of the equation of motion for gravitational waves is fully determined by

the potential we have treated so far. Therefore, one can find the solution for the tensor modes

replacing the gravitational potential as given in Eq. in the source term definition, and, then

solve Eq. and for a description of gravitational waves in RD epoch and, respectively,
in MD epoch. Compare Gong [22] for second-order analytic solutions.

12.1 Analytical Approach

Hereafter, we will provide a purely analytical solution of the power spectrum and the rel-
ative energy density of scalar-induced gravitational waves. To calculate those, we can follow
the description proposed by Baumann et al. [20]. The idea is to assume that tensor modes
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(gravitational waves) production is instantaneous once the mode k enters the horizon. The
evolution of the source term determines the evolution of gravitational waves, and they redshift
as long as their magnitude is greater than S/k?. Once the magnitude reaches the value of S/k?
during MDE, it freezes out at a constant value. Then we define the transfer function 7'(n, k)
for gravitational waves, as

where 7); is the exact moment when tensor modes are generated after horizon crossing, and thus
we denote h(") as the value of tensor modes at 7;.

We estimate h() from the equation of motion for gravitational waves, neglecting the time
derivatives in the equation of motion, and we get the following relation:

. S(@) 1
W) ~ =~ o [ da el @)@(n) @k — al)C(@)(k - a), (297)
where we define
ek,q) = *(1—p?) with p= kk'qq. (298)

Then the two-point correlation function for gravitational waves of this kind becomes:

| | AZ(q) AZ(|k —
(RO (R () ) ~ %5(1{ +X) /d3q [(1 — “’2)}2 ®*(gn:) 2% (|k — alm) ;gq) ,CIE_ q\?‘)

(299)

The primordial Power Spectrum is given as follows (observational parametrisation)

ns—1
830 = g2k (1) (300)

where Az. ~ (2.10170931) x 1072 and ng ~ 1. Thus, we can consider a scale-invariant power
spectrum for an analytical approach. Then the power spectrum of gravitational waves, which

enter the horizon during the RD era, is

]{73

P (k) = o (I )2
AL T s 212 1 1 1
~ /d q q(1—p7) {1 N (%)2}2 [1 R (k;q)2:|2 k—qf o)
o0 1 23
= A%/O dx /71 dp (1—p?)? (14 22)2 (2 — 20+ 22) (1 — 2ap + 22)°
x A%,

where we have defined x = ¢/k. For gravitational waves crossing the horizon during the MD
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era, the power spectrum also depends on the scale:
i k3
P (k) = o (I )?])
Al 1 1 1
~ f/dB’q q(1 - p?)?

()] e Cy T

3
X
d:):/ dp (1—p
</0 -1 [+ ()2 [L+ y2(1 = 2ap + 22)] (1 - 2ap + 22)2

keq 4
)
k 9
(302)

where x = ¢/k and y = k/keq < 1, and for the proportionality we have to neglect the p-term
as proposed by Baumann et al. [20], such that we get a solvable integral. Therefore, the power
spectrum of gravitational waves, when they enter the horizon, can be summarised as follows:

i 1 ,k>key (RDE)
P (k) o AL {keq a

: (303)
0k <k (MDE)

To characterise the gravitational waves’ evolution, we need to compute the transfer function
T'(n, k). To do this, we need to estimate the time evolution of the source term.
During the RD epoch, the source term decays as

k)
6 g
a0 (304)
S (egq
where according to Baumann et al. [20] numerical calculation gives an upper bound of v ~ 3.
While the tensor modes decay as a™', as shown in Eq. Combining these considerations,

we get
a0 (ak>7(k>

T~ = (305)

Qeq

For a given 7, it could be found a large k, which never settled down, by substitution aj = a(n)
we get the critical wave number as:

o\ O
ke(n) = ((M) keq- (306)

Modes with a wave number greater than this simply redshift as a~!. On the other hand, modes
which enter the horizon during the MD era have constant source terms. To summarise, the
transfer function is

e B k> ke(n)
T(n, k) = ( ) Jeq < K < ke(n) - (307)
1 vk < keg

99



Relative Energy Density Master Thesis Magnoli C.

In order to compute the energy density of scalar-induced gravitational waves, we can use the
definitions in Maggiore’s books [109, [55], using the conformal time 7 they state:

G Paalma )i .2) ). (308)

Ph= 32ma2(n

In the Fourier space, we adopt the separation in transfer function and primordial fluctuation,
and using the primordial power spectrum, we get

1

— i) ot 2

Ph
In the literature, one finds this expression without the time derivative of the transfer function.
In agreement with [I35], this approximates modes well inside the horizon. So we can define the
relative energy density as:

Ph L 2 p(i)
Qp(n k) =— = ———k*|T(n, k)" P." (k). 310
Up to this point, we discussed only one polarisation. Considering both polarisations, the relative
energy density is two times greater. To conclude, by combining Eq. with Eq. and Eq.
303] we find the following result

Qe 2
1, o\ a1 (a6 /%37) .k > ke (RDE)
Qh(nv k) X @Ac(k*) (kj*> (kl:q) kQ 7keq < k < k‘c (RDE) (311)
keqk ,k < keq (MDE)

12.2 Numerical Approach

This subsection aims to provide a more accurate solution for the relative energy density of
scalar-induced gravitational waves in a Universe containing only matter. Let us consider the
tensor mode h as expressed in Eq. 296} i.e. we decompose the mode in its primordial part,
depending only on the wave number, and the transfer function, depending on the wave number
and time.

h(n.k) = T(n, k) (. ),
where h(n, k) is the inhomogeneous part Eq. the transfer function T'(n, k) is defined as

T, k) =5 [ (ki on) — 1 o i) )

a(n)
(312)
10 Ji(kn)
=—(1-3 .
3k?2 ( kn )
Then, from Eq. we can write the relative energy density as
h 1 i
(. k) = 2 [T (n, k) PA (k) (313)

pe  1277HE(1)

which differ from Eq. in that, in this case, we consider the time derivative of the transfer
function.
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As in the previous subsection, let us consider firstly the transfer function. As discussed
previously, the Bardeen potential in the MD universe is constant (see Eq. [294). Therefore, Eq.
is also constant f =10/3-® - ®. The time component of Eq. is

T (1, k)? _ 25
H2(n)  klOgb

While the time component of Eq. is

[(k2772 — 3) sin kn + 3kn cos kn] ? . (314)

KT (n, k)]> _ 25
H(n)  9kSy!

3.3  au 2
[k n° — 3sin kn + 3kn cos kn] . (315)

The pure wave number dependent term of Eq. and Eq. is the same for both cases and
corresponds to

PO =k [ & afelk, ) (@(aln@(k - aln) Pellah Pk —al).  (316)

The quantity e (k,q) = eo‘ﬂ(P)(lA{)qaqﬁ is equal to %qQ sin? f cos 2 for P = + polarization
and %qQ sin? @ sin 2 for P = X polarization, where (g, 0, ¢) is the coordinate of q in a spherical

coordinate system. According to Baumann et al. [20] the angular coordinates can be described
by the u = %‘;‘, such that we can get the relation given in Eq. Changing the coordinate
system with the one described by ¢ and p we find

(@) s [ ! 6 2\2 2
PO =k [ dg [ dpa® 0= i@ (@l aln) P(aD R (k—a).  (317)

It turns out useful to change the variable into u = |k;ql and v = {, after this change of

variables, the previous equation can be written as

v 02 — 02— u2)2]?
= [T [ oy [4 LhaL )] (® (o) (um)” P (ko) Py ().
(318)

Considering the dimensionless power spectrum, we find

[T [ [4” S ‘“)] (@(on)@(un))*A2(k0) A2(ku),  (319)

4ou

where the dimensionless power spectrum is defined as

Ac(k)* = AZ- (]{i)ml : (320)

Therefore, the relative energy density of gravitational waves, according to Eq. is

Qn(n, k) :1;7{?—2]{36:[776 [<k2n2 - 3) sin kn + 3kn cos kn} ?
o (140?22’ (321)
[ [ o ] (B(en)(un))* A2 (ko) A2 (),
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and, according to Eq. is

25
Qh(na k)

2
:m [k;3773 — 3sin kn + 3kn cos kn}

(322)

0 v V2 — 02 — u2)2
-/0 dv /|11:;| du l4 (14—:}“ ) ] (@(vn)@(un))2Az~(kv)Ag(ku).

Since we want to compute the relative energy density at the present day, n = g is fixed,
these equations are fully determined by the wave number. To simplify the analysis of the func-
tion, let us consider the time-dependent ¢? and time-independent I terms separately, such that
it can be written as Qj, =2 - I.

Let us focus on the time independent term, the integral. In order to compute Eq.
and Eq. 322 numerically, we need to check that the integrand is continuous and differentiable
everywhere and does not diverge on the whole integration space. Fig. [2] shows the integrand of
Eq. B2I] and Eq. 322] for different wavenumber values.

k=0.001 k=0.1
10*

107!
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°

°
10711 5 10 §
=3 &
10t @ I
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102 5 107 >
101 2 2
10726 3 10712 3
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Q
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Figure 2: The graphs show the value of the integrand for four different wave numbers over
a (u,v)-space, spanning [10~* 10%] x [107%,10%]. One can observe that as the coordinate ap-
proaches (u,v) — (0,0), the value of the integrand diverges due to the denominator contribution.
Similarly, the integrand diverges for high values of v and/or u, as the numerator dominates the
function in these regions. The region within the dashed red lines corresponds to the integration
space of the integral, i.e. (0,00) X [|1 —v|,1 + v]. The integrand values within the region are
continuous and finite, which permits us to compute the integration without any trouble.
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The region within the red dashed lines corresponds to the integration’s space, i.e. v variable
span (0,00) and u variable span [|1 — v|,1 + v]. We can observe that the integrand is defined
everywhere and does not diverge inside the integration’s region. Therefore, we should not run
into any problems by performing numerical integration.

The integration in Eq. [321] and Eq. [322] returns an almost constant solution over the wave
number space, as shown in Fig. [3l A result of this kind is expected because, as shown in Fig.
the integrand function in the integration domain for the four cases is almost the same. It means
the solution is almost scale-invariant. From this result, we expect that the transfer function
mainly characterises the relative energy density behaviour during the epoch we are considering.
As we are only considering a Universe containing matter, the solution should be the transfer
function squared, cf. Fig. 4l scaled by factor ~ 107!, the solution of the integration shown in

Fig.

10—12

10—13 i

Integral
=
o
iR
s
1

10—15 i

1016 L
1074 1073 1072 1071 100
wave number k [h/Mpc]

Figure 3: The result of the integration in Eq. and Eq. within the region shown in
Fig. @ Which shows an almost scale invariant behaviour along the wave number values k.

Consider the time evolution of the relative energy density for a fixed mode k, which is fully
determined by the time-dependent term t2(x), where z = kn (see Fig. [4). In Fig. we
represent the two different time-dependent terms of Eq. and Eq.

For the first equation, the solution is represented with the solid blue function in Fig. [l We
can observe that, in the superhorizon regime, x < 1, the leading term of the Taylor expansion
is proportional to n* o a?, which enhances the relative energy density. This leading term is
valid only during an early period x — 0. Once the mode enters the horizon (z > 0), it starts
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to oscillate, and it is damped according to the dominant term 72 o< a~'. While for the second
equation, the solid black function in Fig. [ in the superhorizon regime the dominant term of
the Taylor expansion is proportional to 7% o a® and the subhorizon behaviour is proportional
to 7]2 X @.

loﬂ 4

10° A

102

1071 A

B(x)/tdx=1)

104 |

107

10—1 0

10-2 10-1 100 101 102 103
x=kn

Figure 4: Time evolution of the relative energy density for a Universe containing only matter.
The plotted function is scaled by the transfer function evaluated at the horizon entering a given
mode k. The blue function corresponds to the case T'*(z), while the black one to the case
k2T2%(z). (blue) It shows two different regimes; the (early times) superhorizon behaviour is
dominated by the leading term of the Taylor expansion < a?, while the (late time) subhorizon
is dominated by a damped oscillation, which, ignoring the oscillation, is proportional to o< a™ 1.
(solid black) Similarly, there are two regimes, the superhorizon regime is dominated by the
leading term of the Taylor expansion and is < a®, while the subhorizon one is o< a. (dashed
black) This represents the case in which one uses the approzimation k*T?(x), but excludes the
non-oscillating term in Eq. [313 Excluding this term, one obtains the same behaviour as the
case T"(x), once the mode enters the horizon o< a~' and the superhorizon regimes is dominated
by the leading term of the Taylor expansion and is X a.

It is important to point out that adopting the prescription employed in Eq. for the
energy density of scalar-induced gravitational waves, we observe that inside the horizon, they
do redshift as any other radiation fluid a =%,

1

1
- 327Ga? <

12 = g2 x
W20 K)o s (T, )

64

Ph (323)
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in agreement with the results obtained by Sipp, and Schéfer [23]. On the other hand, the relation
T"? ~ k2T? leads to a different result: inside the horizon, the second-order gravitational waves
do not redshift as radiation

12 1 /12 ~ k2 2 1
(200, K)o 5 (T2, ) = s (120 ) ¢ s

According to the literature, this approximation is valid only deep inside the horizon k > H;
and it is proposed e.g. in Watanabe, and Komatsu [135], Baumann et al. [20], Hwang et al.
[21], and many others.

This result for the approximation is also different compared to the one obtained in the
analytical section (Sec. , where the spectrum of scalar-induced gravitational waves do
redshift for modes deep inside the horizon. Such modes are already inside the horizon during
the radiation-dominated era. Therefore, they decay accordingly. Thus, this difference may
be attributed to the fact that in the previous section, we considered the epoch dominated by
radiation.

It is necessary to understand why these two approaches lead to different results during a
matter-dominated period. Hwang et al. [2I] showed that the power spectra of scalar-induced
gravitational waves strongly depend on the choice of gauge. When the source term vanishes,
this dependence drops, and the gravitational waves are gauge invariant. In this case, we say
that the gravitational waves are free. The source term vanishes, for example, in a Universe
dominated by radiation and with the source, the gauge dependence vanishes as well, according
to Inomata, and Terada [136]. But this is not the case in a Universe dominated by dark matter
or dark energy. In these cases, the Bardeen potentials are constant in time, and therefore, the
source does not vanish and remains active.

In Eq. 12 we have two terms, a non-oscillating and time independent, and an oscillating
one. The first one is associated with the gauge choice, and it is not to be considered as a
gravitational wave because is not oscillating [I36]. Ali et al. [137] obtained the same result for
all the seven gauges considered, and they conclude that gravitational waves induced by scalars
arise from the oscillating terms and behave as radiation in a matter-dominated epoch (for all
the seven gauges), and the constant term does not represent a wave and, therefore, should not
contribute to the relative energy density.

In Fig. [ we show a third function, which represents the time-dependent part of Eq. [322]
without the non-oscillating term,

Ph (324)

= 327Ga?

25 P

Qn(n, k) =———— [—sinkn + kn cos k
n(n, k) 1%%4774[ sin kn + kn cos kn

(325)

oo 1+v 2 _ 2 _ 21272
-/0 dv/|1_v| du [41} (1;;} w) (@(vn)@(un))QAg(kv)Ag(ku).
As we can observe, deep inside the horizon, Eq. behaves like the time-dependent part of Eq.
The two transfer functions do redshift as a=!(n) and are shifted by 7/2, as the dominant
terms are o sin (z)/2? and  cos (x)/z2, respectively for Eq. and the modified Eq.
The superhorizon behaviour of the dashed-black function is dominated by the leading term
of the Taylor expansion, which is proportional to n?> o a. The difference in the order of
magnitude between the blue and dashed-black functions depends on the leading term during
the superhorizon period. Namely, since the variation of the time-dependent part of Eq.
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o a?, while the one of the modified Eq. o a, the two functions peak at different values, and
therefore, we observe this difference. Excluding the non-oscillating term of the transfer function
T as expressed in Eq. we find that inside the horizon, the scalar-induced gravitational
waves do redshift like radiation (confirming the result obtained in Eq. .

Thus in the conformal Newtonian gauge, the time derivative solves the problem of gauge
artefacts arising from the approximation, as the tensor perturbations associated with them are
constant in time. In addition to this, according to Sipp, and Schdifer [23], it must be used when
the source is active, since only free gravitational waves follow the relation h' ~ kh, and thus
T"? ~ kE?>T?. Another possibility is to exclude the non-oscillating term of the transfer function
manually, as it does not represent a wave.

Primordial GW
—— SIGW, T2(x)
—— SIGW, k2T2(x)
. SIGW, k2T2(x)

10-10 A

10—12 4

1014 A

10—1 6

Qy today

10—1 8

1020 A

10—2 2

1024 -

10_25"'” T T T T T T T T
104 1073 102 10-1 101

wave number k [h/Mpc]

Figure 5: The relative energy density of gravitational waves for the tensor modes induced by
the scalars according to Eq. (blue: SIGW, T'?(x)), according to Eq. (solid black:
SIGW, k*T?(x)), Eq. excluding the non-oscillating term (dashed black: SIGW k*T?(x)),
in the conformal Newtonian gauge, and that of the primordial gravitational waves (orange:
Primordial GW) are represented with respect to wavenumber, for a Universe containing only
matter. Assuming constant potential, ®(kn) = 3/5 from Hwang et al.[21]. To conclude the
vertical green line represents the horizon size at the present time.

The relative energy density €2, for a Universe containing only matter at present can be recov-
ered by numerical solution of Eq. and Eq. see Fig. [fl This figure shows the behaviour
of the relative energy density adopting a constant Bardeen potential ® as proposed by Hwang
et al. [21]. As expected from the previous considerations, the scalar-induced gravitational wave
spectra have the same behaviour as the corresponding transfer function solutions. However,
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they are scaled by a factor 107! due to the integral term of Eq. and Eq. In the same
figure, we show the primordial gravitational waves spectrum. In order to obtain this figure, we
considered an optimistic primordial gravitational waves background (ratio r = As/Ar = 0.1).

Assuming a Universe containing only matter and a constant Bardeen potential, the spec-
trum of first-order primordial gravitational waves (orange function in Fig. [5| arising from the
inflationary tensor fluctuations, behave like the scalar-induced gravitational wave spectrum,
for Eq. (blue function in the same figure). This is the case, since the primordial tensor
power spectrum and the integral of Eq. [321] are almost scale invariant and are both multiplied
by the same transfer function. On the other hand, the spectrum of gravitational waves (solid
black function in the figure) computed with Eq. follows its transfer function behaviour. As
well as the spectrum (dashed black in the figure) computed with the modified approximation,
expressed by Eq. has the same behaviour of its transfer function.
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10—14 4
10—15 i
=
1]
=
]
d‘: lo—lB_
10—20 4
10—22 i . .
Primordial GW
— SIGW, T3(x)
107249 sIGW, k2T2(x)
------ SIGW, k2T2(x)
1_0_25 T T TrororrT T T TrorrorT T T T T oo T T T
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wave number k [h/Mpc]

Figure 6: The relative energy density of gravitational waves for the tensor modes induced by
the scalars according to Eq. (blue: SIGW, T'?(z)), according to Eq. (black: SIGW,
kK*T?(z)), Eq. excluding the mon-oscillating term (dashed black: SIGW k*T?(x)), in the
conformal Newtonian gauge, and the primordial gravitational waves (orange: Primordial GW)
are represented with respect to wavenumber, for a Universe containing only matter. Potential
from CLASS, using Q, = 4.15 x 107° and Q,, = 1 — Q,. To conclude the vertical green line
represents the horizon size at the present time.

For consistency, we have computed numerically Eq. [32I] and Eq. [322] using the Bardeen

potential obtained from CLASS [138] instead of fixing them to the constant value as proposed
in Hwang et al. [2I]. Fig. |§| shows today’s relative energy density spectrum in the case of a
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Universe containing only matter using the Bardeen potential ® recovered from CLASS, where
we have used Q, = 4.15 x 107® and Q,, = 1 — ,..

The differences in the primordial gravitational waves spectrum between Fig. [f| and [6] are to
be attributed to the choice of wave numbers. The biggest discrepancy between the two graphs
lies in the spectrum of induced gravitational waves. That is the result of the potential. Using
the potential obtained from CLASS, the relative energy density decays faster for small scales.
Adopting the Bardeen potential of CLASS, we can observe that the solid black function, which
corresponds to the relative energy density described by Eq. [322] for small scales do redshift as
the spectra arising from Eq. and Eq. This difference is explained by the fact that
CLASS obtains the potential, taking into account the period in which there was radiation dom-
ination. Therefore, for all three cases of scalar-induced gravitational wave spectra, the small
scales redshift (as expected by analytical calculation, cf. Eq. , while only the spectrum
arising from Eq. and Eq. do redshift for intermediate scales.

Baumann et al. [20] results show a peak at the comoving-horizon scale at matter-radiation
equality of the energy spectrum of scalar-induced gravitational waves, which exceed the one
of primordial gravitational waves. In the case described by Eq. [322] we observe an excess
of the scalar-induced gravitational waves, but at smaller scales. This shift can be due to the
model parameters we have chosen; they considered a ACDM model, taking into account all
the components, our model is considering almost only matter. In the other case, i.e. the one
described by Eq. we do not observe this surplus, confirming the analysis proposed by Sipp,
and Schdfer [23].
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Part IV
Conclusions & Outlook

During the inflationary period, primordial scalar and tensor fluctuations arise due to quan-
tum fluctuations. To characterize the primordial gravitational waves observed today, which
are the temporal evolution of primordial tensor fluctuations, we need to characterize other
possible sources of gravitational waves. These form the stochastic background of gravitational
waves. Primordial scalar fluctuations are possible sources of the background, as they may induce
second-order contribution to the tensor perturbations’ spectrum.

We have introduced the concept of inflationary quantum fluctuations in the theory section,
showing how the quantum fluctuations produce scalar and tensor perturbations (respectively,
in Sec. and Sec. [7.2). Scalar-induced gravitational waves arise directly by any scalar
perturbation of the metric and matter component of the Universe, therefore, we need only to
consider relativistic perturbation theory (cf. Sec. , to compute them.

In this thesis, we have computed the scalar-induced spectrum of gravitational waves induced
by the early Universe and evolved it using Einstein’s field equations (theoretically described in
Sec. [2.2). The perturbation of the metric has been performed on a Robertson-Walker back-
ground (see Sec. . To do that, we have performed second-order perturbation of the metric
and of the fluid quantities, to obtain Einstein’s field equations, initially without fixing any gauge
condition (see Sec. [3).

The gravitational waves’ evolution is given by the pure spatial components of the equations.
The wave equation, in the cosmological case, takes the form of Eq. which corresponds
to a modified wave equation. Namely, in addition to the d’Alembert operator, we get a term
depending on the expansion of the Universe and a source term arising from the perturbation
perspective. In this preliminary consideration, we decided to maintain the calculation as general
as possible, without choosing any gauge condition. The results obtained confirm the ones by
Noh, and Hwang [18].

Once we obtain these results, the demand to fix the free parameter rises. Therefore, we
showed the gauge transformation of all the quantities playing a role in Einstein’s field equations.
This general transformation permits us to describe the solution for any gauge. All subsequent
calculations are been performed adopting the Conformal Newtonian gauge conditions. This
gauge fixes completely the free parameter of the geometric term of the Einstein’s field equations.
According to this choice, it was possible to find the solutions to the equation of motion for
gravitational waves in the radiation- and matter-dominated era and to express the solutions in
terms of second-order contribution of scalar perturbations, incorporated in the source term.

Up to this point, except for the choice of Conformal Newtonian gauge, we considered the
most general description of the phenomenon, considering the general u, frame for the energy-
momentum tensor. As we have more free parameters than the independent ones of the tensor,
we decided to choose the energy frame. In this frame, the energy flux is set to zero. The
obtained gravitational wave equation confirms the results shown in Baumann et al. [20], Hwang
et al. [21], Sipp, and Schéfer [23], and many other of the literature.

In order to calculate the spectrum of scalar-induced gravitational waves, we used two gauge
invariant potentials, the Bardeen potentials. Setting the quadrupole moments of photon and
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neutrino anisotropies to zero, as they are assumed to be negligibly small, the two Bardeen
potentials result to be equal and opposite in sign. According to these considerations, we calcu-
lated the spectrum of gravitational waves induced by scalars in two ways. The first is a purely
analytical approach, following the procedure proposed by Baumann et al. [20]. The second is
a numerical approach, employing the potentials obtained from CLASS [138], and assuming a
constant potential, as proposed in Hwang et al. [21]. Analytically, we considered the Universe
in the period of radiation domination and matter domination, while numerically we considered
a Universe containing only matter.

From the analytical results, we can observe that the gravitational waves induced by the
scalars do not undergo redshift for large and intermediate scales, while they do undergo redshift
for small scales. This result comes from approximating the time derivative of the tensor transfer
function with A’ ~ kh. According to Hwang et al. [21I] this approximation is appropriate in
subhorizon scales. Note that this is used in most of the literature.

In the numerical approach, we developed the results both by considering the approximation
and by solving the time derivative directly. Contrary to what was expected, the two numerical
procedures show different results. The procedure with the approximation, Eq. [322] confirms
the results obtained analytically, as shown in Fig. [6] This is due to the fact that we adopt
the same approximation for the analytical and numerical approach. On the other hand, the
time-derivative procedure, Eq. shows that even at intermediate scales the scalar-induced
gravitational waves undergo a redshift. Based on the consideration of Inomata, and Terada
[136], and Ali et al. [137], we have considered a modified approximation, where we excluded
the non-oscillating term of Eq. obtaining Eq. The results of this equation confirm the
ones found with Eq. [322]

According to Sipp, and Schéfer [23], for a matter-dominated Universe, this approximation
cannot be adopted since it holds only for free gravitational waves. In other words, since during
the matter domination, the Bardeen potential remains constant, the source term is active, and
the gravitational waves are not free. Another essential difference between the two procedures is
that the scalar-induced gravitational waves’ spectrum resulting from the time derivative does
not exceed the primordial one (cf. Sipp, and Schafer [23], for similar results). Whereas the
spectrum recovered from the approximation exceeds it.

As expected the gravitational waves induced by scalar perturbations do redshift as a radi-
ation fluid a=* Eq. [323] while using the approximation proposed in the literature, they do not
behaves like radiation, cf Eq. [324 The modified approximation confirms the result obtained in

Eq.

Our considerations are based on a model of the Universe which contains no other component
than matter. Therefore, for a more comprehensive analysis, it is necessary to consider a Planck-
like Universe [56], i.e. to consider all energy components. In addition, it is certainly interesting
to consider sources of cosmological gravitational waves other than scalar-induced gravitational
waves. We leave these analyses for future works on these topics.

In this thesis, we have only considered the Conformal Newtonian gauge. An analysis of the
results obtained in multiple gauges will enrich the discussion. These considerations will also be
explored in more detail in future works.

In conclusion, the main question that emerges from the results is why the approximation
proposed in the literature, e.g. Baumann et al. [20]; and Hwang et al. [21], differs significantly
from the results obtained using the time derivative of the transfer function. Therefore, it is more
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than necessary a closer examination of the reasons which lead to this significant discrepancy of
the relative energy density of scalar-induced gravitational waves.
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Part V
Appendix

A Linear Order Einstein’s Field Equations

As already introduced, at the linear order the scalar, vector, and tensor modes do not mix.
Therefore, the Einstein’s field equations can be decomposed into the evolution equations of the

three kind of perturbations separately [34].

The scalar perturbations evolution equations are:

A+ 3K
08: Hk + 4(;2 p = —4nGip,
A+3K
GO - K+ —;2 x = 120G (p + p)av,
o' 0 3 : A
GS — Gy : k+2HkK + 3H+$ a = 471G (dp + 36p),
o 1a v . .
Gﬁ—g%Gw- X+ Hx — ¢ —a=8nGII,
1
15, 5p'+3H(5p+5p)(erp)(nBHomLaAv):O,
A :
T . WH’M_la_1<5 +2A+3KH>:
’ a'(p+p) a  alp+tp) 3 a?

In the previous relations, we used the following definitions

. A
K= 3Hoz—3<p—gx,
X = af + a7,

1 1_ 1 (t)
Mog = — (H,aw - 39aﬁAH> +  Malp) + ag-

The vector perturbations evolution yields:

A+2K
GO SF2R G0 487G (p 4+ po® =0,
2a?
GS IO 4 2Hw) = 87GIIY),
[@lo+pt’] Ayor ml
T"., : 1 + 3 =0
’ a*(p +p) 20> p+p

72

(326)

(327)

(328)

(329)

(330)

(331)

(332)
(333)

(334)

(335)

(336)

(337)



Second Order Differential Geometry  Master Thesis Magnoli C.

While the tensor perturbations at the linear order evolve according to:

A—2K (pa o
- c* = snGIy) (338)

ay: GV 3HC + % -

For our purposes, we are interested in the scalars evolution in a spatially flat Universe K = 0,
and choosing the conformal Newtonian gauge (zero-shear gauge): x =0, =0=1

B Second Order Differential Geometry

B.1 Christoffel Symbols

From the definition in Eq. we recover all the Christoffel symbols up to second-order in
perturbation

Iy =H+ A —24A' — A,B*+ B, (Ba’ + ZIBO‘> :
[0y =Ao — HBy — 2AA o + 2HAB, — BsCY' + B’ B,
Ty =Al" — BY — HB® + A'B* — 24 5C°° + 20§ (B” + HB"),
TS5 =H(1 — 24)Gap + Blajs) + Ciys + 2HCap + Hias (442 — B,B") -
(339)
— 24 (B(a|6) + Cls + 27{0&5) <2C(a|ﬂ) C&)
Tgy =Hog + - (B'O‘ &) + C§' + B (A 5 — HBp) +2C°7 (Bpyg — Clg)
5, =T3, + Ha,B" +2C(yy,) — O, — 205 (207, — O ) -
— 2Mg,5 (AB® + B'C§') + B (B(gpy) + Chy, + 2HCy )

B.2 Riemann Tensor

From the definition in Eq. [3] we recover the Riemann tensor up to second-order in pertur-
bation. It is really useful to recall the (anti-)symmetries of the Riemann curvature tensor:

Symmetry:  Ruup0 = Rpopv, (340)
Antisymmetry:  Rupe = —Ruupe » and Rp0 = —Ruvgp- (341)

Therefore, we find
Roooo =0 (342)
Raooo =0 (343)
Rapoo =0 (344)
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B.3 Ricci Tensor and Scalar
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