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Abstract

Cosmological observables beyond the two-point function of density perturbations may
hold the key to answering fundamental questions about inflation. One such observ-
able is the inflationary gravitational wave (GW) background, expected to arise in all
models of inflation. A detection of this GW background may reveal to us the energy
scale of inflation and even point us towards the fields and interactions present during
the inflationary epoch. In this thesis, I explore the GW signatures of inflationary
models beyond the simple single-field scenarios, focusing on their anisotropies, non-
Gaussianity and spectral shape.

For the anisotropies, I first study GW backgrounds with a sharply peaked spectral
shapes, which can arise in inflationary scenarios involving primordial black hole for-
mation and discuss the implications of this spectral shape for the detection of the
anisotropies. I then derive general results for cosmological gravitational wave back-
ground anisotropies arising from adiabatic initial conditions. I also discuss the impact
of isocurvature initial conditions through the representative example of the curvaton
mechanism and show how GW anisotropies and their cross-correlations with the CMB
provide an alternative handle on the curvaton dynamics.

On the subject on non-Gaussianity, I show how a sizeable squeezed limit tensor bispec-
trum can generate large GW anisotropies. Although the direct measurement of tensor
non-Gaussianity is not possible at interferometer scales, this method still provides an
indirect way to observe tensor non-Gaussianity with interferometers. I then discuss
the prospects of doing “cosmological collider physics” with such GW anisotropies,
showing that the correlators of these anisotropies are particularly sensitive to the
spin of additional fields that source the GW.

Finally, I turn to the GW spectral shape, focusing on large scale observations through
the temperature and polarisation anisotropies of the CMB. Using current CMB data,
I test for GW signatures of axion-gauge field models which typically produce a bump
like spectral shape and demonstrate the detectability of such signatures with future
experiments such as LiteBIRD and CMB-54.
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Chapter 1

Introduction

1.1 The Standard Model of Cosmology

Cosmology, the study of the origins and evolution of the universe, has fascinated us
from time immemorial. The modern era of cosmology can be thought to have be-

gun in the early 20t

century with development of the theory of General Relativity
and the discovery of expansion of the universe. Space-time was no longer the static
background in which events occurred, but itself now dynamical, bending and warping
to the will of the matter and energy contained within it. Since then, field of cos-
mology has made enormous progress and achieved significant milestones such as the
observation of the cosmic microwave background (CMB), the realisation that universe
contained more matter than could be seen and the theory of Big Bang Nucleosyn-
thesis (BBN). In the past few decades, the discovery of the accelerated expansion of
the universe [6, 7] and the precision measurement of the CMB and its anisotropies by

COBE [8, 9], WMAP [10] and the Planck satellite [11], have completely revolutionised

our understanding of the universe.

Altogether, this has culminated in a remarkably simple cosmological model — our uni-
verse appears to be homogeneous and isotropic on large scales (= 100 Mpc) [12, 13],
its spatial geometry is flat [14, 15], and it is expanding at an accelerating rate. It
can be described by a handful of parameters representing the present day energy
densities of its primary constituents, baryonic matter, dark matter and dark energy

{, Qc, 2}, and two parameters { Ag, ns} describing small initial deviations from ho-
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mogeneity and isotropy, believed to be generated during an early period of accelerated
expansion known as inflation. General Relativity provides the underlying theoretical
framework for this model, known as the ACDM (Lambda Cold Dark Matter) model
of modern cosmology.! It has been tremendously successful in explaining a host of
cosmological observations, ranging from the abundances of light elements, temper-
ature and polarisation anisotropies of the CMB, the formation of galaxies and the

distribution of Large Scale Structure (LSS) to the late time accelerated expansion.

Despite the success and apparent simplicity of ACDM, it is well understood that the
model is not yet complete. Each parameter of the ACDM model is inextricably linked

to a major open question of modern cosmology:

e Q.: What is the fundamental nature of dark matter?

e Qa: What is the fundamental nature of dark energy and is it truly a cosmolog-

ical constant?
e Q: How did the matter anti-matter asymmetry of the universe arise?

e Ag ng: What is the physics of inflation and the origin of the primordial pertur-

bations?

Recent observations also hint towards the fact that ACDM might need updating, with
disagreement between values of cosmological parameters such as Hy and Sg inferred

from late and early-time observations [16, 17].

Several theoretical and experimental endeavours are currently underway, aimed at
unravelling these mysteries and providing new insights into the laws that govern our
universe. The answer to these questions will likely involve physics beyond the Stan-
dard Model of Particle Physics or even require us to move beyond General Relativity
as our preferred theory of gravity. It is a great time to be a cosmologist, with the
field poised to make transformative discoveries in the future. Within this exciting
landscape, this thesis sets out on a modest but nevertheless important goal of under-
standing certain aspects of cosmic inflation, our most compelling explanation of the

origin of the primordial perturbations.

IThe ACDM model is sometimes also referred to as the Standard Model or the Concordance
model of cosmology. Furthermore, in addition to the parameters mentioned above, the model also
consists of an astrophysical parameter 7, which represents the optical depth to reionization.
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1.2 The Inflationary Paradigm

Inflation refers to a period of accelerated, near-exponential expansion in the early uni-
verse and is currently the most widely accepted theory of how the primordial pertur-
bations originate. Historically,? inflation was introduced in 1981 by Alan Guth [20] for
a different reason, namely to provide a solution to the horizon and flatness problems
of the ‘hot big bang’ model, which represented the dominant cosmological paradigm
at that time. Soon afterwards, it was realised that inflation provides a natural mech-
anism to produce the primordial perturbations [21-29], by stretching microscopic

quantum fluctuations to cosmological scales through the accelerated expansion.

In its simplest incarnation, inflation is driven by the nearly constant potential en-
ergy of a single scalar field, dubbed the inflaton. As the inflaton field slowly rolls
down its potential, it also experiences quantum fluctuations which get stretched out
to cosmological scales by the rapid expansion. Eventually the inflaton rolls towards
the minimum of its potential and inflation ends. The inflaton then decays into the
Standard Model particles in a process known as reheating, leading to a hot thermal
universe. The initial scalar field fluctuations thus source the density fluctuations that
later seed the anisotropies of the CMB and the large scale structure (LSS). This
minimal model, called single-field slow-roll (SFSR) inflation, predicts a nearly scale-
invariant and Gaussian spectrum of density perturbations arising from adiabatic ini-
tial conditions. Remarkably, the predictions of this model are in excellent agreement
with observations, with the strongest evidence for inflation coming from the precision

measurements of the CMB temperature and polarisation anisotropies (Figure 1.1).

Inflationary models also predict the existence of primordial gravitational waves (PGW),
arising from quantum fluctuations of the tensor degrees of freedom of the space-
time metric [30-33]. In SFSR models, the PGW spectum is nearly scale invariant
and Gaussian with an amplitude which is in one-to-one correspondence with the
energy scale of inflation. Such PGW would in fact be a signature of linearised quan-
tum gravity and detecting them would provide further strong evidence that inflation
did occur. Currently, CMB observations have allowed us to precisely measure the
primordial scalar power parameters {As,ns}, and put upper limits on the ampli-

tude of PGW [15, 34, 35]. Numerous single field models/potentials have been pro-

2The early history of the development of inflationary theory can be found in [18, 19].
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Figure 1.1: The angular power spectrum of the CMB temperature anisotropies: best-
fit from ACDM (blue) vs observed (red) [15].

posed (see [36] for an overview), with some such as Starobinsky [21, 37, 38] and Higgs
inflation [39] providing an excellent fit to the data while others such as Natural infla-
tion [40] and inflation with monomial potentials [27] are disfavoured or ruled out [41].
In the future, the improved sensitivity of next generation CMB experiments such as
the BICEP Array [42], Simons Observatory [43], CMB-S4 [44] and LiteBIRD [45],
will allow us to put further constraints on inflationary models or even detect PGW,

which will have significant implications for our understanding of inflation.

Inflation: single-field or multi-field?

Although the inflationary paradigm has been quite successful, the micro-physical de-
scription of inflation, i.e., its field content and interactions, still eludes us. Single field
inflation, which agrees well with current observations and is appealing due to its sim-
plicity, remains difficult to reconcile with more fundamental high energy theories such
as string theory. These theories generally predict a rather rich inflationary environ-
ment, with several fields and non-negligible interactions amongst them, markedly dif-
ferent from the single field description [46]. The swampland program, which attempts
to study the properties of low energy theories which can be consistently embedded
in theories of quantum gravity, also indicates that conventional single-field slow-roll
models could possibly be in the swampland, i.e. they do not possess a UV completion
allowed by quantum gravity [47, 48]. It is possible that multi-field inflation might

evade such conjectures [49].
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Another issue is the sensitivity of the inflationary potential to Planck scale physics,
resulting in the well known 7-problem of inflation. For successful resolution of the
horizon problem, inflation must provide at least 50-60 e-folds of accelerated expan-
sion. This requires that the inflaton potential be extremely flat which is quantified in
terms of the smallness of the inflationary slow roll parameters ey, ny < 1 (defined in
eq. (2.64)). If we embed slow-roll inflation in an Effective Field Theory (EFT) frame-
work, one must include in the effective Lagrangian all possible operators compatible
with the symmetries of the theory. Integrating out the effects of high energy physics

above a certain cut-off A gives rise to operators of the form,

On
LD Ad—n (L.1)

where n is the dimension of the operator. Identifying the cutoff scale with the Planck
scale and focusing on the dimension-6 operator Og = ¢ O4 ¢? leads to an O(1) correc-
tion of the parameter 7y and ends inflation too quickly, assuming the coupling c is
O(1) and that the dimension-4 operator has a vacuum expectation value (O4) ~ V.
Additionally, radiative corrections also drive the inflaton mass to the cut-off scale,
also leading to large corrections to the 7y parameter (see [46, 50] for a review of the
n-problem). A possible solution is to posit a shift symmetry, i.e., letting the inflaton
be a pseudo-Nambu-Goldstone boson such as an axion, to forbid such corrections.
The simplest model of inflation with an axion, Natural inflation [40], is already in
tension with observational data. However, a shift symmetric coupling of the axion to
additional fields, e.g. Abelian or non-Abelian gauge fields, can alleviate this tension

and potentially make such setups viable again [51].

Inflationary signatures beyond SFSR: Gravitational Waves

The difficulties in realising single field inflation in a more fundamental high energy
theory have naturally led to extensive interest in multi-field inflationary scenarios
(e.g see [36, 46, 52-54] and references therein). The richer dynamics of multi-field
inflation leads to a much more varied phenomenology in contrast to the single-field
case. These models can reproduce the desirable predictions of SFSR inflation on
CMB scales, while at the same time accommodate the possibility of distinct features
in the primordial scalar [55, 56] and GW spectra [57-60], non-Gaussianity [61, 62]

and even lead to the formation of primordial black holes [63, 64].
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Figure 1.2: Gravitational waves from inflation: theoretical predictions, current
bounds and future observational prospects. More details about the figure can be
found in section 3.3.2.

This thesis focuses on the study of gravitational waves from inflationary scenarios
beyond SFSR. Our goal is to explore the space of possible gravitational wave ob-
servables that can arise in these models and forecast their detectability with future
experiments. Understanding these two aspects is important not only from a point of
view of using GW observations to differentiate between single vs multi-field inflation,

but also to discriminate among various models in case of a multi-field realisation.

In terms of detection, the B-mode polarisation of the CMB remains a potential av-
enue to detect PGW. Analysis of the correlation functions of the B-modes, such as
(BB), (BBB) and mixed correlators such as (T'B), (EB) etc. can be used to probe
the spectral shape, non-Gaussianity and chirality of PGW.

The success of GW interferometers has also expanded the observational landscape
of inflationary signatures to small scales. Indeed, several inflationary models beyond
SFSR (see fig. 1.2) predict the existence of PGW with an amplitude sufficient to be
detectable by next generation interferometers, Laser Interferometer Space Antenna
(LISA) [65], Einstein Telescope (ET) [66] and Cosmic Explorer (CE) [67], to name

a few. Direct detection with interferometers also opens up the possibility to map
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the GW energy density across the sky and observe its anisotropies, in addition to its

spectral shape, non-Gaussianity and chirality.

Pulsar timing arrays (PTAs) represent another intriguing possibility to detect GW on
intermediate scales. Quite recently, several PTA collaborations have reported strong
evidence for a stochastic background of GW, likely of astrophysical origin [68-71].
Irrespective of the origin of the background, it can still be used to constrain the
parameter space of several cosmological mechanisms producing GW (e.g. inflation,
phase transitions, cosmic strings) [72, 73|, demonstrating the ability of small-scale GW
experiments to probe the early universe. In the near future, the increasing number and
sensitivity of CMB, PTA and interferometer experiments will bring within our reach
an even larger number of inflationary models, making PGW an extremely promising

tool for understanding inflationary physics.

1.3 Thesis Outline

The outline of the thesis is as follows. The thesis is divided into two parts and in
Part I, I introduce the necessary background knowledge required for understanding
the original results of the thesis. In chapter 2, I review the dynamics of homogenous
and isotropic spacetimes, briefly present the ACDM model of cosmology and finally
introduce the paradigm of cosmic inflation. Next, in chapter 3, I review the generation
of quantum fluctuations during the inflationary epoch and the describe the connection
between these inflationary fluctuations and cosmological observables such as the CMB

and LSS.

The expert reader may skip directly to Part II, which represents the original work
of this thesis. In chapter 4, I first review the anisotropies of stochastic gravitational
wave backgrounds sourced by primordial perturbations using the line-of-sight formal-
ism. As an application of this formalism, I use it to examine the frequency depen-
dence of GW anisotropies arising in scenarios involving the production of primordial
black holes, and study the implication of this frequency dependence on the detection
prospects of these anisotropies with interferometers. Going back to the theoretical
formalism, I derive the anisotropies sourced by primordial adiabatic and isocurvature
perturbations, demonstrating along the way, how GW isocurvature can be generated

through the example of the curvaton mechanism.
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In chapter 5, I illustrate how gravitational wave anisotropies are sensitive to squeezed
limit primordial non-Gaussianity and how information about the masses and spins of
additional inflationary particles (‘cosmological collider physics’) could be extracted
from the detection of these anisotropies and their cross-correlation with the CMB.
Chapter 6 studies the detectability of GW produced in inflationary models involving
axions and gauge fields, using the temperature and polarisation anisotropies of the
CMB. In the same chapter, I also forecast the precision with which such GW signals
may be measured with the next generation of CMB experiments. The conclusions of

this thesis are presented in Chapter 7.
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Chapter 2

Homogeneous and Isotropic

Cosmology

Introduction

In this chapter, I begin by reviewing the dynamics of our homogeneous and isotropic
universe, describe the known and unknown components that contribute to its energy
content and finally conclude with a discussion of the most important stages in its
evolution. The presentation in this chapter draws largely from the textbooks by

Mukhanov [74], Dodelson and Schmidt [75], and the lecture notes by Baumann [76].

2.1 FLRW metric

Modern cosmology rests on the cosmological principle, which states that the universe
is homogeneous and isotropic, when averaged over large enough length scales. Ob-
servational evidence from the CMB and LSS supports the validity of this principle
on length scales L = 100 Mpc. Thus, as a first approximation we can safely assume
our universe to be spatially homogeneous and isotropic. To describe our universe and
gravitational effects within it, we turn to the theory of General Relativity in which

the geometrical properties of spacetime are encoded in the metric tensor g,,,. Under

10
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the assumptions of homogeneity and isotropy, the metric takes the form,

ds® = g datdz’ = —dt* + a*(t) [dx2 + S2(x)(d#?* + sin? 0d¢2)] . (2.1)

Here, the z* are called comoving coordinates, t is the cosmic time and the scale factor
a is an arbitrary function of ¢ and is independent of the spatial position. The metric
in this form is called the Friedman-Lemé&itre-Robertson-Walker (FLRW) metric and
describes a uniformly expanding, homogeneous and isotropic universe. There exist
three distinct possibilities for term S (x) which determines the spatial curvature of

the universe,

sinhy, k<0
Sk(x) = X5 k=0- (2.2)
siny, k>0

These correspond to a negatively curved universe (k < 0), flat universe (k = 0) and
positively curved universe (k > 0). The space with k¥ = 1 is finite in extent but
without a boundary, since it is equivalent to the 3-sphere S3. The k = 0, —1 cases
correspond to 3D Euclidean space and a hyperboloid embedded in 4D Lorentzian

space respectively and thus represent universes of infinite extent.

Inflationary cosmology predicts the spatial curvature to be extremely small (sec-
tion 2.6.1) and current observations do not indicate any preference for non-zero spa-
tial curvature [15]. Therefore, in what follows we will restrict ourselves to the case of

the spatially flat universe with k£ = 0,
ds? = —dt* + a*(t)6;;dx’da’ . (2.3)
Physical distances within the expanding universe are given by,
Dphys = a(t)Ax (2.4)

where Ax denotes the spatial coordinate separation. Thus, we see that the physical

distances change with time, even if the coordinate separation remains fixed,

DPhyS = H(t)Dphys +vpec- (2.5)
—_—————
Hubble flow
Here
dx

a
H(t)= o Upec = G—

11
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The quantity H(t) is called the Hubble parameter. The first term on the R.H.S of
eq. (2.5) represents the Hubble expansion law which states that objects further away
from us appear to be receding away at a faster rate compared to objects closer to
us. The second term is called the peculiar velocity and accounts for motion in the

comoving coordinates.

2.2 Kinematics

What are the trajectories followed by freely falling test particles in the FLRW uni-
verse? Under the action of purely gravitational forces, freely falling particles travel
along geodesics which are curves that extremise the the proper time As = [ds,

between two spacetime events.

2.2.1 Geodesics

The geodesic equation is given by,

dzx“+ " dm“ﬁ_o
d\? B dx d\

2.7)

where ) is a parameter along the geodesic and I‘Z 5 denote the Christoffel symbols

which are defined in terms of the metric g,, as,

— lg,u.l/ OFov ag,Bl/ . agaﬂ
BT 2 0z = Oz>  OzV

(2.8)

Note that by definition, the Christoffel sybmols are symmetric in the lower indices
since g, is also symmetric. For the FLRW metric, the only non-zero Christoffel
symbols are,

FO

ij — aadij and Péj = F;O = H(Sij (29)

The 4-momentum P = (E, 13) of the particle along the geodesic can be written as,

dx”
Pt =—. 2.10
o (2.10)
In terms of P* the geodesic equation takes the form,
dP*H o
-+ Tt P*PP =0. (2.11)

12
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The parameter A can be eliminated by noticing that,

d _da® d d

- = " _E—. 2.12
d\  d\ dx0 dt (2.12)
Now, the u = 0 component of the geodesic equation becomes,
dE i i ) Py
E— = —TY,P'P! = —aad;; P'P’. (2.13)
Finally, defining the magnitude of the physical momentum
p® = g;; P'P. (2.14)
and using g, PHP" = m? we obtain
dp
— 4+ Hp=0. 2.15
o TP (2.15)

Thus, the physical momentum of all particles (massive or massless) decreases with

the expansion of the universe,

pocal. (2.16)

For massless particles one has £ = p and we see that their energy also decays with

the expansion.

Light propagation and Null Geodesics

The trajectories of photons are studied most conveniently by introducing the a new
time coordinate known as the conformal time n,

dt
= —. 2.1
dn = — (2.17)

The metric in the new coordinates looks particularly simple,
ds? = a®(t) [—dn2 + 6ijdmidwj] , (2.18)

and is equivalent to the Minkowski metric up to an overall conformal factor. Let us

rewrite this metric in polar coordinates,
ds® = a?(t) [—dn2 + dr? + r2(d6? + sin? 9d¢2)] . (2.19)

Since photons travel along null geodesics ds? = 0, if we consider light propagation in

the radial direction we find that the photon paths are defined by,

dn* = dr? = r = 40+ const., (2.20)

corresponding to straight lines at 45° in these n—r coordinates.

13
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2.2.2 Redshift

The expansion of the universe leads to a redshift of light emitted from distant objects.
Consider a signal emitted from a far away galaxy at conformal time 7. with duration

0n. We observe it at conformal time 7, and measure its duration to be 1, + 7.
The corresponding physical time intervals are,
6te = a(ne)on, ot = a(no)on

We thus realise that for a wave with period dt. and frequency at emission is fo = 1/6t.,

the observed frequency is f, = 1/dt,

Je_G _ 1 _ .. (2.21)

fo B Qe Qe

Here, z is called the redshift parameter and we have set the scale factor at the time

of observation to be a, = 1.

We see that the wavelength of the observed photons increases with the expansion
of universe as A\ oc a. Equivalently, the frequency/energy of photons decreases as
E x a~!, a result that we also derived in the previous section via the geodesic equa-

tion.

2.2.3 Distances

In a cosmological setting, defining distances requires careful considerations as multiple
notions of distances can exist, each being useful depending on the particular context.
We start by defining two natural distances — the comoving distance and the physical
distance. The comoving distance is simply the coordinate separation between two
fixed points on the comoving grid while the physical distance takes into account the
expansion of the universe. If a source emits a signal at t. and is observed today at
time tp, its comoving distance is calculated as,

to dt 20 dz
p _ / g [P e 2.22
0 = Te t. a(t) z H(2) ( )

€ €

The corresponding physical distance is then given by

donys(t) = a(t)d. (2.23)
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It happens quite often that these two distances are not the most useful ones from the
point of view of observations. In fact, the comoving and physical distances turn out to
be unobservable on cosmological scales. Two additional definitions of observationally

relevant distances are reviewed below.

Luminosity distance

Consider a light source at a distance d in static Euclidean space. The relation between

the source luminosity and the observed flux at the distance d is given by,

L

The generalisation of this distance to expanding spacetimes is known as the luminosity
distance. The static space formula needs modification for three reasons, namely the
area of a sphere drawn around the source and passing through the observer position
scales as a?(tg)d? rather than d2, the rate of photon arrival is reduced by a factor
1/(1+ z) and finally the energy of photons is again lower by 1/(1 + z) where z is the

redshift parameter of the source. Altogether, the observed flux is given by

o L L
 4ma?(to)d?(1+2)?  4md?’

(2.25)
where df, is the luminosity distance and is related to the comoving distance d as,

dr = d(1 + 2). (2.26)

Angular diameter distance

The angular diameter distance d4 relates the observed angular size of an object Af

to its physical size D

D
The physical size can be written as,
dAb
D = a(t.)dAf = T+ (2.28)
and thus,
da=-1 _ 4 (2.29)

T 1tz (1+2)?2
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2.3 Dynamics

The Einstein equation,

1
Guw =Ry — §QWR =81GTw, (2.30)

dictates the dynamics of our universe. It relates the spacetime curvature, encoded in
G v, to the matter-energy content of the universe. The requirements of homogeneity

and isotropy constrain the stress-energy tensor 7),, to be that of a perfect fluid?,
TIW = (p + P)UuUu + Pg;w (2.31)

where p and P denote the energy density and pressure of the fluid and U, is the
4-velocity of the observer. A comoving observer U* = (1,0,0,0), will observe this

stress-energy tensor to be diagonal,
T+, = g"*Ty, = diag(—p, P, P, P). (2.32)

The fluid stress-energy tensor also obeys a continuity equation for the energy density,
which can be derived from the first law of thermodynamics dE + PdV = 0. Since
V « a® and E = pV, this takes the form

dp=-3(p+ P)dlna, (2.33)

or equivalently,

p+3H(p+P)=0.] (2.34)

Alternatively, this follows from the v = 0 component of the general relativistic con-

servation equation V,T%, = 0.

The rate of dilution of the energy density with the expansion of the universe depends
crucially on the relation between the pressure and the energy density. In the next

section, we will specify this relation for the known constituents of the universe.

2.3.1 The cosmic inventory

Several different components contribute to the energy budget of the universe. To

describe these contributions, it is convenient to introduce the density parameters €;,

1Fluids which do not conduct heat and have zero viscosity are known as perfect fluids. They can
be completely characterised in terms of their rest frame energy density p and pressure P.
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2.3.1 The cosmic inventory

defined as,

_ 3HG

; = (2.35)

Here, Hy is the present day value of the Hubble parameter and p; is the critical
energy density needed to close the universe. For a flat (kK = 0) universe, p; is the
same as the total energy density p = >, pi, p > per leads to a a closed universe and
p < per leads to an open universe. It is also customary to write Hy = 100h km/s/Mpc
and work with the combination ;h2, due to the uncertainty in determination of Hy
and also since many observations constrain this combination rather than Hy and €2;

separately.

Now we look at the relative contributions of the different constituents of the universe
to the total energy density, focusing on the components that enter into the ACDM
model of modern cosmology — (i) Matter (i7) Radiation and (%it) Dark energy.

Matter

The term matter refers to any component whose pressure is negligible compared to
its energy density, |P| < p. Matter can thus be represented by an equation of state

parameter w,, = 0 with energy density decaying as,

pm x a3 (2.36)

o Baryons
Baryonic matter encompasses all ordinary matter. As a matter of convention,
this term also includes all known non-baryonic particles of the Standard Model
e.g. electrons. Observations of the CMB by Planck constrain the baryon density
parameter to be QA% = 0.02237 4 0.00015 [15].

e Dark matter
A variety of cosomological observations also provide strong evidence for the
presence of non-baryonic matter [77] which does not couple (or couples ex-
tremely weakly) to electromagnetism. Its density parameter has been inferred
to be Q:h? = 0.1200 + 0.0012 [15], making up about 80% of the total matter
content of the universe. Although several candidates for dark matter exist, the

fundamental nature of dark matter remains unknown.
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Radiation

Species which are relativistic have an equation of state w, = 1/3, implying that their

energy density decays as

pr x a* (2.37)

This can be understood as the dilution of the number density (n o« a~3, same as

matter) and the redshifting of the individual particle energy E o< a~!.

e Photons
The total radiation energy density is dominated by the CMB photons, which
have been observed to have a near perfect black-body spectrum with present
day temperature T = 2.72548 & 0.00057 K [78] and hence Q,h% = 2.44 x 107°.
Since photons are massless, they always remain relativistic. The expansion
of the universe preserves the black-body distribution of the photons and the

distribution temperature redshifts as T o< a~ L.

e Neutrinos
Much like the CMB, one also expects the existence of a primordial neutrino
background. Unlike photons however, neutrinos are not massless and at least
two of the neutrino species must be non-relativistic today. These background
neutrinos have not yet been directly observed yet but there is strong indirect ev-
idence of their existence from CMB/BBN. The current constraints on the effec-
tive number of relativistic species after eTe~ annihilation read Nqg = 2.92J_r8:§$
[15], entirely consistent with the Standard Model of particle physics expecta-
tion of Neg = 3.0440 & 0.0002 [79] . The present neutrino density parameter is

expected to be Q,h? = 3", m;/(94€V), where the sum is over the three neutrino

species.

In addition to the above mentioned components, it is possible that the universe is
permeated by a background of relic gravitational radiation. These have also not been
detected yet and their energy density? is constrained to be Qgqw < 1.2 x 107 6p2
from CMB and BBN observations [80].

2This bound is applicable to the total energy density in GW, not the usual frequency dependent
spectral energy density Qgw/(f). Furthermore, the BBN/CMB bound only concerns GW produced
before BBN/last scattering.
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radiation

1076 1075 1074 1073 1072 107! 100
a

Figure 2.1: Evolution of the energy density for matter, radiation and the cosmological
constant A. The black and orange lines denote the time of matter-radiation and
matter-A equality respectively.

Dark Energy

The above mentioned components only account for about 30% of the total energy
density of the universe. The late-time accelerated expansion of the universe requires
the presence of a mysterious dark energy component with wge < —1/3 (see eq. (2.43)),
which no matter or radiation source can have. In general, its energy density could
be time-dependent but current observations indicate a strong preference for a dark
energy equation of state wge ~ —1 [15]. In this case the energy density of dark energy

remains constant with the expansion,
Pde o a’. (2.38)

The simplest candidate for this is the cosmological constant term A. The fundamen-
tal nature of dark energy remains one of the most important unsolved mysteries of

modern cosmology [81, 82].

The time evolution of the energy densities of radiation, matter and A is depicted in
Figure 2.1 and the relative energy densities of the different components are shown
in Figure 2.2. As we go back in time the energy demnsity of matter and radiation
increases while that of A remains constant. We also see that at very early times, the
energy density of the universe was completely dominated by that of radiation. Today,
about 70% of the total energy density is made up by the cosmological constant while
dark matter and baryonic matter combined account for the remaining 30%. Spatial
curvature, if at all present today, makes up only a small fraction |Qx| < 0.01 of the

2

total energy budget [15]. Its energy density scales as px o< a™* so it is subdominant
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Figure 2.2: The fraction of the total energy density in the different components of the
cosmic inventory. The energy density in photons, neutrinos and gravitational waves
is much smaller than the other components and is not shown here.

at earlier times compared to matter and radiation.

2.3.2 Friedmann equations

Using the Einstein equations, we can now relate these matter-energy sources to the

expansion rate of the universe,

87G
H? = 3 2 Pi, (2.39)

(3

where the sum is over all the components contributing the to energy budget of the
universe. Using the definition of the density parameters Q; (2.35), one can rewrite

the above equation as,
H? = H3 Y Qa(t) 30w, (2.40)

A second equation concerns the acceleration of the expansion rate,

a 4G
P —T(p + 3P). (2.41)

Together, equations (2.39) and (2.41) constitute the Friedmann equations’, and de-

scribe the evolution of the expansion rate of our FLRW universe. The behaviour of

3The second Friedmann equation is not an independent equation and can be derived from the
first equation and the continuity equation (2.34).
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the scale factor as a function of time for different scenarios is given below,

exp(Ht), w=-1,
a(t) o 23 w=0, (2.42)

t2, w=1/3.
It is also clear from the Friedmann equations that the present day accelerated expan-

sion of our universe requires that
p+3P <0+ w<-1/3. (2.43)

Hence, the presence of dark energy component is necessary since matter and radiation

necessarily have w > 0.

2.4 A Brief Thermal History of the Universe

Having studied the geometrical and dynamical properties of our universe, we now
focus on its thermal history. The discussion here will be kept at a qualitative level

and the reader is referred to refs. [74, 83] for a more detailed treatment.

The thermal history of the universe depends crucially on the interactions between the
different particles that are present, characterised by the interaction rate I'. If this
rate is larger than the expansion rate H, the interactions between particles occur on
a much shorter time scale 1/T' compared to the timescale of expansion 1/H. The
interacting particles are then said to be in a state of local thermal equilibrium with
each other and share the same temperature T. At very early times, our universe was
extremely hot and dense making interactions between different particles extremely
efficient. In fact, at temperatures above a few hundred GeV, all the Standard Model
particles are ultra-relativistic and their interactions are strong enough for them to
be in local thermal equilibrium. This initial hot, dense state consisting of a ‘soup’ of

elementary particles is where the story of the hot big bang model begins.

As the universe expands, it cools down (T « a~!) and the number density of elemen-
tary particles also decreases. The QCD phase transition occurs around 7' ~ 150 GeV,
afterwards quarks and gluons no longer exist as free states but become confined within

baryons and mesons. At T' ~ 100 GeV, electroweak symmetry is broken and the gauge
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bosons acquire mass. The production of dark matter and the baryon asymmetry of
the universe is also expected to take place around such early times, but these are not

so well understood compared to the known Standard Model processes.

Several important events occur around MeV scales. First, neutrinos decouple from
the rest of the thermal plasma at T' ~ 1 MeV as weak interactions become inefficient.
These decoupled neutrinos then propagate freely throughout the universe and retain
their distribution at the time of coupling. Shortly after neutrino decoupling, the tem-
perature of the universe falls below the mass of electron and positron (T ~ 0.5 MeV)
and these now begin to annihilate. Since neutrinos are already decoupled at this
state, this process only injects energy into the photon bath, raising its temperature

compared to that of neutrinos by roughly a factor (11/4)/3.

Big bang nucleosynthesis begins around 7' ~ 0.1 MeV, free protons and neutrons
combine to form light elements such as hydrogen, helium and lithium with the out of
equilibrium thermodynamics of these reactions playing an important role. Calcula-
tions of the abundances of light elements have turned out to be in excellent agreement
with observations and lend strong support to the hot big bang model. As the universe
cools down further, the energy density in relativistic particles falls below that of mat-
ter. This happens around 7" ~ 1 €V and is known as the epoch of matter radiation

equality.

Protons and electrons combine around 7" ~ 0.1 €V, forming neutral hydrogen in a pro-
cess known as recombination. Around the same time, Thomson scattering of photons
becomes inefficient due to the sharp decrease in the free electron density. Photons
now decouple and free stream throughout the universe and this is referred to the
epoch of last scattering. Closer to the present day, gravitational instabilities become
significant leading to the formation of galaxies and clusters from small initial inhomo-
geneities in the matter distribution. These free-streaming photons are observed today
as the CMB, having a spectrum consistent with that of a black-body and having a
present day temperature 7' ~ 0.23 meV.
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2.5 Shortcomings of the Hot Big Bang model

The picture of cosmology described in the previous section, starting from a hot ther-
mal state is sufficient to explain several cosmological observations, if one imposes
certain initial conditions. However, the question of why the universe started with
this particular set of initial conditions, cannot be answered satisfactorily within the
framework of this model. These are typically stated as the horizon and the flatness
problems of hot big bang cosmology. To understand these, we need to first intro-
duce a quantity essential for studying causality in an expanding universe, the particle

horizon.

Particle horizon

The particle horizon Y, is the boundary of our past light cone. Since we can only
receive signals from points within our past light cone, the particle horizon sets the

size of the region which is causally connected to us.

t di @ da na ding
= [ % [T90_ ana 2.44
Xp(m) =n—mn \/tz a@)  Jo, @6 Jmae; aH(@) (2.44)
In terms of the redshift parameter z, this is
Z dz
Xp = . m (2'45)

Whether or not the event and particle horizons are finite depends on the exact form
of a(t) and hence, the matter-energy content of the universe. In a universe dominated
by a component with equation of state w > —1/3, the scale factor and the Hubble

parameter evolve with time as
2
aocc 3w Hoctl (2.46)

The quantity aH decreases with time in a universe with w > —1/3. With the initial

singularity a; = 0, this tells us that the particle horizon at a given time ¢ is finite

Xp(t) o< a(t) . (2.47)

Analogously, one can define the event horizon ., which sets the boundary of the
region which can receive signals from us in the future.

tr dt
— = — 2.48
Xe T]f 770 /;0 a(t) ( )
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where 7y denotes the denotes the maximum conformal time, i.e., the final moment of

time which may or may not be finite, depending on the behaviour of a(t).

2.5.1 Horizon Problem

The finite size of the particle horizon implies that the near uniformity of the CMB
cannot be explained within the hot big bang model. In fact, a causally connected
region at the time of photon last scattering subtends an angle of about 1.2° on the

sky. This can be calculated as follows,

21551100 ],
Xplss =/ (2.49)
zZ.

i—>00 HZ

The angular size of the particle horizon on the sky can be estimated using,
(2.50)

where d'* is the present day comoving distance to the last scattering surface. There-
fore, regions separated by an angle 6 = 2° would never have had time to thermalise
previously and one would expect them to have significantly different temperatures.
However, the CMB on these and even larger angular scales is nearly uniform with
small temperature fluctuations 67/T ~ 10~°. This is quite hard to explain if these

regions had never been causally connected in the past.

2.5.2 Flatness Problem

The second major issue is the observed flatness of the universe. We can understand

this by first writing the Friedmann equation in the presence of curvature k,

p__Fk (2.51)

H> =
3M}2,1 a

This can be re-written as,

1—Q= —(a% (2.52)

In this form, we realise that as long as (aH)~! increases with time, the spatially flat
universe is not a dynamical attractor. Small perturbations of the density parameter
around 2 = 1 show that £ = 0 is an unstable solution. The present day value
2 =~ 1 requires an extremely small value of the initial curvature and thus, extreme

fine-tuning of the initial conditions.
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Last scattering surface

Reheating

Inflation

Causal contact
n — —00 >

Figure 2.3: A present day observer sees two widely separated points A and B at
the last scattering surface to be at nearly the same temperature. Within the hot
big bang model, these points could never have been in causal contact in the past.
The introduction of the inflationary epoch pushes the initial singularity of the hot
big bang n = 0, to n = —oo, thereby allowing the past light cones of A and B to
intersect. Figure adapted from [76].

2.6 Inflation: homogeneous and isotropic dynamics

The inflationary scenario postulates that the early universe (¢ ~ 10734 5) went through
a period of accelerated, near exponential expansion before the hot big bang era [20,
27, 84-86]. In addition to providing a solution to the shortcomings of hot big bang
cosmology [20], inflation also provides a natural origin for the primordial fluctuations
that seed the CMB anisotropies and large-scale structure [21-29]. This section pro-
vides an overview of the homogeneous and isotropic dynamics of inflation, starting
with inflationary solution to the aforementioned horizon and flatness problems of big

bang cosmology.

2.6.1 Solution to the horizon and flatness problems

Notice that for w < —1/3, the expansion of the universe is accelerating (see (2.41)).
Equivalently, the the quantity (aH)~! is increasing with time, suggesting that this

may provide a common solution to the horizon and flatness problems. In fact, a
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period of expansion before the hot big bang phase with

d
%(aH)_1 <0, (2.53)

naturally solves both of these issues. For w < —1/3 the size of the comoving particle
horizon diverges, meaning that CMB photons coming from different directions were
causally connected in the past (see Figure 2.3), explaining the near uniformity of
the observed CMB temperature*. Similarly, when (aH)~! decreases with time, the
effects of initial non-zero curvature also get diluted, as can be seen from (2.52). Q =1,
which is an unstable fixed point of the hot big bang phase now becomes an attractor
during the inflationary phase. Roughly speaking, one requires that the scale factor
grow about 50-60 e-folds, i.e. by a factor e?*~ %, during this period to solve both the

horizon and flatness problems.

2.6.2 Single-field slow-roll Inflation

In the simplest scenarios, inflation is driven by a single scalar field, called the inflaton,
whose classical background evolution drives the accelerated expansion. The action

for a minimally coupled scalar field ¢ with canonical kinetic terms can be written as,
@) 4 Mg, 1o
S@ = /d 7= | LR~ 39" 0,00, — V(9) (2.54)

where R is the Ricci scalar and V(¢) the potential energy of the scalar field. Under
the assumptions of homogeneity and isotropy, the evolution of the the scalar field is

governed by the following equation,

d+3H)+V'(¢) =0, (2.55)

which is simply the Klein-Gordon equation in an expanding universe.

The stress energy tensor of the scalar field is,

2 659
v—9g 69#1/
Assuming a homogeneous field profile, the stress energy tensor takes the form of a

perfect fluid (eq. (2.31)) with

7 = = 0,00, — 30w 90ad + V(]| (2.56)

p= 3P +V(@), P=_F V(). (257)

4In fact, inflation also explains why there exist correlations in the temperature fluctuations over
scales larger than the particle horizon at last scattering. The exact mechanism of how these fluctua-
tions are generated during inflation will be discussed in chapter 3.
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2.6.2 Single-field slow-roll Inflation

The resulting equation of state parameter is,

w= O H2VE) (2.58)

¢?* —2V(9)

and we see that inflation can occur for ¢? < 2V (¢) since that implies w < —1/3,

required for the accelerated expansion.

The background evolution during inflation is commonly characterised by the Hubble
‘slow-roll’ parameters € and 7, defined as

ez—%=g<l+§), nzé (2.59)
For a sufficient number of e-folds of accelerated expansion to take place one requires
that these slow-roll parameters stay small ¢,7 < 1. Thus the Hubble parameter
during inflation remains nearly constant, except towards the end of inflation when
the slow-roll parameters may become large. The Hubble parameter during inflation
is related to the scalar field profile using the Friedmann equation,

a_ 1
3M3,

1.
38+ Vi) (2.60)
For the slow-roll conditions to hold we require,

q'52
= — 1 2.61
‘oazm S (2.61)
to be satisfied for a long period of time. This means that the acceleration of the field

must also be small for which we define the parameter

§=——. (2.62)

The smallness of the second slow-roll parameter n = 2(e — 4) is then enforced by
€, |6| < 1. Under the slow-roll approximation we get the following set of equations,

3H+V'(¢) =0, H?’~w~ V(¢)

~ —"7 2.63
el (2.63)

Thus, in the simplest models inflation is driven entirely by the near constant potential
energy of the scalar field and the scale factor evolves grows almost exponentially with

timed.

5The universe having H = 0 is known as the de-Sitter universe with the scale factor growing as
a(t) = a(to)efl tt0),
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V(¢)

oO——

flat potential region

i ¢

end of inflation wg > —1/3

Figure 2.4: Inflation occurs in the flat region of the potential.

The flatness of the potential during inflation can be quantified in terms of the potential

slow-roll parameters,

M2 V! 2 v
EVE_M<_> <1, |77V|EM2| |

> 7 By <1 (2.64)

The potential slow-roll parameters are related to the previously introduced Hubble

slow-roll parameters 7, € as,
n
Ey RE Ny =R 2¢ — 5 (265)

Thus, slow-roll inflation occurs for any generic potential which is sufficiently flat. As
the inflaton field rolls down its potential, it eventually leaves the flat region of the

potential and inflation ends.

2.6.3 Reheating

Reheating refers to the post-inflationary era in which the matter and radiation com-
ponents of the universe are generated, typically from the decay of the inflaton. The
decay products then eventually scatter and thermalise, leading to a radiation domi-
nated universe. I provide here a brief qualitative description of how reheating may
occur. The interested reader may refer to [87-90] for a more comprehensive treatment

of the reheating process.

After inflation ends, the inflaton field oscillates coherently around the minimum of
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its potential ¢min. We can Taylor expand the potential around the minima as,
1 2
V(#) = 5m™(¢ — fmin)” +.... (2.66)

During this oscillatory phase, the inflaton field behaves like pressureless matter (av-
eraged over several periods of oscillation) and dominates the energy density of the

universe.

We now introduce a coupling between the inflaton and a scalar field y, which is a
surrogate for the known particles of the Standard Model. Let T" be the decay rate of

the inflaton into x. Then the equation of motion of the inflaton becomes
b+ 3H¢ +Td+m?p = 0. (2.67)

As H decreases with time after inflation, the interaction term takes over and reheating
is said to be completed when I' = H. The temperature when this happens is called
the reheating temperature T, and can be estimated, given a form for the coupling

between the inflaton and .

The simple description above ignores additional non-perturbative effects that can play
a crucial role in the reheating process. An important example is the fact that the
inflaton oscillations back-react on the evolution of x and can exponentially enhance

the production of x through resonance effects.

2
%k + 3Hx, + (% +f (¢)> xk = 0. (2.68)

Here, f is a function of ¢ determined by the coupling between ¢ and x. These
resonance effects can dominate in the initial phase of reheating which is why this
phase is sometimes called preheating. Eventually, preheating becomes inefficient and

the perturbative effects described above may take over.
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CHAPTER 3. PRIMORDIAL PERTURBATIONS FROM INFLATION

Chapter 3

Primordial perturbations from

Inflation

Introduction

We now we turn to the study of the fluctuations of the inflaton field d¢(x, t), and how
they relate to cosmological observables such as the CMB and LSS. The content in this
chapter is adapted largely from the lecture notes by Baumann [91] and Riotto [92].

3.1 Quantum fluctuations in de-Sitter space

As a warm-up exercise, let us begin with a simple example and study the fluctuations
of a minimally coupled massless scalar field o (not the inflaton) during inflation
described by the action of (2.54). For simplicity, we neglect the the back-reaction
of the field on the background!. Splitting the field into a homogeneous part and
a fluctuation we can write o(x,t) = &(t) + do(x,t). The evolution equation for the

homogeneous part is the same as (2.55), while for the fluctuations it is

k:2
66 +3Hdoy + E(SO'k =0. (3.1)

Here, we have used the following convention for the Fourier transform,
d3z

fet) = [ Gy feme™ (32)

1We will need to take this into account when we study the fluctuations of the inflaton field ¢.
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Next, we define u = ado and switch to conformal time 1 to obtain?,

al/
ujp + (k2 - —) uy = 0. (3.3)
a
—_———
time dep. w(n)
This is the equation of motion of a harmonic oscillator with a time dependent fre-

quency w(n) = k? — a”/a and can also be obtained from the following kind of action
1 1 "
5=, / dn dx [E(u')2 — @) + 2. (3.4)

It is instructive to study the sub-Hubble (k <« aH) and super-Hubble (k > aH) limits
of equation (3.3). Assuming an exactly de-Sitter spacetime where a(n) = —1/(Hn),

we obtain an oscillatory behaviour for the short wavelength modes

up + k?up =0 = wuy o exp{xik - x}. (3.5)

For the long wavelength modes we obtain a growing and decaying mode solution

"
" a -2
Uy = —UKx = Uk X a,a °.
a

(3.6)

Focusing only on the growing mode solution, this implies that the original field fluc-

tuation do = u/a freezes on super-Hubble scales.

A general solution of (3.3) can be written as
uk = ag ug(n) + alyug(n) (3.7)

with ug(n) and u}(n) being two linearly independent solutions and a,_, a;f being some
constants. It will later turn out that these represent the creation and annihilation
operators, respectively. The Wronskian of the mode functions is independent of time
and can be taken to be

Wlu,up] = upuf — upuy = —1, (3.8)

since we can always rescale the mode functions uy — Aug.

Quantisation of these perturbations requires that we promote the field v and its
canonically conjugate momentum 7 = §L/6u’ = u' to quantum operators 4 and #

with the standard commutation relation,

[a(n, x), *(n,y)] =i6(x —y), [a(n,x),4(n,y)] = [*(n,x),7(n,¥)]=0. (3.9

2Eq. (3.3), when applied to the inflaton field fluctuations, leads to the famous Mukhanov-Sasaki
equation of inflationary cosmology, e.g. see [91].
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The constants af now become operators d; such that the field operator 4 can be

written as
. Bk [, kx| A —ikex
a(n,x) = /—(27r)3 [akuk(n)e’k + ay uk(n)e ik ] (3.10)

The commutation relation (3.9) and our normalisation of the Wronskian now ensures

that
a5, @] = 0(k—K) and oy, a5] = [af, 8] =0. (3.11)

Thus, the operators &lf can be thought of as the usual creation and annihilation

operators with
410y =0, 4]0) = k). (3.12)

We can then proceed to create general quantum states through repeated actions of

the creation and annihilation operators.

3.1.1 Choice of vacuum

The vacuum state in our theory has not yet been uniquely defined. To do this, we
need to find a set of mode functions that minimises the expectation value of the
Hamiltonian. In general time dependent space-times, this is not so simple since the
minimum energy state can itself depend on the time at which it is defined, in this
case due to the time dependent frequency w(n). One can still find a vacuum state
that minimises the energy at a given time g, i.e. an instantaneous vacuum state
but this is not guaranteed to be the minimum energy state at a later time ¢;. For
(quasi)de-Sitter space-times, we can observe that at very early times all the k-modes

of interest were sub-Hubble,
i<<1f0r|k|<<1 (3.13)
o n . .

They have time independent frequencies w = k? — 2/n* — k2 and do not feel the
effects of the expansion. Thus, the Minkowski vacuum state can be chosen as the

initial state for the fluctuations in de-Sitter spacetimes,

1 .
li = ¢ tn 3.14

This choice of vacuum state is called the Bunch-Davies vacuum.
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The vacuum state in the far past:
When a given k-mode is sufficiently sub-horizon (|kn| < 1), the equation of motion can

be written as,
uf + kPug = 0, (3.15)

the same as that of a simple harmonic oscillator in flat space. Each mode has an energy
Ey, = |ug|" + k?|ug|?. Writing ug = rre'® gives,

1

By =i +rid + Kre,  ridid = -3 (3.16)

This is minimised with r{> = 0, r, = 1/v/2k. We integrate to obtain d, = —kn up to an

irrelevant phase factor and finally arrive at,

lim wg(n) = e~k (3.17)

kn——o0

5
Bl

as the minimum energy state in the far past.

3.1.2 Power spectrum

Coming back to (3.3), we can write a general solution as,

()= A (1 d ) BE (1 d ) (3.18)
up(n) =A~—— (1— — ) +B==(1+—). .
SV ) AT

Imposing the Bunch-Davies vacuum sets A = 1, B = 0, thus the required mode

function is

() = e\;;}: (1 - k’—n) . (3.19)

Finally, the power spectrum is defined as vacuum expectation value (vev) of the

two-point function,
(Ofukcurer[0) = (27)8(k + k') |u | (3.20)

In position space we have
d3k
(2m)?

Now, recalling that the field fluctuations do were frozen on super-Hubble scales, we

(Olu(x, £)2(0) = 2 = / dInk Py (k). (3.21)

can evaluate the power spectrum Pj, (k) at Hubble crossing to get,

Pu(k) - (%)2

Pso (k) = p
Thus, the spectrum of fluctuations is scale invariant if the spacetime is exactly de-

(3.22)

k=aH

Sitter.

33



CHAPTER 3. PRIMORDIAL PERTURBATIONS FROM INFLATION

3.1.3 General field fluctuations in quasi de-Sitter

Let us build upon the previous result by first adding a mass term for the field fluctu-

ations. In the presence of a mass term, (3.1) becomes
" 2 2 —
uy + [k* + M*(n)]ux =0 (3.23)

where M?(n) = (m? — 2H?)a?(n). We can rewrite this equation in the form,
2

1 1 9 m
" 2 2 ° — 2_<2_ 0
uy + [k " (l/ 4)] ux=0, v 1 (3.24)

For real values of v, and imposing the Bunch-Davies vacuum condition, the solution
is
™ s
e = LT 11D% =5 HD (), (3.25)
where H,El) is the Hankel function of the first kind. In terms of do, we have on

super-Hubble scales,

3

H [\
60| ~ \/m(ﬁ) (3.26)

In this case, the fluctuations are not constant and have a small time-dependence on

super-Hubble scales due to the mass term.

Finally, we consider the case of inflationary backgrounds where the spacetime is not
exactly de-Sitter but has small deviations from it, quantified by the slow-roll parame-
ters of (2.59) which we assume to be small. At first order in the slow-roll parameters,

the relation between the scale factor and the conformal time is given by

a=—Late, Lolioise (3.27)
~ Hp " a  n? ' '

We can now solve (3.23) using these relations to find,

H, 2 k 3—2v
'Pda—(ﬁ) (k_*) (3.28)

where v = 3/2 — e + m?/H? for e,m?/H? < 1, k, is a reference scale and H, is the

Hubble parameter evaluated at the time the reference scale crosses the horizon.
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3.2 Perturbations from inflation

Let us now calculate the inflaton field perturbations, taking the example of a single

field slow-roll model with action,

S = [dsv=g|5 - 59" 0.0,6 - V(&) . (3.29)

where ¢ is the inflaton field. We split the inflaton field into a homogeneous part ¢(t)
and perturbations d¢(x,t). Here, one cannot proceed as in the previous section to
compute the perturbation spectrum. Since the inflaton dominates the energy budget
of the universe, its field fluctuations induce fluctuations in the stress-energy tensor 1},
and consequently perturbations of the metric tensor g,,,. The metric fluctuations then
back-react on the inflaton evolution through the perturbed Klein-Gordon equation —
in short, these fluctuations cannot be treated independently of each other. Let us

now take a look at these metric perturbations in more detail.

3.2.1 Metric Perturbations

The most general perturbations to the FLRW metric can be written as
ds? = aX(r) [~(1+ 24)dn? + 2B,da'dr + (8i; + hij)da'da’] . (3.30)

Here, A, B; and h;; are some unknown functions of both space and time, to be deter-
mined by solving the Einstein equations. We split the metric into the homoegenous

FLRW metric with perturbations on top

Juv = Gu + 5g;wa |5g,w| < |gp,y| (3.31)
~~
FLRW

Working to linear order in the perturbations, the inverse metric and its perturbations

are given by

g =g" +38g", 69" = —g"*7"P8gap. (3.32)

SVT decomposition

The metric perturbations can be decomposed into three independent kinds of fluc-

tuations based on their transformation properties under rotations — scalars, vectors
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and tensors (SVT). Scalars correspond to density perturbations, vectors to vorticity

and tensors correspond to gravitational waves.

A general vector field can be decomposed into the gradient of a scalar and a divergence-

less vector
B'=09'B + B, (3.33)

with 8°B; = 0. Along similar lines, a general rank-2 symmetric tensor can be split

into the following

2 _ _

hij = 205ij + 26,-63-E — gaijVQE + O(ZE]) n 2Eij, (334)
~ L N =
sc;Tar vector tensor

where 0'E; = 8iEij = EZ = 0. The significance of this decomposition can be under-
stood from the fact that scalars, vectors and tensors do not mix with each other at
linear order, thus we can solve for one kind of perturbation without needing to worry

about the other two [93, 94].

Gauge Issues

Consider a general transformation of coordinates,
ot 5t =gt —¢*, €@ =Tand ¢ =8,L+ L (3.35)

where 8;L; = 0 and the metric in the new coordinates now denoted as Juv- The

perturbations in the transformed metric can be calculated using

ds? = gy datda” = g, di*di” (3.36)
SO
di* di¥
Yy — a T
gaﬁ(x ) = dzo dxﬁg;u/(x ) (337)

As an example for the transformation A — A, we find

2
dz®\" .
goo = <_dx0> goo (3.38)

So for the metric in (3.30), one finds

a®(1)(1 +24) = (1 — 2T")a?(t — T)(1 + 24A)
=a?(7)(1 — 2T — 2HT)(1 + 24), (3.39)
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such that

A=A+T +HT,
B; = B; — 3;T + L, (3.40)

hij = hij + 2HT6;5 + 0;€; + 05&;.

Note that the quantity H = a’/a = aH is the conformal Hubble parameter. In terms

of the SVT decomposition introduced earlier, the transformations can be written as,

A A+T +HT, B—-B+T-L, Bi—B+1L;

1

C—>C+HT+§V2L, E—E+L, E;j— E;+L;, (3.41)

Eij — EU
The tensor perturbation E;; is manifestly gauge invariant. At first glance, it would
appear that the metric g,, contains 10 degrees of freedom. However, the gauge
freedom of GR means that not all of these degrees of freedom are physical. The
coordinate transformations parameterised by (T, L, L;) allow us to eliminate 4 out
of 10 of the metric perturbations, leaving us with 6 degrees of freedom — 2 scalars,

2 vectors and 2 tensors. One can see this for instance, by defining gauge invariant

variables through linear combinations of the previously defined quantities,
dp=A+H(B-E)+(B-FE), ¥;,=E,-B, (3.42)
1 _
Up=-C-HB-E)+ §V2E, E;;. (3.43)

The potentials ®p and ¥p here are the famous Bardeen potentials [95].

Gauge invariant quantities can be regarded as truly physical perturbations because
they cannot be removed by arbitrary gauge transformations. However, assigning a
clear physical meaning to these gauge-invariant quantities may not always be possible
and one may need to resort to fixing the gauge to relate these perturbations with
observable quantities. In what follows we shall only consider the case of scalar and
tensor perturbations, since these are the ones most relevant for inflation. Vector
perturbations decay in the absence of a source, thus their effects are rapidly washed

out by the inflationary expansion and can be ignored [94].

Newtonian gauge

The Newtonian or longitudinal gauge is defined by the conditions,

B=E=0. (3.44)
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In this gauge, we have
bp=A, UYp=-C. (3.45)

The gauge gets its name from the fact that evolution equations for the metric perturba-

tions in this gauge are most similar to their Newtonian counterparts.

Spatially flat gauge
The spatially flat gauge or the flat slicing gauge is defined by turning off the scalar

perturbations in the spatial part of the metric,
C=E=0. (3.46)

This gauge will turn out to be quite convenient for the purpose of calculating the inflaton

field fluctuations in section 3.2.3.

Comoving gauge
Another commonly used gauge choice is the comoving gauge, defined by requiring the

momentum flux of the perturbed stress energy tensor to vanish,
6T = 0. (3.47)

For a scalar field, this is obtained by expanding the scalar field stress energy tensor (2.56),

to linear order in the perturbations

¢/
M%:-E&M. (3.48)
Thus the comoving gauge condition reads,
dp = 0. (3.49)

An extensive review of cosmological perturbation theory can be found in [93, 94].

3.2.2 The curvature perturbation

An important quantity for the study of inflationary perturbations is the comoving
curvature perturbation R, which represents the curvature perturbation in the co-
moving gauge. The curvature perturbation C in a generic gauge is related to the
3-curvature of the spatial hypersurfaces as,

4

3 _ 2
®R= -5V (3.50)
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Thus, one can define the gauge invariant curvature perturbation R as

R = —C + ’H(S—(b R = _Clcomoving . (351)

¢’

The comoving curvature perturbation has a remarkable property — it remains constant

on super-Hubble scales (k > #) as long as the perturbations are adiabatic [96, 97].

Another useful quantity that one sometimes encounters in the literature is the cur-
vature perturbation in uniform density gauge,

1)
¢=-C+HZL. (3.52)
I
This quantity is also gauge invariant and represents the curvature perturbation in the
uniform density gauge. On super-Hubble scales, ( =& R and thus the two variables

can be used interchangeably [92].

Adiabatic and Isocurvature perturbations:
In a universe with multiple matter components or fields, two types of perturbations may
arise. The first type, adiabatic perturbations, refer to perturbations that correspond to

common, local time shifts along the background solution, e.g.

opi(x,n) = pi(n + on(z)) — pi(n)- (3.53)

The time shift dn(x) is common to all components i. As a consequence of this, one can

write
on ==Lt Vi (3.54)

Equivalently, this implies

Spi__ _0p;
14w, 14wy

(3.55)

for all 4, j. The perturbations generated during SFSR inflation are always of an adiabatic

nature.

On the other hand, models with multiple fields can excite perturbations orthogonal to the
inflationary background trajectory in field space [94, 98]. This implies that the relative
overdensities of the different components are not fixed as in (3.55). These isocurvature

perturbations are defined as,

. oo,
S, = 3H (5# - #) =3(¢ - G), (3.56)
P; p;

and are gauge invariant by definition.
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3.2.3 Curvature power spectrum

To compute the power spectrum of the curvature perturbation, we will switch to the
spatially flat gauge C' = 0. The advantage of using this gauge is that by setting the
perturbations dg;; to zero, we need only work with the inflaton fluctuations whose
evolution equation is essentially the same as that of a massless field in quasi-de Sitter
spacetime?,
. . k2

0¢p+3Hdop + gégb =0. (3.57)

By evaluating the power spectrum of the inflaton fluctuations at horizon crossing, we

can obtain the curvature power spectrum using,

_ 9 (%
R=Hy :>7>R(k)_(¢,

Using the results from section 3.1, we finally obtain

1 ( H\? k"
PrF) = oo (M_Pl) haH 2 (k_*)

where Ag and ng represent the amplitude and spectral index of the curvature power

) Prona ). 59

flat

(3.59)

spectrum and k, is a reference scale at which the inflationary quantities H, €, i are

evaluated,

1 H,\? dlnPr
= — | — —1= = =26, — M =21y — . .
S 87'('26* (MP]) I Ns dln k € 77 "7V 66V (3 60)

The parameter ng is known as the spectral tilt and measures the deviation from
perfect de-Sitter geometry during inflation. During the slow-roll phase, the scale/time

dependence of ns can be neglected since € ~ i’ ~ O(e,n)?.

3.2.4 Gravitational Waves

The case of gravitational waves is now quite straightforward to analyse. Expanding

the Einstein-Hilbert action to second order in h;;, we obtain

M2
Sh(2) = Tm /dn d3I a2 [(h11)2 - (8mhij)2] . (361)

3More precisely, this is true up to subdominant slow roll corrections which give a small effective
mass (m « nv < 1) to the inflaton field [99, 100]. In general, these corrections may not remain small
towards the end of inflation which is why it is convenient to switch to the curvature perturbation R
at the time of Hubble crossing.
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Fourier expanding h;; as
d3k T ¥y /
hij (ta X) = /W Zef}(k)hk(n)e’kx, k‘iﬁl)\] =0 and 6%6% = 25)\)\/ (3.62)
A

and defining the canonically normalised field

_ aMplhk

: (3.63)

Uk

we obtain

S =5 X [ ands [0 - (¥ - ) 0y (3.64)

This gives us essentially two copies of the scalar field action (3.1) that we have seen

previously. Thus, the tensor power spectrum can be written as

Po(k) = 2Pa(k) = 22 (3.65)
T = h = —— .
T2MR) | j—am
Equivalently, one can write
2H2 [k \™ E\™
k)= "2 — =A; | — .
Pr) = i (£) =4(z)} (3.66)

where ny ~ —2e¢, is the tensor tilt and A the amplitude of the tensor power spectrum.

As can be seen from (3.65), the amplitude of the tensor power spectrum depends
only on the the value of the Hubble parameter during inflation. Thus, a detection
of primordial tensor modes allows us to directly probe the energy scale of inflation,
within single field slow-roll (SFSR) models. SFSR models also predict a slightly red
tilted spectrum ny < 0 with the tensor tilt related to the tensor-scalar ratio,

A
r="%=16c = —8n;. (3.67)
As

This is known as the tensor consistency relation of SFSR inflation.*

The tensor-scalar ratio can also be related to the field excursion during inflation [101],

A¢ r
Vo = O Yot (3.68)

Here, A¢ is the difference in field values between the time the CMB scales exited the
horizon and the end of inflation. The above relation, known as the Lyth bound, tells us
that » = 0.01 requires the inflaton field to traverse super-Planckian distances during
inflation. Obtaining such large field excursions is known to be quite challenging in

theories of quantum gravity [46].

“Models of inflation which are single field, but with non-canonical kinetic terms, non-minimal
couplings to gravity and more generally, the EFT of single-field inflation, may not necessarily obey
this one-to-one relation, see [58] for a review.
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Figure 3.1: Generation of perturbations during inflation, their super-horizon conser-
vation and subsequent horizon re-entry during the radiation and matter dominated
eras.

3.3 From Inflation to Observations

During inflation all modes are stretched to super-Hubble scales and the constancy
of R allows us to relate the curvature perturbation generated during inflation to the
large scale density fluctuations observed today. Essentially, Ry (and also hg) remains
constant after the mode k becomes super-Hubble during inflation. After inflation
ends, the universe reheats into a radiation dominated phase and the comoving Hubble
radius (aH)~! starts increasing. Eventually the mode ‘re-enters’ the horizon (k = aH)
during radiation or matter domination as illustrated in Figure 3.1. This sets the
initial conditions for the perturbations of the matter and radiation components that

constitute the universe.

Observed quantities such as the CMB anisotropies or the inhomogeneities in the distri-
bution of large scale structure can be written in terms of the primordial perturbation

Ok (n) = Tu(m)RE™™. (3.69)

Here T}, denotes the transfer function that accounts for the post-inflationary evolution

of the perturbations.

In what follows I briefly describe the CMB anisotropies and discuss how their obser-
vations provide us the strongest evidence for inflation. An exhaustive treatment of

CMB anisotropies can be found in the textbook by Durrer [102].
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—300 1K 300

Figure 3.2: Map of temperature anisotropies from Planck [103].

3.3.1 CMB anisotropies

In Figure 3.2, we show a map of the CMB temperature anisotropies as observed the
Planck [103]. The CMB temperature is seen to be nearly uniform across the sky
with small fluctuations having a typical magnitude AT/T ~ 10~5. This temperature

anisotropy, being a function of the sky direction 7, can be expanded in spherical

harmonics as,

O(R) = 57 () = X atm Yo (). (3.70)
Im

The ay,, are the multipole moments
Gt = / EhYy (7)8(R), (3.71)

and can be combined into the rotationally invariant angular power spectra

1

Ce=gr1

Z(agmazm), or <agma},m,)=6gg/5mm10¢, (3.72)

m
assuming statistical isotropy of the background. The angular power spectrum is an
extremely useful quantity as it allows us to compress the millions of pixels carrying in-
formation about the temperature anisotropies into a much smaller set of numbers. For
Gaussian random fields, this compression is completely loss-less since the power spec-
trum contains all the information about the statistical properties of the fields [104].
Furthermore, since inflation predicts only the statistical properties of the primordial
perturbations and not the actual values of the perturbations themselves, the angular

power spectrum is the ideal quantity to work with. The ay,, and Cy can be written
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in terms of R° as

4W(ze_";)e = / (;i’;g A7 (k) RiYem(k), Cp= % / k2dk Pr(k)(AT)2 (k).  (3.73)

The harmonic transfer function Ag accounts for several different effects — namely the
gravitational redshift, coupled oscillations of the photon-baryon fluid and diffusion
damping effects on small angular scales. The formalism for CMB polarisation is
more mathematically involved, since polarisation is described by a spin-2 field on
the sphere rather than a scalar function and the corresponding transfer functions are
more complicated. The analytic expressions for the transfer functions can be found
in [105-108]. Typically, these are calculated numerically using Boltzmann codes such

as CLASS [109, 110] or CAMB [111].

The primordial fluctuations that source the CMB anisotropies are observed to be
nearly scale invariant with a slight red tilt, Gaussian and adiabatic. The CMB fluc-
tuations are correlated on scales much larger than the causal horizon at recombination
and were generated with coherent phases®, as evidenced by the acoustic peaks in the
angular power spectrum of the CMB anisotropies. All of these observations are ele-
gantly predicted by the simplest models of inflation. The primordial power spectrum

amplitude and the tilt have been inferred to be [15],

In(10'°4,) = 3.044+0.014, ny = 0.9649 +0.0042|, (3.74)

assuming the base ACDM model with no evidence for the running (scale dependence)
of the spectral index. The results quoted above are at 68% CL and obtained from
the Planck TT,TE,EE+lowE+lensing datasets [15].

B-mode polarisation

The linear polarisation of the CMB can be specified in terms of two fields F and B,
which represent the ‘gradient’ and ‘curl’ modes of the polarisation field (Figure 3.3).
While tensors generate both E and B-modes [107, 108], scalar perturbations cannot

generate B-mode polarisation at linear order [113]. This implies that the detection of

50ne can also write similar expression for the temperature anisotropies from tensors. This con-
tribution is much smaller than the one from scalars (since r < 1) and we shall study it further in
chapter 6.

6In other words, SFSR inflation excites the cosine mode of perturbations, i.e. the perturbations
start off as Rx = 0 on super-horizon scales and interfere coherently at recombination, producing the
characteristic peaks and troughs in the (I'T), (EFE) and (T'E) spectra [112].
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Figure 3.3: For a given point on the sky, B-modes appear to ‘curl’ around that point
whereas F-modes lie either parallel or perpendicular to the radial direction. Image
credit: APS/Michael Schirber.

a primordial B-mode polarisation would provide proof of the existence of inflationary
tensor perturbations, and give us access to the energy scale of inflation B-mode po-
larisation has not been detected so far and measurements from the CMB temperature

and polarisation have been able to place an upper bound on 7, obtaining [35, 114]
ro.002 < 0.032, (95% C.L.) (3.75)

assuming the tensor consistency relation holds. The next generation of CMB exper-
iments such as the BICEP Array [42], Simons Observatory [43], LiteBIRD [45] and
CMB-54 [115] will be sensitive to values of r 2 0.001, allowing for either a detection
or further constraints on inflationary models. So far, the non-detection of r, along
with the constraints on ng has already ruled several inflationary models, as depicted
in the inflationary ‘zoo’ plot in figure Figure 3.4. The Starobinsky (R?) model of
inflation [37, 38], is currently in excellent agreement with the data and intriguingly,
its prediction of = 0.002 will be within the reach of LiteBIRD and CMB-S4. Other
models of inflation such as the ones with monomial potentials ¢P [27], and natural

inflation [40] are strongly disfavoured by the data.

Deviations from the tensor consistency relation can also occur when one goes beyond
the slow roll scenarios or considers models with multiple fields, alternative symmetry
breaking patterns (see ref. [58, 59] for a review). Future CMB experiments will also
be able to test for these deviations from SFSR scenarios and an example of this is

studied in Chapter 6.
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Figure 3.4: Predictions of selected inflationary models assuming between 50-60 e-folds
vs 68% and 95% contours from Planck, BAO and BICEP in the ns—r plane. The
data for the figure is obtained from [35, 41].

3.3.2 GW at interferometer scales

The present day spectral energy density of gravitational waves, denoted by Qaw,
is typically used to describe the sensitivities of interferometer experiments. This

quantity is defined as [116],

1 dpew _ Pr(k)
por dlnk — 12HZ

Qaw(k,n)o) = [T (k,m0)]° |, (3.76)

where p,; is the critical energy density (2.35). The transfer function T'(k,n) accounts

for the time evolution of the primordial tensor perturbation [117], i.e.

hi(n) = T(k,n) RE™™. (3.77)

Taking into account the current constraints on r and extrapolating the SFSR tensor
spectrum to interferometer scales, we see that the GW amplitude is going to be
too small to be detectable in future experiments, with the possible exception of the
proposed Big Bang Observer (BBO) [118] (fig. 3.5). On the other hand, several models
of inflation beyond the SFSR paradigm do predict sizeable GW signals at small scales,
which may be observable with next generation experiments (see Figure 3.5). Possible

scenarios include the following:
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Figure 3.5: GW from inflation — the future observational landscape.

o Gravitational waves sourced by additional fields [119-134] (e.g. axion gauge
fields [125, 126] or an additional spin-2 field [127-129]), or due to enhanced
second order curvature perturbations on small scales [135-138].

hi; + 2Mh}; + k*hij = 167Ga’II];" (3.78)

Here, H;f’;-T is the transverse-traceless part of the anisotropic stress. GW in the

latter scenario are sometimes called scalar-induced GW (SIGW) and may be

accompanied by primordial black hole formation, due to the enhancement of

the small scale curvature perturbation [63, 64].
7 can lead to

o Inflationary models with alternative symmetry breaking patterns
a non-zero mass for the tensor modes and consequently a blue tilted tensor

spectrum [140-147],
k™ 2m?
Pi(k) = Ay <k_p> » M~ 3 (3.79)

The tensor mass in such cases is related to the (small) symmetry breaking

parameters of the theory.
"In contrast, standard single field inflation can be thought of as a theory of weakly broken time

translations, with the small symmetry breaking parameter e [139].

47



CHAPTER 3. PRIMORDIAL PERTURBATIONS FROM INFLATION

A non-slow roll phase to enhance the would-be decaying mode [148, 149],

. . k2
hij + 3f(t)Hhi; + Ehij =0. (3.80)

Inteferometeric observations will also open up the possibility to map the SGWB
intensity across the sky, much like the CMB and its anisotropies. The physics of
SGWB anisotropies and their detection prospects are studied in Chapters 4 and 5.

3.4 Primordial non-Gaussianity

Non-Gaussianities, i.e., correlations beyond the 2-point function encode the interac-
tions of the inflaton and allow us to probe the inflationary action beyond the free
field limit [150-158]. The additional information provided by non-Gaussianity can
also help to distinguish inflationary models from each other, beyond what can be

done using the power spectra alone.

The primary diagnostic of non-Gaussianity is the bispectrum® Bgr, defined as the

3-point function in Fourier space [62],

(Ri, RiyRis) = (2)38(ke1 + k2 + k3) Br (K1, k2, k3) (3.81)

The delta function enforces momentum conservation and arises due to the translation
invariance of the background. Rotational invariance of the background further implies

that the bispectrum is independent of the orientation of the triangle formed by the k;.

3.4.1 Amplitude and shapes of non-Gaussianity

For scale-invariant perturbations?, it is customary to write the the bispectrum in the

following manner,

18 S(xQ, m3)

Brk, ko, k) = 2 faw G oon s

Pz (3.82)

8 At next order in the perturbations lies the trispectrum [159-165], which refers to the 4-point
function in Fourier space.

9Although we only focus on scale invariant examples here, the running of the bispectrum i.e. its
dependence on K = ki + k2 + ks can also be important [62].
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The amplitude of non-Gaussianity fnr, is defined as,

) BR(k) k, k)

hu) = 55~ 0

(3.83)

On the other hand, the shape S of the bispectrum describes its dependence on the
momentum ratios 2 = ka/k1 and 3 = k3/k; and is normalised as S(1,1) = 1. Some

of the typical shapes of the bispectrum generated during inflation are described below:

Local shape

This shape gets its name from a local parametrisation of non-Gaussianity in real

space,
3
(@) = (@) + £ [ (@) — ()], (3.89)
with (4 a Gaussian field. In Fourier space, the local bispectrum reads,
6 A2 k?
Br(ki, k2, k3) = — R L 12 e :
= (k1, k2, k3) 5fNL(klk2k3)3 (k2k3 + perms) (3.85)

The shape function in this case is

1

Kt
Sloc = g (@ + 2 perms.) . (386)

Let us order the momenta as k1 < ke < k3, without loss of generality. We now see

that the local shape is peaked for squeezed triangles with ki < ko ~ k3.

Equilateral shape

The equilateral shape bispectrum is peaked for equilateral triangles k1 = ko = k3 and

can be described by the following template

k2
Seq = (:—; +5 perms.) - (F]lcg +2 perms.) —2. (3.87)

This type of non-Gaussianity is typically generated by higher derivative interactions
which are suppressed when any of the modes are outside the horizon, but are sizeable

when all the modes are the size of the horizon scale.
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Orthogonal shape

The orthogonal shape is defined phenomenologically as a shape that has minimal

overlap with the local and equilateral shapes,

k2 k
Sortho = —3.84 [ —— + 2 perms. | + 3.94 (—1 +5 perms.) —11.10. (3.88)
k2k3 k2

The overlap is checked by computing the cosine C(S1, S2) between two different shapes
S1 and Sy through,

S1 -89
V(S1-81) (82 S2)’
Here we defined To = k‘2/k1 and I3 = k3/k1.

C(Sl, Sz) = Sl . 52 = /Sl(xz,Ig)Sz(xg,w3)dw2dl'3. (3.89)

In general, the level of non-Gaussianity within vanilla SFSR inflation,'® whether in
the local or equilateral shape, is expected to be quite small with fn;, < 1 [150-
153]. On the other hand, single field models beyond the vanilla scenario, models
with multiple fields or models with alternative symmetry breaking patterns provide a
way to generate larger levels of non-Gaussianity, see e.g. [140-146, 156-158, 166—182].
The subject of non-Gaussianity from inflationary models is reviewed in further detail

in [61, 62].

3.4.2 In-In formalism

Let us now review how to calculate the bispectrum and other higher order correlation
functions in an inflationary background using the in-in formalism [183-189], which is

an application of quantum field theory to time dependent backgrounds.

Our goal is to calculate the expectation value of a general operator @ = d¢16¢s. . .,
which may be a product of several different field perturbations, at a given time t,

usually taken to be the end of inflation,

(@) = (QUQ®)|). (3.90)

Here  denotes the vacuum of the interacting theory at some point ¢; in the far
past. This is in contrast to the standard in-out formalism of particle physics used

to calculate transition amplitudes for a given state in the far past to evolve to a

10This refers to simplest class of SFSR models with the inflaton field minimally coupled to gravity,
having canonical kinetic terms and starting from Bunch-Davies initial conditions.
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different state in the far future. However, in cosmological space-times one cannot
define asymptotic free states in the far future since gravitational interactions will

always be present, even if all other interactions are switched off.

The in-in computation strategy can be summarised as follows. We split our Hamil-
tonian into a classical background, a quadratic kinematic part Hy and interactions
Hiyn. Working in the interaction picture, we evolve the fields Q(t) back to ¢;, using
the quadratic Hamiltonian Hy and then treat the interactions as a perturbative series

in Hint-

At the end (see Appendix A for the full derivation), we arrive at the following result

(Q()) = (O[T e oo il o gyt [t B )3 g | (3.91)

where T represents anti time-ordering and the —oo®™ = —oo(1 F i€). Here, both Q
and Hj, are evaluated in terms of the interaction picture fields. The tree level effects
of the interaction are encapsulated in the expansion of the above expression to first

order in Hjy, giving us

QWi =i [_at 0l1QE), Hiua 1) (392

Using this formalism, one may then calculate the non-Gaussianity associated with a

given model of inflation.

3.4.3 Single field consistency relation

For SFSR inflation with canonical kinetic terms and Bunch-Dayvies initial conditions,
Maldacena used the in-in formalism to show that the the 3-point function in the

squeezed limit takes the following form [151],

lim (Ri, Ri,Ris) = (21)26% (k1 + k2 + k3)(1 — ng) P (k1) Pe(k3) | (3.93)
k1<kka, ks

Here, ng is the scalar spectral index. This result has been shown to be valid for
all single-field models [190-192] and is known as the consistency relation of single
field inflation.!' In general, the consistency relations of single-field inflation relate
the soft limits (k — 0 for one of the momenta) of N point correlation functions to

symmetry transformations of N —1 point correlation functions of the hard-momentum

Not to be confused with the tensor consistency relation of eq. (3.67).
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modes [160-162, 193-200]. Similar relations also apply to the case of multiple soft

limits.

The consistency relation eq. (3.93) corresponds to the fact that when the inflaton is the
only dynamical field, the effect of a long wavelength mode can simply be reabsorbed
into a rescaling of the coordinates. Since de-Sitter correlation functions are scale
invariant due to the scale invariance of the background, this contribution is non-zero
only to the extent of the deviation of the background from a pure de-Sitter geometry,
quantified by (1 — ng). In addition, it has been shown the consistency relation part
of the squeezed bispectrum is not observable. It is a gauge artifact and the physical
effects of the squeezed bispectrum in cosmological observables are highly suppressed,

appearing at O(k?/k32) [201-206].12

Thus, a detection of large non-Gaussianity in the squeezed limit would be highly
suggestive of a multi-field realisation of inflation. Observably large squeezed limit
non-Gaussianity may typically be generated if the consistency relations are violated,
which is possible in models with additional fields [127, 171, 208-213], non-Bunch
Davies initial states [178, 214-219] and alternative symmetry breaking patterns [140—

145], to name a few.!3

3.4.4 Cosmological collider physics

Additional fields during inflation can leave distinctive signatures in the squeezed limit
non-Gaussianity, allowing us to probe their mass, spin and interactions during infla-
tion [208, 227-234]. For this reason inflation has sometimes been referred to as a
cosmological collider and the corresponding primordial non-Gaussianity as a parti-
cle detector. As an example, the contribution to the curvature bispectrum from an

additional field o (Figure 3.6) has the following characteristics [229, 233]:

e Angular dependence arising from the spin s of o

k1<illgl~k3 <Rk1Rk2Rk3> 0.8 Ps(kl . k2), (3.94)

where P, denotes the Legendre polynomial of degree s.

2However, see ref. [207] for a different take on this matter.

13 A non-attractor period in single-field inflation may lead to a violation of Maldacena’s consistency
relation [220-225], but the size of observable squeezed limit non-Gaussianity is still expected to be
extremely small [226].
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(o}

Figure 3.6: Cosmological collider example — inflationary correlation functions arising
from the exchange of an additional field o.

e A non-analytic scaling and oscillatory behaviour in the squeezed limit

. 1 k1 3/2 me k1
k1<illgl~k3<Rkle2Rk3> x % (k_z) cos [F In (k_z) + a] , (3.95)

for m2/H? > (s —1/2)? and with « a phase factor.

Thus, we see that the squeezed bispectrum carries information about the masses
and spins of additional fields during inflation. We will revisit the subject of non-
Gaussianity in Chapter 5 where we shall study the ability of GW interferometers
to probe primordial tensor non-Gaussianity and observe certain cosmological collider

signatures.

Currently, primordial non-Gaussianity remains undetected with the most stringent
bounds on scalar non-Gaussianity coming from the Planck 2018 data. The ob-
tained constraints are ff* = —0.9 £5.1, fyi" = —26 £ 47, and fge =38+ 24 at
68% CL [235]. Reaching experimental thresholds where the single field nature of in-
flation can actually be tested (o, ~ 1) is an important target for future CMB and

LSS probes [236].
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Chapter 4

Gravitational wave anisotropies:

theory and applications

This chapter presents the results of the following articles:

e E. Dimastrogiovanni, M. Fasiello, A. Malhotra and G. Tasinato, “Enhancing
gravitational wave anisotropies with peaked scalar sources,”;, JCAP 01 (2023),

018, [arXiv: 2205.05644] (appears as [4]).

e A. Malhotra, E. Dimastrogiovanni, G. Doménech, M. Fasiello and G. Tasinato,
“A new universal property of cosmological gravitational wave anisotropies,”

[arXiv: 2212.10316] (appears as [5]).

4.1 Introduction

The detection of stochastic gravitational wave backgrounds (SGWB) has long been
an important goal for gravitational wave astronomy. Several PTA collaborations have
recently reported strong evidence for a stochastic gravitational wave background, rep-
resenting a major triumph for the field [68-71]. Although the inferred properties of
the signal appear to be compatible with an astrophysical background arising from a
large number of supermassive black hole binaries in their inspiral phase, a possible cos-
mological origin cannot yet be discounted [72, 73]. Cosmological backgrounds may be

produced during high-energy processes in the early universe — inflation, phase tran-
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sitions, cosmic strings and primordial black holes, to name a few (see [59] for a review
of possible mechanisms). The discovery potential of such cosmological backgrounds
is immense, especially in light of the fact that the universe is transparent to gravita-
tional waves below the Planck scale, meaning that the detection of these backgrounds
may provide us a pristine snapshot of the early universe. Future experiments such as
ET [66], CE [67] (1-103Hz) and space-based experiments including LISA [65], Taiji
[237] (10~%-10! Hz), are also well poised to observe such cosmological backgrounds

and are all expected to begin operations around 2035.

The possibility of detection with interferometers as well as PTAs provides us with
an opportunity to the measure the direction dependence of the SGWB [238-252]. In
general cosmological backgrounds are expected to be predominantly isotropic with a
small level of anisotropies (~ 10~* relative to the monopole) arising from the fact
that GW propagate in a perturbed universe [253-256]. The specific SGWB produc-
tion mechanism can also imprint an anisotropic component which can be much larger
depending on the model under consideration. Thus, these anisotropies carry pre-
cious information about the primordial perturbations, complementary to the CMB

anisotropies, and also the SGWB production mechanism.

Astrophysical backgrounds are also expected to be anisotropic, with the anisotropies
reflecting the inhomogeneous distribution of large scale structure [257-274]. As a
result they are strongly correlated with observables such as galaxy clustering, weak
lensing etc. [258, 259, 266, 269, 270, 274]. Techniques to separate the monopoles
of astrophysical and cosmological SGWB, based on their different frequency/time
dependence, have been proposed in [275-284]. Developing a comprehensive under-
standing of the different properties of cosmological and astrophysical background
anisotropies w.r.t their frequency and multipole dependence, and cross-correlations
with CMB/LSS, will be essential to also separating the different anisotropic compo-
nents in the SGWB map. Component separation techniques, which have proved to
be successful in the CMB case [103], may then be applied to the SGWB too, as shown

recently in [285].

Recent works have studied the anisotropies of cosmological backgrounds and their ef-
fectiveness in probing the early universe, focusing on phase transitions [286, 287, 287—
290], non-Gaussianity [1, 2, 291-296|, cosmic strings [297-300], preheating [301,

302], ANg [303], and various other pre-recombination scenarios [304]. Their cross-
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correlations with the CMB temperature and polarisation anisotropies have been in-
vestigated in [304-306] using numerical methods. A comprehensive review of these

scenarios was also carried out in [246].

To analyse these anisotropies, we first need a theoretical framework. This is provided
by the line-of-sight (los) formalism, which was recently applied to gravitational waves
in [254-256]. This extremely powerful formalism allows for a description of the SGWB
anisotropies in a manner similar to those of the CMB [75, 307], with the SGWB
anisotropies also feeling the familiar Sachs-Wolfe (SW) and an integrated Sachs-Wolfe
(ISW) effect. Another contribution arises from the model dependent initial condition

term, which represents the SGWB density perturbation at the time of production.

This chapter focuses on the physics of these gravitational wave anisotropies, starting
with a review of the los formalism in section 4.2. In the same section I then discuss
some aspects of the GW initial conditions for the case of adiabatic primordial pertur-
bations and draw a connection between the los results of [254-256] and the approach

of [253], as first presented in [4, 5].

Section 4.3 is based entirely on [4]. Here, I study the anisotropies of cosmological
SGWB induced via second order effects of the primordial curvature perturbation [135—
138]. Even though scalar and tensor perturbations are decoupled from each other at
linear order, at second order this is no longer true as the sub-horizon primordial scalar
perturbations source gravitational waves through their anisotropic stress. Significant
interest in such scalar induced gravitational waves (SIGW) stems from their strong
connection to the physics of primordial black holes (PBH), which are a candidate for
dark matter [308, 309]. The formation of PBH typically involves the enhancement
of the scalar perturbation on small scales [64], inevitably accompanied by SIGW
which may peak at frequencies relevant for LISA or ET, depending on the PBH
mass. Through the representative example of a log-normal, we demonstrate how a
sharply peaked curvature power spectrum imparts a distinctive frequency dependence
to the SIGW and its anisotropies. We then discuss the implications of the frequency

dependence for the anisotropy detection.

Section 4.4 presents the results of [5] where we go back to the topic of GW ini-
tial conditions for both adiabatic and isocurvature primordial perturbations. In the

adiabatic case we prove that the GW anisotropies are completely insensitive to the
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equation of state (eos) of the universe before BBN, leading to a completely universal
result for the anisotropies of all early universe SGWB. Indeed, there exist several
well-motivated early universe scenarios which lead to a departure from the standard
radiation dominated (RD) universe (ref. [310] provides a review of such scenarios). In
brief, the possibilities include a period of early matter domination due to the coherent
oscillations of a scalar field [311], a period of kinetic energy domination (‘kination’) in

quintessential inflation [312-316] or even a kination phase inside the RD epoch [317].

Our results demonstrate that for anisotropies sourced by adiabatic perturbations,
the effects of a non-standard expansion history can only be observed at the level
of the SGWB frequency spectrum [318-339]. Deviation from the above-mentioned
universal result would then hint towards the presence of non-adiabatic sources of
perturbations in the early universe.! We then provide an example of this through the
curvaton mechanism [340-342] and derive the angular power spectrum of the SGWB
anisotropies for some representative curvaton scenarios, emphasising the differences

w.r.t the adiabatic case.

4.2 Line of sight formalism — a review

Following [254-256], we adopt the Newtonian gauge as the starting point for the

line-of-sight formalism,
ds? = a’(n) [~(1+ 28)dn* + (1 — 2¥)da?| , (4.1)

with a(n) the scale factor in conformal time, and ®, ¥ the gravitational potentials
(same as the Bardeen potentials of eq. (3.42) in this gauge). We describe the SGWB
by its distribution function f(z*,p#), with z# the position and p* the GW momen-
tum?. The total energy density of GW is given by an integral over the GW momenta,

paw = / d*ppf(p). (4.2)

As is customary, we work not with pgw but with the GW spectral energy density

LA similar point was first raised in ref. [253].

2The geometric optics approach to GW propagation forms the backbone of the line-of-sight for-
malism. This approach allows us to study the propagation of short-wavelength GWs in a background
that varies over length scales much larger than the GW wavelength [343-345].
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parameter Qgw(q), defined as [116]

1 dpew
per dlng ’

Qaw = (4.3)

where ¢ = |p|a is the comoving momentum of the gravitons and p. the critical
energy density of the universe. GW are massless, thus they propagate along the
null geodesics of the perturbed space-time. Let A\ be the affine parameter along the
geodesic, then the distribution function along the geodesic evolves according to the

Liouville equation [254-256],

daf

o = CLFI+ITF (), (4.4)
where C and I are the collision and injection terms. GW collisions can be safely ne-
glected at energies below the Planck scale, owing to the weakness of the gravitational

interaction. As for the injection term, this can be understood as the initial condition

of the GW distribution, for SGWB of cosmological origin [255, 256].

Then, one can show that the distribution function obeys the following Boltzmann-type

equation [254-256],

oF 0f . [o¥ o0
5‘n+8xin +q5‘q On  Oxt

nl] =0, (4.5)
where we have kept terms up to first order in the scalar perturbations. The derivation
closely follows the similar one performed for the CMB anisotropies e.g. see [75]. The
contribution from large-scale tensors can also be calculated [255], but similarly to the

CMB, this is smaller than the scalar one by roughly a factor r < 1.

We now split the distribution function into a homogeneous part and a perturbation
T" as follows,

af

flg,z) = f(q) — T(n,x,q,n) g (4.6)

The homogeneous part obeys,
of
— =0, 4.7
o (47)
and simply tells us that that the GW momentum redshifts as |p| o< 1/a and the
number density n oc [ d®p f(q) decays as 1/a3. This is completely consistent with
what we already saw in section 2.3.1 for relativistic particles. The homogeneous part

of the energy density can be related to the zeroth order distribution function as,

4
Qaw(g) = fj—” (i) f(@). (48)

cr \ A0
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One can introduce a spatial dependence to this quantity as,

1 " "
QGW(Q7 SB) = E /dzanW(na Z, Q) ’ (49)
where
q4
OJGW(ﬁ, T, Q) = f(ﬁ’ Z, q) . (410)
= Pcr

The SGWB anisotropy dgw observed today is [255, 256],

Seer = wew (7, 2, ¢) — Qaw(q)
oW =

Qaw(q)
4 dIn Qaw(q) .
o _ 8InQgw(q)
= [4 — nq]T, no = Blng

Moving on to the perturbation I', we find in Fourier space a CMB-like equation?,
I+ ikul = U — ikp®, p=k-n, (4.12)

with solution [255, 256],

70
T(0, k, ¢, 7) = / dn {6(n — n:)[®(k, ) + T

i

+ @ (k,m) + W' (k,n)} e~ =) (4.13)

where 79 denotes the conformal time at present and 7 = p is the direction of the GW
momentum. The initial perturbation to the distribution is denoted by I't = I'(n;, k, q)
and §(n — n;) represents the Dirac-delta in conformal time, with n; the time when
the GW are produced (or re-enter the horizon). For GW detectable at PTA or
interferometer scales, this corresponds to an initial time deep within the epoch of

radiation domination.

The quantity I can be expanded in spherical harmonics

D(7) = 3 Do Yo (). (4.14)

m

The spherical harmonic coefficients I'y,, can be obtained by inverting eq. (4.14)

i = 4m(=i)! [ i BTV (), (4.15)

3In the CMB case, the perturbation I" would correspond to the fractional temperature perturba-
tion, i.e. I' = AT/T [75, 255].
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where the function TV (k) combines the initial condition, the Sachs-Wolfe (SW),
and the Integrated Sachs-Wolfe (ISW) terms [255, 256], completely analogous to the
CMB case,

TV () = [ dn {601 — n)[@(k,n) + T

+ @' (k,m) + W' (k,n)} jelk(no — )} - (4.16)

Here, j; is the spherical Bessel function which arises from the expansion of plane

waves in terms of spherical waves using the identity,

L
e =and " 3 (=) je(kz) Yom (k) Yo (2)- (4.17)

L m=—{
We can now calculate the correlators of I', defined as,
(ComTom) = CF 608y (4.18)

where we assumed the statistical isotropy of the background.

Appendix B.1 relates this line-of-sight derivation, performed in the Newtonian gauge,

to the uniform density gauge calculation of [253].

4.2.1 Initial condition term

In general, the initial condition I'; is model-dependent. Its physical meaning can
be understood as the perturbation to the GW distribution function at the time of
emission which can be related to the initial GW density perturbation. In analogy

with the CMB case [346], we write,

paw(x /d3p fla [ mnfl“(m,m q,7 )]

_ i_j / dq F()¢® / g2l / ATy, (4.19)

Writing dpaw = pew — paw and integrating by parts4 on the R.H.S we find [4],

d?n
Pva+5pr——/de q9)¢* <1+4/—F1>

_, drew _ / hp ar(?, (4.20)
PGW 4

4Note that here we have assumed that T'1 is g-independent, just like the CMB. For the scenarios
we shall consider in this chapter, this assumption will indeed hold true. However, there do exist
scenarios where this g-dependence can be present with the specific form of the dependence related
to the SGWB production mechanism (see [255, 256] for an example).
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where 4I‘§0) denotes the monopole of I't and is the GW counterpart of the CMB
quantity 6, which describes the monopole of the temperature fluctuation at recom-
bination [75]. Since the large scale perturbations that will source I'; are super-Hubble
at the initial time, higher order multipoles can safely be neglected and we shall identify
I‘§0) = I'1. For instance, the velocity perturbation is v;  (k/H)®, thus is negligible

on superhorizon scales.

4.2.2 Adiabatic initial conditions

We now calculate I'; for adiabatic initial conditions,® set during the radiation domi-
nated epoch. Using the fact that the radiation density contrast during this epoch is
given by [346] (we have neglected the anisotropic stress and set ® = ¥),

0pr _ _os, (4.21)
pr
and by the condition of adiabaticity we find [4]
OpGwW _ 9Pr _ o . o LOPGW _ Ll (4.22)
PGW  Pr 4 pew 2

All quantities are understood to be evaluated at the initial time 7;. More generally,
in case the initial time corresponds to an epoch where the dominant component p has

an equation of state w, we obtain [5]

dpaw __9%p dpaw _ 8%
(I+wew)paw  p(1+w) PGW 3(1+w)

(4.23)

Here, we used dp/p = —2® and wgw = 1/3. An alternative derivation of these results

is also presented in appendix B.2.

Collecting together the results of the previous section, the quantity TeGW defined in

eq. (4.16) for adiabatic initial conditions is,

TEV (k) = 3@k, me)jelk(mo — 1) + f dn (®'(k,n) + ' (k,m)) Ge[k(0 — 1)

SW ISW

-~

(4.24)
with the initial time 7; taken to be during radiation domination (w = 1/3). Note
that in this case we have combined the SW and initial condition term since they are

completely correlated.

5 Adiabatic initial conditions may arise if the GW are sourced by a field which is also responsible
for generating the primordial curvature perturbation. As an example, if GW are sourced directly by
the dynamics of the inflaton and if the inflaton then reheats the universe, the GW initial conditions
would be adiabatic.

62



4.2.2 Adiabatic initial conditions
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Figure 4.1: GW anisotropies and a comparison with the CMB temperature
anisotropies. The relative contributions of the different terms are also shown. The
anisotropies are calculated using CAMB [111], assuming the best-fit values for the
ACDM cosmological parameters [15].

In fig. 4.1 we plot the GW anisotropies for adiabatic initial conditions. The fact that
the initial time 7; for GW is well before recombination results in striking differences
with the CMB. The large-scale modes of interest are all super-Hubble at the initial
time leading to negligible Doppler and quadrupolar anisotropies (not shown in the
figure). There are no acoustic peaks and the ISW effect is also larger in the GW case,
especially at higher-£ due to the much earlier initial time [303, 306]. The early-ISW
makes the difference here, whereas the late-ISW, which arises from the decay of the

potentials in a A-dominated universe, is the same for both GW and CMB anisotropies.

These GW anisotropies are also correlated with those of the CMB, both being sourced

by the primordial scalar perturbations. The resulting cross-correlation is defined as,
ComAr ) = CF " 6416 s (4.25)

where AZT(LE) denotes the spherical harmonic coefficients of the CMB temperature
or E-mode polarisation anisotropies. A detailed numerical study of the SGWB
anisotropies and their cross-correlation with the CMB has been performed in refs. [303—
306]. Further aspects related to the initial conditions, including the case of isocurva-

ture fluctuations will be discussed in section 4.4.
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4.3 Application: anisotropies for peaked GW spectra

We now apply the formalism of Sec. 4.2 to calculate the propagation anisotropy
spectrum associated to SIGW [135-137]. The results shown here are based on Section
3 of [4].

We are interested in scenarios having an enhanced curvature power spectrum on small
scales with a sharply peaked spectral shape. Taking a phenomenological approach to
the shape, we parametrize it around the peak wavenumber k., by a log-normal, i.e.

we take

PR(k)|k>>kCMB = \/2_—7TRA €Xp [ n 2(2/2]6 Y| . (4.26)

The parameter A is the width of the log-normal and A its amplitude.® Our choice
of the log-normal shape for the power spectrum is motivated by the fact that it can
serve as a useful proxy for a peaked spectrum. Such a spectrum can be realised in

several inflationary models which also produce PBH, see [347] and references therein.

4.3.1 Scalar induced GW background and its anisotropies

The observed GW energy density today arising from a log-normal scalar power spec-

trum is given by [347],

~1/3 2
_5 [ Gxs(Mk Qroh

Here g.s(nx) is the effective entropy degrees of freedom and Qgw, denotes the GW

energy density at the epoch of matter-radiation equality,

Q) =3 "o [ " d TV b kyPr(uk), (4.28)

uv?
with the function 7 (u,v) a complicated transfer function defined in Eq.(10) of [347].
We recall the definition of the SGWB anisotropies,

Saw(k,7) = [4 — no(k)]T(k,7), na(k) = dlnQew/dlnk, (4.29)

where I' was defined in Eq. (4.6). The propagation anisotropies that we consider in

this section are frequency independent, i.e. I'(k,7#) = I'(A) [255]. We do not include

6The Dirac-delta power spectrum Pr = Agé (In(k/k+)) is recovered in the limit A — 0.
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Figure 4.2: The dashed curves show the spectral tilt factor 4 — nq, the solid curves
show the GW amplitude Qaw /A4%.

other possible sources of anisotropies that could be present, e.g. anisotropies arising

from primordial non-Gaussianity due to a squeezed (¢3) bispectrum [291, 296].

From (4.29), we can see that a sharply peaked spectrum (|ng (k)| > 1) leads to an
enhancement of CZW relative to C} (see Eqs. 4.36) by a factor ~ O(10-1000) at
certain frequencies. In Fig. 4.2, we plot the quantities Qgw /A?2 and the spectral

tilt factor ng for representative choices of the log-normal width A.

Frequency profile of the SIGW:

One can understand features in the frequency shape of the SIGW at a qualitative level
using the example of a Dirac-delta curvature power spectrum, peaked at a wavenumber
k.. In this case, the resulting SIGW peaks at k/ky. = \/m, and has a pronounced dip at
k/k. = \/m, where the SIGW spectrum goes exactly to zero for a Dirac-delta curvature

spectrum. The presence of these features is explained by interference and resonant effects
in the scalar modes sourcing these GW [136-138, 348]. For a curvature power spectrum

that is narrow but not a Dirac-delta these features are smoothed out, leading to the

results we see in Fig. 4.2.
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4.3.1.1 Inflationary models with peaked spectra

There exist several inflationary models capable of producing such narrow peaks in the
GW spectrum. These include models with modified gravity [349], multiple fields [350—
355], parametric resonance [356-360], particle production [361] or models with non-
standard kinetic terms [148, 149], all of which can produce the narrow spectra cor-
responding to A ~ 1072. On the other hand, in single-field models with an ultra
slow-roll phase, the growth rate of the curvature power spectrum is bounded from
above (see e.g. [362-365]), thereby restricting the steepness of the induced GW spec-
trum and the enhancement of ng. In fact, these single-field scenarios generally lead

to the A = 107! (or larger) case of Fig. 4.2.

4.3.1.2 Other sources of peaked GW spectra

Apart from inflation, other cosmological sources such as phase transitions cosmic
strings [366], can also produce peaked GW spectra. However, the enhancement from
the tilt is not as large as the SIGW case. As an example, we consider the sound
wave contribution for SGWB produced from cosmological phase transitions. It has a
steeper spectral shape compared to the other modes of GW production during phase

transitions with [367]

Sk, k) = (kﬁ)?’ (WZM*)?)W , (4.30)

and
Qaw (k) = Qaw (k) S(k, k), (4.31)

where Qgw (k) is the GW amplitude at the peak wavenumber k.. From Eq. (4.30)
we can easily see that the factor (4 — nq(k)) is only O(1) in this case.

4.3.2 LISA GW-PBH scenario

We now study a representative example in which the peak of the curvature power

spectrum is at scales 107* Hz < f < 10~! Hz such that the corresponding SIGW

k
Mpc~t Z

may be detectable by LISA. The frequency and comoving wavenumber are related by
~6.5x 104 4.32
6.5 x 10 o (4.32)
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A 1072

fs 5x 1073 Hz
k. | 3x 1012 Mpc_1
Ar 7.5 x 1073

Table 4.1: Parameter choice for the LISA GW scenario.

We plot the induced GW spectrum in the left panel of Fig. 4.3 for the parameter
choice of table 4.1. To avoid numerical artifacts arising due to the sharply peaked
spectrum, we have also smoothed the Qgw spectrum using the peak width as the

smoothing scale,
Q (f)—i/fEAQ (f)dln f' (4.33)
GW - 2A fe—A GW . .
with QGW the smoothed spectrum.

The enhancement of the curvature power spectrum is the most commonly invoked
mechanism to generate large density perturbations capable of collapsing into PBH.
We have ensured that the scenario considered here is allowed by current constraints
on the PBH abundance. The PBH mass at formation is related to the comoving scale
k re-entering the horizon (during the radiation era). This relation can be estimated

as [63, 368,

-1/6 5 -1\ 2
N ¥ Jx 2.9 x 10°Mpc
Mppy ~ 30M, <—0.2) (10.75> ( . . (4.34)

If we consider peak frequencies/wavenumbers in the LISA band, this leads to PBH
with masses in the range Mppy ~ O(107%% — 1072) M, (a comprehensive analysis of

the LISA PBH-GW scenario is presented in [369, 370]).

We plot the corresponding PBH abundance in the right panel of Fig. 4.3, with the
same choice of parameters as table 4.1. Along with the abundance, we also show
the corresponding constraints’, for which we use the tool provided in [399]. Our
calculation of the PBH mass function follows the method of ref. [400], using a simple

Press-Schechter approach and also accounting for critical collapse®. The PBH mass

7Stric’cly speaking, the constraints shown in Fig. 4.3 are valid only for an exactly monochromatic
mass function. For extended mass functions the constraints need to be calculated in a different
manner [398].

8Ref [401] presents a detailed comparison of different methodologies for calculating the PBH
abundances and mass distributions.
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Figure 4.3: Left - The induced GW spectrum at LISA scales for the parameter choice
given in table 4.1 and the smoothed spectrum defined in Eq. (4.33). The green dashed
curve shows power-law integrated sensitivity curve for LISA [371] (see [372] for the
updated sensitivity curves due to the impact of foregrounds and resolvable binaries).
Right - The PBH abundance for the same values of the parameters plotted along
with the constraints from microlensing [373-379], accretion [380-383], GW [384],
evaporation [385-395] and dynamical constraints [396, 397].

function fppu(M), plotted in Fig. 4.3 is defined as,

QpBH
Qpm

= /fPBH(M)dlnM,

(4.35)

where the L.H.S. denotes the total fraction of the dark matter density constituted by

PBH.

4.3.2.1 Angular power spectrum of GW anisotropies

Let us now calculate the angular power spectrum of the GW anisotropies for the

LISA GW scenario. The quantity relevant for GW detectors is the anisotropy in the

energy density wa

whose angular power spectrum is defined as

CSW (k) = (4 — nq(k))* Cf

; (4.36)

with ng given by Eq. (4.29) and C} defined in Eq. (4.18). We recall here that

I' (Eq. (4.24)), and consequently Cj, are frequency independent. The left panel of

Fig. 4.4 shows the auto-correlation of the GW anisotropies and their cross-correlation

with CMB temperature and E-mode polarisation anisotropies, defined in Eq. (4.25).

We use CAMB [111] to calculate the T and E transfer functions. The right panel shows
the frequency dependence of CeGW (for £ = 2) for the LISA GW scenario and for a

flat spectrum of GW for comparison. For simplicity, we have only considered the SW

contribution for GW anisotropies, Eq. (4.24) since this dominates on large angular
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Figure 4.4: Left - Angular power spectrum of the GW anisotropies and their cross-
correlation with CMB-T, E. Right - Frequency dependence of the angular power
spectrum, for £ = 2, for the LISA model of table 4.1 (blue line) and for a flat spectrum
(orange line) plotted in a frequency range where LISA has the highest sensitivity.

scales and can also be estimated analytically [303].° It is worth pointing out here
that the frequency dependence of the anisotropies (C5W) arises for SGWB spectral

shapes different from power-laws. The latter have ng = constant.

4.3.2.2 SNR of the anisotropies

We now turn to the detectability of these anisotropies and show that the enhancement
of anisotropies for a peaked spectrum makes them easier to detect compared to the
case of a standard power-law spectrum.!? To perform this comparison, we consider
a flat power-law spectrum ng = 0 whose amplitude is such that the resulting SNR
of the monopole is the same in the LISA range. Since the results for a power law
with a small spectral tilt ng ~ O(1) turn out to be quite similar, we do not present
them separately. We limit our analysis to the first few multipoles since in general
GW detectors are limited by their angular resolution £mayx ~ 15 [240, 243, 403-405],
making these large angular scales the most relevant ones from the point of view of

detection.

We plot the signal to noise ratio (SNR) for the individual multipoles in Fig. 4.5.
Our results demonstrate that the anisotropy is easier to detect in case of a peaked
spectrum as compared to a flat spectrum. We see that the £ = 2 multipole, although

the detectable with the LISA-Taiji network for the peaked spectra, is not detectable

9The inclusion of the ISW will not change our conclusions since the same factor 4 — no multiplies
this contribution as well.

10Ref. [402] also studied a related phenomenon in the context of kinematic anisotropies.
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Figure 4.5: Left - Qqw/(f) plotted for the two spectra. Right - SNR of the individual
multipoles with T, = 3 years for observation with the LISA-Taiji network.
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Figure 4.6: Sensitivity of LISA-Taiji and BBO to the different multipoles of the
SGWB as a function of frequency. The time of observation is taken to be 3 years for
both plots.

for the flat spectra. The SNR of the individual multipoles is defined as [246]

SNR2 = / df CSV () ({%L({})) , (4.37)
W,n

The quantity Qéw,n( f) represents the effective angular sensitivity of the detector net-
work to the /—th multipole and is defined in eq. (C.15). Fig. 4.6 presents a plot this for
the LISA-Taiji [406] and for the BBO configuration with 4 constellations [118]. More
details about the calculation of Qéw,n( f) and the detector network specifications can

be found in appendix C.
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Figure 4.7: SNR of the cross-correlation between the GW anisotropies and the CMB-

T, E mode anisotropies.

SNR of the cross-correlation

The SNR of the cross-correlation with the CMB-T, E anisotropies is defined as'!

2
XT
SNR2=Z§:X > @) © F) 0 (4.38)
=2 X=T\E (CXE)* + (Cy +Ny) €

where the quantity N} is (for £ > 0)

Ny = l / ar =l ow(f )2]_1 . (4.39)

w,n (1)
We plot the SNR with which LISA-Taiji and BBO will detect the cross-correlation in
Fig. 4.7 as a function of £,,,x. In the example considered here, the cross-correlation
will be detectable by a BBO (or equivalent sensitivity detector) but not with LISA-
Taiji. The contribution from the GW-T cross-correlation dominates the total cross-

correlation SNR while the the contribution of GW-E is negligible.

Hyy general, incomplete sky coverage will lead to correlations between nearby ¢ and degrade the
sensitivity to the individual multipoles. To estimate the cross-correlation, as in ref. [305], we have
assumed for simplicity full sky GW and CMB maps, which makes our estimate an optimistic one.
The SNR would be reduced by a factor 4/ fsky < 1 in a more realistic case [407, 408].
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4.4 Initial conditions revisited

The results presented here are based on sections 3 and 4 of [5].

4.4.1 Universal relation for adiabatic initial conditions

In this section, we study the case of a non-standard early cosmological history and its
impact on the GW anisotropies through the initial condition term I't (see (4.23)). In
this scenario, we have a post-inflationary universe whose energy density is dominated
by a component with wy # 1/3, in contrast to the standard RD phase. It is known
that the spectral shape of GW generated or re-entering the horizon during this phase
is significantly affected by the non-standard equation of state [58, 317, 324, 332, 335].
We now investigate the effect on the anisotropies and show explicitly that the SGWB
anisotropies are completely unaffected by an early non-standard phase, assuming the
initial conditions are adiabatic. As we shall see next, this result can be physically
understood as arising from the conservation of the curvature perturbation on super-

horizon scales.

Our starting point is (4.16) for which we notice that the Newtonian gauge potential
® is related to the uniform density gauge curvature perturbation by [92],

_3(1+w)

®= 515w

¢, ¢(=-¥- i—’,). (4.40)

Here, §p denotes the perturbation in the total energy density. In case there are
multiple components, one can define the individual curvature perturbation for each

component

= —u+no (4.41)

(2

The adiabatic condition implies ¢ = ;.

The initial value of ® appearing in (4.16) is then related to the non-standard eos
through (4.40). Once the universe transitions into the radiation dominated epoch,
the potential again changes according to the same equation. As shown in section 4.2.2,

the initial condition term for a general w assuming adiabaticity is given by,

2 2¢

F:— =
=730 +w)  5+3w’

(4.42)
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where we also used Eq. (4.40). Collecting the results obtained so far, and applying
them to (4.16) we find,

TV () = [ dn (@[ - (/31 + wo))l6(n - m)

i

+ ®'(k,n) + ¥'(k,n)} jelk(mo — )} - (4.43)

We split the the R.H.S of the above equation in two parts,

Nr 10
TV (k) = / Y (4.44)
Ui Nr

@) 1)
Here, 7, denotes the conformal time at the transition to the standard RD era and
the dots represent the terms in the integrand of (4.44). The term (II) on the R.H.S
is common to all scenarios and has no dependence on the initial equation of state. It
represents the ISW effect associated to the standard ACDM universe and we calculate

it using CAMB [111] assuming the Planck bestfit values for the ACDM parameters [15].

Let us now focus on term (I). Notice that we will always have kn < 1 for the large
scale modes of interest here.!?> This in fact represents the condition for the mode
k to be super-horizon and is always satisfied during the non-standard phase which
happens before radiation domination. For instance, assuming a transition redshift of
z ~ 108 (around the time of BBN), we find 7, ~ 107%. As a result of this, in the
arguments of the spherical Bessel functions appearing in the term (I) we can always

approximate k(no — n) ~ kno (see also fig. 4.8). Consequently, we find

TgGW(I)(k) ~ (®(n;) + T1(ms)
+ [@(k, ) + U (k, )] ) jelkno]

+ O(nr/m0) - (4.45)

This holds even if there are intermediate phases between the two eras. Now, substi-

tuting the values of ®,T" in terms of wp, the above equation reads,

TZGW(l)(k) ~
W ~T'1(wo) — ¥(wo)

+®(1/3) + (1/3). (4.46)

2These are essentially the same as the large scale modes relevant for the CMB,
107*Mpc~! <k < 0.1Mpc~t.
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Figure 4.8: A graphical demonstration of the validity of the approximation involv-
ing the spherical Bessel functions, as used in Eqs. (4.45) and (4.46). We selected
k= 0.1Mpc~! as an example. For a given k, the Bessels are essentially constant as
long as kn < 1, roughly corresponding to the duration over which the mode k remains
super-Hubble.

The first two terms taken together, represent the definition of the curvature pertur-

bation for gravitational waves. i.e.

1

4 pcw

= Caw - (4.47)

Since by adiabaticity ( = (gw and the curvature perturbation is conserved on super-
horizon scales, we realise that (4.46) is independent of the initial equation of state

wp. This can be checked explicitly,

Tiun) — Bun) =~ [1+ 52| = ¢, (4.48)

assuming no anisotropic stress at these early times so that & = W¥. Using the fact

that ®(1/3) = —2(/3, we conclude that

"% a1
jelk(m)] 36T 730 (4.49)

Altogether, we can write the quantity TeG'W as,

TV = —%C Jelkno) + W"O dn [2(k,n)" + ¥ (k,n) Jjelk(no — n)] |, (4.50)

completely independent of the initial non-standard phase of expansion.

The approximation involving the spherical Bessel functions that we utilised in Egs. (4.45)
and (4.46) can also be understood physically. The integral along the GW geodesic ac-

counts for the (temporal and spatial) variation of the potential along the line-of-sight.
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Figure 4.9: The upper plot shows the effect of varying wy on the SGWB anisotropies
without including the initial condition term. The lower plot includes the contribution
from the initial condition contribution I';.

Crucially, for a fast and early transition to RD, GW cover an infinitesimal comoving
distance with kAn < 1. This implies small potential gradients (~ kAn x ®), which
can be neglected. Equivalently, in Fourier space it means that the arguments of the

Bessel functions in the first integral of Eq. (4.44) can be taken to be constant.

The result is valid for GW produced “early-enough”, when all the large-scale modes
of interest are still super-Hubble. Adiabaticity then implies the conservation of the
curvature perturbation, unaffected by any changes in the equation of state. The
fact that the non-standard phase must take place early in the cosmological evolu-
tion is not so stringent an assumption, since we know that the universe must be
radiation dominated already by the time of BBN. This process itself happens quite
early (z ~ 108, T ~ 100keV).!® What matters here is the equation of state when long
wavelength mode re-enters the horizon: as long as the early phase does not change
that, the anisotropy spectrum remains unaffected. In the case of GW anisotropies,
the the relevant modes re-enter the horizon towards the end of radiation domination

or during matter domination.

Our result also emphasises the importance of the initial condition term I'r, without
it one may end up with a spurious dependence on the initial equation of state (see
Fig. 4.9). We also briefly comment regarding the initial time 7; in Eq. (4.50), which
in general corresponds to the time when the GW are produced/emitted (see the dis-
cussion in section 4.2). For the CMB case, this corresponds to the time of photon

decoupling since that is when the CMB photons start propagating freely. Our deriva-

13Additionally, there exist lower bounds of O(MeV) on the reheating temperature, obtained using
constraints from BBN [409-411].
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tion here shows that for a given long wavelength mode k, 7; can also be set to be the
time when the mode re-enters the horizon and (; starts evolving. For adiabatic initial

conditions, both choices lead to the same result.'*

One point of difference from the
CMB anisotropies is that although changes in the expansion history at the epoch of
photon decoupling would affect the CMB anisotropies (especially on intermediate and
small angular scales), GW anisotropies remain impervious to changes in the initial

equation of state.

Implications

This result has implications for early universe scenarios involving only Standard
Model Physics. We know that during the QCD phase transition (" ~ 100 MeV),
the background equation of state changes with significant implications for primordial
black hole formation [400, 412, 413] as well for the SGWB, see e.g. [414, 415]. Even
though the QCD phase transition affects the SGWB spectral shape, our results show
that it does not affect the anisotropies. Thus, the SGWB anisotropies cannot provide

any independent information about this phase transition.

Another implication of this result is that SGWB anisotropies cannot be used to break
degeneracies among different models that may produce the same frequency profile of
Qaw. We provide an example of this below, showing the different production mech-
anisms that may produce a peaked broken power-law shape. These include SGWB
from first order phase transitions [416], kination [317], cosmic domain walls [417] and
SIGW. In fact, due to the absence of constraints on the shape of the small scale
curvature power spectrum, one can have different power law indices on either side of

the peak and replicate the SGWB from other mechanisms using SIGW.

SIGW have an approximately broken power-law shape with a peak in two cases: (a)
the curvature power spectrum is a broken power-law and (b) the eos at early times
is negative [330, 335, 418, 419]. We work here only with case (a) since it suffices to

demonstrate our point regarding the degeneracy in the spectral shape. In this case,

14The choice of 7; does matter for the SGWB-CMB cross-correlation, since the difference between
n; for GW and SGWB becomes relevant (see e.g. section 5.2.2 or [305, 306]).
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if the primordial curvature power spectrum around the peak k,y is,

(i)n”% (k < kpk)

kpk
P S (4.51)
k uv
(—) (k > kpk)
kpk
Then the corresponding SIGW spectrum is roughly [138, 419]
L\
k
Qawo{ 7 (4.52)
k ~"uv
— (k‘ > kpk)
kpk
where
) 2nip —2b (nrr < 3/2)
nind = (4.53)
3 —2\b| (nrr > 3/2)
and
. 2nyy + 2b (nUV < 4(2))
nind = (4.54)

42) +nyy +2b  (nrr > 4(2))
We have defined here

_1—3w
143w’

(4.55)

In Eq. (4.54), the numbers in parenthesis represent the scenario c2 ~ 1 [419]. At the
boundaries of the inequalities and for the case of nygr > 3/2 and w = 1/3, logarithmic

corrections appear which we can safely neglect here.

It is clear that for different values of the parameters b, ¢, nyr and nyy, we can obtain
different UV and IR scalings of Qgw (i.e. n}}’{f and nlﬁg), allowing us to replicate
the SGWB shape produced by the other mechanisms mentioned previously. Thus,
the spectral shape and the anisotropies (under adiabatic initial conditions) cannot be
used to unambiguously determine the origin of the SGWB. To do so, one would need
independent constraints, e.g. on the amplitude of curvature power spectrum to avoid

PBH overproduction, or other non-GW constraints.

4.4.2 Isocurvature initial conditions

Having derived a robust prediction for the GW anisotropies in the adiabatic case,
we now explore the potential consequences of dropping the assumption of adiabatic-

ity and allowing for the presence of isocurvature perturbations. In contrast to the
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previous section, here we do not intend to explore the consequences of non-standard
equations of state for isocurvature perturbations, but rather we wish to investigate
the general implications of isocurvature initial conditions and see how they differ w.r.t

the adiabatic scenario.

We begin by reviewing the definition of GW isocurvature perturbations and consider
isocurvature initial conditions set during the radiation era. The GW isocurvature

component w.r.t the Standard Model radiation bath is defined as [287]

0p
Saws =3(aw =), G=-V-HF, (4.56)
where z = {GW, r}. This gives us [287]
1 2
I=C¢ew+¥=¢+ gSGW,r - gC, (4.57)

where we used the RD relation ¥ = —2(/3. We now relate (, with the total curvature
perturbation ¢, assuming that we only have radiation and the GW background,

dp

(=-V-H

1
=¢ + ngWSGW,r . (4.58)

Introducing the quantity,

(14 waw)paw
few = S 0+ w)ps (4.59)

with w, the equation of state parameter of the component z, we obtain [287]

16
_Lopaw _ ¢

Iy —
""4pew 3

(1 = few)Saw,r- (4.60)

LW =

These isocurvature perturbations also affect the CMB anisotropies in a manner given
by ©r = (/3 — fawSaw /3, where O are the initial temperature fluctuations. How-
ever, their effects on the CMB anisotropies are suppressed by a factor fow < 1 w.r.t

the GW anisotropies [287].

Eq. (4.60) can also be extended to scenarios where the background is dominated by
a component with arbitrary equation of state wgy. Since we always have fow < 1,

such that ¢ =~ (,, using Eq. (4.40) we now define the GW isocurvature as

2(,
5 4+ 3wg

1

1
I't + §5GW,x, Saw,z = 3(aw — Cz)- (4.61)

which generalises Eq. (4.60).

We now study an early-universe scenario capable of generating GW isocurvature

perturbations and analyse its consequences for the angular power spectrum of the
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GW anisotropies. In refs. [287, 290] phase transitions during RD were invoked to
produce GW isocurvature perturbations. Our analysis will be based on a different

scenario, known as the curvaton mechanism.

4.4.2.1 Curvaton scenario

The curvaton model [340-342, 420] postulates the presence of a spectator field x
which remains sub-dominant during the inflationary dynamics. The field x remains
massless during inflation and has a non-vanishing vev x.. Curvaton fluctuations
generated during inflation, denoted as §x are initially of an isocurvature nature. As
the universe expands further, inflation ends after which at some point the curvaton
mass overcomes the Hubble friction. The curvaton then oscillates coherently around
the minimum of its potential, its energy density decays just like that of pressure-less
matter and it comes to dominate the energy density of the universe. Eventually the
curvaton decays to the Standard Model particles and the universe begins its radiation

dominated phase.

Within the curvaton scenario, we foresee two possible mechanisms for generating GW

isocurvature perturbations. These are:

(i) The curvature perturbation arises from the curvaton itself, as in the original
curvaton scenario through the isocurvature-to-adiabatic conversion of the pri-
mordial perturbations which happens after the decay of the curvaton into the
Standard Model particles. In this case, GW are not a decay product of the
curvaton but are instead generated during inflation or another pre-curvaton
domination phase. As a result, the initial isocurvature perturbation survives

only in the density perturbation of the GW.

(ii) The curvaton itself sources GW on small scales, e.g. [421]. GW anisotropies
then inherit the curvaton fluctuations on large cosmological scales. The other
difference with case (7) arises from the fact that we assume the curvaton en-
ergy density to remain subdominant throughout, with negligible contribution
to the total curvature perturbation (otherwise there would be no GW isocurva-
ture!). This physics of the isocurvature perturbations in this scenario is similar
to other set-ups that have been analysed recently e.g. those involving phase

transitions [290] or the effects of dark radiation [422].
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Figure 4.10: Illustration of the curvaton mechanism and its implications for initial
GWB isocurvature fluctuations. We show the logarithm of energy density of a given
fluid (standard radiation r, GWs and the curvaton x) normalised to the total energy
density as a function of e-folds or Ina. Note that we assume w, = 0 and we take
arbitrary initial background densities for illustrative purposes. At some point, the
curvaton decays either to standard radiation (case (¢)) or to GWs (case (i7)). The
fraction of the curvaton at the time of decay for () is f, ~ 1 while for (i3) is f, < 1.
Then the initial isocurvature fluctuations due to the curvaton are either transferred to
standard radiation in case (7) or to GWs in case (ii). Due to the asymmetric decay of
the curvaton, there remains an isocurvature component between radiation and GWs,
labelled Sgw -

We now examine these two scenarios in more detail, starting with some general results
and the description of our set-up, common to both scenarios. The post-inflationary
universe is characterised by three components {r,x, GW}, i.e. radiation, curvaton
and GW. The radiation component p, dominates the energy density of the universe

after inflation.®

The curvaton component, p, decays at some point after inflation
and the final component pgw always remains subdominant. The individual curvaton
perturbations are defined as in (4.41) and the isocurvature component between two

fluids 7 and j is given by,

Sij = 3((1 — CJ) . (4.62)

The quantities (;, S;; are gauge-invariant and we choose to evalaute them in the

spatially flat gauge (¥ = 0). For the initial curvaton perturbation we find,

R S ./
ot = 30 4wy ( x ) | (463)

The * signifies that the quantities are evaluated at horizon crossing during inflation.

To keep things as general as possible we do not yet fix the curvaton equation of state

154 more general approach would allow for an arbitrary equation of state after inflation but would
not significantly change our findings.
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parameter wX.16 The decay product of the inflaton is assumed to be radiation so that

Cr,ini is the same as the inflaton curvature perturbation.

All the components here obey their individual energy conservation equations and do
not have any non-adiabatic pressure. Thus, the individual curvature perturbations
are conserved throughout [423, 424], except at the moment the curvaton decays. In
order to obtain analytic results for the SGWB anisotropies, we make the simplifying
assumption of instantaneous curvaton decay and denote ( before and after the decay

as ¢%.. and (4. In the uniform density gauge (3", dp; = 0), we have

8pz/pe = 3(1 +wz) (¢l — €) (4.64)

Thus, we can write
Cgec = f;(}(,ini + fgWCGW,ini
+ (1= 3y = f&w) Grini (4.65)

where the f; are defined as in (4.59). The fractions f&; and fgw can be different and
depend upon the end products of the curvaton decay. In what follows, we shall assume
fé’}w < 1 and no initial isocurvature between GW and radiation i.e. (. ini = (GW,ini

(unless otherwise stated). After the decay, the curvature perturbation reads,

Cccilec = féWC&W,dec + (1 - féW) Cg,dec : (466)

The remnant isocurvature after the decay depends on what the curvaton decays into

which is different for cases (i) and (ii). We now study these cases in more detail.

Curvaton case (i)

Here, the curvaton decays completely into radiation implying

~y ~ b
Cg,dec ~ Cgec ~ gdec ) (467)
in the limit of instantaneous decay. Consequently, the final isocurvature perturbation

is

S&W,r|dec = 3(C&W,dec - Cg,dec)

~ 3(Caw.ini — Ceo) ~ f;SGW,thi . (4.68)

16Note that in general 6p, depends on y through the form of the potential, e.g. for V = m?x? we
have 0px/px = 26x/X+-
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To arrive at this result, we used Eq. (4.65) and the fact that ;. ini = (gw,ni- The
resulting isocurvature is related to the initial isocurvature Sqw y|ini multiplied by
a factor f,, which denotes the fraction of the energy density of radiation that is

contributed by the curvaton decay.

One can understand the consequences of this scenario further, by taking a simple
example in which the initial conditions are such that (y ini > (rini = (Gw,ini- When

the curvaton decays to radiation we will then have,

7('1,dec = f;CX,ini . (469)

In this simple example, it is the curvaton which sources the curvature perturbation
¢*. Since ¢? is the source of the CMB anisotropies, its amplitude and also that of
f;{x,ini is fixed. This perturbation is related to the initial curvaton density fluctuation
in the spatially flat gauge through Eq. (4.63). In principle there is a dependence on

the curvaton equation of state, but as we see from Eq. (4.63), observations are only

sensitive to the combination f (1 + 3wy ) 10p,/py-

Now, we apply these results to small-scale GW re-entering the horizon during radia-

tion domination. Using Eq. (4.60) and fow < 1, we obtain

1, 1., 1, 1
FI = g r,dec + gSGW,T = g r,dec + gf)IZSGWX,ini
2 2
= _gfigx,ini = _g ,‘f,dec . (4.70)

We can see that in this case, the initial condition term differs from the adiabatic result
of Eq. (4.42) which for radiation domination reads I'; g = (/3. The total anisotropy

is now given by ,

TEY = el + [ 1006, 1)+ W(k, ) LielkCm — )

- T (4.71)

where we used Eq. (4.16) with the isocurvature initial conditions of Eq. (4.70).

Notice that in this case, the first term on the R.H.S of Eq. (4.71) is 4 times the
adiabatic result. Since the first term dominates on large angular scales, this will lead
to roughly a 16 times enhancement of the anisotropies (in terms of C{), compared
to the adiabatic case. The SGWB map also exhibits strong correlations with the
CMB anisotropies, both being derived from the initial fluctuations of x. This cross-
correlation is given by (4.25) and is approximately 4 times larger compared to the
adiabatic result. A detection of such a cross-correlation would strongly hint towards

this simple curvaton scenario.
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Curvaton case (ii)

In case (ii), the only source of GW is the curvaton, which itself remains subdom-
inant throughout the cosmic evolution. Taking the extreme example of the entire
energy density of the curvaton decaying into GW, we have plw = pléw + pg’( and

o0ptw = JpIéW + Jpg’c such that

Sg\(;fzr),dec = 3(CéW,dec - Cg,dec)
P+ 2+ plw
= 3W [fXCx,ini
X GW
+ fngGW,ini - (f)lz + f&w)(r,ini} . (4.72)

If instead we assumed that only a fraction of the curvaton energy density decayed into

GW, ie. phw = phw + apf(, we would have

Sg}Wr,dec = 3(Cg}VV,dec - :"l,dec)
_ (05 + Pb + Pl )?
(Pl +00%) (0% + (1 —0)ph)

x [(owh = (1= o)) fiumi

b+ T (1= o)) o Cowan
— (wow + 1 —_::Z): Uw;)frbCr,ini:I . (4.73)
The quantity w is defined as,
wp = fwf:—ﬂrmw o (4.74)

Reassuringly, we recover case (i) in the limit & — 0 and case (ii) when o — 1.

Another assumption we make is that Cyni > Criniy but f2Cyni < Crini- This ex-
ample suffices to qualitatively understand the predictions of case (ii). Using these

assumptions we find for the GW isocurvature,

5863,%01% = 3(§g;w,dec - Cf,dec) ~ 3(Cg;w,dec - C:z,dec)
(14 wy)
~ 33— Cyini 4.75
(14 w,) G0 (4.75)

Here we assumed that (J.. = Cgec < (y,ini and used the spatially flat gauge result
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stated below,

a a 1 6p(éW
CGW,dec - Cdec + 3(1 + wr) p(éW
1 6 (14w
X~ qu,ini' (4.76)

30 tw) b (1+w)
The GW isocurvature in this case is derived entirely from the large initial curvaton
fluctuations. The energy density of the curvaton remains subdominant and does
not contribute appreciably to the total curvature perturbation, ensuring that CMB

constraints on isocurvature perturbations remain satisfied.

The resulting GW anisotropy can now be written as,

[+ wy)
T~ [(1 o)

+ n""[@'(k,m U () jele(0 — )] (4.77)

1 .
Guint — 3 Gdec | Jelko]

where we used that f;CX,ini < Grini- The CMB anisotropies here are sourced entirely
by ¢r and one can accommodate large isocurvature perturbations, i.e. (yini > Cﬁ, dec?
for f)lz < 1, so that their impact on the CMB is negligible. The CMB-GW cross-

correlation here is also smaller compared to that of case (i).}”

We see that large GW isocurvature i.e. large (yini, requires f;; < 1. Importantly, this
can lead to large non-Gaussianities, as already pointed out for the standard curvaton
mechanism [424]. This happens because the decrease of f; requires a decrease of the
curvaton vev Y, (assuming a fixed curvaton mass). Thus, higher order terms in dx/x
become more and more relevant. Interestingly, similar non-Gaussianity can result
in scenarios that share features with the curvaton case (ii), i.e. whenever GW are

sourced by a subdominant field having large isocurvature, e.g. see [290].

Curvaton summary plot

Fig. 4.11 shows a plot of the quantity C}, for cases (i) and (ii)(Eqgs. (4.71) and
(4.77) respectively). It can be seen that the isocurvature perturbations lead to a
noticeable deviation from the adiabatic result shown in Fig. 4.9 with an enhancement

due to the larger isocurvature component. In case (ii), the amplitude and scale

170ne can obtain a larger CMB-GW cross correlation for ffz < 1 if we assume (;2 < ¢l in-
stead. The resulting isocurvature is now Sgw,r = —9(1 4+ wy)(-/4 with SGWB anisotropies larger
by roughly a factor 3 compared to those of the CMB for w, = 0.
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Figure 4.11: The angular power spectrum of the SGWB anisotropies for cases (i) and
(#3). For case (7) the isocurvature amplitude is fixed (see Eq. (4.71)). For case (i)
we have chosen |(y| = 10|¢,;| and w, = 0. The adiabatic prediction and a scenario
with the sign of Sqw , opposite to that of case (i) are also shown for comparison.
The quantity (, is determined by the CMB amplitude P, = 2.09 x 1072 and the
spectral tilt n; = 0.9649. The shaded regions denote the cosmic variance limited
error bars [104].

dependence of ¢, is fixed, leading to a flat spectrum throughout. For case (ii) we have
assumed an enhanced but flat spectrum of curvaton fluctuations, but in general this
is not constrained and features in the spectral shape of P, (k) can lead to interesting
signatures in the ¢-dependence of C} (see [290] for an example). Finally, we have
also shown in the same plot a scenario with Sqgw, = 3¢, equal in magnitude but
having a sign opposite that of case (i). This leads to a contribution which is anti-
correlated with the rest of the GW anisotropy terms, leading to slightly smaller
amplitude on large angular scales and also an anti-correlation of the CMB and GW
maps. It may be possible to realise such an isocurvature component, which needs to
already be anti-correlated with the initial adiabatic perturbations, in two-field models

of inflation [425-427]. This requires further study which we leave for future work.

4.5 Summary

GW backgrounds can be produced by numerous early universe mechanisms such as
inflation, phase transitions, cosmic strings and even PBH. The backgrounds are ex-
pected to have a small anisotropy resembling that of the CMB, as a consequence of
GW propagation in an inhomogeneous universe. Additional anisotropies may arise

due to inhomogeneities in the production mechanism and can be highly model inde-
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pendent. A detailed characterisation of the anisotropies is essential to distinguishing
cosmological and astrophysical GW backgrounds and may also help in determining
the precise origin of a given cosmological background. In this chapter we have stud-
ied two aspects of these anisotropies, namely their frequency dependence and the role

played by the GW initial conditions.

We first reviewed reviewed the line-of-sight formalism for GW anisotropies and then
derived the initial conditions for the anisotropies, assuming adiabatic primordial per-
turbations. Then, in section 4.3 we applied the los formalism to analyse the prop-
agation anisotropies of SGWB induced at second order in the primordial curvature
perturbation. We showed that the if the curvature power spectrum happens to peak
at certain scales, as is common in scenarios associated to PBH formation, the SGWB
anisotropies around those scales may be enhanced by factor O(10—100) compared
to the anisotropies in the case of a power law Qgw spectrum with ng ~ O(1). The
enhancement can also make the anisotropies easier to detect and we illustrated this
through a representative scenario of SGWB at mHz scales, relevant for next genera-

tion detectors such as LISA and Taiji and even futuristic ones like BBO/DECIGO.

Section 4.4 dealt with additional aspects related to the initial conditions of the SGWB
anisotropies for both adiabatic and isocurvature initial conditions. We first studied
the dependence of the SGWB anisotropies on the initial (pre-BBN) equation of state
and found that under the assumption of adiabaticity, the anisotropies turn out to be
completely insensitive to the early universe eos. Physically, we understood this result
as a consequence of the curvature perturbation on super-horizon scales, and saw that
the anisotropies are affected by the equation of state when the curvature perturbation

re-enters the horizon, but not before.

We then looked at the generation of isocurvature GW perturbations through the
example of the curvaton mechanism. We found a roughly four-fold larger anisotropy
amplitude in the simplest curvaton scenario of case (i) while case (ii) turned out to
be more model-dependent. The CMB-GW cross-correlation in case (i) also provides
an additional handle on the curvaton scenario, complementary to CMB constraints
on non-Gaussianity and isocurvature. The generation of anisotropies in case (ii) as
well as the possibility of anti-correlated GW and CMB maps requires a model-specific

analysis and we plan to return to this topic in the near future.
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Chapter 5

Primordial tensor
non-(zaussianity at

interferometer scales

This chapter presents the results of the following articles:

e A. Malhotra, E. Dimastrogiovanni, M. Fasiello, M. Shiraishi, “ Cross-correlations
as a Diagnostic Tool for Primordial Gravitational Waves", JCAP 03, 088 (2021),
[arxiv: 2012.03498] (appears as [1])

e E. Dimastrogiovanni, M. Fasiello, A. Malhotra, P. D. Meerburg and G. Or-
lando, “Testing the Early Universe with Anisotropies of the Gravitational Wave

Background", JCAP 02, 040 (2022), [arxiv: 2109.03077] (appears as [2])

5.1 Introduction

Having studied the anisotropies of gravitational wave backgrounds, we now look at
their non-Gaussianity. Such higher order correlations (n > 2) of the primordial
perturbations serves as an effective probe of the inflationary action, beyond the free
field limit. In addition to scalar non-Gaussianity (section 3.4), inflationary models

may also generate non-Gaussianity in the tensor sector. On CMB scales, this is
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searched for in the auto and cross-bispectra involving the B-mode polarisation! e.g.
(BBB), (BTT) etc. (see [429] for a review). Tensor non-Gaussianity may also leave
imprints in the correlation functions involving the tracers of large scale-structure (so

called “fossil effects”) e.g. see [430-432].

In this chapter we focus on much smaller scales and analyse the detectability of ten-
sor non-Gaussianity at interferometer scales. References [369, 370, 433, 434] have
brought into question the feasibility of directly measuring the primordial bispectrum
at interferometers through the 3-point function of the GW strain (h3). The observed
3-point function at interferometers is highly suppressed as a consequence of propaga-
tion effects through large scale structure — incoming GW from different directions
get phase shifted by different amounts which destroys the phase coherence of the
inflationary GW. This renders not just the bispectrum, but also any odd n-point
function of the strain h, completely unobservable [369, 370, 434]. The suppression
occurs for all GW modes which re-enter the horizon during radiation domination and

are relevant for interferometer/PTA scales.

A possible workaround is to consider specific momentum configurations which are not
subject to such suppression. The ultra-squeezed limit is in one such configuration?,
with the long-wavelength mode being around the size of the present day cosmological
horizon and the short wavelength modes taken to be at interferometer scales. The
effect of the long-wavelength mode (which can either be a scalar or a tensor) is to
induce a large scale modulation in the GW energy density contained within the short
modes, leading to anisotropies in the GW background [292]. Thus, GW anisotropies
provide an indirect probe of tensor non-Gaussianity in the squeezed limit. From
a phenomenological point of view, the importance of the squeezed limit cannot be
understated since it knows about the spin and mass of additional fields present during
inflation (section 3.4). In the case of tensor non-Gaussianity, this implies the squeezed
limit can provide us a handle on the fields sourcing GW, beyond what we can learn

from the power spectrum alone.

This chapter is organised as follows. In section 5.2, I first describe the link be-

tween GW anisotropies and squeezed limit non-Gaussianity by deriving the result-

L Cross-correlations of p-type spectral distortions with CMB anisotropies are also sensitive to
primordial tensor non-Gaussianity [428].

2 Another exception is the folded configuration, where the 3 momenta are aligned [435].
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ing anisotropy and its cross-correlation with the CMB, extending to more general
cases the results of [293]. I then provide model independent forecasts for the detec-
tion prospects of the non-linear parameter fyi, associated to squeezed tensor non-
Gaussianity, assuming a detection of such anisotropies by interferometers. To com-
plete the analysis and show that such scenarios can indeed by realised in nature, in
section 5.3.1 I provide examples of inflationary models that can produce sufficiently
large non-Gaussianity and consequently observable GW anisotropies which are larger
than the propagation anisotropies discussed in the previous chapter. Section 5.4

provides a summary of the chapter.

5.2 GW anisotropies from tensor non-Gaussianity

As we already saw in chapter 4, cosmological gravitational wave backgrounds can have
anisotropies arising from propagation or due to inhomogeneities in the production
mechanism. Anisotropies arising as a consequence of primordial non-Gaussianity fall
into the latter category and from here onward we shall refer to them as intrinsic
anisotropies. We can understand the generation of these intrinsic anisotropies as
follows. Let us consider primordial bispectra of the form (hg, hg, Xq) where X, can
be a long-wavelength scalar or tensor perturbation at CMB scales and hg, , are the
short-wavelength tensor modes taken to be at interferometer scales. We work in the
squeezed limit such that ¢ — 0 and k1 ~ k2.3 It is known that the existence of this
coupling between the long and short wavelength modes leads to a modulation of the

short mode power spectrum given by [292, 430432, 436, 437],

Bq . .
P ) = P |14 [ s TR Ra@|, 6)
A

in the case of X = (. A formal derivation of this expression via the in-in formalism

can be found in [294].

3Note that here we are specifically interested in the part of the squeezed bispectrum that violates
the single-field consistency relations. Otherwise, when consistency relations are preserved, the phys-
ical effects of the squeezed bispectrum are highly suppressed (see section 3.4.3). These consistency
relations are indeed violated in the models that we consider in section 5.3. For instance, in the spin-2
model this can be seen due to the presence of certain cubic order coefficients which appear in the
bispectra but are absent in the tree level power spectra [127].
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The non-linear parameter Flf‘lfts is defined as,

B).(k—q/2,—k —q/2, ) )
Fliff‘ts(k, q) — ttS( q/ q/ q), <h/]>c\1 h£2<k3—)0>, — 6)\>\ Bés(kla kQ, k3) ]

P(q)P; (k)

(5.2)

The prime here is used to denote the fact that we have omitted the momentum
conserving factor (27)3 §®)(k; + ko + k3) from the corresponding 3-point function.
Before moving on to the case of the long-wavelength tensor mode (X = h), it is worth
understanding what eq. (5.1) here actually represents. The quantity Py (k, ) has the
standard ‘homogeneous’ part, denoted by P (k) and a second part which is non-zero
only in the presence of this long-short mode coupling. The x-dependence, arising
from the latter term should be understood as the power spectrum being evaluated in
a volume which has linear dimension L < 1/q and is centered around the point . As
a consequence of this modulation, the GW energy density, which itself is proportional
to the tensor power spectrum, varies across large-scales. The energy density in a
given region thus depends upon the realisation of the long-wavelength mode within
that region.* The results are applicable whenever there is a large hierarchy of scales

between the long and short-wavelength modes.

Consequently, we can generalise the quantity Qgw (defined in eq. (3.76)) to have an

isotropic and anisotropic component [293] with

Qo (hy0) = %?;gﬂ(k,no)ﬂ(k,mn) , (53)
and

ths (7. o Bq iihg s

Welhn) = | G Rk 0@ | (5.4

Here T (k,no) is the tensor transfer function (3.77), no is the present-day conformal
time, = k/k and d = —di with d = 1y — n; representing the conformal time elapsed

between the horizon re-entry of the mode & to the present.

Note that here we have discarded the polarisation dependence of the bispectra and
hence written Flf‘I’IftS = F{%. In principle it is indeed possible to have a polarisation
dependent bispectrum, i.e. Flf‘li’tts #+ ng’tts, however the models we shall consider in

this chapter will not exhibit such a dependence.

4Refs. [291, 296] study a related phenomena in the context of the (¢3) bispectrum. The modu-
lation by the long mode can also lead to polarisation anisotropies of the GW background, as shown
in [295].
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Figure 5.1: A schematic illustration of anisotropies generated from squeezed non-
Gaussianity.

The case of the long-wavelength tensor can also be analysed similarly. In this case

the modulated power spectrum reads [292]

Bg o
Pmod(, ) = Py (k) [1+ / 4 giaept (k,q) SR @) @A |, (5.5)
q

<k (2m)? A
where we have again ignored polarisation dependence in Fyy,

Fﬁtﬁ(k, q) = By (k —P(i{qQ)};h’Zk‘;' q/2,q) ) (5.6)

Bt (k1, k2, k3) here is the squeezed-limit primordial bispectrum defined as

(Pt By b o) = =822 €3 (ks) k3] By (K1, k2, ks) . (5.7)

2 "k3—0

As a result, the anisotropies are now given by

d3q 1o o
58V (k,7) = — / L —idnapttt (o, q) S BNq)el (AT | (5.8
it ( ) <k (27r)3 (K, q) - (q) zg((I) (5.8)

From the expressions in egs. (5.4) and (5.8), we can estimate the typical magnitude

of these anisotropies to be,

S’ ~ FREV/As (5.9)
OGN ~ FE .\ /r A,

We can recall from chapter 4 that the propagation anisotropies have magnitude

5GW

prop ™ v As, thus for Fyp, > 1 the intrinsic anisotropies can be much larger than

the ones from propagation for the inflationary GW. We now evaluate these explicitly,

for both the scalar and tensor case.
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Relation to line-of-sight approach:
The above results, combined with eq. (4.11) tell us that we can incorporate the intrinsic
anisotropy as an initial condition term in the line-of-sight formalism. For the anisotropies

from the TTS bispectrum, this reads

Al dln Qaw(k)
Olnk

] I‘I(ninyqakaﬁ) = FISItLS(qa k)C(nma(D 9 (510)

and similarly for the TTT bispectrum.

5.2.1 Angular power spectra

In this section we calculate the angular power spectrum of the intrinsic anisotropies

defined as
(65 Sgimr™) = 800 6mme CF (5.11)
under the assumption of statistical isotropy of the background.

Here, anyv denote the coefficients of the spherical harmonic expansion of §&W
5GW = / &2 5V (R)Yy, (R) . (5.12)

To obtain analytical estimates and understand the behaviour of the angular power
spectra, we make two simplifying assumptions: (%) a scale-invariant spectrum for the
large scale perturbations, i.e P = As and Pj, = rAs and (i) scale-invariant Fie, Fip.
For brevity’s sake, we only state the final expressions and highlight the important
characteristics of the angular power spectra. The full derivations of the relevant
expressions can be found in appendix D where we also discuss how to calculate the

intrinsic anisotropies in a statistically anisotropic background.

5.2.1.1 Anisotropies from (hh() bispectrum

For this case we shall consider two possibilities. The first and the simplest one is when
there is no dependence of the bispectrum on the angle between q and k in eq. (5.4).°

The second one is where the bispectrum has a quadrupolar angular dependence in

5This kind of angular depence can arise in SFSR inflation [151], even though the signal is ex-
tremely small, and also in supersolid inflation in the regime where GW are sourced by second order
scalars [146, 294].
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q- l:;, arising in inflationary models of the type considered in [127, 140, 141] which we

shall also describe in sections 5.3.1 and 5.3.2.

Monopolar TTS
Let us begin with the case of no angular dependence in the TTS bispectra, i.e. we

can write
i (k, q) = FE . (5.13)

The anisotropies for a bispectrum of this form were already calculated in ref [293]

with the result,
s 2 . ~
Cpt = / q”dq je(gd)*FXi (g, k)* Pe(q) - (5.14)
™ gLk

The integration over ¢ leads to,

GW.,tts . [ ftts 2 27TAS

In fact, the ¢-dependence of these anisotropies is exactly the same as that of the SW

term in the propagation anisotropies of the CMB [75] and GW [255, 256].

Quadrupolar TTS
In the case where the bispectrum has a quadrupolar angular dependence in § - IAc, we

parameterise FifF as
- 47 Ak /A = A~ 1
Fi(k,q) = FXi(a, k) 5 > Yo (k)Y5 (@) | = FREP2(G - k), (5.16)
M

where P, is the second Legendre polynomial. This leads to (see appendix D),

L Hp
cFWt =160 N ilrmlend bl Pt (5.17)
7, 1 22 (204 1)2
where
200 +1)(205+ 1)(203+1) (41 L2 43
h£1Z2£3 = \/( 1 )( i )( 3 ) , (518)
m 0O 0 O
and
2 , , 3
Hiyp, = 5 / q*dqjr, (qd)jL, (ad) FEE (K, q)* Pe(q) . (5.19)
q<k

We can further simplify this assuming scale invariance and using the identity (D.18)

to obtain (for £ > 2)

awys ., 27 (FE)’As
= o)+ | (5:20)
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1()0 — quadrupolar TTS — TTT

— — monopolar TTS  .-.- propagation |

Figure 5.2: The auto-correlation of the SGWB anisotropies as a function of £ plotted
for |Ff%| = |F{| = 103 and the tensor-scalar ratio 7 = 0.05.°

5.2.1.2 Anisotropies from (hhh) bispectrum

In this case we find for the corresponding correlator (see appendix D)

CéGW,ttt _ ((=1)£+1)(£+2)

s 1Je(gd)?
- Ol BT O S {OX P S CEY
s==42

Assuming scale independent F{i' and a scale invariant P, = (2n2/¢®)rAg, this be-

comes

CCWittt 4 (F, 131‘&15)2 rAs
¢ 15(£ —2)(£ + 3)

(5.22)

where we have used eq. (D.25).

5.2.1.3 Summary plot

The resulting anisotropies are plotted in fig. 5.2 taking |F¥| = |Ft%| = 10% and
r = 0.05. The figure validates our estimate for the magnitude of the anisotropies in
eq. (5.9), for |Fnr| > 1, the intrinsic anisotropies are much larger than the propa-
gation anisotropies, roughly by a factor ()2 in the TTS case and 7(F)? in the

TTT case.

6Note that this value of r is now excluded by CMB data with the current upper limit being
r < 0.032 at 95% CL [35, 114]. This will not significantly affect our analysis in section 5.3.1, as long
as rFi > 1 still holds true.
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5.2.2 CMB-GW cross-correlation

The intrinsic anisotropies, arising from the modulation of the small-scale tensor
power spectrum by the long-wavelength perturbations, are correlated with the CMB
anisotropies as well. We now calculate this correlation and discuss how the correla-
tion depends on the angular structure of Fnr,. Once again, for analytic estimates we
shall make the assumption of scale invariance throughout and only consider the SW

term of the CMB anisotropy.

SGWB anisotropies also have a non-zero correlation with the E-mode polarisation
anisotropies of the CMB. However, this has been found to be smaller than the GW-T
cross-correlation by at least one order of magnitude [304]. We also recall this from
section 4.3, where we saw that the GW-E cross-correlation provided a negligible
contribution to the total GW-CMB cross-correlation. Finally, since the B-modes are
parity-odd, the cross-correlation with CMB B-mode polarisation will be non-zero only
when there is parity violation. The same happens in the CMB case where (I'B) = 0
if parity is preserved [438].

5.2.2.1 Anisotropies from (hh() bispectrum

Monopolar TTS

The monopolar case was first analysed in [293] with the result,

_r_ Am - dg . .
oV = TR As [ D iad)ielans). (5.23)
5 <k 4

where 74 is the distance to the last scattering surface. As a first approximation, we

can set d = g to get

47 ~ A
GW-T tts S

If we do not make the above approximation and keep d # riss we find

_ w32 7] t T 1 3 2
2

in terms of the Gamma functions and the Hypergeometric function oF; (see ap-
pendix D). The cross-correlation scales with £ in the same manner as the cross-
correlation of the SW term of the GW propagation anisotropies with the CMB SW

term, which is not surprising given that they share the same /-dependence.
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An interesting feature of this cross-correlation is that it decays strongly with £ as a
consequence of the factor (rss/ d)e .7 This suppression results from the fact that GW
‘last scattered’ much earlier than the CMB (r}55/d < 1) which leads to the anisotropies
becoming uncorrelated on smaller angular scales (large ¢). Since d = 755, the approx-
imate result of eq. (5.24) does work well for small £ but not for £ > 20 (see Figure 5.3).

Numerically, we find the following scaling with ¢

0
GW—_T,tt Tiss | 1

Quadrupolar TTS
In this case we find,

l - 2L¢ 20+ 1 ’ :
where

2 . . =

Grits = 5= [ €*dain (ad)jes(aris) FEE (6, 0) P (@) (5.25)

and the sum is over L = ¢ — 2,¢,¢ 4+ 2. This above expression can be analytically

estimated to be (appendix D)

3/2 ftts 4 £
GW-T,tts _ T NL4S [ Tlss Tlss _ Tlss
oo TGS (na) (ma ) (22 ) ar)

where AF} is given by eq. (D.37).

Numerically, we obtain the following scaling with £ for the quadrupolar case,

GW—T,tts rss\© 1
CEW-Titts o (7> g (5.30)
In addition to the expected (rys/d)? that we saw previously, we also notice that when
d — 7igs, the cross-correlation drops to zero. Physically, this is explained by the fact
that the GW source term is locally a quadrupole while the CMB SW is a monopole.
If the sources are located at the same point (d = rys), the cross-correlation will
be exactly zero due to the orthogonality of the Legendre polynomials Pg(lAc - §) and
Py (k- §) for £+ 0.

The results of this section indicate that the cross-correlation for the quadrupolar TTS

will be smaller than the monopolar TTS. This will have significant consequences

"This has also been pointed out in ref. [293] and in ref. [305] for the propagation anisotropies.
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Figure 5.3: The ratio CEW_T /+/ CEWCET plotted for the monopolar and the
quadrupolar TTS cross-correlation. The corresponding ratio for the induced
anisotropies follows the same curve as the one for the monopolar TTS.

for cross-correlation-based constraints on tensor non-Gaussianity through the GW

anisotropies. In the cosmic variance limit, the relative error in the estimates of the

GW-T
CZ

individual are given by (e.g. see [439)]),

(5.31)

CTTCGW 1/2
JC“GW_T“L 0iC )21

20+ 1)(CgWV-T

This ratio is shown in Fig. 5.3 for the monopolar and the quadrupolar cross-correlations.
For the low-£ range® (C’ZGW_T)2 ~ CFWCFT for the monopolar TTS. On the other
hand we have (C?W_T)2 < CZGWC}T for the quadrupolar TTS. As a consequence,
we can expect cross-correlations to have more constraining power in the case of the

monopolar T'TS which shall be confirmed when perform our forecasts in section 5.2.3.

Anisotropies from (hhh) bispectrum

The final cross-correlation that we study is that of the intrinsic anisotropies from
the TTT bispectrum with the CMB temperature anisotropies sourced by large scale

tensor perturbations. The latter can be written as [441],

. 1 s (M aind —ix(m)h
6T(n)=—§ Z /dn @)’ 8—;eij(q)n Jemix(maq (5.32)

8The higher-£ range turns out to be not so relevant for current and near-future observations, due
to the limited angular resolution of current and future planned interferometers. Estimates indicate
that this will be limited to £max ~ 10—15 [243, 403-405, 440].
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Figure 5.4: The cross-correlation of the SGWB anisotropies as a function of £ plotted
for |Ff%| = |F{| = 10% and a tensor-to-scalar ratio 7 = 0.05.

The resulting cross-correlation is (see appendix D)

GW-T,ttt _ (£—1)L(£+1)(£+2) 2 tt Je(qd)
% = py) /q ., Pda B (ke )P 0) T 3
OT (k,m) je(gx(n))
/d o (ax(m)?* (5:33)

To evaluate this, we limit ourselves to large-scale modes which re-enter the horizon

after matter domination (k > keq). Their post-horizon re-entry evolution can be

written in terms of the tensor transfer function as [442],

3j1(k,m)
Tn(k, 5.34
(k) = 210 (5:34)
This gives

GW—Tittt (£ — 1)3(5 + 1) (£+2) / 2dq Fitt s/ +Je(qd)
Ce SZ:I:2 dq k q)Ph(q) (qd)2

m 3T (k,n) je(gx(n))
AR o o

which we evaluate numerically.

The different cross-correlations are plotted in fig. 5.4 with the same parameter choices

as fig. 5.2.

5.2.3 Model independent forecasts

In this section we use the Fisher matrix formalism to present forecasts for the expected

error in measuring Fyy, with GW interferometers. We focus only on F here and
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analyse the case of F{ii separately in section 5.3.1.

The Fisher matrix is given by [443],

fwar 90 -19Cy
ZZ 89(2 )169§a

XY =Llrin

(5.36)

where X, Y = {TT,GW,GW-T} and 0; is the vector representing the parameters

being measured. The matrix % is defined as,

) (C}‘T)Q (CZGW_T)2 CeTTCZGW—T
Gy = 2€—+1 (CE’W_T)2 (CZGW)2 CZGWCEW—T ,  (5.37)
C}TCEW_T CZGWCZGW_T %(CZGW—T)2 + %CETCZGW

with,
2mAg
C -
¢ 2ww+n’
CEGW _ CeGW’tts + CEW,PTOP + NZGW7 (5.38)

GW-T _ ~GW-T,tts GW-—T,prop

The NZGW represent the noise angular power spectra of the detector network being
used for the measurement. For our forecasts, we make use of the expected sensitivities
of ET-CE, LISA-Taiji, BBO and SKA and plot the NEG'W for these in fig. 5.5. The
calculation of the noise spectra and the detector configurations used are described

further in appendix C.

Finally, the quantity A@; = 1/(F~1);; then represents the minimum expected error in
the measurement of the parameter 6;. In fig. 5.6 we plot the expected relative error,

defined as
OF; lffﬁ = AFttS Iff”ﬁ, (5.39)

taking a scale independent F&th = 10% and for different values of Qgw,? which we
also take to be scale-independent in each case. We remind the reader that we have

defined

Fi(k,q) = Ff Py - k). (5.40)

9The effects of the parameters F&° and Qgw are nearly degenerate, since observations are sen-
sitive to the combination Qgw x Fye.
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Figure 5.5: Nj! plotted for BBO, LISA-Taiji, ET-CE and SKA at f2PC = 0.1 Hz,
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=63 Hz and f
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SKA _

1year—! Hz. The

Qaw = 107, B = 10°Py(g - k)
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Figure 5.6: The relative error in the measurement of F‘I'Ef“f as a function of /.y
for BBO, SKA, LISA-Taiji and ET-CE. The dashed curves show the errors for an
idealised, cosmic variance limited measurement.
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We see from the figure that with larger Qgw = 107'° we can achieve a smaller
relative error §F{$. For instance, we obtain JF ~ 10~2 with BBO for both the
monopolar and the quadrupolar F{¥ and a slightly increased error with SKA. The
lower overall as well as angular sensitivity of the ET-CE and LISA-Taiji networks
means that the relative error turns out to be larger, of the order 10~! and saturates
within the first few multipoles £pax ~ 10. In fact, 3G detectors like LISA-Taiji and
ET-CE are unlikely to provide any constraints on the anisotropies for a monopole
amplitude Qgw < 1071, For Qgw = 1072, we find that only BBO and SKA are
able to detect F¥, reaching a relative error Jﬁ’lffﬁ ~ 1071, In fact, for both values
of Qagw BBO is almost cosmic variance limited, especially for the monopolar TTS.
Finally, as expected from the arguments of the previous section, the error is smaller

in the case of the monopolar TTS as compared to the quadrupolar one.

Astrophysical foregrounds

The forecasts of the previous section assumed only the presence of cosmological back-
grounds in the total SGWB. However, gravitational wave backgrounds of astrophysi-
cal origin, arising from the superposition of signals from numerous unresolved mergers
are also expected to be present and contribute to the anisotropies [257-274]. Tech-
niques to separate the astrophysical and cosmological background monopoles using
their different properties — frequency range, spectral shape, time dependence — have

been proposed in [275-284].

Astrophysical anisotropies trace the distribution of large-scale structure and are
strongly correlated with observables such as galaxy clustering and weak-lensing [258,
259, 266, 269, 270, 274]. The cross-correlation of astrophysical anisotropies with those
of the CMB has also been studied recently in [305]. The results of ref. [305] suggest
that cosmological background anisotropies have a stronger correlation with the CMB,
compared to astrophysical ones. This fact may be exploited to detect cosmological

background anisotropies in the presence of astrophysical backgrounds.

To test the effectiveness of this idea, we compute the signal to noise ratio of the cross-
correlation of the CMB anisotropies with the intrinsic GW anisotropies studied in this
chapter, in the presence of an astrophysical GW background. We make the simplifying

assumption of negligible astrophysical-CMB cross-correlation. The resulting SNR is
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Figure 5.7: The C’ZGW for the astrophysical background (yellow shaded region) and for
the CGWB with Qgw = 10712 |Et%| = 5 x 103. We have assumed an astrophysical
background of the form (£+1/2)Cy = Agws. For comparison the CEGW of the CGWB

=2
have been rescaled as CCW — Qg,,CSW.

defined as
- (CfeGW—T,signal)2 1/2
SNR= | ) (2¢+1) 5 , (5.41)
s (CEGW—T,total) + CEW,total CeTT
where
GW-—T,signal _ ~GW—T,tt
CZ signa. — CZ S
CEW—T,total — CZGW—T,signal + CZGW—T,prop : (542)

CgGW,total _ CEGW’ttS + CéGW,prop + CgGW,astro + NZGW )

Based on the results of [259-261], we assume an astrophysical background of the type
(£ +1/2)C7V " ~ Agws, (5.43)

with Agws = {1072%,1073%}. The upper and lower limits correspond to the expected
amplitude around f = 63 Hz and f = 0.01 Hz respectively [260, 261].1° We plot the
resulting SNR in fig. 5.8 where, once again, we find the SNR for the monopolar case

to be greater than the quadrupolar one.

We also see that the intrinsic anisotropies can still be detected even assuming the
upper limit for the astrophysical anistropies, even though in this case the astro-
physical signal is larger than the intrinsic anisotropies CZG Witts jf Qaw < 10712 and
|F#8| < 5 x 103 (see Fig. 5.7). In the quadrupolar case, a similar magnitude for the

SNR arises only when Agwg < 10727,

10Note that these Cy are not defined relative to the monopole, in contrast to the C; of the
primordial GW background.
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Figure 5.8: Left : SNR for the GW-CMB cross-correlation arising from the monopolar
TTS bispectrum plotted as a function of Qgw and |F&|, taking (£41/2)Cy = Acws
for the astrophysical background. Right: SNR for the same cross-correlation but for
the quadrupolar TTS bispectrum.

5.3 Inflationary models

We now discuss two specific models of inflation capable of generating the character-
istic non-Gaussian signatures studied in this chapter. The first model is based on a
the presence of an additional light (compared to H) spin-2 field present during infla-
tion [127]. The second model, dubbed Solid inflation, features the breaking of space

reparametrisation symmetry during inflation [140].

5.3.1 Spin-2 Model

The spin-2 model, first introduced in [127] and also studied in [128, 129], presents an
effective field theory approach to the dynamics of the light spin-2 field o;;, which is

taken to be non-minimally coupled to the inflaton.!!
The model is described by the action
S =5+ S5+ Sint (5.44)

where S; denotes the slow-roll dynamics in the single-field EFT of inflation [139],
S is the free-field action for the spin-2 field and Sj,; containts quadratic and cubic

order interaction terms between 7 and ¢.'2 The interaction Lagrangian takes the

11Coupling 045 directly to the inflaton allows it to be light compared to the inflationary Hubble
scale, thereby circumventing the Higuchi bound [444].

12 A5 in ref. [127], we assume a negligible background value for the o field.
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form [127],

Sint = / dn 3z a*

3 _ 9 -2/ —1q %}
+/d77d xa[ —2€H2Mpla (™ Oim0jmeo (5.45)

+ 2H8i7r68j7rcaij) - /,L(aij)3 +.. ] .

1
a~28,0;m.0" + 2a ghm] ]

Here, we defined the canonically normalised fields, h. = hMp;, with h;; the usual
tensor perturbations of the metric and n, = V2¢HMp; 7. The field . is linearly
related to the curvature perturbation via ¢ ~ —Hm [139]. The parameters g, u are

coupling constants and the dots in eq. (5.45) represent higher order interaction terms.

The spin-2 field can be expanded in terms of its helicity modes,

)

oij = 0(0) +o,; + 0(2) . (5.46)

We focus on the dynamics of helicity-0 and helicity-2 states, since the helicity-1 modes

are washed away by the inflationary expansion (see chapter 3). The transverse and

)

traceless modes, h;; and 0;; can be expanded in the chiral basis,

Pk o A3y pA
hi= [ (QW)?,e 2 b, (5.47)
@) ke (k 4
UZ] (271')3 = XR:/L 7] ) 0 (77) ) (5 8)
where
r/L _ 1 .
eij/ =3 (6;; + zeixj) ) (5.49)

The polarisation tensors are normalised such that

e P (k) e/ F(k) =1, (5.50)
e P (k) - e/ (k) =0, (5.51)
e/ (k) = e/ (k) = e/ (k). (5.52)

%) v

For the helicity-0 modes, we can write

¢= [ asermaim, (559
o) = [ S ekmd, oo, (5:54)

where
&0 (k) = g(kk]—%]) ey (k) - ey (k) = 1. (5.55)
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Following the standard procedures (chapter 3), we obtain the mode functions of ¢

and h,

¢ _ H . —ikn
Uy (n) = —=—=(1 + tkn)e , 5.56
k( ) 2Mpl@( ) ( )
2H )
() = —— (1 + ikn)e= ", (5.57)

MpiV2k3

and for the o;; field,

2 ™ C2 1/2

i o = [5HED? (ED) T et (659
0 ™ C 1/2

g ) =[50 () 4 o). (5.59

The parameter v = \/ 9/4 — (m2/H?) is related to the mass of spin-2 field m,, HY is
the Hankel function of the first kind, and c;/, are the sound speeds of the helicity-0/2
components, with cy; and cy; the initial sound speeds. We have verified that these
solutions for the mode functions'® reproduce Bunch-Davies initial conditions at early
times (c;kn < 1) and reduce to those obtained in the ¢y = constant case for time-
independent sound speeds considered in [127]. The individual sound speeds obey the
following relation [127]
3

1
A= Zc% + ch, (5.60)

We shall assume that the above relation remains valid for slowly varying sound speeds.

We have assumed slowly varying sound speeds with our parametrisation for the sound

speed of the helicity mode-j being,

(M S5 f
cj(n) = ¢} (—) +cj. (5.61)
Uz
The case of time dependent sound speeds for the spin-2 model was first considered
f

in [129]. We have chosen to add an asymptotic value c; on top of what was adopted
in [129], which is convenient when it comes to imposing perturbativity bounds on the

sound speeds (c; = 1073) [127].

In terms of calculating the relevant cosmological correlators, this choice is approxi-

mately equivalent to taking (see appendix D.3.1 for more details),

kS
cj(k) = ¢ (k_o) +f, (5.62)

where kg = agHj is a reference scale.

13 The complete derivation of the mode in the case of a slowly varying sound speed can be found
in [157] and our solutions for the mode-functions match in terms of canonically normalised fields. For
cases where the time dependence of the sound speeds is significant, the solutions need to be obtained
in a different manner (see e.g. [445]).

105



CHAPTER 5. PRIMORDIAL TENSOR NON-GAUSSIANITY AT
INTERFEROMETER SCALES

‘_rr’rrﬂﬂh 'r,.rr"JJJJJJ‘h
o® - oc@ -
0) ©)
C—gfw(f 777777 ' 3 h'vvvwwvvvvvv\.----q ...... 2
o ‘KL\“\«H\ - .HK“LL\“H\

h h

Figure 5.9: Leading o-mediated contributions to (hh{) and (hhh). Straight lines
correspond to ¢, wiggly lines correspond to h, red (black) dashed lines correspond to
o© (6®) fields.

5.3.1.1 Tensor bispectra and power spectra

In terms of the helicity fields, the interaction vertices of interest for our analysis are

the following

H,op = — / &2 S Mpia*hl;0 D, (5.63)
H o)y = /d3mp,a4 Ug) -O'J(-i) -al(j) , (5.64)
H,)25(0) = /d3a: 3uat ai(?) . aj(.i) -cf,(cg) , (5.65)
Hyo = — / &z L Mp a20,0,¢ s (5.66)

These lead to o-mediated contributions to primordial correlators (Fig. 5.9), which
we calculate using the in-in formalism [188]. The diagrams under consideration give
contribution to the correlations that are leading and physical, i.e. they cannot be
gauged away unlike the squeezed limit bispectrum in SFSR inflation [191, 201, 202].
Of particular interest to us are the three point functions (hh() and (hhh) and the

tensor power spectrum (hh).

The full technical details related to the calculation of these correlators can be found
in ref. [2]. I provide a summary of the computation strategy in appendix D and only

report here the final results for the correlators.
The main o-mediated diagram in the (hhh) bispectrum leads to

(hy hp2hyd) = (2m)365) (ky + Ko + Ks) AM22%3 By (K1, ko, ks) , (5.67)
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where By (k1, k2, k3) in the squeezed limit (k = ks < k1 ~ ko = kg) is given by

24 x V72 3 /eo(ks)\ /2 [ co(kr)\ M2
Bua(hs. s, kz) — T u( g > (2( S)) (2( L)) L(ea,v),

kg/ 2_"1%/ 2 H \ Mp| C2i Co;
(5.68)
and in the same limit we also have
1o, i . 1 if A1 = A
A2 —§ksqu et (kr) x : (5.69)
0 if A #X
The function Z(cz,v) can be well-fit by a power law, given by
I(co,v) = a(v) (5.70)

o Cg(kL)”CQ(ks)3” ’
where a is a v-dependent parameter (see table D.1 for a set of possible values).

Similarly, for the o-mediated contribution to (hh¢) we find [2]
(P B2 Cry) = (2m)36®) (g + K + Kiz) AMA? By (K1, Kz, kis) - (5.71)

In the squeezed limit we have Bis(k1, k2, k3)

Bys (ki ks, kis) = — 2—”2ﬁ( 9 )3 ; 2" (Cz(ks))Z(co(ks))l/2 (CO(kL))1/2

e H\Mp g/ 2-v ki/ 24\ e Coi Coi

x I(cg, 2, V), (5.72)

and

A S 1 A=
A2 = - > You(kr) Yoy (ks) X : (5.73)
M 0 i A £

The function Z(cp, c2, V) is fit by

N a(v)
Z(co, co, V) =~ cotkr)colks) ca(hg)® (5.74)

The scalar and tensor power spectra of this model are given by (see also [127, 128])

_ B Cc(v) (cok) (9)°
P (k) _4M1%l€k3 [1 + ec? (k) ( Coi ) (E) ] ’ (5.75)
4H? Cy(v) [ca(k 2
Py(k) i ll + cgv((k)) ( 1(2)) (%) ] . (5.76)

The exact analytical form of C¢(v) and C,(v) can be found in Ref. [127].

We are interested in scenarios where (i) the GW spectrum is sufficiently enhanced

at small and intermediate scales to be observable, and (ii) we have large squeezed
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Figure 5.10: An example of scale-dependence of the sound speeds cs(k) taking
c2; = 2.5 x 1071, Cof = 1073, 5 =1.8 x 1071, ¢y =1, s =0. The black and grey
dashed lines show the bounds from perturbativity and CMB non-Gaussianity re-
spectively.

non-Gaussianity with Fnr, > 1 so as to have a detectable anisotropic component
of Qagw. This is obtained in the co < 1 regime, which keeping in mind the CMB
constraints, suggest that the interesting region of parameter space is the one with ¢
nearly constant throughout and ce decreasing towards smaller scales in terms of the

scale dependent sound speeds of eq. (5.62) (see fig. 5.10). Thus, we can approximate

H? 4H?

P{(kL) 4M2 k3 y Ph(kL) ~ —Ml%lk% , (5.77)
4H2 (V) [ca(ks) g\?

Pulks) > 3 (ks)( o) (5) (5.78)

where we have k;, at CMB scales and kg corresponding to e.g. PTA or interferometer
scales. The non-linear parameters as defined in Egs. (5.6) and (5.16), can finally be

obtained as

s =215 (57) (Srg) (D () ()

ot 12 205 C8) (i) ()6

(5.80)

The common (kr,/kg)%/?~" scaling suggest that a small exponent (i.e. a light field)
will provide large GW signatures that may be observable. Combining Eq. (5.79) with
Eq. (5.80) we obtain

R (ks kr,v) = —Z C%) (%) E FHts kg, kp,v). (5.81)

108



5.3.1 Spin-2 Model

1104 v oo AT

-=-- Spin-2 -- Sourced
— CMB B 107" . Vacuum
10-6t — QSO I 10-8L— Total
. UCMH —
& FIRAS o" 1079
10-8k _ — Galaxy LFs i
—_——— — 10710
----------- 711>/,/‘
10-10 10
104 100 10t 108 102 10 107 10° 10° 108 102 10
k [Mpe] ™! k [Mpdc] ™!

Figure 5.11: Left : The scalar power spectrum for the spin-2 model along with
the measured power spectrum from CMB observations [41] and the constraints from
various experiments (see [446-450] for the exact constraints). Right: The different
contributions to the tensor power spectrum for the spin-2 model. The choice of
parameters for both panels is cy; = 2.5 x 1071, Cof = 1073, s9 = 1.8 x 107L, ¢g; =
1,s0=0,9/H=4x1073,v = 1.45.

This shows us that for co < ¢y and a sufficiently light field, the TTT non-linear
parameter will be enhanced with respect to the T'T'S one and can provide the dominant

contribution to the GW anisotropies.

We plot the resulting scalar and tensor power spectra for this model in Fig. 5.11.
We choose the parameter set co; = 2.5 x 1071, Cof = 1073, s = 1.8 x 1071, ¢p; =
1,80 = 0,9/H = 4 x 1073,v = 1.45, H/M = 10~° which is within the allowed
range for this model, both in terms of theoretical consistency (gradient instabilities,
perturbativity) [127, 128], and in terms of observational constraints on scalar and
tensor perturbations from the CMB [41, 129, 451] (a more detailed discussion of

these points can be found in [2]).

Finally, in Fig. 5.12, we plot the spectrum of Qgw for different values of coy. For
cos = 1073, we observe that the GW spectrum is well within the sensitivity range of

next generation CMB experiments like CMB-S4 as well as SKA, Taiji and BBO.

5.3.1.2 Angular power spectra of GW anisotropies

Equipped with the results of section 5.2 and keeping the same choice of parameters
as mentioned above, we calculate the angular power spectra of the GW anisotropies
and plot them in fig. 5.13 at BBO frequency scales. As expected, both CL,GW and
CZG'W_T turn out to be dominated by the TTT bispectrum, due to the smallness of

the parameter cs.
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Figure 5.12: Qaqw(k) for different values of cy5 plotted alongside the power law sen-
sitivity curves for SKA, LISA, Taiji, BBO and ET. We also plot the current bound
from the CMB as well as the expected sensitivity of CMB-S4 [115].

As a consequence of the (kr/ ks)3/ 2-¥ scale dependence, CeGW’ttS is suppressed on

large angular scales (compare to fig. 5.4). Although this can be a signature of the
mass of the spin-2 field (v = \/m), the TTS cross-correlation being much
smaller than the TTT one makes this difficult to observe. The sign C’ZGW_T’ttt <0
can also be understood from the fact that tensor perturbations decay on sub-horizon

CZGW_T’ttt

scales, therefore dh/dn < 0. Thus, when Ffff > 0 we will have <0.

If we fix all parameters except p/H and cys to the values considered previously (same

_ H=10"" ke =k
w/H =10 17 ket = kppo 20 :U'/‘ o ref BBO
10%¢ T : T T f 8 ~AGW—T,ttt
E — TTT — TTS --- induced { 15F . — 10°¢; 1
E [ GW—T,tts
-3E i ol — 10°¢; =
10 10F
' 3 ] FEA . 1010051\\'—T.ind
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\ 0%———————————17'—"—'? ————————
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Figure 5.13: The different contributions to the auto-correlation C’ZGW and cross-
correlation CEW_T plotted for the spin-2 model. For comparison we also plot the
induced anisotropies from propagation.
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Figure 5.14: The relative error in the measurement of F{{{ as a function of £yax with
BBO for different values of p, coy. The dashed curves show the errors for an idealised,
cosmic variance limited measurement.

as fig. 5.11), we can approximate

Qaw (ko) ~ 1.3 x 10712 (1%?3)_”,
F (kgpo, kp) ~ 1.2 x 10° (%) : (5.82)
Fi (kpgo, kp) ~ —3.5 x 102 (%) ,
in terms of u/H and cy f.14 The angular power spectra inherit the scale dependence

of the Fr,, resulting in

k 3—2v
OV (pef) =~ OV (kppo) X ( :Bfo> ,
TE:

_ B k 3/2—v
COW=T(reg) = OV (kgp0) X ( ;:BO) , (5.83)

ref

for the anisotropies arising from non-Gaussianity where v = 1/9/4 — m2 /H? was re-
lated to the mass of the spin-2 field.

5.3.1.3 Projected constraints on Fyp,

We are now able to forecast the minimum expected error in the measurement of F{ff,
knowing that the anisotropies from the TTT bispectrum are enhanced relative to
those from the TTS one. We proceed in the same manner as section 5.2.3 and plot
the relative error 6F¥ = AFE/F in fig. 5.14 for different value of y,cor. The

corresponding Fii and Qaw can be approximated at BBO scales using (5.82).

14Note that at these interferometer scales we have cz ~ c; ¢ (see fig. 5.10).
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Figure 5.15: Left: The CZGW for the astrophysical background (yellow shaded region)
and for the CGWB anisotropies in the spin-2 model for different values of u/H taking
cay = 1073, Right: Signal to noise of the total cross-correlation for the spin-2 model
as a function of ¢y, pu/H.

We observe that for the parameter set cof = 1073, u/H = 1071, a relative precision
of 6Ff ~ 1072 is achievable. This is similar to the cosmic variance limited error, ex-
pected due to the fact that in this case we have C’eG Wittt > N, ZGW. For values of 1, caf
that lead to smaller Fﬁff, Qaw, the error saturates around £y, ~ 10, which is conse-

quence of the detector noise increasing rapidly after the first few multipoles (fig. 5.5).

SNR of the CMB-GW cross-correlation

As in section 5.2.3, we also provide here an estimate of the cross-correlation SNR as-
suming that an astrophysical background is also present. In this case the detectability
of the cross-correlation is much lower, due to the fact that the tensor contribution
to the CMB temperature anisotropies is much smaller (since r < 1). This implies
that C’ZG W-Tsignal (C’ZG W’tOtalC}T)l/ 2 leading to a signifanct reduction in the SNR

compared to the TTS case considered in section 5.2.3.

. 271/2
GW-T,signal
Ct )

SNR ~ Z(ze +1) CEW’WWCET

4

(5.84)

5.3.2 Solid Inflation

The second inflationary model that we studied in [1], is Solid Inflation. In this

model [140, 141], the inflationary expansion is driven by three scalar fields having
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derivative couplings and particular symmetries that are similar to an effective field
theory description of a homogeneous and isotropic solid [452]. The three fields ¢;
here break space-reparametrization symmetry, i.e., they have space-dependent but

time independent background configurations

(¢ ==, (5.85)

where x are the comoving coordinates. Internal shift and rotational symmetries of

the ¢! allow for the homogeneity and isotropy of the background space-time,

¢ = ¢' +af, aof =const., (5.86)

¢! — 0%¢’, 0% e 50(3). (5.87)
Finally, allowing for an approximate internal dilation symmetry
¢ — Aol (5.88)

ensures that (i) the EFT of the solid does not break down in an expanding background,
and (ii) the solid can accommodate p + p < p and thereby drive the accelerated

expansion.

Bispectra and power spectra

The solid inflation tensor bispectra are given by [141]

/ 16 F? k '
(CaohithXy) = 5 2 Pe(@)Pa(k) log (a—H)(é* Sdieyends) »  (5.89)

/ " 8 FY k / "
(b ohd 125 = 0 T Ph(@Pa)log (o7 ) el (5.90)
Here, Fy, F are model parameters with Fy /F < 1.

Another important feature of this model is that that the tensor power spectrum is

necessarily blue tilted [140]

k)™
Pi(k) = (k , (5:91)
p
e/3
A .92
T~ WQMPI( ) (5.92)
nr =~ 2€pcs . (5.93)
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The subscript ‘p’ denotes that these quantities are evaluated at the time when the
pivot scale exits the horizon and 7, is the end of inflation. The quantities (cr,cr) are

the tranverse and longitudinal sound speeds, related via c2 ~ 3/4 (1 + ¢2 — 2¢/3) [140].

We can see that in this model, since we have

NG _ Pal@) _
5.94
Y 2Pd(e) 2 (599

it is the TTS bispectrum that will provide the leading contribution to the GW
anisotropies (since r < 1). Thus, the forecasts performed in section 5.2.3 can be
directly applied and I shall not repeat the same analysis for this model here. The
specific forecasts as well as further details about the constraints on the parameter

space of this model can also be found in [1].

5.4 Summary

In this chapter we have studied the anisotropies of inflationary gravitational wave
backgrounds, induced to the presence of a non-trivial tensor bispectrum in the squeezed
limit. These can be the leading source of the anisotropies, if the underlying tensor
bispectrum is sufficiently large, i.e. Fis > 1 and/or /r Fif > 1. Naturally, for
these anisotropies to be useful as a probe of inflationary interactions, the isotropic
background also needs to be enhanced to a level that can be detected at PTA /inter-

ferometer scales.

In the first part of this chapter, we took a phenomenological approach to these
anisotropies and calculated their angular power spectra, providing analytical ex-
pressions wherever possible by means of some simplifying assumptions. We used
this to study the detectability of such signals and highlighted the parameter space
(Qew, Fni,) that will be within the reach of upcoming GW probes. The angular
dependence of the mixed bispectra, which would hint to the presence of additional
spinning fields during inflation, turned out to be especially important for GW-CMB
cross-correlations. Our analysis showed that having a monopolar vs a quadrupolar
angular dependence in the (hh({) bispectrum can make a significant difference when
it comes to the detectability of the cross-correlation. In general we estimate that

signals with Qaw ~ 10710, Fyp, ~ 10% will be within the reach of 3G detectors such
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as LISA, Taiji, ET and CE while futuristic detectors such as BBO may even reach
Qaw ~ 10712, Fyy, ~ 103.

We have also accounted for the presence of the AGWB and its anisotropies, albeit in
a fairly simplistic manner, by allowing the amplitude of its large scale (low-£) angu-
lar power spectrum to vary between 1073 and 10725 (in the 1072 Hz < f < 100 Hz
range). Our results show that cross-correlations with the CMB are likely to be
the most important tool in this case to detect the primordial gravitational wave
anisotropies. As more and more compact binary mergers and possibly even the
AGWRB are detected in the future, models of the AGWB anisotropies will become
increasingly accurate and will lead to an even better understanding of the detectabil-

ity of these primordial anisotropies.

In the second part of this chapter, we have shown through two representative ex-
amples, that there exist inflationary models which can indeed produce such GW
signatures, namely large amplitudes of Qagw, Fnr. In one of the models, we even find
that the TTT bispectrum generates the leading contribution to the GW anisotropies,

GW,ttt .
C, is suppressed

despite the fact that the corresponding angular power spectra
by a factor r w.r.t CKG Wt For the same model, we demonstrated that a futuristic
GW experiment with BBO-level sensitivity will be able to constrain Fyy to the level

of a few percent (for Fif ~ 10%).
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Chapter 6

Constraining primordial tensor
features with the anisotropies of
the Cosmic Microwave

Background

This chapter is an exact reproduction of the following article:

e J. Hamann and A. Malhotra, “Constraining primordial tensor features with the
anisotropies of the cosmic microwave background,” JCAP 12 (2022), 015,
[arXiv:2209.00827].

After having studied inflationary GW signatures at interferometer scales, we now turn
to CMB scales and discuss the potential of future CMB experiments to constrain the
PGW frequency spectrum. A detection of features in the PGW spectrum beyond
a simple power law with a small red-tilt (as expected in SFSR) would provide us a

powerful window into inflationary dynamics.

Abstract

It is commonly assumed that the stochastic background of gravitational waves on cos-

mological scales follows an almost scale-independent power spectrum, as generically
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6.1. INTRODUCTION

predicted by the inflationary paradigm. However, it is not inconceivable that the
spectrum could have strongly scale-dependent features, generated, e.g., via transient
dynamics of spectator axion-gauge fields during inflation. Using the temperature and
polarisation maps from the Planck and BICEP/Keck datasets, we search for such
features, taking the example of a log-normal bump in the primordial tensor spectrum
at CMB scales. We do not find any evidence for the existence of bump-like tensor
features at present, but demonstrate that future CMB experiments such as LiteBIRD
and CMB-S4 will greatly improve our prospects of determining the amplitude, loca-
tion and width of such a bump. We also highlight the role of delensing in constraining

these features at angular scales £ = 100.

6.1 Introduction

The inflationary paradigm [20, 27, 84-86] is not only a compelling solution to the
horizon and flatness problems of hot big bang cosmology, but also provides a means
to naturally generate the seeds of the observed Cosmic Microwave Background (CMB)
anisotropies and the Large Scale Structure (LSS) [21-24, 28] via quantum fluctuations.
Cosmological observations are consistent with a power spectrum of scalar (density)
fluctuations that is adiabatic, Gaussian and nearly (but not exactly) scale-invariant,
in excellent agreement with the predictions of the simplest single field slow roll (SFSR)
models [41]. Another universal prediction of inflation is the existence of a stochastic

gravitational wave background produced during this epoch [30-33].

Although such primordial gravitational waves (PGW) have not yet been detected,
their effects could show up in a wide variety of cosmological observables. Most no-
tably, PGW contribute to both the temperature and polarisation anisotropies of the
CMB (33, 105-108, 453-455], and this fact can be used to constrain their ampli-
tude [35, 114, 456-460]. Indeed, the most stringent bounds on the amplitude of these
PGW come from the CMB which constrains the tensor-scalar ratio to r < 0.032 [114]
at 95% CL for a nearly scale-invariant power spectrum of tensor fluctuations, as

expected in SFSR models.

Interferometric detection with next generation detectors like ET [66] and LISA [65]
may also be a possibility, but only for inflationary models departing strongly from

SFSR dynamics on direct detection scales [60, 461]. Additionally, PGW could also
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be detected via Pulsar Timing arrays, through their imprints on large scale structure
(‘tensor fossils’), spectral distortions of the CMB, as well as through the gravitational

lensing effects of PGW, see [58] for an overview.

The B-mode polarisation of the CMB remains the most promising avenue to detect
these primordial tensor perturbations, keeping in the mind the projected sensitivities
as well the foreground/noise sources affecting the various probes mentioned above.
A detection of these primordial tensor perturbations would be extremely significant
since their amplitude in SFSR models is directly related to the energy scale of inflation
Vinf =~ 37T2ASM31 r/2 [58] and would allow a precise reconstruction of the inflaton
potential in the observable window [462-464]. Interestingly, certain well-motivated
single field inflationary models are currently in excellent agreement with the CMB
data [41], e.g. the Starobinsky model [37, 38, 465|, and predict values of r within
the reach of next generation of CMB experiments. For these reasons, it is easy to
understand why the search for PGWs is an important science goal for future probes

like the BICEP array [42], Simons Observatory [43], CMB-S4 [44] and LiteBIRD [45].

While a detection of PGW in itself would be extremely valuable, additional infor-
mation on the production mechanism could be gleaned from measuring the shape
of the GW spectrum. For PGW generated from vacuum fluctuations, the shape of
the spectrum is a power law with spectral index related to the tensor-scalar ratio as
ny ~ —r/8. This ‘tensor consistency relation’ is valid for PGW arising from SFSR
dynamics [466] and in the event of a B-mode detection, provides a way to confirm
whether the observed PGW are arising from vacuum fluctuations or not. Unfortu-
nately however, testing this relation appears out of reach with CMB data alone, even
with the sensitivity of CMB-S4 [44] or LiteBIRD [130, 457]. On the other hand,
large deviations from the consistency relation could still be observed with these ex-
periments. Such deviations would signal a departure from SFSR dynamics at CMB
scales which is possible in inflationary models with additional fields capable of sourc-

ing PGW, e.g. [119, 123-126, 130, 132, 467-471].

In this paper we study one such example of a deviation from a power-law spectrum
of tensor perturbations, namely a bump-like PGW feature at CMB scales. Such a
feature is typical of GW sourced from spectator axion-gauge fields during inflation,
leading to a strong scale-dependence. Parameterising the spectrum of these sourced

PGW as a log-normal function, we present constraints on the amplitude, width and
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location of the peak of the log-normal using temperature and polarisation data from
the Planck and BICEP /Keck datasets and forecast the discovery potential of CMB-S4
and LiteBIRD for this scenario.

The paper is organised as follows: in Section 6.2 we describe the tensor power spec-
trum parameterisation and discuss possible inflationary models where such a spec-
trum may arise. We also describe the effects of such a tensor power spectrum shape
on the CMB temperature and polarisation anisotropies. In Section 6.3 we present
constraints on the model parameters from current data and forecast sensitivities of

future CMB experiments. Finally, we conclude in Section 6.4.

6.2 Tensor modes from Inflation

In this section we first present the tensor power spectrum parameterisation used to
describe the bump-like feature. We then discuss the effect of such a tensor spec-
trum shape on the CMB temperature and polarisation anisotropies and conclude this
section with a discussion of inflationary models where one can expect such power

spectrum shapes.

6.2.1 Log-normal spectrum

We parameterise the tensor power spectrum on CMB scales as a log-normal with

Py(k) = rpxAs exp l— 552

Here o denotes the width of the log-normal, kpy the location of the peak and rpi the
rescaled amplitude of the tensor power spectrum at the peak scale in terms of the
scalar amplitude As = 2.09 x 10~ at the pivot scale k, = 0.05 Mpc~!. When o > 1,

the power spectrum becomes degenerate with a flat spectrum on scales
—o Slogk/kpk S o (6.2)

For comparison, the power spectrum of tensor perturbations from vacuum fluctuations

during inflation has the following form,

Pie(k) = rAs <kﬁp>nt (6.3)
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Figure 6.1: Left : Power spectra with tensor spectrum parameters rpx = 0.1, 0 =1
and kpx = 1073. Right: The temperature and B-mode anisotropies for the same
value of the tensor power spectrum parameters.

where r denotes the vacuum tensor to scalar ratio and n the tensor spectral tilt. The
two power spectra are plotted in the left panel of Figure 6.1 taking » = 0.03 and ny
given by the consistency relation for the SFSR spectrum and rpx = 0.1, 0 = 1 and

kpx = 1073 for the log-normal.

6.2.2 CMB anisotropies

Much like the scalar perturbations, tensors also contribute to the CMB anisotropies

and this contribution can be expressed as
CXY = 4r / dink Py(k) A, (k) AY, (k). (6.4)

Here X,Y = T,E, B and Ag(t denotes the corresponding transfer function for the
tensor source. The analytical expressions for these transfer functions can be found
in [105-108], and they can be numerically computed using Boltzmann codes such as

CLASS [110] or CAMB [111].

Physically, tensor modes generate a quadrupolar anisotropy in the radiation den-
sity field at last scattering and reionisation, and thus tensor perturbations lead to
anisotropies in both temperature and polarisation of the CMB. Note that for non-
chiral primordial tensor spectra, the correlations (I'B) and (EB) vanish due to the

fact that B-modes are parity-odd whereas T and E are not [438].

In general, the tensor contribution is relevant mainly on the largest angular scales

since tensor modes decay rapidly on sub-horizon scales (¢ 2 100 at recombination).
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Figure 6.2: Effect of varying o and kyx on CfB taking rpx = 0.1. The black dotted
lines show the B-modes from lensing.

For the temperature anisotropies, the tensor contribution is smaller than the scalar
one by a factor of the tensor-scalar ratio r on these large scales. As for the B-mode
polarisation, for » = 0.001 this is dominated by the primordial tensor perturbations

on these scales since scalars cannot source B-modes at linear order.

However, scalars do generate B-mode polarisation at second order via the lensing of
the E-modes [113] and these lensing-induced B-modes dominate the primordial B-
mode spectrum at smaller scales (¢ 2 100). In the B-mode polarisation angular power
spectrum one can also see the reionization bump (¢ < 10) [107] and the recombination

bump (£ ~ 80) [472], corresponding to scales that re-enter the horizon at those times.

We plot the tensor contribution to the temperature and B-mode angular power spec-
tra in the right panel of Figure 6.1. The difference between the SFSR prediction and
the log-normal spectrum can also be understood from the same figure. The addi-
tional power on scales close to the peak scale k = 1073 leads to an enhancement of
the temperature as well as the polarisation anisotropies on large angular scales. Away
from the peak scales, the anistropy power spectrum in the log-normal case falls off

rapidly relative to the SFSR one.

The effect of varying the log-normal parameters on the B-mode spectrum is illustrated
in Figure 6.2. The location of the peak scale kyi can be directly related to the angular
scale at which the anisotropies are enhanced, whereas the peak width o controls the
range of scales around the peak where this happens. Roughly speaking, peaks at
ko = 10%,1073,10~2 can be mapped to an enhancement of power centered around

angular scales of £ ~ 2, 10 and 100 respectively.
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6.2.2.1 Inflationary Models

A peaked primordial tensor power spectrum is characteristic of transient phenom-
ena occurring during inflation that source gravitational waves on scales of order the
horizon size at that time. The prototypical examples of this type are inflationary
models with a spectator sector involving an axion coupled to a gauge field [123-
126, 130, 132, 469-471]. The spectator sector Lagrangian in this case can be written

as

1 1 A -
Lopec = =500 = UG0) = 7 FuF™ + TXFWF‘“’ (6.5)

where x represents the axion-like field, U(x) is the axion potential, f the decay
constant, F),, the field strength tensor of the gauge field and A a coupling constant.
The specific shape of the GW spectrum in such models arises from the fact that one
of the gauge field helicities experiences a transient instability at horizon crossing and
gets enhanced relative to the other. Thus, in general the GW spectrum sourced in
these models is chiral, i.e. Pr # Pr. Although one can test for chirality through the
observation of non-zero (T'E) or (EB) cross-spectra [126, 438, 473], in our analysis
we only concern ourselves with the overall shape and amplitude of the tensor power
spectrum and neglect these parity violating correlations in obtaining the constraints
in Section 6.3. In general the signal is much weaker in the cross-spectra than in the

corresponding (BB) spectrum, making them harder to detect [126].

6.3 Constraints on model parameters

Constraints on the axion gauge-field model parameters of equation (6.5), specifically
upper bounds on the effective coupling between the axion and the gauge field were
also obtained in [471] for two different models of the axion potential U(x). The
analysis of [471] was carried out for fixed values of the peak width and location using
the profile likelihood approach. However, our analysis cannot be directly compared
with theirs since varying the effective coupling also affects the sourced scalar spectra
whereas here we work at the level of the log-normal parameters which affects only

the primordial tensor power spectrum through equation (6.1).
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Parameter range
Tpk [0,1/5]
o [1/10,10]

10g10 kpk [_5a _1]

Table 6.1: Prior ranges for the log-normal tensor power spectrum parameters.

6.3.1 Constraints from Planck + BK18

For the analysis of our model comprising the base ACDM parameters plus our ad-
ditional tensor power spectrum parameters {rpk, kpk, 0}, we use the following data:
Firstly, the Planck low-£ temperature+polarisation and high-¢ TTT EEEF likelihood [474]
and the Planck lensing likelihood [475]. We shall refer to this combination as Planck
hereafter. Secondly, we also use the most recent BICEP /Keck data release (BK18
hereafter) which contains polarisation data in the multipole range 20 < ¢ < 330

obtained from the BICEP2, Keck Array and BICEP3 experiments [35].

We impose flat priors on the base ACDM parameters as well as flat priors on rpk, o
and log; kpk in the ranges shown in Table 6.1. The CMB power spectra are computed
with CAMB [111] and the parameter space is explored using a Markov Chain Monte
Carlo sampler [476, 477, through its interface with Cobaya [478]. The resulting chains
are analysed with GetDist [479).

Note that we assume in our analysis that the scale-independent vacuum contribution
to the tensor power spectrum has a much lower amplitude than the log-normal sourced
one, so we do not include the variation of r and instead set it to zero. Current data
do not indicate the presence of such vacuum tensor perturbations and for values of
r much smaller than 7px the constraints on rpx will not be significantly affected. We

will revisit this assumption when doing the Fisher forecasts in Section 6.3.2.

The joint posterior distributions for the scalar and tensor power spectrum parameters
are shown in Figure 6.3 (for posterior contours of all 9 parameters we refer the reader
to Figure E.1 in the Appendix). The tensor spectrum parameters are found to be
mostly uncorrelated with the scalar spectrum ones. We also see that the strongest
constraints on r come from the region 1073 < kpx < 10~2 which is not surprising since
features at these scales mainly affect anisotropies in the multipole range 20 < £ < 300,

i.e., exactly the range covered by the BK18 B-mode data.
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"""" Planck
I Planck+BK18

3.02 3.08 0.958 0.974 —4 -3 =2 0.05 0.15 2
log(10'0 Ay) g logo kpk ok o

Figure 6.3: Marginalised 68% and 95% contours for the scalar and tensor power
spectrum parameters. For comparison we also show the same contours obtained
using only the Planck data, this mainly relaxes the constraints on rpy.

Parameter 68% limit
o < 4.83
Tk < 0.0460

Table 6.2: Parameter limits for the tensor log-normal parameters from Planck+BK18
data. Note that these upper limits are prior dependent and may change considerably
for different choices of the prior ranges for the three tensor power spectrum parame-
ters.

For large o the constraints on r reduce to the flat/power-law constraints, as expected.
Figure 6.4 also shows that large values of » = 0.1 are only allowed in the region
kpx < 1074 or kpe > 1072 and for o < 2. The parameter limits are presented in
Table 6.2. The best fit point is found to be {rpx = 0.04, o = 0.43, kp, = 2 x 1072}
with a Ax? relative to base ACDM of Ax? = —0.22. This result is fully compatible

with the absence of tensor modes in the Planck+BK18 data.
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logy Kpk

Figure 6.4: Distribution for the tensor power spectrum parameters using
Planck+BK18 data.

6.3.2 Forecasts with LiteBIRD 4+ CMB-S4

In this section we present forecasts of the ability of next generation CMB experi-
ments to constrain the log-normal tensor parameters. We first take the example of
LiteBIRD which is a proposed space-based CMB experiment led by JAXA with the
goal of mapping the temperature and polarisation anisotropies of the CMB in the
multipole range 2 < ¢ < 200 [45]. Thus, the reionization bump (¢ < 10) as well as
the recombination bump (¢ ~ 80) will both be accessible to LiteBIRD. Note that
a similar analysis of the detectability of such signals with LiteBIRD was also per-
formed in Ref. [126], but only for values of o in the range 2 < ¢ < 10 and taking
Kok =7 x 1075, 5 x 10~3Mpc .

To estimate the constraining power of LiteBIRD, we perform a simple Fisher matrix
forecast! to evaluate the detection prospects of the log-normal tensor spectrum. The

Fisher matrix for the parameters g = (Tpeak, 0, kpk) can be written as [480],

£
e 2€ + 1 —1 3Cz -1 aCe
F;; = —Tr |C, " — —-— .
iJ fsky Z=Z2 2 l ¢ 601 Y 89] ) (6 6)
with the marginalised 1o error on the parameter 6; given by
o =1/(F1),;. (6.7)

L The results presented in this paper are based on only varying the tensor parameters in the Fisher
forecast. We checked that including the ACDM parameters does not significantly affect the estimates
for the tensor parameters’ expected uncertainties.
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The matrix Cy is defined as,

CIT 4 NIT — CFF 0

CT®  CFPLNFF 0 (6.8)

0 0 CPB + NpPB
We also have
1 1
NéX,inst = sz NZ(;Z (6'9)
where the instrument noise spectra at an observing frequency v can be written as,
02
NX = A £(€+1)-EWEM 1

with X = TT, EE, BB. We take fqay = 0.65, {nax = 200 and adopt the LiteBIRD
instrument noise specifications given in Eq. (3.1) of Ref. [481] for temperature. For
the B-mode polarisation we also include foregrounds in addition to the instrument
noise and then use the residual foregrounds plus post component separation noise as
described in [130].2 The lensing B-modes also act as a noise component in the search

for the primordial signal and are included in the calculation of the Fisher matrices.

Much like the instrument noise, the presence of foregrounds and the lensing B-modes
also hinders our ability to cleanly detect the primordial B-mode signal. Separating
the contributions of these foregrounds and lensing B-modes is crucial for the detection
of the inflationary gravitational wave background . Synchrotron and thermal dust
emission from diffuse sources in the galaxy constitute the two main types of polarised
foregrounds on large angular scales. Typically, one utilises the fact that the frequency
dependence of these foregrounds is different from the CMB signal to separate their
contributions to the observed polarisation and temperature maps [482]. Thus, having

a large frequency coverage is vital to accurately constrain the primordial B-modes.

Removing the lensing contaminant instead requires high-resolution maps of the FE-
mode polarisation as well as the CMB lensing potential [483, 484] (or even the cosmic
infrared background [485]). These are used to first estimate the lensing B-modes and
then this estimate is used to delens the B-mode signal. The feasibility of this proce-
dure in reducing the lensing B-mode power (and also in acoustic peak sharpening)
has already been demonstrated with Planck [475] and will be greatly improved with
next generation experiments like CMB-S4 [44, 115].

2The corresponding noise data were made available by the authors of Ref. [130] at https://
github.com/pcampeti/SGWBProbe.
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6.3.2 Forecasts with LiteBIRD + CMB-S4

"""" LiteBIRD only, no delensing
B LiteBIRD + CMB-S4, no delensing
Bl LiteBIRD + CMB-S4, delensed BB

0.02 0.06 i 2 3 05 1.0 15 T 0.05 009 05 10 15
Tpk o 10k Tok o 10%k,

Figure 6.5: Fisher forecast for the tensor parameters assuming fiducial models with
tensor features that have a chance of being detected by LiteBIRD and CMB-S4,
taking rpx = 0.05, 0 = 2, kpk = 10~3 (left) and rpk = 0.04, 0 = 0.5, kpk = 2 x 10~2
(right). The blue ellipses show the estimates in the case where the CMB-S4 data are
delensed with Agelens = 0.8.

In the left panel of Figure 6.5 we present the forecast for the parameter set {rp, = 0.04,
o=2,kpx = 1073}. Although this parameter set is quite close to the upper limits
from the Planck+BK18 data, it is useful to understand the constraining ability of
LiteBIRD.

One can see that the tightest constraints can be achieved for rp whereas precise
measurements of o require a significant amount of delensing. This should be clear
from the fact that to measure the width of the primordial spectrum accurately, we
need to detect the primordial B-mode signal over a larger range of scales. However,
significant delensing using CMB data is not possible with LiteBIRD alone since it
requires information at small scales which are inaccessible to the experiment. This
issue could however be overcome by using future external datasets such as those from

CMB-54.

In the right panel of Figure 6.5, we also present forecasts for the case of {rpx =
0.04, 0 = 0.5, kpx = 2 x 1072}, corresponding to a parameter set which produces
features on scales £ ~ 100. In this case, using LiteBIRD data alone, the constraints
on rpk are weaker since this corresponds to scales where the B-mode signal is lensing
dominated. Significant delensing needs to be achieved to precisely constrain this
scenario. For this purpose, we consider the possibility of delensing using the high-

resolution capabilities of CMB-5S4 [44, 115].
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CMB-54 forecasts for r typically assume fqy = 0.03 and we take the same value here
for the Fisher forecasts of the lognormal parameters. This specific choice of fq, arises
from an optimisation procedure which takes into account delensing requirements,
foreground mitigation and reproducibility of results across the sky [115]. We also
take a delensing fraction Agelens = 0.8 which represents an 80% reduction in the
lensing B-mode power spectra. The analysis of [115] suggests that achieving this
value is not entirely unrealistic. The CMB-S4 multipole range for the delensed B-
mode data is taken to be 30 < £ < 300 and the instrument noise specifications are
those corresponding to the ‘SAT’ configuration and are available at this link3. We do
not take into account foreground residuals for CMB-S4 and assume that these have
been perfectly subtracted from the data. In reality, imperfect subtraction will lead
to the presence of foreground residuals which will again act as an additional noise
towards the detection of the primordial signal but this will not degrade sensitivity to
the tensor-scalar ratio by more than 10~3 [115], which is smaller than the B-mode
amplitudes in our fiducial models. The resulting estimates for this setup are shown
in the same figure. We can see that a significant increase in constraining power is

obtained with the addition of CMB-S4 and a delensing level Agelens = 0.8.

We conclude this section with two more examples. The left panel of Figure 6.6
presents forecasts assuming the presence of the vacuum contribution to the tensor
power spectrum with » = 0.03, 0.01 which effectively acts as a ‘noise’ for the log-
normal tensor spectrum detection. For the r = 0.01 scenario, the forecasts are not
very different from the case of 7 = 0 which is expected since in this case the sourced
tensor spectrum is much larger than the vacuum contribution on the relevant scales.
As expected, for larger r, the sensitivity to the log-normal tensor spectrum parameters
is slightly reduced. The right panel of the same figure shows how the degeneracy
between the parameters r» and 7 increases as the peak width o increases, which
leads to significantly worse estimates of rpi. This is not unexpected, since for larger

o the lognormal spectrum starts to resemble a flat spectrum on the relevant scales.

Finally, the bottom panel presents a scenario with a smaller amplitude of the sourced
tensors Tpx = 0.02, 0 = 0.5 and kp = 2 X 10~2. In this case the signal is detectable
only if a significant amount of delensing can be achieved. For this value of rpy, the

B-mode signal is entirely lensing dominated on angular scales £ > 100.

3https ://cmb-s4.uchicago.edu/wiki/index.php/Delensing_sensitivity_-_updated_
sensitivities, _beams, _TT_noise
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6.3.2 Forecasts with LiteBIRD + CMB-S4
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Figure 6.6: Left: Fisher forecast for the tensor parameters taking rpx = 0.04, 0 = 2,
kpx = 1073 for three different values of the vacuum tensor scalar ratio r. No delensing
assumed for this case. Right: Forecasts for r-rp with o and kpi fixed to the same
values as in the left panel. Bottom: rpx = 0.02, 0 = 0.5, kpx = 2 x 1072 assuming
Agelens = 0.8, r = 0 for this case.
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6.4 Conclusions

In the event of a future B-mode detection associated to primordial tensor pertur-
bations, the natural next step would be to understand the production mechanism
behind these perturbations. This information is contained in the amplitude, shape,

chirality and non-Gaussianity of the primordial tensor spectrum.

Our focus here has been on the shape of the tensor spectrum, taking the example
of a bump-like feature typical of GW sourced by axion-gauge fields during inflation.
This shape deviates sharply from the SFSR prediction which is bound by the tensor

consistency relation to be a power law with a slightly red tilted spectrum.

Naturally, a detection of such a feature in the primordial tensor spectrum would hint
to inflationary dynamics richer than those of SFSR and could be used to constrain the
parameter space of such axion-gauge field models. On the other hand, even the non-
detection of such a spectrum would be quite informative since that would strengthen
our confidence in the SFSR model, especially given the difficulty in directly verifying
the SFSR tensor consistency relation with future CMB probes.

In this paper, we first searched for the presence of such features using the temperature
and polarisation anisotropy data from the Planck + BICEP /Keck experiments. While
the current data do not provide any evidence for the presence of such features, they
do place constraints on the tensor power spectrum parameters. In particular, strong
constraints on the peak amplitude are obtained in the region 1072 < k < 10~2 which

is main sensitivity range of the BICEP /Keck B-mode data.

We also presented forecasts of the ability of two future CMB experiments, namely
LiteBIRD and CMB-54, to detect such features. LiteBIRD’s unprecedented accuracy
in measuring polarisation at large angular scales gives it an excellent sensitivity to
the amplitude of such features and will improve upon current sensitivity by at least a
factor of two. However, accurate measurements of the width will require a significant
amount of delensing, which could be provided by high-resolution CMB experiments

such as CMB-S4.

If primordial tensor power spectrum features were realised in Nature, their detection
would represent a fascinating window into the earliest moments of the Universe, and

help us get closer to a more complete understanding of the physics of inflation. With
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the CMB experiments coming online in the next decade, we might just be able to

take a peek.
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Chapter 7

Conclusions

Four decades since its inception, inflation remains the leading paradigm to describe
the physics of the early universe and has established itself as a cornerstone of ACDM
cosmology. It provides a compelling solution to the shortcomings of the hot big bang
model and naturally sets the initial conditions for the density perturbations of matter

and radiation.

Despite these successes, the physics of inflation still remains a mystery to us. Ob-
servations of the CMB and LSS suggest a vanilla single field realisation, at least on
the largest scales. Indeed, several observationally compatible single-field models ex-
ist, but none have yet emerged as the unequivocal choice to describe the physics of
the inflationary era. There exist several embeddings of the inflationary mechanism in
canditate theories of quantum gravity, e.g. string theory [46]. In this context however,
multi-field realisations appear to be more likely to emerge compared to single-field

ones.

Models beyond SFSR exhibit a much richer phenomenology compared to their single-
field counterparts, they can break the inflationary consistency relations, generate large
non-Gaussianity and produce observable GW signals on small scales. A detection of
such signatures could definitively rule out all single-field models of inflation and may
even point towards the specific multi-field realisation. Therefore, understanding the
phenomenology of these models is essential for extracting crucial information about

inflationary physics from observations.

This thesis has focused on gravitational wave signatures of multi-field models, with
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particular attention paid to GW anisotropies and non-Gaussianity on interferometer
scales, and the spectral shape on CMB scales. We started in chapters 2 and 3 with
a brief introduction to the ACDM model and inflation, prioritising the main results

and concepts necessary to understand the original work of this thesis.

In chapter 4, we studied the anisotropies of primordial gravitational wave backgrounds
using the line-of-sight formalism, a standard tool originally developed to describe
CMB anisotropies. As an application of this formalism, we computed the anisotropy
spectrum associated to a GW background with a highly peaked spectral shape. Typ-
ically, such shapes arise in GW induced from sharply enhanced scalar perturbations
on small scales, possible in several multi-field inflationary models and often invoked
in scenarios involving the formation of primordial black holes. We found the spectral
shape strongly affects the detectability of the anisotropies, leading to a strong en-
hancement and a non-trivial frequency dependence of the anisotropies in the case of
a peaked spectral shape as opposed to a power-law background with ng ~ O(1). The
frequency dependence of the anisotropies may prove to be an essential tool for the
task of separating the anisotropies of different cosmological and astrophysical back-
grounds in the SGWB map, similar to component separation methods used for the

CMB.

The second part of chapter 4 explores the role of the initial condition term in the GW
line-of-sight formalism with some representative applications. We first demonstrated
that in the case of adiabatic initial conditions the anisotropies are insensitive to the
presence of a non-standard equation of state before the standard radiation dominated
era. We saw that physically, the result can be understood as a consequence of the

conservation of the curvature perturbation ¢ on super-horizon scales.

We then turned to the case of isocurvature initial conditions, generated through the
curvaton mechanism in which the curvature perturbation is generated not by the
inflaton, but by an additional light scalar field that dominates the energy budget of
the universe after inflation. We found a four-fold enhancement of the GW anisotropies
(w.r.t. the adiabatic case) in the simplest curvaton scenario. Understanding how
large the GW isocurvature can be in a concrete realisation of the curvaton scenario,
while keeping in mind the current constraints on isocurvature perturbations is a
possibility worth looking into further. Another interesting direction of research would

be to explore the cross-correlation of the GW anisotropies with those of the CMB for
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different kinds of curvaton scenarios.

Chapter 5 is devoted to the generation of inflationary tensor non-Gaussianity and
its detectability on interferometer scales. We showed that even though propagation
effects forbid a direct detection of the tensor bispectrum ({(h3)) for most momentum
configurations, the anisotropies of the energy density still retain information about
squeezed limit tensor non-Gaussianity. These anisotropies and their cross-correlation
with the CMB are sensitive to the mass, spin and couplings of the additional fields
active during inflation. Importantly, we saw that models predicting enhanced GW
signals at small scales can also accommodate large squeezed non-Gaussianity, with the
resulting anisotropy a promising probe of the “cosmological collider”. Exploring how
such cosmological collider signals could also be extracted from the CMB temperature
and polarisation anisotropies is a research direction that warrants further investigation

and complements the work presented in this chapter.

The possibility of detecting large scale GW produced in axion-gauge field models of
inflation, through their effects on the CMB anisotropies, was the subject of chapter 6.
These models can violate the tensor consistency relation (ny = —r/8) of single-field
inflation and typically predict a bump like GW spectral shape. We first derived con-
straints on the parameters describing the shape of this bump, using a combination
of the Planck and the most recent BICEP /Keck datasets. We then presented fore-
casts of the precision with which LiteBIRD and CMB-S4 will be able to measure the
spectral shape of the inflationary GW. In the future, it would also be important to
explore the other types of GW features that inflationary models can generate and how
well these experiments might be able to constrain them. Data analysis techniques
that may be better suited for more complicated features (e.g. oscillatory) will also

be worth exploring [486].

In summary, gravitational waves represent a missing piece of the inflationary puzzle
and their detection has the potential to completely transform our picture of the pri-
mordial universe. The study of these gravitational waves carried out in this thesis
serves as a contribution to a much broader effort, involving both theory and exper-
iment, with the aim of developing a comprehensive understanding of inflation and
the physical laws that govern the universe in its earliest stages. Hopefully, future

cosmological observations will bring us closer to this ultimate goal.
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Appendix A

In-In Formalism

In the Heisenberg picture, the time evolution of an operator O is derived from the

full Hamiltonian H with
d .
Q) =ilH, Q) (A1)

The Hamiltonian is a functional of the fields and their conjugate momenta, defined

as

Hy(t),n(t)] = /d?’x?-l[z/z(m,t),ﬂ(w,t)]. (A.2)

We now split our fields 1, 7 into a homogeneous background (t), 7 (t) and a space-
time dependent perturbation d¢(z,t),dm(x,t). In our perturbative approach, the
background fields are c-numbers and obey the classical equation of motion while the

perturbations obey the usual commutation relations

[0 (x, 1), 0m(y,t)] = ib(x —y), [0%(x,1),09(y,t)] = [on(,1),dn(y,t)] = 0. (A.3)

We expand the Hamiltonian around the classical solution

_ om(x,t)
P,
+ H[5¢(, ), 6n(a, )], (A.4)

HI (), 7(t)) = HIGO,7(0)] + [ a5

U

0p(x,t) + /d3w H
W, 9

where the linear order terms vanish on the classical background solution and we collect
in H terms of quadratic or higher order in 64 (zx, t), dm(x,t). The perturbations evolve

according to

d - d -
700 = iHISU (), om(1)], 6¢],  —om = i[H[5Y(2), o (2)], om, (A.5)
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which has the solution
SY(t) = U™t t0)60(to)U (L, t0), om(t) = U™L(t, to)dm(to)U(t, to). (A.6)
The unitary evolution operator U obeys,
d e
aU(t,to) = —iH(t))U(t,t0), U(to,t0) =1. (A.7)

Unfortunately in this form the equations of motion become non-linear making it hard
to obtain a solution. This necessitates a perturbative approach for which we further

split H into a quadratic kinematical part and interactions
H = Hy + Hy. (A.8)

The leading time evolution of the perturbations now is governed by the their (free)
quadratic Hamiltonian Hy resulting in linear equations of motion. We label these

interaction picture fields as 6y, o7l with

%&pl = i[Ho[0y! (), o7 (¢)], o], %&H = i[Ho[0y! (t), 0nf (¢)],07T],  (A.9)

and initial conditions
(51,01(3.':,150) = §Y(x, o), (571'[(93, to) = om(x, to).- (A.10)

Notice that since Hy generates their time evolution, the interaction picture fields
are the same free fields we encountered when calculating the power spectrum in the
previous sections. The interaction Hamiltonian Hj,t can then be used to compute the
corrections to the correlation functions, perturbatively in Hin. Notice that in (A.9),
we can evaluate Hy at any arbitrary time ¢. Taking this to be ¢t = ¢, the solution to

(A.9) is
s (t) = Uyt (t, )09 (to)Uo(t, o) (A.11)
and similarly for dr(t). Here
%Ug(t,to) = —iHo[dv(to), om(to)|Uo(t, to), Uo(to,to) = 1. (A.12)

Now, we introduce F(t,to) = Uy '(t,to)U(t,to) as the evolution operator associated

to Hjnt, i.e.

%Fo(t,to) = —iHins [0 (t), 67T (£)|Uo(t, t0), F(to,to) = 1, (A.13)
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with the solution
t N 4!
F(t, to) = Te o T4 (A.14)
This allows us to write the expectation value of the operator Q(t) as

(Q)) = (2UQo%(2), o (B)]|2)
= (QIU(t, %) Q09 (t0), 5 (t0) U (¢, o) |2)
= (QUF (¢, 10) QL% (to), Sm (1)U (¢, ) F (¢, 10)|2)

— —’L t . ! ! T _1/ t . ! !
= (0 (Te Y Qg ), 6x e o O i) (a15)

The final step is to relate the interaction vacuum |Q2) to the vacuum of the free
theory |0). Let tg & —oot = —oo(1 + 4€) in (A.15). This effectively turns off the
interaction in the far past so that we can identify |Q2) — |0). Thus, we finally arrive

at the in-in master formula,

. t a /7 ’ Z t A / /
(Q) = (O[T ! = M ()it [ Hin ) g | (4.16)

where T represents anti time-ordering and the —oco~ = —oo(1 — i¢) limit arises from

the complex conjugation.

137



APPENDIX B. GW ANISOTROPIES

Appendix B

GW anisotropies

B.1 Uniform density gauge calculation

To relate the Newtonian gauge results of section 4.2 with the calculation of [253],
we provide here a simplified calculation of the anisotropies using the uniform density
gauge. The starting point of the calculation of [253] is the metric in the uniform

density gauge during matter domination. This is given by [487],
o 4 .
ds? = a*(n) | —dn® + (1 + 2¢)é;jdz’da? — =z 0Cdnda’| . (B.1)

We are now looking to solve the Boltzmann equation,

@ _of , o d Ofde
dn  On  Oxtdy  Oqdn

0, (B.2)
in this gauge.

Let A be the affine parameter along the graviton geodesic. The graviton 4-momentum
is then P* = dx/d\. We can express this in terms of the physical momentum p defined
as p? = gz-jPin , and 71, the unit vector along the GW direction. To this end, we first

write P? = C#, where C can be determined in terms of p as,

p? = gij P'P7 = a*(1 + 2¢)C%8;;n'n?

— 0:5(1—0. (B.3)
Next, using g, P*P” = 0 we find,

0_P(1__2 5o
P _a<1 5aH81Cn)' (B.4)
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B.1. UNIFORM DENSITY GAUGE CALCULATION

We can now write the graviton 4-momentum P* in terms of the magnitude of the
physical momentum p and the direction of propagation 7 as
a 5aH ’

To solve the Boltzmann equation (B.2) we need to calculate dg/dn with ¢ = |pla.
Using Egs. (B.3) and (B.4) one finds Py = —q. Thus, it only remains to solve the
geodesic equation for Py. This equation is given by [74],

dPy 1

— = peph B.

a 2609aﬁ ( 6)
Using the fact that d/d\ = P%d/dn one can re-write the above equation as

P, 1
Pod—n0 = 5aogaﬁpapﬂ. (B.7)

To simplify things further, we can work with the re-scaled metric without the scale
factor which we denote by g,., i.e. g = a2§w,. The null geodesics remain the same;
the affine parameters and the tangent vectors in the rescaled metric, on the other
hand, are respectively given by d\ = a~2d\ and 15# = a?P* [488]. Onme also finds
P, = Pu' Using these relations the geodesic equation reads,

dPy 2 -, (a )' ;
=__p (nt B.
dn 5 a Oin’ (B.8)

where the prime denotes a partial derivative with respect to conformal time. Using

Py = By and re-writing the above expression using the quantities defined in the

original metric g,,,, one obtains at linear order in ¢,

=9 = _Za2P%9,(nt
an 5a 0i(n
1 .
= —gq&(n’. (B.9)

From this one can simply read off the derivative

dzt P! i
2 =T = nt. B.1

dn PO n (B.10)
Note that we only need this term at zeroth order, since it multiplies 8f/0z* which is

a first order quantity. For dq/dn we also have

d 1 ;
£] = gqaz{nz . (Bll)
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Using the above results, one can finally write the Boltzman equation as

of  of ; i0f _
o " iy qag Frill (B.12)

In terms of the perturbation to the distribution function

L .0
df = _qr(nam’%n)a_f’ (B13)
q
one obtains,
or ;o0 1 6(
—_ g B.14
on " or T 5oz ( )
In Fourier space,
or
6—k + ikuly = —Ck, (B.15)
with u = k - 7. This can be solved to give
. s . 1
T (n) = e*r0n=m \Ty (i, ¢, 1) — ng(nin) ; (B.16)

Since the gauge of Eq. (B.1) is the uniform matter density gauge, it must also be the

uniform GW density gauge, i.e. for adiabatic initial conditions we must have

)
9PGW _ — Ty =0. (B.17)
PGW

The present day observed anisotropy then becomes,
— A 1 —
P(wo’ 7]07”) = _gC(xin,nin) (B18)

with &, = Zo + (i — 10). In terms of W, we have

dIn f(q)

1
GW(, o\ _ +
607 (g, ) = < Cmi, &) =57~ = lng (B.19)
SFSR inflation produces a power law distribution function with
F(q) o< (go/q)* 1+ (B.20)

where ¢ is a reference momentum, € the standard slow-roll parameter during inflation
and v = 2/(1+3w) with w being the equation of state when the GW mode q re-enters
the horizon [253]. This gives

5%V (g,) = — 2 (v + 1+ ), ) (B.21)

which is the result of ref. [253].
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B.2. ALTERNATE DERIVATION OF THE INITIAL CONDITION TERM

This matches the Newtonian gauge results of section 4.2 if the initial conditions are
set during matter domination. To see this, we make use of egs. (4.40) and (4.42), and
the fact that the Newtonian gauge potentials ® and ¥ are constant during matter
domination. From the results of section 4.4, we know that this choice of initial
conditions works fine for modes re-entering the horizon during matter domination,

i.e., modes with k£ < keq, but not for modes with k > keq.

Additionally, as already pointed out by the authors of [253], it does not take into
account the effect of the late-time ISW arising from the transition to A-dominated
universe which provides a relatively smaller but non-negligible contribution to the

anisotropies (fig. 4.1).

B.2 Alternate derivation of the initial condition term

We present here an alternative method to derive the initial condition term (eq. (4.23))
in terms of the primordial perturbation (, based on the separate universe approach.
We follow the derivation of ref. [489] which used this to derive the initial conditions

for the CMB anisotropies.

The perturbed Newtonian gauge metric of eq. (4.1) can be can be brought to an

unperturbed form
ds? = a*(f) [—~di® + 6y;dz'd’ | | (B.22)

using the coordinate transformation z# — Z* = x* + &* with

1
——(n, M.D.
@=¢° (B.23)
and
¢ = —(at. (B.24)

In fact, for a general equation of state w, the required time transformation is [489],

¢ = —é a? dn. (B.25)

Since the scale factor evolves as a oc 7%/ (1+3%) for w > —1/3, we obtain the solution

1+ 3w
0_ _
¢ C775+3w’

(B.26)
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which reduces to eq. (B.23) for w = 0, 1/3. The GW density perturbation is dggw = 0
in the unperturbed coordinates. By reversing the coordinate transformation, we can

obtain the required Newtonian gauge GW density perturbation as

spaw = dpaw + Pawt’

= —4Hpewe’ (B-27)

where pgyw = —3H(1 + wew)pcw. Now, with £° given by eq. (B.26), we get the
required result of eq. (4.23).
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Appendix C

Noise Angular Power Spectra of

GW Experiments

In this appendix we describe the calculation of the noise angular power spectra of
GW detectors which is based on the analytical formalism of [403] and is used to
perform the forecasts in chapters 4 and 5. We first review the basic definitions of the
quantities involved in GW anisotropy detection and then list the detector networks

and specifications used for the forecasts.

C.1 Formalism and definitions

We start by expanding the SGWB in plane waves,
hi@H) = 3 /df/d 7 hs(f, R)e2T E-R2)es (7) (C.1)
s=-+,X
where s denotes the GW linear polarisation, f is the GW frequency and 7 the direction

of propagation. The strain power spectra for unpolarised GW can be written as,

(o

(halt )b (110 = 200 = 1) O 5., (©2)

where I is the SGWB intensity. The observed detector response at a position x is
the convolution of the detector response tensor a* with the GW strain plus a noise

term n(t, f),

d(s,1) = [ @0 3 ha(f,)a el (@)e 2" 4 nt, f). (C.3)
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APPENDIX C. NOISE ANGULAR POWER SPECTRA OF GW EXPERIMENTS

The noise has its own power spectral density given by

1

(n(f)n(f')) = 56(f — )Ny, (C.4)

2

for stationary i.e. time-independent noise. The detector response tensor, for a Michel-

son interferometer, can be written as

av =

N | =

@'/ T(h-a,f) - 50T (A0, )|, (C.5)

where 4,7 are the unit vectors along the detector arms and the transfer function

T(n -4, f) is [241]

T (-, f) =% [sinc (WfTL(l —f- ﬁ)) g1 TR B+ (C.6)
+ sinc (7”%[’(1 +h- ﬁ)) e—i"’:L(l-i-ﬁ-ﬁ)] . (C.7)

The SGWB and its anisotropies are detected by cross-correlating data across different

detector pairs where the noise can safely be assumed to be uncorrelated [241]. One

can then glean from this cross-correlation estimator, the statistics of the isotropic and

anisotropic parts of the SGWB energy density map e.g. see [238, 241, 248, 251, 490,

491].

To define a noise angular power spectrum, we first assume that the intensity is separa-

ble into a the product of a direction dependent part and a frequency dependent part?!,

I(f,n) = In(R)E(f), with &(fref) = 1 at a reference frequency fief. The resulting noise

angular power spectrum is [403],

-1 26(H\?  nr—1\AB/ nr—1\CD
N; =§ABXC:D/df/dt (T) (N7HAB(NTY)
Zm Re(ABC,lm (t’ f)A*DA,Zm (t7 .f))
X 20+ 1 ’

(C.8)

where the sum is over combinations of detector pairs AB and CD. The N fB denote

the noise covariance matrix and Aap¢m the spherical harmonic transform of the

antenna pattern for the detector pair AB

Aap(n, ) = o [Tr(ake ) Tr(ahe) + Tr(aheX)Tr(afex)"] emi2r/(@a—en),

7

overlap function for detector pair AB

(C.9)

1Equiva,len‘cly7 this implies that the anisotropy 6%

frequency dependence.

144

and the monopole Qaw share the same



C.2. DETECTOR NETWORKS

We assume that that network of detectors under consideration behaves like a rigid

body under 3D rotations so that eq. (C.8) simplifies to [403]

Nl = obs T /df (25 ) Ny )AB(Nf—l)CD

ABCD

Z Re(ABc,em(f)AD 4,6m ()
20+1 ’

(C.10)

Here, T,,s denotes the total observation time. For uncorrelated noise across detector

pairs i.e. where N }43 =64N4, eq. (C.10) further simplifies to

m | A4B.m ()

_ 2(f
Nyt = T d : : C.11
¢ bAB#/ f( ) NANP(20+1) (G-11)

This denotes the angular power spectrum of the detector noise for the quantity I

which is related to the spectral energy density parameter as [241],

47T2f3

QGW(.f’ TL) (f: ) ) (012)

The corresponding anisotropy and noise angular power spectra are thus related by,

0 A2 £3 2 . 0 A2 £3 2
P (£) = ( 352 £(f)) Cl, NJ(f) = ( 352 E(f)) Ne.  (C13)
For the forecasts in chapter 5, we work with the quantity N, ZGW defined as,
NQ
NGW = _;i : (C.14)
Qaw(f)

In section 4.3 of chapter 4 we have a situation where the frequency dependence of the
monopole and anisotropy are not the same. For this, we need to define the frequency-
dependent angular sensitivity of the detector network to the /—th multipole [404],

- 2\2 (4n2/3\ 77 1 5, G
GWn(f) = osz(5) (3Hg) NfoB (2é+1) . (015)

AB

C.2 Detector Networks

The noise angular spectra for ET-CE were already calculated in ref. [403] and we
adapted the corresponding code schNell to perform the same calculations for LISA-

Taiji, BBO and PTAs.
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ET-CE

In the case of ET-CE, we use cross-correlations among the ET vertices with noise

correlation matrices N }43 = 0.2,/N J’c“N }3 for A # B as well as the ET-CE cross-

correlations for which the noise is uncorrelated. We do not consider ET or CE

self-correlations. The detector locations are assumed to be the same as the ones

considered in [403] and the total time of observations is taken to be T,s = 4 years

and frEezr_CE = 63 Hz. The corresponding noise curves for ET? and CE? are publicly

available.

LISA-Taiji

LISA and Taiji are assumed to be in earth-like orbit around the sun and separated

from each other by an angle of 40° [406]. We include all LISA-Taiji cross-correlations

as well as self-correlations with the noise curves taken from [371] for LISA and

[406] for Taiji. The total time of observation is assumed to be T,ps = 4 years and

FESATTR = 0,01 Ha,

BBO

For BBO we consider the configuration consisting of four LISA-like constellations,

with two of them in the form of a hexagon. The other two outer constellations will

lead and lead the hexagon by 120°, all of them orbiting the sun in an earth-like

orbit [118]. The BBO noise curves are obtained from [492] and for the observation

and reference frequency, we take Tops = 3 years, frEfBO = 0.1Hz.

PTA

The PTA response function is slightly different since unlike interferometers, the Earth-

pulsar system only has a one-way transmission of radiation and acts like an arm of

2http://www.et-gw.eu/index.php

3https://dcc.ligo.org/LIGO—T1500293/pub1ic
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C.2. DETECTOR NETWORKS

an interferometer. The corresponding detector response tensor is [241],

a = %u T (-1, f), (C.16)
with
T8, ) = Zoine (L2 47 ) 0, (c17)

For the forecasts with PTA, we assume a futuristic experiment like SKA collecting
data from Npg pulsars distributed uniformly over the sky with timing noise of the

form [493],
N; =207AT. (C.18)

Here 1/AT is the cadence of the observations and o; is the rms error of the timing
residuals. The following parameter set, based on the analysis of [494], is chosen for

the forecasts:

AT | 2 weeks
Npsr 50

ot 30 ns
Tops | 20 years

Table C.1: SKA parameters.

For simplicity, we have not include additional noise sources such as red timing noise
or clock or solar system ephemeris errors, which are expected to be present in a
more realistic case [495]. In the future, the addition of more pulsars is also expected,
e.g. Npsr ~ 100—1000 for SKA2 [496], which may further bring down the noise and

improve angular resolution.
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Appendix D

Tensor non-Gaussianity and GW

anisotropies

D.1 Computation of the angular power spectra

In this section we report the intermediate steps in the calculation of the angular power

spectra of the intrinsic anisotropies.

D.1.1 Auto-correlation
D.1.1.1 Monopolar TTS

We start with eq. (5.4),

3
leiy= [

<k (273 e—idﬁ-qFlgtE(k, q)¢(9) . (D.1)

In this case we have for the spherical harmonic coefficient,

85y = [ 4206 ()Y (R) (D-2)
Now, using
e = 4m > " i%j(qd) Yo (9) Y7y (2), (D.3)
LM

and the fact that there is no angular dependence in § - k

FltItLS(k’ q) = FIEItI_S,(k’ q) ) (D'4)
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D.1.1 Auto-correlation

we obtain

2 , 3
coWits — 2 / 0°dq je(qd)*Fi (g, k)? Pe(q) - (D.5)
T Jegk

where we applied the definition of the auto-correlation from eq. (5.11). Finally, as-

suming scale invariance and applying the identity,

| dx 1
/0 J?(m)? = m, (D.6)

we arrive at the desired result of eq. (5.15)

GW.,tts . [ ftts 2 27TAS

D.1.1.2 Quadrupolar TTS

Here we have,
- 47 A e a ~ o
FE(k,q) = FE(a, k) lg Z}@M(k)YzM(q)l =F\LP2(q-k), (D)
M
which gives,
GW 167(.2 -L 24 vk (A\VE (AS\VE (A
S = 5 3 i [ AWV ()Y ()
LMm/

8 / %ﬁmq’ k)i (ad) Y20 (@) Yar (9)C(Q) - (D.9)

The resulting auto-correlation is

327

GW  ¢x _
<6K1'I‘n1(s GW) - %

lomo

I — miMim! moMom!, s . .
DDRED DI e A / q*dq Fy,(q,k)jz, (ad)jz, (gd) Pe (q)
L1M1m’1 L2M2m/2

% [ dYi,00, () Yo (Y700, (@, (D.10)

where G;"/2™ is the Gaunt integral,

G5z = [ 4 ¥esm (@) ¥euma (@) Yeoms (@)

(D.11)

_ \/(2£1+1)(2£2+1)(2£3+1) b by L3 [ b L 43

4 0 0 0 m; Mg ms

We now apply the identity

£ L 4 £ L 4 . 5Z1,Z25m1,M2

) _ Yte0mimy (D.12)
mM\m M mi] \m M ms 20, +1
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to perform the sum over the Wigner 3j-symbols and obtain

00.1,0, 1 0p. 710, '
GW _ 2 L1—Lo1.2 2 01 L' Omi M’ Ol L' Omo M
<6€1m16;2(;ﬂ?2> = 167 Z Z i 2h131L12h52L22 12£1 +11 22£2 +21 HLle

Ly,Ly L' M’
T DR I I U LIS (D.13)
. 01L12"%5Lo2 (26]_ + 1)2 1L2 >
where
201 +1)(20+1)(2¢3+1) (b1 2 L3
hh@zfs = \/( ! )( 24 )( 3 ) ) (D14)
4 0 0 O
and
2 . . ~
HL1L2 = ﬁ /q<<k q2dQ.7L1 (qd)JLz (qd)F&tﬁ(k, q)2PC(q) . (D'15)
The properties of the 3j-symbols are explained in [497].
Equivalently we can write,
H
GW,tts 2 -L1—Lo12 2 LiLg
) — 1 1 2 _— D.].
CZ 67 LIX,[:Q ? h£L12h’ZL22 (2—€ + 1)27 ( 6)
The final steps involve the use of the identity [498],
A ptrv—X41
o0 a* TWT'(B=57)
dzx J,(ax)J,(ax z = 2 , D.17
A ( ) “( ) 9\ F(u—u;-)\-i-l )F(—u+l/2+)\+l)1-\(u+l/-2i-)\+l) ( )

[for Re{(p+v+1)} > Re{A} >0, a > 0]

The spherical Bessel functions j,, are related to the Bessel functions J,, /7 as

Jn(z) = \/%JnH/Q(w). (D.18)

Thus, we finally get

or (FLE)As
CGW,ttS ~ 20 NL D].g
¢ 5(—-2)(¢t+3)’ (D-19)
which is valid for £ > 2.
D.1.1.3 TTT bispectrum
The starting point is now eq. (5.8),
d3q L .
SR (i) = — [ L R (e, q) 00 (@) @' D.20
W =- [ e IR ) S0 @60 (D.20)
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D.1.2 CMB-GW cross-correlation

We expand the GW in the helicity basis, i.e. A = R, L and use the following expan-
sion [441, 499],

v (@) nind €79 = — (2m) 47/ E(g) D (—i)* %j&(j)? #2YL (9)YLm (7).

LM
(D.21)
where the +2Y7 s are the spin-weighted spherical harmonics which satisfy
/S - Yin() oY () P = Sy B (D.22)

This allows us to write

Sem’ = \/ Z/ dqg &tﬁ(k,q)'yéj(z(d;)_sn’;n((j). (D.23)

The auto-correlation is thus given by

3 2
CEW,ttt _ (¢ 1)5(2—; 1)(£+2) 822 /q<<k q2dq FL (k, q)2PS( ) Ef;g)i‘)l . (D.24)

To get to eq. (5.22) we assume scale invariance and use the following identity

Jz(w) 4 (£-2)!
/ o S = BT =2) (D-25)

D.1.2 CMB-GW cross-correlation

To obtain analytic formulae for the cross-correlations we only consider the CMB SW

term given by [75],

4T . Bp o
=57 [ gy Yen @)ielori)C(p). (D.26)
The cross-correlation is defined as,
<5€1m16£2m2> CZCIW-T521Z26m1m2 (D'27)
D.1.2.1 Monopolar TTS
In the monopolar case we obtain,
_ 2 ) . ~
cVT = = [ qdajilad)jolans) BE(R )P (@) (D.28)
T Jegk
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Assuming scale invariance, this becomes

i dg
~ M 4s / ™ ji(ad)je(arss) - (D.29)
g<k 4

GW-T
CZ

Now, if we approximate d = 755 and use eq. (D.6) we get

QW 47 ~ Ag
T tts
~ — I Lo 7, oy - D.
CZ 5 N 2€(£+ 1) ( 30)

However, we can obtain a better result if we use the actual values for r)s and d. These

can be calculated using,

- Ziss  dz 1 /1100 dz (D.31)
Iss = = o .
o H(z)  HoJo \/Qm(l T2 4Oy
35
~ T

where we set the density parameters to their Planck bestfit values [15]. For d we can

let z — oo and obtain d ~ 3.26/Hy.

The next step is to use the following identity [498],

av F( E+U5>\+1 )

o0
dz J,(azx)J,(bz)z > =
/0 v(az)J,(bz) X pr—AHT(L=FATI Py 4 1)

_ oy — 2
szl(quyz/\Jer uoArl 1?a>,

’ 2 vV b_2
(D.32)

[for Re{(p+v—A+1)} >0, Re{A\} > -1, 0< a < B

on eq. (D.29) to obtain

w2 mns\’  T(0) 1 3 ri
C’eGW T:T NP (?) I‘(€—4—%)2F1 —§,€;€+ §7f . (D.33)

in terms of the Hypergeometric function o F3.

D.1.2.2 Quadrupolar TTS

The calculation for this case proceeds similarly to what was done for the quadrupolar

C’ZGW’ttS. We find

GW-T,tts __ L—£72 Gre
C, S = 47r2L:z hmm, (D.34)
where
2 ] ' -
Gy = — / q%dq je, (qd)je, (qriss) FE (k, q) Pe (q), (D.35)

152



D.2. STATISTICALLY ANISOTROPIC CASE

Now we use eq. (D.32) to get

3/2 frtts A £
GW-—T,tts T NL41S [ Tlss Tlss Tlss
) = - R —_— ]. E— ]- F .
o) a (d)(d )(d-i-)Ag, (D.36)

where AFy is given by

2 2
AFZE&l(f-Fl)QFl( ;,££+ lss)_2F1( fﬁ—i— lss)] .

T(¢+3/2) 2 2 a2
(D.37)
The function AFy is well fit by
0.2

TTT bispectrum

We start from egs. (5.8) and (D.23). Using eq. (D.21), the spherical harmonic coeffi-

cients for the tensor contribution to T can be written as

= & [ an S i@, o
+2

rec 27T 3 677 (QX(n))2

The resulting cross-correlation is the one given in eq. (5.33).

D.2 Statistically anisotropic case

The correlators discussed in the previous section are calculated under the assumption
of statistical isotropy of the background space-time. It is also interesting to consider
the correlators in a background where statistical isotropy is violated. We studied this

in [1] and I provide here an overview of the main results for the correlation functions.

Such statistical anisotropy can arise in inflationary models involving vector fields,
with the vev of the vector field picking out a preferred direction 9 in space [500-506].
The exact form of the STT (or TTT) bispectra would depend on the specifics of the
inflationary model under consideration. Here, we perform a phenomenological analy-
sis, modelling the STT bispectra in a form similar to existing examples of statistically
anisotropic scalar bispectra, e.g. see [501]. The non-linearity parameter is taken to
be

FE(g,k) = Aoa(k, q,0) Yo (). (D.40)
LM
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Additional terms involving the quantities (0 - IAc) as well as contributions such as
(9 - §)(9 - k)(k - §) may also arise, as shown for (¢3) in [501, 507-510] and (3) in [511].
The power spectra in such models may be anisotropic itself, e.g. of the form P, (k) =
P, (k)14 ras 900 (k, 8)Yrar(E)) [506, 512-515]. We focus on the effects of the term
in eq. (D.40), the contribution of the other terms to the correlators can be calculated

similarly.

BipoSH formalism

The resulting correlations in this case are statistically anisotropic which produces non-
zero off-diagonal elements of the angular power spectra Cp,"-T ,. Using eq. (D.40), we

' mm/
find

. : X
<6€1m1 5€2m2> 47”'61 / (271')3 Yvelml (Q)Jel (qd) Z )\LMYLM (Q)
LM

47 .l

x i / oy Vi D (60) (€ (@) ()

2 - Ak (A AVE (A
=5—7T’Lel b2 Z |:/d2q }/Elml (Q)YLM(Q)nzmg(q)
LM

x [ da o, (ad)jin(are) Pla) M | (D.41)

This becomes
2 4 _ . .
(OG5 84 ma) =5—7TZ€1 L3 [ / q*dq je, (qd)%z(quss)P{(Q))‘LM]
M
VAR 2) L

X (_l)th1f2L y (D42)
mp Mma -M

with Ay, ¢,1, defined in eq. (5.18). The properties of the Wigner 3j symbols dictate that
this cross-correlation is non-zero when ¢1 + ¢+ L = even and |1 — £2| < L < £1 + {s.
Thus, for L > 0, there will be off-diagonal elements in the CEZ_T. Statistically
anisotropic correlators of this form can be analysed with the BipoSH formalism [516,
517]. The bipolar harmonic coefficients, denoted as AZIZ’f 12 are defined in terms of
the real-space correlation function of the observables 671, §/2 as

(671(81)07(32)) = > ATV, (81) ® Yo, (82) b (D.43)

£109,LM

where {Yy, (£1) ® Yy, (£2) } o are the bipolar spherical harmonics

{YA (fl) ® Y152 (i'Q)}LM = Z C£%1,Z2m2n1M1 ("ﬁl)Yézmz (£2)’ (D'44)

mima2
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with

122 L
C&ml,me = (_1)41—£2+M V2L +1 (D.45)

m1 My -M

as the Clebsch-Gordan coefficients. Inverting (D.43) and performing an angular in-

tegration over (£1,£2) gives the BipoSH coefficients

LM
Ay f1f2 3 CEM st (6 572y, (D.46)

l1m1 famo
mima2

As a consistency check, we see that in the statistically isotropic case, the BipoSH
coefficients vanish for L > 0 while the L = 0 term reduces to the usual CZGW_T. In

the statistically anisotropic case, we obtain

o h 2
Ay ST = s o [ Pdain(@din(an) Pl | . ©47)

The auto-correlation of the anisotropies can be calculating in the same manner, with

the result
o, h 2
ALV ittt (2 [ iy, ()P @] - (D49

Finally, working similarly to section 5.2.3, one can also obtain Fisher forecasts for the

Arm parameter as also done in [1].

D.3 Spin-2 Model

D.3.1 Sound speed(s) scaling

We provide here additional details regarding the time/scale dependence of the sound
speeds considered in section 5.3.1. We parameterised the weakly time dependent
sound speed for the helicity mode-j as,
i (M\Y | f
¢(n) = ¢ (-) +o. (D.49)
i
In the limit c;-c < ¢j(n), the parameter s; reduces to the usual slow-roll parameter

associated to the time-dependence of the sound speeds, defined as s; = ¢;/c; H [153].

In section 5.3.1, we had stated that the above choice of sound speeds was equivalent
to employing scale dependent sound speeds, (eq. (5.62)), in terms of calculating the

relevant cosmological correlators using the in-in formalism. The reason behind that
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can be understood as follows. It is known that the main contribution to correlators
arises around the time the relevant modes cross the horizon (c;(n)kn ~ 1). This is
because deep inside the horizon (cj(n)kn > 1) the mode functions, which are of the
type 7-[,(,1’2) [—c;(7) k7], are rapidly oscillating. In particular, for the scenarios we are

interested in here we shall have

c2(nomB) ~ ¢, ¢j(MBBO) ~ cg ) (D.50)

where ncnvp/Beo denote the conformal times when the CMB/BBO scales cross the
horizon. This is also what one obtains in using the scale-dependent sound speeds of

eq. (5.62).

One final point relevant to the calculation of the cosmological correlators is the choice
of the horizon. This is obvious when the modes functions within the integral corre-
sponding to a given vertex share the same horizon. When there are mode functions
with different arguments one needs to choose the horizon corresponding to the mode
which exited last (see e.g. [151, 171]). The reason behind this is the same as discussed
above, at earlier times the integral is again highly oscillatory! due to presence of this

mode.

D.3.2 Computation of the bispectra

Keeping these points in mind, we then calculate the tensor bispectra using the in-in
formalism. The dominant contributions in ¢y < 1 limit, are given by the diagrams

fig. 5.9 leading to e.g.

A Ao Y Ui 72 73
Ver MYz (M) Cks (M) = /_ dm /_ dnp /_ dns | dmax

x ([Hr(na), [H1(ns), [H1 (), [H1(m), va! ()72 (m)Ces (I 5
(D.51)

in the commutator form [171, 188]. We then sum over all the terms one can form by
replacing one of the Hy with H(,2))2,(0) (eq. (5.65)), another with H, ), (eq. (5.66)),
and the rest with H, ()., (eq. (5.63)). Using the mode functions of egs. (5.56)-(5.59)
and taking the squeezed limit k;, = k3 < k1 ~ ka2 = kg, we obtain (after a very lengthy
calculation) the result of egs. (5.68) and (5.72) [2].

11 fact, applying the ie prescription in the far past to the project the interacting vacuum of
the full theory on to the vacuum of the free theory turns this oscillatory behaviour into exponential
decay (see e.g. [62, 91]). This suppresses the integrals in the |c;kn| > 1 limit.
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D.3.2 Computation of the bispectra

v | a

0.7 | 0.96
11| 299
14 | 5062
1.45 | 7879.3
1.48 | 238800,

Table D.1: Values of a (eq. (5.70)) for different values of the mass in terms of the
parameter v = (9/4 — (m2/H?))'/2. See [2] for more details.
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APPENDIX E. ACDM PARAMETER ESTIMATES

Appendix E

ACDM parameter estimates

""" Planck
B Planck+BK18

0.0228]
B'lc; 0.0224
=]

0.0220

3.02 3.08  0.958 0.974 —4 -3 -2 0.05 68 0.022 0.12 0.04  0.07
log(101°A) ng logyg kpk Tpk o H, O, h? Q.h? Treio

Figure E.1: Marginalised 68% and 95% contours for ACDM and tensor spectrum
parameters.
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Parameter 68% limits
log(10°4;)  3.045+0.014

N 0.9649 + 0.0040
H, 67.3 +0.53
Qph? 0.02237 4+ 0.00014
Q.h? 0.1201 + 0.0012
Treio 0.054 4+ 0.0073

Table E.1: ACDM parameter means and 68% limits for the log-normal model using
Planck+BK18 data.
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