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Introduction

The first direct detection of gravitational waves (GWs) was made in 2015 by the
LIGO/Virgo collaboration [1]. It has also proven the existence of binary stellar-mass
black hole systems. In 2017 the Advanced LIGO/Virgo collaboration made the first ob-
servation of a binary neutron star system [2]. In the future, many astrophysical sources
are expected to be detected by alIGO/Virgo and other planned detectors. However,
the GWs are expected to discover not only new astrophysical objects but also to probe
fundamental physics and cosmology. The GWs decouple from the rest of the compo-
nents of the universe upon the production, therefore they can probe the energy scales
inaccessible in any other way. However, to probe the physics of the early universe, the
GW amplitude must be sufficiently large to be detected by current and future GW de-
tectors. Several mechanisms in the early universe can generate a GW signal within the
reach of GW detectors. The currently operating GW detectors include ground-based
detectors, alLIGO, aVirgo, and KAGRA. The number of future GW detectors involves
the ground-based interferometer Einstein Telescope (ET) [3|, which is expected to be
completed soon. The European Space Agency (ESA) has accepted the Laser Interfer-
ometer Space Antenna (LISA) [4], which will be the first space-based interferometer.
The sensitivity of the Pulsar Timing Arrays to detect GWs is expected to improve in
the future with the Square Kilometre Array [5]. There are also two other space-based
projects, like DECIGO (DECi-hertz Interferometer Gravitational Wave Observatory) [6]
and BBO (Big Bang Observer) [7].

The current ground-based interferometers are close to reaching the sensitivity neces-
sary to detect the astrophysical GWB produced by a superposition of the signals from
unresolved sources [8]. Future space-based and earth-based interferometers might be
able to detect the cosmological GWB generated by inflation [9], preheating, phase tran-
sitions [10] or topological defects [11]. So we will require a method to differentiate the
cosmological GW signal from the astrophysical one. The frequency dependence is one
of the possible ways to distinguish among the various GW backgrounds since certain
cosmological sources of GWs peak at some characteristic scales [12]. Although, due to
the fact that future interferometers will have a much better angular resolution, angular
anisotropies in the GW energy density could be an effective tool to distinguish among
various sources of GWs in the early universe [13, 14, 15, 16]. The aim of this master
thesis is to analyze the effect of different cosmological sources on the initial angular
anisotropy of the SGWB.



In this thesis, we considered several mechanisms for the GW production in the early
universe. The SGWB is expected from the amplification of initial quantum fluctuations
of the tensor perturbations of the metric during inflation. However, inflation is not the
only source of GWs expected in the early universe. In models beyond the standard
single-field, additional fields may be present or new symmetries can be considered dur-
ing inflation, which could also be the source of GWs. In the axion inflation model,
the inflaton field is coupled to a gauge field, therefore besides the GWs from the vac-
uum fluctuations, we have the sourced GWs from the excited gauge field [17]. Another
possibility is the presence of a second scalar field during inflation, the spectator field,
which can induce GWs. Alternative to the standard inflationary model is the curvaton
scenario, where the curvature perturbations are produced from an initial isocurvature
perturbation associated with the quantum fluctuations of a curvaton field [18]. The
SGWB is also expected to arise from strong first-order phase transitions. During a first-
order phase transition, true vacuum bubbles nucleate and collide with each other in the
background space-time, which is still in a false vacuum. Collisions of bubble walls break
the spherical symmetry creating non-zero anisotropic stress and leading to the genera-
tion of GWs. Moreover, the expansion and collision of bubbles will induce sound waves
and magneto-hydrodynamic turbulence, which also leads to the GW production. The
relative contribution of these processes to the total GW spectrum depends on a specific
particle physics model [10]. Furthermore, topological defects may arise as a result of
symmetry-breaking phase transitions. Cosmic strings are one-dimensional topological
defects produced as a result of a symmetry-breaking phase transition in the early uni-
verse. Cosmic strings may arise at the end of inflation in supersymmetric GUT models of
Hybrid inflation [19]. Cosmic strings can also be the fundamental superstrings produced
at the end of brane inflation |20]. Cosmic strings cross each other and reconnect forming
smaller cosmic string loops. These loops begin to oscillate and decay emitting GWs [21].

To study the anisotropies of the SGWB, similarly to CMB anisotropies, we solve the
Boltzmann equation for the graviton distribution function at first order around a FLRW
metric |22, 23| [24]. The graviton distribution function can be expanded as a leading
isotropic term plus a first-order anisotropic contribution. The isotropic and homogeneous
part of the distribution function depends only on time and the GW frequency p/2m,
where p is the physical momentum of the gravitons. In contrast to photons, the initial
distribution of gravitons is not thermal leaving in the distribution the memory of the
initial state. Due to the fact that the spectrum is not thermal, the angular anisotropies
of the SGWB have an order one dependence on the GW frequency [25|, while for the
CMB anisotropies the dependence appears only at the second order. Furthermore, the
CMB temperature anisotropies are generated only at the last scattering surface and
thereafter, while GWs propagate freely at all energies below the Planck scale providing
unique information about the physics of the early universe. Anisotropies in GW energy
density are produced both at production and during their propagation through the large-
scale scalar and tensor perturbations of the universe.

To fully describe the SGWB anisotropy we need to know the initial conditions for the
GW energy density perturbation dgy and the evolution of gravitational potentials ® and



W. To this end, we solve the Einstein equations combined with the Boltzmann equation
for various particle species present in the universe at the time of the GW production
[26].

The primordial density perturbations can be split into adiabatic and isocurvature
perturbations. Adiabatic perturbations are characterized by a vanishing entropy per-
turbation. Isocurvature perturbations have a non-vanishing entropy perturbation. The
single-field models of inflation typically generate purely adiabatic perturbations. Isocur-
vature perturbations can be generated if more than one scalar field is present during
inflation, for example, in inflationary models with the curvaton or spectator fields. Cos-
mic strings produce mainly isocurvature perturbations [27]. On the other hand, phase
transitions can produce both adiabatic and isocurvature modes, depending on the given
particle physics model [28]. In the case of adiabatic perturbations, GW energy density
perturbations behave similarly to CMB anisotropies, even if there are some differences
due to their non-thermal initial distribution. This is not necessarily the case for isocur-
vature perturbations. This can have an impact on the angular spectrum of the SGWB
and can be a way to distinguish different sources of GW in the early Universe, being at
the same time probes of the large-scale gravitational potentials.

We compute analytically the angular power spectrum of the SGWB. Then we imple-
ment numerically adiabatic and isocurvature initial conditions in the Boltzmann code
CLASS, adapted for the SGWB [29].

The thesis is organized as follows. In Chapter 1 we give an overview of cosmolog-
ical sources of GWs, which include inflation, phase transitions, and cosmic strings. In
Chapter 2 we present the solution of the Boltzmann equation for GWs. Further, we
decompose the solution of the Boltzmann equation in spherical harmonics and compute
the angular power spectrum of the SGWB perturbations. In Chapter 3 we introduce
the initial conditions for the GW energy density perturbation in the case of adiabatic
and isocurvature perturbations. In Chapter 4 we provide the results of numerical com-
putations in the Boltzmann code CLASS for the angular power spectrum of the initial
condition term implementing different SGWB sources.






Chapter 1

Cosmological Sources of
Gravitational Waves

1.1 Inflation

1.1.1 Quantum Fluctuations of the Inflaton Field

Inflation is a period of accelerated expansion in the early universe, which presents
the solution to the shortcomings of the Hot Big Bang model such as the horizon and
flatness problems [30]. Quantum fluctuations of the inflaton field stretch to the cosmo-
logical scales resulting in amplified classical density perturbations [31, 32, 33]. When
the perturbations reenter the horizon they set the initial conditions for the Large Scale
Structure formation. The simplest models of inflation predict adiabatic, Gaussian, and
nearly scale-invariant density perturbations in a homogeneous and isotropic spatially flat
universe. The intrinsic quantum fluctuations of the metric during inflation can generate
GWs. The detection of GWs from inflation will allow us to probe the dynamics of in-
flation and allow us to differentiate among the specific models of inflation. The simplest
models of inflation include an inflaton scalar field ¢ with a canonical kinetic term and
potential V (¢), minimally coupled to gravity. The action for the inflaton scalar field
reads [34]

5= [ atoy=g | "B 0,00+ (). (1)

where R is the Ricci scalar and mp; = 1/v/87G is a reduced Plank mass. To describe
the evolution of a scalar field we can associate the stress-energy momentum to ¢

-2 48
Tw=—F—<
V=g gt
The inflaton field can be expressed as the sum of the classical background value,
which is homogeneous and isotropic, and the quantum fluctuations

1
= a,ugbaugb + 9w [2gaﬁaa¢aﬁ¢ -V (¢):| . (1'2)
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¢ (Z,t) = (0|9 (7,1) [0) + 0¢ (T, ) =
= o (t) + 60 (7,1) .

The stress-energy momentum tensor for the classical background value is given by

(1.3)

R G (1.4)

Ti = Bd)? v (¢)] 5 = 5P, (1.5)

The equation of state for the classical background value thus can be written as

ps(t) 182+ V (9) '

For inflation to occur it is required to have a negative isotropic pressure P, < 0. It
is possible if %(]52 < V (¢), which brings to Py = —V(¢) &= —ps. The equation of state
is wy ~ —1, giving rise to a quasi-de-Sitter phase with a quasi-exponential expansion
a(t) ~ ef'*, where a Hubble rate H approximately constant. This condition is realized if
we consider a sufficiently flat potential V' (¢) & const, which is called a slow-roll regime.
The equation of motion for the scalar field from the variational principle is

Wy

s

-~ 1.
=0 (17)
In the spatially flat FRW metric it takes the form
- . V3¢ aV

3HYp — —+— = ——. 1.8
For the classical background value of the scalar field, the equation reads

. ) oV

3Hp = ——. 1.9
o+3Hp=—75; (1.9)

Two conditions must be fulfilled to realize inflation for a sufficiently long amount of
time to solve the shortcomings of the Hot Big Bang model. The first slow roll condition
is

1.
iqﬁ? <V (p). (1.10)
We introduce the second slow roll condition

$ < 3H. (1.11)

It ensures that we have an asymptotic attractor solution to the equation of motion



b —a (1.12)

In order to quantify the slow-roll regime dynamics, it is also useful to define the two
slow-roll parameters

_E‘N
S
_®

3 ¢
2V(e) (1.13)

n= H¢’

exploiting the slow roll conditions the parameters must satisfy ¢ < 1 and n < 1.
Although ¢ <« 1 is sufficient to have inflation, the condition n < 1 will ensure that
inflation lasts for long enough.

As aforementioned the perturbations of the inflaton field will induce the tensor per-
turbations of the metric producing the SGWB. The perturbed spatially flat FLRW
metric, neglecting scalar and vector perturbations, is [34]

ds* = a*(n) [—dn* + (8; + hij) da'dz’] (1.14)
with h;; such that h;; = hj; ,hf =0 ,hé.‘ = 0 . The equation of motion for h;; is

i
obtained from the Einstein equation

65
09w
around the metric in eq. (1.14), then we get

=0, (1.15)

h¢_+2Hh0__Vﬂh“-—16wGa%T?T (1.16)
ij ij CL2 - 17 .

where H is the conformal Hubble rate and Hz;T is a traceless and transverse com-
ponent of an anisotropic stress tensor. The anisotropic stress is given by aQHij =
T;j— pa’ (0ij + hij), where Tj; is the spatial components of the energy-momentum tensor
of the source and p is the background pressure. It vanishes at first order for single field
inflation, therefore

V2h,;
a2

hi; + 2Hhi; — =0. (1.17)

Since h;; is symmetric, transverse, and trace-free, tensor perturbations have two
1) ) ) )
physical degrees of freedom, so it can be decomposed in a Fourier space as

hij = )\ZJF:X / (;lil;?) eiE'fh)\ (E, 7_”) ef‘j (E) , (1.18)
A

where € (k) is the polarization tensor, which satisfies €;; = €;;, eﬁ =0, kieij =0,
A

ij

and the normalization condition € ez/\j, = dyn. The equation of motion becomes



k2R
a?

N+ 2HA, — =0, (1.19)

which is analogous to the equation of motion for a minimally coupled scalar field.
We can parametrize it as

2 U (777 k)
hy = V2 ) (1.20)
mpj a
Since we are considering the quantum fluctuations, we have to quantize the inflaton

field. We apply the canonical quantization for vy (77, E)
7 d*k iR - —iRE At
on (1F) = [ == [oe ) e ag, + o () e (1.21)
(27-[-) ) k,)\
where aj |, a%)\ are the annihilation and creation operators respectively. The nor-

malization condition for vy <17, E) is

vpvl — vivh = i. (1.22)

which ensures the canonical commutation relation for &E A and &g

)

>

» ’] = (2m)” 5w 6@ (E— k?’)

AR (1.23)
[ag’xag’x] = lagy g ] = 0.
Hence, the equation of motion can be rewritten as
"
o+ (-2 ot =o. (124)
We can relate a conformal time and a Hubble rate at first order as
7~ ”H(lle)’ (1.25)
then the term involving the scale factor in eq. is
a” 1
;:”H/+”H22(2—6)’H2:?(2+36), (1.26)

and the equation of motion can be written as

v -1
v (n) + <k2 - 4) v () =0, (1.27)

2:

where v % + 3¢. This is a Bessel equation, whose solution is of the form



on (1.F) = V=0 [e1 (k) HD (<kw) + o (k) B (=kv) | (1.28)

where HV (—kv) and o (—kv) = o (—kv) are the Hankel functions of the first
and second kind. On sub-horizon scales, —kn > 1, we want to be able to reproduce a
flat spacetime metric, thus we require a plane wave solution on sub-horizon scales

vk () = cr e+ g e, (1.29)

We set ¢, = 0 as initial condition and the value of ¢; 4 is determined by the
normalization condition in eq. (1.22). The solution then is

vk, (1) = \/127¢€_ik77’ (1.30)

and given that for —kn > 1

—ikv
2e 7 1 i (1.31)
T —kv 2k

. i 1yx .
we must impose co = 0 and ¢; = Tﬂe’(”+2) 2. The exact solution then becomes

HWM (—kv) ~

() = Y05 D) (k. (1.52)

and on superhorizon scales, —kn < 1, we have

2 T .3 T (1/) _
HW (—kv) ~ \fe i59v=3 (—=kn)™", (1.33)
a r(3)
then the solution reduces to
L i-zgu-3 T () 1,
v = ——c¢ 2)22V72 —kn)z27". 1.34
Writing the original field as
d*k _ikz —ikg + 1 A (7
hij = /\ZJ;X / W {hk (m)e apat hi (n) e a,gy)\] €ij <k> , (1.35)

and using eq. (1.20) and eq. (1.34) we obtain the amplitude of the physical tensor
modes h;; at superhorizon scales

H kE\ ¢
hy|~— () 1.36
ol — (H) (1.36)

which at horizon crossing k = a,Hy, reduces to

Hy,
Bl ~ — 2k 1.37
Y T (1.37)



We define a dimensionless tensor power spectrum P, (k) as

272

(g (B M (K m)) = = Gax P (k)6 (k = &), (1.38)
using eq. (1.35) and eq. (1.23) we find
(i (Fon) iy (Fon) ) = 269 (E= ') b . (1.39)

Finally, we obtain the inflationary tensor power spectrum
2 H? [k \
Pk)=—— | — 1.40
n () 2 mi, <aH > ’ (1.40)

which at horizon crossing k = a; Hy, reduces to
2 H?

Pa(k) = 5=k, (1.41)

T mi,

We can define the spectral index for the tensor modes that describe the shape of the
power spectrum as

dIn P, (k)
applying eq. (1.40) we get
np ~ —2e. (1.43)

In the simplest models of inflation € > 0 and so ny is expected to be red tilted,
namely it decreases on smaller scales. The red tilt of the tensor power spectrum is a
consequence of the fact that the amplitude at horizon crossing is directly proportional
to the energy scale of inflation, H? ~ V (¢) /m%,, since the Hubble rate decreases slowly
during inflation.

After the tensor modes cross the horizon during inflation, they remain constant,
therefore eq. will provide the initial condition for the modes that reenter the
horizon in a post-inflationary epoch. When the tensor modes reenter the horizon, they
obtain a time dependence, starting to oscillate and decay as 1/a. A general solution
today can be written as [35]

h(k,m0) =T (k,m0) hiny (k) , (1.44)

where T (k,no) is the transfer function that describes the evolution of perturbations.
It can be written as

3jlk(7’7€(:70) k < keg,
T (ko) =3 _AB jitne) | BE) jilom) f ok (1.45)
hing (k) kno hing (k) kno €



where k, is wave number and A (k), B (k) are the matching coefficients at radiation-
matter equality. The GW energy density from inflation today is

(h; (F,m0) W' (Z,m0))

paw (o) = =
327rGa3 (1.46)
1 2 2
=—— | dkk* [T (k hing (K)|* .
imican | K 7 o)) g ()
The spectral GW energy density from inflation today reads
1d 1
Qaw (k) = — L4 = (7" (ko)) P (k) (1.47)

" pedink  12HZd2

where we used p. = 3H?/87G. Typically, we are interested in the solution at sub-
horizon scales, where the transfer function is given by

an
T () = d 20 e
’ 9 k>k
2npk? o

(1.48)

An upper bound from the CMB on the amplitude of SGWB generated during inflation
is [34]

Hing \°
QGHE = 5 % 10716 ( i ) , (1.49)
Hmaa:
where Hj, s is the inflationary Hubble rate, evaluated at the CMB scales, fonp ~
107 —107'"Hz, and H,,4, is the current upper bound on the energy scale of inflation,
Hppar =~ 8.8 x 10'3GeV [36]. We can parametrize the GW spectrum by a power law
relative to a pivot scale at the CMB frequencies [9],

Qaw = Qg%B (fc‘j/[B>nT . (1.50)

For the standard single-field models of inflation, the consistency relation must be
satisfied [37]

r = —8nr, (1.51)

where 7 = P}, /Py is the tensor-to-scalar ratio, P, and Py are the tensor and scalar
power spectra respectively. In standard inflationary models ny < 0 with |np| < 1 and
from the current CMB bounds r < 0.014 [38].

Even in the case of an almost scale-invariant spectrum, the GW amplitude is below
the sensitivity of current ground-based interferometers such as LIGO and Virgo. The
sensitivity of aLIGO is h? ~ 1079 [39]. in the frequency range 10Hz < f < 10kHz.
The third generation ground-based future interferometer Einstein Telescope will allow
to probe the stochastic background down to Qgwh? ~ 10712 for the frequency range
1Hz < f < 10kHz [3]. Another planned experiment is LISA, which is a space-based



interferometer, therefore it can reach much lower frequencies in the range 10 °Hz <
f <1Hz. LISA is expected to probe a SGWB down to a level of Qgyh? =~ 10713 [40].
If the energy scale of inflation is high enough, future GW detectors such as Big Bang
Observatory (BBO) [41] and Deci-hertz Interferometer Gravitational wave Observatory
(DECIGO) |42] might be able to detect the irreducible GW background from inflation.
The approximate lower bound on the GW signal for BBO and DECIGO is Qgwh? ~
10716

1.1.2 Axion Inflation

However, the quantum fluctuations of the metric maybe not be the only source of
GWs during inflation. In models beyond the standard single field models, additional
fields may be present or new symmetries are considered during inflation, which would
change the GW spectrum significantly. The corresponding GW signal can overtake
the irreducible GW background from vacuum fluctuations. Contrary to the GW from
vacuum fluctuations, these models can generate a comparably large and blue-tilted GW
spectrum providing an attractive target for future GW interferometers.

Let us consider the scenario, where the inflaton ¢ is a pseudo-scalar field and it is
coupled with a gauge field A, which is excited as the inflaton rolls down its potential
[17]. The Lagrangian interaction term is of the form

1 ~
AL = —E¢>FWF‘“’, (1.52)
where f is the decay constant of the inflaton field. The equation of motion for
+1-helicity odes A4 (k,n) of the gauge field is [43]

Al (E n) n [18 + Qgﬂ AL (E n) —0, (1.53)

where ¢ is the parameter that characterizes the strength of the inflaton-gauge cou-
pling

¢

£:2f7H'

(1.54)

For wavelengths —kn > 2¢ , one of the two helicity modes AL (E, 17) is exponentially

amplified during inflation. Hence, the excited gauge field is able to generate a strong
GW signal. The fact that only one of the polarization modes is amplified is a reflection
of the parity violation of the operator in eq. . The energy-momentum tensor of
the gauge field is quadratic in the fields, therefore the tensor modes produced by the
gauge field obey non-Gaussian statistics.

From the constraints on the non-Gaussianity at the CMB scales by the Planck ex-
periment, & < 2.5 [44]. The GW signal for such values of ¢ is below the sensitivity of the
current and future experiments. However, the parameter £ is a time-dependent quantity,
which will increase on smaller scales, since ¢ increases and H decreases near the end of



inflation. Thus it is possible to have the Planck constraints on the power spectra and
non-Gaussianity at the CMB scales satisfied and simultaneously have a large GW signal
at smaller scales.

The total tensor power spectrum consists of the sum of the power spectra of vacuum
fluctuations and sourced GWs from the excited gauge field [45]

k3
Pt (k) = 5n2 D I (B)F = Py (k) + Bereed (k)
A=E (1.55)
S AV T
T2 Mp, . Mp, &8

From the power spectrum P, we can readily get the spectral GW energy density
h2Qqw. Figure 1.1 depicts the spectral GW energy density as a function of the fre-
quency for f = mp;/35 with a quadratic inflaton potential V' (¢) = %m2¢>2. At large
scales ( < 10*5Hz) a leading contribution comes from the vacuum fluctuations. At
intermediate scales, (10_5 Hz< f<1 Hz) the sourced GWs dominate over the vacuum
fluctuations, although the back reaction of the gauge field on the inflaton field is negligi-
ble. At small scales, (f > 1H z) the back reaction of the gauge field cannot be neglected
anymore. The conservation of energy implies that the production of photons reduces
the kinetic energy of the inflaton, therefore the growth of ¢ is slowed down, resulting
in a flattening of h2Qgy at the smallest scales. Since qb and H increase and decrease
respectively over time, the power spectrum of the sourced GWs is typically blue tilted.

The spectral energy density of the sourced GWs reads

H4 647r§
Qewh?=15x1078————, (1.56)
M, €0

where H and & are evaluated at the horizon crossing for a given mode. It can be
locally parameterized as Qgwh? ~ f7 at a given frequency f. At any frequency, we

can define the spectral tilt as

dn Qe h?
_ dmriewln 1.
nr dlnf ) ( 57)
and at first order in slow-roll parameters, it reads [9)
nr ~ —4e + (41§ — 6) (e — n) . (1.58)

For the range of ¢ that future interferometers can probe (¢ > 3.5 for LISA [9] ), the
term —4e is negligible in comparison with the other term, so the spectral tilt can be
approximated as

ny ~ (4m€ — 6) (e — n) . (1.59)

This simplification allows us to obtain a model-independent parameter estimation
related to the sensitivity of a given GW detector.
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Figure 1.1: GW spectrum today h?Qgw from a numerical integration versus the local
parameterization Qg h? ~ (f/f.)"" evaluated at different pivot frequencies f, with the
spectral tilt ny obtained from successive approximations [9].

To summarize, the amplification mechanism from the gauge field gives rise to the
significant blue tilted GW signal that can be probed by the upcoming experiments. The
parity violation and highly non-Gaussian statistics are also distinctive features of this
mechanism [9)].

1.1.3 Inflation with spectator field

Isocurvature perturbations can be generated if more than one scalar field is present
during inflation. However, the presence of isocurvature perturbations does not necessar-
ily lead to the GW production. The other scalar fields, besides the inflaton, which are
present during inflation, are referred to as spectator fields. The presence of a spectator
field gives rise to a second-order source term in the equation of motion of GWs leading
to a classical production of GWs. Let us consider a Lagrangian of the form [46]

L= %m%lR + %aﬂgbaw _V(6)+ P(X,0), (1.60)

where ¢ is the inflaton field and o is the spectator field, X = %8M08“a and P is
a generic function of X and o. The inflaton field drives the cosmological expansion
and also generates the scalar perturbations. The spectator field does not play a role in



the dynamics of inflation, but it still can produce scalar and tensor perturbations. The
propagation speed of the spectator field perturbations is
Px + Pxxo}

where oy is the background value. We consider the models with ¢ < 1, since it
leads to a more efficient GW production compared to ¢; = 1. The value of ¢; can change
during inflation and this variation is characterized by a parameter

(1.61)

Cs

— és
~ Heg

which is assumed to be a small quantity. The total power spectrum of the GWs
from inflation consists of the irreducible GW background from vacuum fluctuations of
the metric and the classical GW production by the spectator field. Both of these con-
tributions can be characterized by a power law. Likewise, the scalar perturbations are
generated by the vacuum perturbations and the spectator field, also following a power
law. We can then write the total tensor and scalar power spectra, respectively, as

s £0, (1.62)

K\ k"7
Pow ()= AP (0) () + 40w (£) (1.63)
and
P =) (1) AP0 () (1.64)

where k, is the pivot scale. The scalar and tensor power spectra can be obtained by
perturbing the action at third order. This leads to a term h;;00d0, which gives rise to
the sourced GWs. The equation of motion for tensor perturbations is given by

2Px
2
mpy

hi; + 2Hhij — Othij = [0:008;00)"" . (1.65)
The amplitude of tensor perturbations then at a given pivot scale can be approxi-
mated as

8 H*

A(U) ~
T 157rc?§ mél’

(1.66)
where H and c; are evaluated at the pivot scale. Furthermore, the amplitude of the
sourced scalar contribution at the pivot scale is

1 HY

A9~ —_— 1.67
S 327rcg m%l ( )
where H and ¢, are evaluated at the pivot scale. We can obtain the corresponding

spectral indexes at the lowest order in the parameters € and s



ngg) = —4e — 3s,
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We focus on the cases, where s # 0 and |s| < 0, thereby the GW amplitude is
enhanced on small scales. Finally, the total tensor and scalar power spectra, respectively,
are

(1.68)

(v) (o)

2H? [k \"T 8 H* [(k\"T
P, k) = — —_— | — 1.69
Gw (k) m%, (kz*) * 15mcd mb, <k‘*> ’ (1.69)

and
(v) (o)
H? [ k\"s ! 1 H* [k\"s !

Ps (k)= —— | — —_— | — . 1.70
s (k) 4em?, <k‘*> * 32wl m, (k*> (1.70)

Both the scalar and tensor power spectra are determined by the energy scale of
inflation through the Hubble rate H, the slow-roll parameters, and specific parameters
¢s and s. If ¢, is small enough and s is negative, but |s| > 1, the sourced GW spectrum is
blue tilted. Thus, the sourced GWs could have a sufficiently large amplitude, detectable
by LISA, while the amplitude is small at the CMB scales.

If the spectator field o is stable and decays late enough after the end of inflation it
is possible to have isocurvature perturbations.

1.1.4 Curvaton scenario

In the standard slow-roll single-field models of inflation, the observed density per-
turbations are generated by the fluctuations of the inflaton field. These models lead to
adiabatic perturbations. Another possibility is the curvaton scenario, where the curva-
ture perturbations are generated by an initial isocurvature perturbation related to the
quantum fluctuations of another light scalar field. The curvaton energy density is negli-
gible during inflation. When the curvaton decays into radiation after the end of inflation
the isocurvature perturbations are converted into adiabatic ones.

In the curvaton scenario, the total curvature perturbation can evolve on large scales
due to a non-adiabatic pressure perturbation [47, 48|. During inflation, isocurvature
perturbations of the curvaton field o are generated [18]

oy = % (1.71)
27

In the radiation-dominated epoch, after the inflation, the curvaton field oscillates,
which leads to the change in the energy density and therefore transformation of the initial
isocurvature perturbations into the curvature ones. The energy density perturbation of
the curvaton field is given by

%o, 2% (1.72)




where 7, is the value of the classical curvaton field during inflation. The curva-
ture perturbation ( is negligible when the curvaton begins to oscillate and is constant
when the curvaton decays. If the curvaton decays instantaneously then the curvature
perturbation is given by

G 22k, (1.73)
g

*

where 7 = (p,/p)p is the fraction of the curvaton energy density to the total and D
denotes the decay time. The corresponding power spectrum is

1/2 H,
P~ 1.74
q 271-0-7* ( )

We have a nearly scale-invariant power spectrum if we assume that the curvaton field
is effectively massless during inflation. The power spectrum of GWs from inflation is

34]

2 H?

Ph ~ 5 - (1.75)

= 2
2mp, ™
In the curvaton scenario, the initial curvature perturbation of the inflaton field is

negligible. In the standard slow-roll models of inflation, the curvature perturbations are
induced by the inflaton field and the power spectrum of the curvature perturbation is

given by [18]
P~ — 1.76
¢ 2m%, e (27r> (aH*> ’ (1.76)

where n¢ ~ 1 denotes the spectral index and ¢ is the standard slow-roll parameter
given by

¢')2

~ 2m2,HZ

Furthermore, the GWs are produced at second order by the curvature perturba-
tions. In the curvaton scenario, the GW production through the curvature perturbations
takes place only when the curvaton decays, namely when the isocurvature perturbations
transform into curvature fluctuations. The GWs produced by the curvaton perturba-
tions between the end of inflation and the time of curvaton decay are isocurvature. The
contribution from these perturbations is directly proportional to the amount of non-
Gaussianity in the curvaton scenario [49]. The current constrain on the non-Gaussianity
from Plank data is |fyr| < —0.9 [50].

The equation of motion for the GWs in Fourier space can be written as

€

(1.77)

" OHR, + K2hy, = S (E T) , (1.78)

where the source function S (E, T) is given by
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where e/ is a polarization tensor in a circular basis [18]. The solution to this equation
is

hi (1) = 1) /dT’gk (T’, T) a (T') S (/_5, 7') , (1.80)

a(r

where gy, (7/,7) is the Green function. We can write the perturbation of the curvaton
field in terms of the transfer function and the primordial perturbation [18]

doi (1) = T4 (k,7) dop, (1.81)

with the primordial power spectrum

272 - )
(Bordog) = o) (k: + q) Ps, (k). (1.82)

The second-order tensor perturbations are produced when a given mode k enters
the horizon and ends when the curvaton decays. Assuming that a mode k reenters the
horizon during radiation dominated epoch, the Hubble rate is H = 1/7 and so a given
mode k enters the horizon at a time 7, = 1/k. Denoting the mode which enters the
horizon at the time of the curvaton decay as kp, we can write

kp=a(mp)T, (1.83)
where I' is the decay rate of the curvaton and the scale factor is
a(r) = kﬁjr (1.84)
The zero mode of the curvaton field & begins to oscillate at
1/2
e (5 (1.55)

where m is the curvaton mass. We consider the modes which enter the horizon when
the zero mode @ is already oscillating

T>1/z

k< ( kp. (1.86)

For this range of wavenumbers, doy, (1) ~ @ ~ a~%/2. Therefore we can write

5 1\ 3/2 1\ 32
5Uk (7’) = ( Uo-k) <k‘D7‘) op ~ % <W> op, (1.87)

where G p is the value of the zero mode of the curvaton field at the decay time. The
GW energy density today then is given by [18§]
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for the range of wavenumbers

kp < k < (%)1/2 kp. (1.89)

The maximum GW amplitude in the perturbative regime I' < m, which also satisfies
the constraints on NG from the CMB anisotropies, is of the order Qqw ~ 10715, which
is above the sensitivity of interferometers like BBO and DECIGO.

1.2 Phase transitions

First-order phase transition in the early universe can give rise to a significant SGWB.
The electroweak phase transition in the Standard Model is a cross-over, so it does not
result in any considerable GW emission [51]. On the other hand, various extensions
of the Standard Model predict strong first-order phase transitions that can produce a
detectable GW signal [10].

During the first order phase transition, a potential barrier of the order parameter
appears separating the symmetric false vacuum and symmetry-breaking true one that is
more energetically favorable with decreasing temperature. The scalar field can pass from
the false to the true vacuum either through quantum tunneling or thermal fluctuations.
These processes occur through the nucleation of true vacuum bubbles in the background
spacetime, which is still in a false vacuum. Due to the pressure acting on the bubble
walls, the bubbles expand and, as a result, the free energy contained in the false vacuum
is released. If the phase transition takes place in a vacuum, the released energy is
converted only into gradient energy of the bubble walls, which can accelerate up to the
speed of light. If the phase transition takes place in the primordial plasma and the field
driving the phase transition is coupled to other fields in the surrounding plasma, most
of the released energy is converted into the kinetic energy of the fluid [34].

At the end of the phase transition, the true vacuum bubbles collide breaking a
spherical symmetry of bubble walls and creating non-zero anisotropic stress, which leads
to the generation of GWs. [52].

A relevant parameter for the GW spectrum is T}, the temperature of the thermal
bath at the time ¢, when GWs are produced. If there is no significant reheating, then it is
approximately equal to the nucleation temperature T} =~ T,,. The nucleation temperature
is the temperature at which the probability that one bubble is nucleated per Hubble
volume is of order 1. The bubble nucleation rate is [53]

L (t)=A(t)e 5, (1.90)

where S (¢) is the Euclidean action of a critical bubble. It is given by either O (4)-
symmetric solution for phase transitions in a vacuum or by O (3)-symmetric solution for



phase transitions at finite temperature. The inverse time duration of the phase transition
B can be defined as the rate of variation of the bubble nucleation rate [10]

ds T
B = T (1.91)

Another important parameter for the phase transitions is the ratio 3/ H,. The smaller
B/H, is, the stronger the phase transition and therefore the GW signal. The ratio can
be expressed as

I3 ds
— =T,—. 1.92
H, *dT (1.92)

The strength of the phase transition is characterized by the ratio of the vacuum
energy density released in the phase transition to the energy density of the radiation
bath at the moment of phase transition

= Buee (1.93)
Prad

where pr ;= g+m2T#/30, and g. is the number of relativistic degrees of freedom
at T,. We also denote the bubble wall velocity in the rest frame far away from the
bubble as v,,. Other relevant parameters are the fraction of vacuum energy that gets
converted into gradient energy of the Higgs-like field, and into the bulk motion of the
fluid respectively [54]

hy = 2 gy = Lo
Prad Prad

(1.94)

The anisotropic stress sourcing the tensor perturbations are not correlated for wave
numbers smaller than the Hubble radius at the time of production k < a4 H,, because the
causal processes that generate GWs cannot operate on scales larger than the horizon. At
sub-horizon scales, the GW spectrum is determined by the details of the phase transition.

1.2.1 Contribution to the SGWB from the scalar field

The GW contribution due to the collision of the bubble walls is estimated using the
envelope approximation [55, 56]. In this approximation, the energy is largely stored
in the envelope of uncollided shells of the bubbles. Therefore the overlap regions of
bubbles are neglected and the GWs are sourced only by the uncollided envelopes of
bubbles. Numerical simulations result in the following GW spectrum [57]

2.8
) HN\? [ kg \?( 100 \3 / 01103 3.8 (ﬁ)
Qph? =~ 1.6107° () < ) ( )> ( . ) (1.95)

3 1+« g« (T 0.42 + 02 )38
w/ 14928 (E)

where the peak frequency fy4 is determined by the duration of the phase transition



fe 0.62
e _ 1.96
B 1.8—0.1vy + v2’ (1.96)

which is then redshifted and its value today is

_ -3 f* B T, G« 1/6
fs=165x 10"3mH:z (5) (H> (W> (100) . (1.97)

1.2.2 Contribution to the SGWB from the sound waves

The expansion of bubbles can induce the compressional modes, namely the sound
waves in the surrounding plasma due to the coupling of the scalar field with the sur-
rounding plasma. When bubbles collide, the sound waves give rise to non-zero anisotropic
stress generating GWs. Numerical simulations show that the sound waves can act as
a source of GW long after the collision of the bubble walls. The GW signal from the
sound waves is enhanced by a factor 8/H, due to the long-lasting nature of the sound
waves|10]. The GW spectrum from sound waves from the numerical simulations is given
by [58]

2 1/3 3 7
oot =200 () (755) ) () |y )
SW 2.610 3 l+a g« (T%) o\ Fow 4+3< f )2

Ffsw
(1.98)
where the peak frequency is given by the characteristic size of the bubbles at the end
of the phase transition

~ 2B
fsw ~ %E’ (1.99)

that is redshifted and becomes

- 1 (B T, G« \1/6
~1.9x 10 2mHz— () [ ——=— . 1.1
fsw = 19X 10" mH = (H) (1ooaev> (100) (1.100)

1.2.3 Contribution to the SGWB from MHD turbulence

The collisions of the bubble walls are also expected to give rise to the magneto-
hydrodynamic (MHD) turbulence, which can generate GWs due to the anisotropic
stresses of the chaotic fluid motions and the magnetic field since the primordial plasma is
fully ionized. For Kolmogorov type turbulence [59] the contribution to the GW spectrum
from MHD turbulence is [60]
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where ki, = €k, is the fraction of bulk kinetic energy related to the vortical motion.
The GWs from the MHD turbulence will also be amplified by a factor 8/H, since the
MHD turbulence is a long-lasting source of GWs, which takes several Hubble times to
dissipate [60]. Similarly to the sound waves, the peak frequency is related to the inverse
characteristic length scale of the source, namely the bubble size at the end of the phase
transition

H. kb
Quurph?® ~ 3. 1074 = turb
turb 3.35 x 10 <5><1+04

3.5
urh &~ ——, 1.102
I~ (1.102)
which after redshifting becomes
_ 1 I5} T, gs \1/6
wrp ~ 2.7 x 10 2mHz— — . 1.103
Juurs xS miE (H) <100G6V) (100) (1.103)

1.2.4 Dynamics of the Phase Transition

The relative contribution of each process that generates the GWs strongly depends
on the details of the phase transition. It is crucial whether the bubble wall reaches a
terminal velocity or not. The bubble wall velocity v,, comes from the balance of the
pressure forcing the bubble to expand and the friction force due to the interaction of
the bubble wall with the plasma, which slows down the expansion [10]. If the phase
transition occurs in a thermal plasma and the friction is high, the bubble wall reaches
a terminal velocity. In this case, the energy of the scalar field is negligible and the
dominant contributions to the GW signal are the sound waves and MHD turbulence.
The total contribution to the GW signal can be approximated as

Qawh? = Qswh? + Qurph?. (1.104)

The efficiency factor k, in the limits of small and large v,, is given by [10]

N {a (0.73 4 0.083 /& + o) " vy ~ 1 (1.105)

185690 (1.36 — 0.037v/a + )" v, <1

The GW spectrum for this scenario is shown in Figure 1.2, for fixed Ty, and vy,
and varying §/H,.. We set € = 0.05, therefore the sound waves provide the dominant
contribution. Turbulence is important at high frequencies since the sound waves decay
faster. When /H, increases, the peak of the signal shifts towards larger frequencies,
and the overall amplitude decreases. Due to the factor, 87 f/H, the contribution from
turbulence is suppressed.
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Figure 1.2: GW spectra for T, = 100GeV, a = 0.5, v,, = 0.95 and varying 5/ H, from top
left to bottom right, 8/H, = 1, 8/H. = 10, 8/H, = 100, 8/H, = 100. The black line
denotes the total GW spectrum, the green line is the contribution from sound waves,
and the red line is the contribution from MHD turbulence. The shaded areas represent
the different LISA configurations [10].

Alternatively, if the bubble wall velocity can accelerate without bound and reach the
speed of light [61], a further difference is whether plasma effects are negligible or not. If
the bubble walls are expanding in a thermal plasma, then the scalar field contribution
cannot be neglected, since it dominates for o > 1. The total GW spectrum can be
approximated as

Qewh? = Quh? + Qswh® + Quurph®. (1.106)

When « increases, the wall velocity rapidly becomes relativistic. We denote a as
the minimum value of a such that the bubble wall velocity can reach the speed of light
[62]. Above this value, the surplus energy goes into accelerating the bubble wall. This
surplus energy can be written in terms of the fraction

a— Qo

> 0. (1.107)

ky = 5

Only the fraction aq/a is transformed into bulk motion and thermal energy. From



eq. (1.105) we can write

ky = — koo, (1.108)
o
where

Qoo

ke = .
0.73 + 0.083/0too + oo

The parameter oy is model-dependent. For electroweak phase transitions in models
with Standard Model particle content, it can be written as

(1.109)

6.2
oo ~ 4.9 x 1073 () : (1.110)
T*

The GW spectrum for this scenario is shown in Figure 1.3, for fixed Ty, and vy,
and varying §/H,. If the ratio $/H, is small, then the scalar field contribution can
dominate the GW spectrum, since the enhancement of the signal by a factor 5/H. is
less important.

If there is a significant amount of supercooling, the phase transition essentially occurs
in a vacuum. The friction is low, therefore the effects of the plasma are negligible and
the bubble wall speed can readily accelerate reaching the speed of light. Most of the
energy goes into the gradient energy of the Higgs-like field. The total GW, in this case,
can be approximated as

Qewh? = Quh?. (1.111)

We can approximate k4 ~ 1 and v, ~ 1. The temperature of the thermal bath at the
time of GW production is approximately equal to the reheating temperature Ty >~ T.cp.
So far we have assumed that the phase transition occurs without a significant reheating,
therefore T, ~ T,, ~ T,.p. In the vacuum case, it is instead expected, T}, < Tyep =~ Tk,
and the definitions of 5/H, and « are altered

g _H(T,), ds

H,  H, ™dT’

(1.112)

Pvac
o= ——. 1.113
Prad (Tn) ( )

In case, if reheating is fast H (7,) ~ H, despite that T,, < T,. Since o > 1 the
dependence of GW spectrum on « drops.

1.3 Cosmic strings

Cosmic strings are one-dimensional topological defects produced as a result of a
symmetry-breaking phase transition in the early universe. Cosmic strings may arise at
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Figure 1.3: GW spectra for T, = 100GeV,a = 1,v, = 1, a0 = 0.3 and varying 5/ H,
from top left to bottom right, 5/H, = 1, 5/H, = 10, 5/H, = 100, 5/H, = 100. The
black line denotes the total GW spectrum, the blue line the contribution from the scalar
field, the green line the contribution from sound waves, and the red line the contribution
from MHD turbulence. The shaded areas represent the different LISA configurations|10].

the end of inflation in supersymmetric GUT models of Hybrid inflation [19] or they may
be the fundamental superstrings produced at the end of brane inflation [20].

The linear energy of a string is u, which in the Nambu-Goto theory corresponds to
the string tension. It can be expressed as the dimensionless quantity Gu, where G is
Newton’s constant. In the case of standard field theory strings, the string tension is
related to the vacuum expectation value v of the ordering field in the phase transition
through [34]

mpy

Gu=r (”)2 (1.114)

A network of cosmic strings is stretched by the cosmological expansion, which leads
to intersections between them. When strings cross each other, they reconnect forming
the string loops. Loops with a diameter smaller than the horizon begin to oscillate
under their tension and decay emitting GWs. Besides the sub-horizon loops, there are
long strings that stretch on superhorizon scales and can generate GWs. However, the



sub-horizon cosmic string loops provide the dominant contribution to the GW signal.
Besides the stationary GW background, also strong infrequent GW bursts are possible.
They are emitted by cusps, associated with points where the string briefly reaches the
speed of light, and kinks, related to discontinuities on the tangent vector of the string.
However, we will focus on the stationary GW background from the decaying loops. The
network of cosmic strings evolves toward an attractor scaling solution in which its energy
density is a fraction of the background energy density.

To compute the GW spectrum generated by a network of cosmic strings we must
introduce the number density of cosmic string loops n (I,t) and the power emitted by a
cosmic string loop Pgw (f,1).

The number density of cosmic string loops n (I, t) of length 1 at time t can be estimated
through numerical simulations. Simulations run only over a finite time interval, therefore
to extrapolate the results to any moment in the evolution of the network, the scaling of
loops is vital. It implies that [11]

n(l,t)=t"*n(z), (1.115)

where x = [/t is the ratio of the size of the loop to roughly the horizon scale. We
also introduce the loop production function f (I, ), which is the number density of non-
self-intersecting loops of lengths between [ and [ 4+ dl produced per unit time, per unit
volume, which scales as

f,t)y=t"f(x). (1.116)

The number density of loops then is obtained by integrating the loop production
function

n(l,t) = /dt’f (¢ (“(t/)>3. (1.117)

The length of the loop is given by

l=U+TGu(t' -t), (1.118)

where I' is the dimensionless constant characterizing the efficiency of the energy loss
mechanism [34]. If the scale factor can be written as a (t) & t¥, the loop number density
is given by

1 /OO ' 3(1-v) ' '
T) = r +I'Gu f(z") dz’, 1.119
) (x + I‘Gu)s(l_y)Jrl x ( ) (=) ( )

In the radiation-dominated era, the scaling number density of loops from simulations
is given by [63]
0.18

n(z) = m, (1.120)



with a cutoff at the maximum size of a loop, x = [/t = 0.1. It then follows from eq.

(1.115) that

0.18

n l,t == )
L1) 13/2 (¢ + TGpu)°/?

(1.121)

with [ < 0.1¢, the form of the loop production function was found numerically.
A cosmic string loop oscillates under its tension and emits GWs in a series of har-
monics modes. The energy radiated in GWs into each harmonic mode is given by [34]

ES), = PTG, (1.122)

where P, is the fraction of energy emitted per harmonic mode n with Y2 | P, =1,

so that Egy = Yo EgLV)V = I'Gy? Tt can be parameterized in terms of a spectral index
q as

Dy
Py =t (1.123)
Given the condition Y >, P, = 1, we find
D=t (1.124)
TClg+1) '

where ( (q) is a Riemann zeta function. We can approximate the sum of discrete
modes in a continuous one

> Py~ l/dfP (f), (1.125)
n=1
where

¢
P(f)= o (1.126)

with the normalization constant Cj fixed to satisfy the continuum normalization

condition ! [df P (f) = 1. We introduce Pgw, namely the total energy emitted by a
cosmic string loop of length [ in GWs within the frequency range [f, f + df)

dPgw (f) = TGu2lP (f) df. (1.127)

It follows that the GW energy density emitted by loop of the length in the interval
[[,1+ dl) and within the frequency range [f, f + df) during the time interval [t, ¢ + dt) is

dpcw = dPaw (f) din (1, ) dl. (1.128)

Taking into account that the energy density redshifts as 1/a* and the frequency
today is related to those at emission by f = fea./ap, the GW energy density reads
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Figure 1.4: Cosmic string SGWB for different values of Gu. The dark red curve is for
Gu = 10713, The light red curve is for Gu = 1077, The dashed orange curve is the
EPTA sensitivity. The dash-dotted dark orange curve is the (projected) SKA sensitivity.
The dotted black curve is the LISA sensitivity .

dp(o) (t) = (ﬂ)q dp(t) = (%;()) ’ LGp2IP (ag/a(t) f1)n (1, t) dldfdt, (1.129)

ag
integrating the GW spectrum from the emission time ¢, until today ¢g, we find

dpt® 5 [T (a(t))3fa/ﬂ(t) ( ap )
=I'Gu dt | —= diln (I,t) P | —f1 ). 1.130
T wL g N A (4,t) a(t)f (1.130)

At last, we can write the GW spectrum given by the superposition of the GW

harmonics emitted by the distribution of loops through cosmic history

1d TG 2 to t 3 pa/H(t)
Qawh? = Ldpaw TG [0, (all) / diin (1,1 P (22 f1). (1.131)
pe dinf pe I ag 0 a(t)

Figure 1.4 depicts the SGWB from the network of cosmic strings for different values
of Gpu. The GW spectrum becomes flat at very high frequencies. It depends only on the
average total power emitted by a loop and the total number of loops. It follows that

G
O ~ 8.040a\ | (1.132)



One of the most important consequences of this is that in a high-frequency regime
the GW amplitude depends only on Gu and I'. It does not depend on the particular
form of the loop power spectrum.

The constraints on the cosmic string tension Gu depend on several parameters de-
scribing the loop production size and the number density. Currently, the constraint on
the string tension Gu from the CMB data obtained by the Planck Satellite is Gu <
1.6 x 107 [64]. It is possible to find the lowest value of string tension Gy for which
the amplitude is above the LISA sensitivity. The exact bound depends on the choice of
model and P,, but in the range of frequencies that LISA will be able to probe its value
is of the order O (10717) [11].






Chapter 2

Stochastic Gravitational Wave
Background anisotropies

2.1 Boltzmann equation for GW

To study the angular anisotropies in the GW energy density we use a Boltzmann
approach in analogy with the CMB anisotropies [22, 23, 24]. We can define a graviton
distribution function f = f (77, zt,q, ni), which is function of position z* and momentum
p* = dx#/d\, where ) is an affine parameter along the GW trajectory. The Boltzmann
equation for the graviton distribution function is

L{fl=Clf1+1[f], (2.1)

where L [f] = df /d\ is the Liouville operator, C [f] and J [f] accounts for the collision
of GWs, and for their emissivity from cosmological and astrophysical sources respectively
[14].

We consider a perturbed spatially flat FRW metric in the Poisson gauge [25]

ds* = a*(n) [—e%an + (6_2\1](51']' + Xij) dmidxj] , (2.2)

where a(n) is the scale-factor, ® and ¥ are the scalar perturbations and x;; are the
transverse-traceless tensor perturbations. We neglect vector perturbations at first order.

The collision of GWs has an impact on the graviton distribution only at higher order,
therefore at the first order in perturbations, then C [f] = 0. The source of emissivity can
be of astrophysical origins, such as black hole merging, or cosmological origins, such as
inflation. Since we are interested only in the SGWB from cosmological sources, therefore
we consider the emissivity term as the initial condition and so I [f] = 0. This leads to
the free Boltzmann equation

ﬂig da’ of dqg dni(?f:0

= -+ — - 2.
dn 9n dnp ozt dndq dn oOn* (2:3)
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where n’ = p is the direction along the GW trajectory. We have used a comoving mo-
mentum g = |pla instead of the physical one, which simplifies the equations by factoring
out the expansion of the universe. The first two terms represent a free streaming term,
namely the propagation of GWs at all scales. The third term encodes the redshifting of
gravitons, while the fourth term represents the effect of gravitational lensing and is of
the second order, so we can disregard this term at the first order.

Gravitons, similarly to photons, propagate along null geodesics defined by the back-
ground metric. Considering that gravitons are massless particles, then

p2 = guup“py =0, (2.4)
then
2
—a%e?? (po) +p2=0. (2.5)
We can write the three-momentum as
p* = gip'p, (2.6)

where p' = An’, then we can write

P =g, (27)
and
pt = a%nzelp (1 - %Xjknjn ) (2.8)
Thus we can write
(jif; = ﬁ; =nle?tV (1 — ;Xjknjnk> . (2.9)

To express the third term in eq. (2.3) we use the geodesic equations

dp*
o = L (2.10)
The derivative with respect to A can be rewritten as a derivative with respect to

conformal time 7

T Y

= (2.11)
using eq. (2.8) we can write
q do 1—-®dg 0 a®
= |(-2H— — +2H®D — =0 p'p"— (1+® 2.12
4 (- rmne) 0 e,

then



dg (d(I) 0 at
—=q| -+ 27-[) -y p'p"— (1+29), 2.13
dn dn q ( ) ( )

reexpressing i—%’ in terms of partial derivatives

dg od ; 0P 0 at
— = -+2H | T, p"p"— (1 +2® 2.14
=0 (G o) T (1 20), (2.14)

making the second term explicit

2/ 00 0D OV 10Xk
10 ppm =1 +20) L (=20 _opil= 4 O o SNk ik 2.15
o = (o) G (<50 f8 1 O o (O (2a)
Finally, we have
dg _ (0¥ ;0% 10Xk ; & (2.16)
dn on drt 2 Oy
Inserting these terms into eq. (2.3) leads to
of  ;0f ov ;0P 105k ;g 8f
=0. 2.17
oy T o (an Tor 2 ap ") %o (2.17)
The graviton distribution function f can be expanded as
i i 7 i i 7 df q i i
f(ma',qn)=F(@)+0f (n,a',q,n") = F(q) —q dé )F(n,w q,n'), (2.18)

where f is the leading, homogeneous and isotropic term and ¢ f is a subdominant
anisotropic contribution, parameterized in terms of the dimensionless function I'. The
two functions are the solutions of the Boltzmann equation at zeroth and first order
respectively. The Boltzmann equation at zero order reads

df
di77 - Y
which is solved by the distribution, which is function only of the comoving momentum
f = f(q). The physical graviton number density can be written as

(2.19)

— d3q- 1
wo [ @@= [0 @ . (220)
In the case of CMB photons, the distribution function is
- 1
femp x T _ 1 (2.21)

where T is the temperature of the CMB bath and it follows that I' = §7'/T. Therefore
the temperature anisotropies are frequency-independent up to the second order in the



perturbations, while for gravitons the collisional term is zero and so the function I' can
have an order one dependence on frequency.

The graviton distribution function is related to the GW energy density. The GW
energy density can be expressed in terms of spectral energy density Qgw as

, 1 . A ,
paw (n,2') = (ﬁ/dSqqf (n,2',q,n") = pmt,o/dlnq Qaw (2',q) . (2.22)
0

The homogeneous and isotropic component of Qaw is

dr ¢t

Qaw (2%,q) = (q)- (2.23)

Perit,0 CL%

We define the full spectral GW energy density Qagw as

1 . 4 .
Qaw = yo /dznlwc;w (mz, q,n’) , (2.24)

where d’n’ is the surface area element on the unit sphere. We define the SGWB
density contrast as

Qaw (g) f9q

daw =

using eq. (2.23) we have
adf __, 9w (g)

= = — 2.26
f Oq Olng ( )
then the SGWB density contrast is
dInQaw (q)
bow = |4 — ———|T. 2.2
GwW 9ln g (2.27)

It should be remarked that in contrast to photons, the initial graviton distribution
is not thermal, therefore I', in general, can depend on g. To simplify the equation we
introduce the spectral tilt defined as

dInQaw (q)
=W 2.2
nr Olng (2.28)
Then we can write the GW density contrast as
dgw = [4 —np|T. (2.29)
The Boltzmann equation in terms of the function I' reads
or ol .
an +n' i S (n,a*,n"), (2.30)



where

:8777_”8:& 2 On

S (n,xi,ni) (2.31)
is the source function that encodes the effects due to scalar and tensor perturbations.
It should be noted that the source function is frequency-independent, so the anisotropies
due to the propagation through the scalar and tensor perturbations of the universe are
frequency-independent at first order.
To solve this equation we use the Fourier transform in spatial coordinates

o o dsk i@ .
F(n7x7Q?n):/(2ﬂ_)3€k F(n¢k7Q7n)7 (232)

then the Boltzmann equation can be written as
I 4 ikul = S (n, k, ﬁ) : (2.33)

where we define p = k - i as the cosine of the angle between the Fourier variable k
and the direction along the GW trajectory. The source function in Fourier space reads

. 1 .
S (77, k, ﬁ) =V — ikud — §X;knjnk. (2.34)

The solution of the equation is [25]

r (n, E,q,ﬁ) = ¢krmin=np (nm, k,q, ﬁ) +
ov (n/, E)

o~ 19k (77'7E> -
o’ ) !

—iku@(n/,k ————nIn" |,

n o
+ / dn/ et =m)
0 2 on’

in

integrating the second term in the second line by parts, we get

r (17, E, q,fi) = thm(in =) [F (nm, lg, q,ﬁ) + @ (mn, l;)} - (7], E)

+ /7777 dyy/ ek’ =) ’ {\Il (77/’ E)a; : (77/7 E)} a ;axjk(?(n?/’ E> n’n®

) (2.36)

We can disregard —® (7, E), since the monopole term does not contribute to the
anisotropy of SGWB, then



r (n, E, q,ﬁ) = /77 dn’eik“("l*") HF (77’, E, q,ﬁ) + P (77’, E)} ) (nm — 77’)
Nin
e eeed] e, ),

The first term represents the initial condition. This term depends on the frequency
q and, in general, it can also depend on 77, which is more general than the dependence
on i = k -1, but we focus on the statistically isotropic case, so we assume an initial

condition of the form I';,, =T (nm, /2, q).
2.2 Spherical harmonics decomposition
We divide the solution into three terms

r (n, k, q,ﬁ) =Ty (77, k, q, ﬁ) +I's (n, k, ﬁ) +T'r (77, k, ﬁ) : (2.38)

where I, S, and T denote initial, scalar, and tensor terms respectively and correspond
to

FI (77, ];;7 q, ﬁ) = eiku('rzm—n)p (nina Ea Q> ;

I's (n, k, ﬁ) _ /’7 dy/ =) | @ (n',E) 5 (1) + ) [\If (n’, 1%29; iy (n’,l?ﬂ |
MNin

o n . 0 k( /7E) .
I'r (77 k ﬁ) = _/ dn’g’w(n’—n)l&nmk'
o Min 2 877/
(2.39)
Similar to CMB, to compute the angular power the spectrum we decompose the

solution in spherical harmonics

¢
T (i) = > TunYem (i), where Ty = / d*nT () Y}, (7), (2.40)
L m=—¢

and then we have

Ty = /d%ygn () / (;ijf)zei’gf [F; (n, E,q,ﬁ) +Ts (n, k, ﬁ) +I'r (m/?, ﬁ)}

= Lym,1 +Lem,s + Lom,-

(2.41)



2.2.1 Initial condition term
First, we evaluate the initial condition term

dgk Z'_‘w* o * — —3 —n.
iy = [ 5?8 (s Foa) [ dinyi, @ eovm) a0

as for CMB anisotrpies [26], we exploit the identity

l
¢ =dry "> (=) G (wy) Vi (8) Vi, (§), (2.43)

{ m=—¢

and obtain

. Bk i - « (7).
Lo = 4m (2)5/ @ )3elkxof <77m, k:,q) Yo, <k> Je (k(no — nin)) - (2.44)
T
where #y denotes the location of the observer, which could be taken as the origin,
1o is the present time, and 7y, is the initial time. The initial condition term arises
when the GWs are generated, therefore it depends on the specific mechanism of the GW
production.

2.2.2 Scalar sourced term

The scalar term arises during the propagation of GWs through the large-scale per-
turbations of the universe and therefore is model-independent. The scalar perturbations
can be expressed in terms of a transfer function, which describes the time dependence
of the perturbations from the time of production till today, and a stochastic variable ¢
[26]. The statistical properties of ¢ are set at the time when the GWs are produced.

@ (m,k) = To (k) ¢ (F) .
U (n, E) = Ty (n,k) ¢ <E) .

Consequently, the scalar term can be written as

(2.45)

in

- n . , / / ~
PS (7707 k,ﬁ) _ / dnlezkp(n —1n0) |:Tcp (77/’ k) 5 (nzn B 77/) + 0 [T(I) (T] ak) + T‘Il (77 7k)]:| g (k)
n

on’
(2.46)
using eq. (2.43) we find

, Bk .
Lems = 4ﬂ(_z)€/(2w)3ek°[T¢ (Min, k) je (k (no — nin)) +

o [y PR T O, =) ¢ () i () - 207




As for CMB anisotropies, the first and the second term in eq. (2.47)) represent a
Sachs-Wolfe (SW) and integrated Sachs-Wolfe (ISW) effect respectively.

2.2.3 Tensor sourced term

Finally, the tensor term is

Bk . [0 . , 1 ank (77/7 E) .
Loy = | &®nY; (7 /emro/ dn/etkn’—m) = =\ pink, 2.48
= [ ¥, @) [ 550 [Cay S (2.48)

in

We decompose the tensor modes in right and left-handed circular polarizations [65]

Xij = Z €ij\ (E) X (1, k) Ex (E) . (2.49)

A==12

In a circular basis the tensor polarization is defined as

_€ij4 T A x

iy = 2.50
JsA ﬂ ( )
When £ is oriented along the z-axis,
. 1 0 0 . 010
ey (o) = [0 =1 0) eynB)=[1 0 0] | (2.51)
0 0 O 0 00
so that the only nonvanishing matrix elements are
; é-2 (F) +& (F)
X11 <k2> = —X22=X (777 k) 92 ’
. . (2.52)
,; () -a ()
X12 ( z) = x21 = X (0, k) % .

We decompose 7 the direction along the GW trajectory in a basis, in which k is
oriented along the z-axis

n= (\/ 1- Mz’n COs ¢k’,n> \/ 1- /.L%m sin ¢k,n7 Mk,n) ,  where HEn = COS gk,na (253)

and so



L - :gx N (F) 2+ & (k) i g0, (F) 2+ & (k)
+  2c08 ¢p pSin @y, p, 2 (E) 2_ © <E>
_1- M k) | cos 260 G2 (E) + & (E) i 2¢k7n572 (E) f§2 (E)
2 2 2i
I B gy [0 (B) 4 2o (7).
The tensor term can be then rewritten as
Tpmr = / (gjj?) eike0 / A, Yy, Q) D (no, k, Qn> , (2.55)

with

o 1-— /L% 5 . 70 )
I'p (Tlo, ki,Qn) =-— - [62¢k’”§2 <k‘> + e hng_y (kﬂ / dne™ =)y (), k)

MNin
(2.56)
This equation holds only if k is oriented along the z-axis. For a generic direction of
k we introduce a rotation matrix

cos 0y, cos ¢, —sin ¢y sin 6y cos ¢y
S(Q) = | cosOsingy cosy  sin b sin @ (2.57)
— sin 0y, 0 cos 0y,

in terms of which

0 cos 0y, cos ¢, cos 0y, p, cos g
E=S(Q%) |0 sinfysingy | =S5 () | sinby, sin gy p (2.58)
1 cos 0y, cos Oy, p,
Under this rotation
y4
Y (Qn) = > Dy (S () Y () (2.59)
m/=—F

where the Wigner rotation matrix is given by

47
20+ 1

D, (S(%)) = (—1)* Y, o (%), (2.60)

Im,—s

+

(2.54)



in terms of the spin-weighted spherical harmonics

_ | .
204 LIE=m)! pon () e=im (2.61)

Yé:n(eaéb):(—l)m\/ i ({(tm)

The associated Legendre polynomials are defined in terms of the Legendre polyno-
mials as

m m m d" Py (p
P () = (1" (1) F T
2.62
plml (n) = ( 1)\m\ (¢ - |m|)'P|m| (1) ( )
T (E+Imi)t"*
We will also use the identity
d ikss(r— 1
[ 5Py ) i = o). (263)
With this relation
d3 k:
- Z Dl (8(0)) [ 0¥ () Pr (0. ) - (260

The inner integral evaluates to

2€+1 f m —im!
/d Qe Yory (Qen) T (Uo,k an /dQan\/ €+m; P (g ) €~ kn

(-1) —1*“‘“" |2i0mngy (F) + e 20ene_y (F) | / dne 1m0\ (5, 1)

n 20+1 2
= —27r/d77x N,k /dllkn k etk (n—no) (+1(0=2)! PEQ (ttk.n)

4t (0+2)!
(G262 (F) + 262 (F) ],

and the integral over py ,, evaluates to

(2.65)



2
/ ditk,n (13 n)2 ikt (n—m0) d°Fy (2“"%")
4 ' d'u’k,n

disgn dP, n
— /Mk’ezkzuk(ﬁ—no) (1 _ Mim) [Q,Uk,nmm — L+ 1)P, (,Uk,n):|

4 du
Akssn itopur (n—no) {2/% ol (0+1) 200 +1)
= [ =" 2T ) by (o) + )Py (o) —
/ e () 2 (1 n) ey p— e (1tke.n)
2upnf (L +1 2 1 dP, n
_ Mg(g+1)pg(uk,n)+w(l_ﬂ2 )5(“’“)]

ik (n — o) i (7 —10) kom du
[ i | 204D 20 +1)°
— / et [kQ(n_m)QPe(Mk,n) Ry P(Mlm)]
_ 1 e de(k(n—mo)) (£+2)!
A k2 (n—m)? (L—=2)V (2.66)
then
"o 20+1(0=2)! 1 o (e (1 — 10)) (¢4 2)!
27r/m dnx (n, k) | = 2 [ 252( )+6 _of 2( )} 2(_1)6922(7;7_77:;)2 v

= () [y TR [ [ () + a2 (F)]
(2.67)

Inserting this into eq. (2.55), we find

1—‘Zm,T =7

&k - [T jo (k (n — 204+ 1(£+2)!
o e oo S P

\/ 2€4+1 [YZmQ(Qk)&( )+Yzm —o&- 2( )} (2.68)

A3k . , i (k(n— +2)!
IETENRY S

Yz (%) €2 (F) + Vi a62 (F)].

Finally, we obtain the tensor term

2 [ BE e y
r m,T = T (_Z)e e Ym,— (Q )g k
" o) o Ym0 () 2.69)




2.3 Two-point angular correlators of the SGWB

We can now obtain a 2-point angular correlation function for the initial condition

term I (nm, /3, q) and the stochastic variables determining the initial conditions of scalar

and tensor perturbations ¢ (E) and &) (E),

(T (nn 4 q) r* (nn 3 q)> - 2;;213, (¢, k) (27)% 6@ (125 - /5/) ,

S . 272 oo
€ (R) ¢ (R) = 5P () 2m)*s® (B #). (2.70)
NIV #e L
(€x <k> £ (k’)) = Z5 P (k) (2m)° ) (k - k;') .
From the CMB data, the stochastic variables ¢ (k) and &,(k) are nearly Gaussian

[50]. We assume that this is the case also for the initial condition term.
Assuming statistical isotropy, we define the multipole coefficients as

(Comlp,) = (5@@/5mm/ég, where ég = C’&[ (q) + C’&S + C'&T. (2.71)

From eq. (2.44) we can write

' Bk e PE o ~ -
* — 2 (- 1kT( ik’ 2oy * ., ;
(Cem,1 (@) Tir 1 (@) = (4m)° (=) / G e Y, (k)nm (k;)

(I'r <77m, k, Q) I'y (nm, K Q)UZ (k (no = nin)) Jer (K" (m0 — nin)) 5

(2.72)
and using the orthonormality condition for the spherical harmonics
. o [ k*dk 27 ) 9
(Lem,1 (@) Doy 1 (@) = SO (47) 535 L1 (a,k) (e (k (o — i)
" (2m) (2.73)
= bt [ SEP (@, G (= ).
In the end, we have
~ dk . 2
Cra(q) =4 | —=Pr(g,k) (e (k (110 = 1in)))" (2.74)

Likewise, we can obtain the correlation functions for the scalar and tensor terms



~ dk .
Cus = am [ 5 [T (i) 30 (5 0 = i) +

o 2
o [Tt (””“gf“ (n’k)]jz(k(no—n))] P (k).
dk
. / =

This can be written in a more compact form as

Cor

Ay e LU

A=+£2

~ dk
Coa (@) = m [ T2 (ko) Pr . B),

~ dk
CZ,S = 47T/ 77_[;2,5‘ (k777in7770) PC (k) ) (276)
CZT—47T/ —= T (k,nin,m0) Y Pa (k)

A=+2

where 7y 1, T¢,s and Ty 7 are the transfer functions defined as

Te.1 (ks Ninym0) = T1 (Min, k) Je (k (N0 — Min)) »

9T (n, k) + Ty (10, k)] .
Te.s (ks Ninsn0) = To (Min, k 770_77m))+/ dn T (1 )877 w (1 )]Jz(k(no—n)),
Nin
1 /(£+2) ge (k (no — 1))
7ZT k?mnmo - / .
4\ (- K2 (o —n)?

(2.77)






Chapter 3

Initial conditions

3.1 Einstein equations
To compute the angular power spectrum of the SGWB we need to know the initial

conditions for the GW energy density perturbation dgw and the evolution of gravita-
tional potentials ® and ¥. For this, we need the Einstein equations

G =8nGTy,, . (3.1)
Since scalar, vector, and tensor perturbations are independent at first order, we can

consider the Einstein equations for each mode independently.
The line element in the Poisson gauge at first order for scalar perturbations is [26]

ds* = a*(n) [~ (1 +2®) dn* + (1 — 2V) §;;dz"da’] . (3.2)

The Einstein tensor is defined as

1
Guw = Ry — §gWR. (3.3)

The Christoffel symbols up to first order are given by

oo =H + @

It = 0i®

Iy =[H(1 -2V -20) - V|4 (3.4
b= o' |

o= [H-V]4
;'.k = 0'Woj), — 9; U6}, — —Op VS

49



From this, we can derive the Ricci tensor,
a a
6Roy = V2O +30"+3—T+3—0
a a

/
Ry = 28¢\1/+2%0i¢>

a a a’ a 2 a’
6R;; = |——® —5—V' 4+2—& -2 <) d—2—T
a a a a a
a\?
— 2 (a> U — U+ V206 + 0,0, — 9,0;® (3.5)
Finally, we can evaluate the Einstein tensor
1
G = — [H? (6@ — 3) + 60 — 2V>V]
2
0 _
. 1 "
G o= 5 H—z“ (1—20) + H2 (1 — 20) + 2D + 4HP + 28"
a a
— VAU +V?P| 6 +0'0; (¥ — D). (3.6)

To complete our derivation of the Einstein equation we need to compute the stress-
energy tensor at first order. The (0,0) component of stress-energy tensor is defined as
the energy density of all particle species in the universe 7| (? = p. We can write

0 _ [ o g [ ¥q .
Ty = _zi:gz/(zﬂ)gEzfz = _;Cﬁ/(Qﬂ')SEZf’L' (3.7)

where g; is the number of effective degrees of freedom, E; is the energy of a particle
and f; is the distribution function of a particle species. In order to obtain the stress-
energy tensor at first order, we must consider the distribution function at first order,
SO

3 3
0_ gi [ d°q [0 1_ 0o, 9 [ dq o
TO - _; CLS/ (271_)3Ez |:f1 + 5fz] - _Z |:pi + ? WEZ(SJC’L (38)

The various particle species that contribute to the energy density of the universe in-
clude photons, neutrinos, and dark matter. The GWs in general should also be included,
but their relative contribution to the total energy density of the universe is negligible.

We can write [26]

a0

0

=i e

fo= 10— g0y, 39
q



where ©, N denote the perturbation in the distribution function for photons f, and
neutrinos f, respectively and 4, is the matter energy density perturbation. Inserting
these definitions in eq. (3.8) we get

gi d3q d}’y Gi d3q df
Ty = — | p0) 41 F% / gl |0 4 S / YN 0) (1
00 |:p, 3 (2 )3q ] 0 Pv 3 ( )3(] ] Pm ( 6"”)

= —p) [1+460) — p{?) [1+4No] + p{) (14 6m) ,

(3.10)
where 6y ans Ny are the monopole contributions of the distribution function
1
= — /dsw. (3.11)
4
Equating GY and 87GTY), we obtain the (0,0) Einstein equation
V2V — 3H (V + HP) = —4nGa? [pg,?)am + 90,0+ pP0,0| - (3.12)

Since we have only two unknown variables ® and ¥, we consider only the traceless
longitudinal part of the (i,j) Einstein equation. To separate the traceless longitudinal
part, we apply the projection operator k/k; — %(5@- to the Einstein tensor G; in Fourier
space

ST . 2k

Analogously, for the stress-energy tensor Tf we have

i L i gi [ g (o 1o
<]{3]k'i — 361J) TJ = ; 014/ (27r)3q kjki — 55” n njfi

o [ dq 8/ o o (3.14)
:Zcﬁ/(%)?’q(“ _1/3)fi:_§( 005+ o).

The integral over p for fi(o) is null, because fi(o) is the isotropic part of the distribution
function. The quadrupole is defined as

d
fo=— / Lr () . (3.15)

Therefore the second Einstein equation is
k2 (® — 0) = —320Ga? (p,(yo)@ + ,ogO)Ng) . (3.16)

Non-relativistic particles are completely characterized by energy density and velocity,
therefore they do not contribute to a quadrupole term. The two gravitational potentials
are equal if the photons and neutrinos quadrupole moment is negligible. The photon



quadrupole moment adds little to the sum because it is very small when the energy
density of the photons is appreciable, that is during the radiation era. Therefore only
neutrinos contribute to a significant quadrupole moment in the early universe. The (0,
i) component of the Einstein tensor in Fourier space is

2ik;
0 7
G = -3

[(HD + V'] (3.17)

The (0, i) component of stress-energy tensor is

1 d3q -
0_ } : s
I = — g4 / (27r)3q5wn]fj

(3.18)
(0), i dp
= P V'0ij +4pr | -1 (k) O
We obtain then the (0, i) Einstein equation projected along k'
HO + 0 = pD vy, + 4000, 1 + 4p{0,1. (3.19)
We can also write the first Einstein equation in Fourier space as
— 2T — 34 (V' + HP) = —4xGa? [pg%m + 90,0+ pS’)@V,O} . (3.20)

Combining of (0,0) and (0, ¢) Einstein equations leads to

4rGa? 3H
¢ = —% P om + P00 + P00 + 5 [pﬁ,?)vm +4p00, 1 + 4p£°)9u,1]] .
(3.21)
3.2 Einstein and Boltzmann equation at early times
The Boltzmann equations for the photons and neutrinos are [26]
1
O +iku® =V — ik @—T'<9 — 04 pvp, — =P 0)
f 1 0 pop = 5P (1) 0 (3.22)
N’ +ikuN = ' — ikud.
where 7 is the optical depth defined as
T(n) = /dn'neom, (3.23)

where n. is the electron number density and op is the cross section for Compton
scattering. At early times the optical depth is large due to the scattering of photons
and electrons, while it is very small at late times since the free electron number density



is very small. The equation for neutrinos is identical to the photons except that for
neutrinos there is no scattering term since neutrinos interact very weakly.

At early times kn < 1, we can neglect the terms multiplied by k. The higher
multipoles will be much smaller than the monopole term 6y. The Boltzmann equations

for the photons and neutrinos then read
6 = \I}/’
N — (3.24)
0— .

In the Einstein equation at early times the term, which contains a factor of k% can be
neglected. Also, the matter contribution is negligible at early times, when the radiation
dominates. Thus, we get

3H (V' + H®) = —4nGa® [pyO4,0 + puO0] - (3.25)

We can simplify the equation by introducing the ratio of neutrino energy density to
the total radiation energy density

Pv
fv= , 3.26
Py + Py ( )
then the equation reads
3H (V' +H®) = —4rGa’p, [(1 — f,) Oo + f,No]. (3.27)

In the radiation dominated universe a x 7, so a’/a o 1/n, thus

® U —4ArGpra

— =5 =——" 11— 1,)00+ fuNo]
e 3 (3.28)
= 5 [(1 - fl/) ©p + fI/NO]
then
By — W =2[(1 - f,) O+ f,No]. (3.29)
By differentiating both sides of the equation and using eq. (3.24), we have
'+ - v = 29 (3.30)

If we neglect the quadrupole moments in eq. (3.16), then ® = W. Under this
approximation we have

&'y + 49" =0 (3.31)

Setting & = 7P, we get the algebraic equation

p(p—1)+4p=0, (3.32)



which has two solutions p = 0, the growing mode, which is constant in time, and
p = —3, the decaying mode, which quickly dies out. We are interested in the growing

mode, so eq. (3.29) becomes
®=-2[(1-f,)©0+ fuNo] (3.33)

Since in the early universe the perturbations tend to not distinguish between photons
and neutrinos [26]

O = No, (3.34)
which leads to
d = —-209 = —2Nj. (3.35)
Since for the photons p., oc T*
dp 46T
5, = —L = —— = 40,. 3.36
v Py T 0 ( )

The primordial density perturbations can be divided into adiabatic perturbations
and isocurvature ones. Adiabatic perturbations are characterized by vanishing entropy
perturbation. The gauge-invariant entropy perturbation for the two-particle species ¢
and j is defined as

dpi dp;
Si; = — I, 3.37
Yl 4w; 14 w; ( )
For adiabatic perturbations, S;; = 0 and consequently the perturbations in all com-
ponents are proportional and related by
3 3 3
We have found the relation for the photon energy density perturbation from the
Einstein equation, therefore using the fact that for adiabatic perturbations dgw follows
0, we can write

Saw = 6y = —20. (3.39)

The initial condition term can be expressed in terms of the initial energy density
perturbation as 23]

_ Saw (Min, k)

L1 (Min, k) = 3.40
r(n ) 1 ng ( )
So using eq. (3.39), we obtain
—2® (nin, k
L1 (nin, k) = —28 (ins ), (3.41)

4—nT



In the case of isocurvature perturbations S;; # 0. The GW energy density pertur-
bation on large scales during the radiation-dominated epoch can be written as 28]

daw = IéT\%n—Fﬁlq)RD, (3.42)

where ®rp is the gravitational potential, which is related to the curvature pertur-
bation during the radiation-dominated epoch through

3
CrD = —5®RD- (3.43)

We can decompose the curvature perturbation during the radiation-dominated epoch
as

Crp = (1= fu — faw)Cy + fulv + fawlow = ¢ + %fGWSGW, (3.44)

where Sgw is the entropy perturbation defined as

Sew =3 (Caw — Cv) . (3.45)
Consequently, the GW energy density perturbation is

4 4
daw = —zCrp + 5 (1 - faw) Saw. (3.46)






Chapter 4

Results

To compute the angular power spectrum of the SGWB we will use using the Cosmic
Linear Anisotropy Solving System (CLASS) [29]. CLASS is the Boltzmann code that is
written in C, but organized in a few modules that reproduce the C++ classes. It simu-
lates the dynamics of linear perturbations and computes CMB and large-scale structure
observables, such as the CMB angular power spectrum.

We want to evaluate the angular power spectrum of the SGWB

~ dk

Ce(q) = 4”/1{: (T2 (K, mins m0) Pr (k. q) + Tis (k. nin.mo) Pe (k)
+ T (B minsmo) Y P (k) (4.1)

A=+2

therefore we have to modify CLASS for the SGWB. For the CMB the angular power
spectrum can be written as [26]

)

@:m/f%mwpw, (4.2)

where P (k) is the primordial power spectrum and 6, (k) is the transfer function, as
for SGWB, for scalar (o« = 0) and tensor (o = £2) modes

0 (k) = [ dnSt? (0.1 3o (k(m — ).

. (4.3)
o a 1 [(L+2)! e (K (no —m))
7 )(k>=/dn5( V(0. k) < ;
¢ T 4 (l —2)' k2 (770 —7]/)2
where S:(FO ) and S:(,,a) are the source functions given by
0) _ (9 2o\ K (@
Sy (nk)=g 4+<I> +(gK 0y) +e (<I> + '), (4.4)

S5 (n, k) = —e Y

o7



where ¢ = —K’e ¥ is the visibility function and K is the optical depth. Since
gravitons decouple at very early time, the collision term in the Boltzmann equation is
zero, therefore we have to modify the source function by setting ¢ = 1, e™® = 1. Then
the source function for gravitons reads

S (0, k) =T (i k) + ® (ims k) + ¥ (9, k) + ' (n, k),

Sé“a) (n, k) = X/-
The initial integration time 7, of the source function for the CMB corresponds to
the recombination T' ~ 0.3 eV. The GWs decouple at the Plank energy scale, thus we
also have to change the initial time of integration. We set 7);, at the time of neutrino
decoupling T' ~ 1 MeV, which is early enough to mimic the effect associated with the
propagation of GWs.
It is possible to specify the initial conditions for the energy density perturbation in
CLASS. In general, the angular power spectrum can be written as the sum of contribu-
tions from adiabatic and isocurvature modes

(4.5)

~ dk
Cg (q) =dr / ? [Pad (q’ k) 7;2d (7707 k) + Piso (Q7 k) 7;30 (7707 k)] : (46)
Whether the perturbations are adiabatic or isocurvature would modify the initial con-

ditions term I" (1, k) and the evolution of gravitational potentials ® (1, k) and ¥ (1, k).

4.1 Angular power spectrum of SGWB for adiabatic initial
conditions

The initial condition term in case of adiabatic perturbations from eq. (3.41) is

—29 (U@'n» k)

I'r (Min, k) = 4.7
1 (s ) = = (4.7)
We consider the scale-invariant power spectrum, ny = 0, so
1
T (in, ) = =5 (s ). (48)

If we can disregard the tensor term contribution to the anisotropy of SGWB, which
does not change the spectrum significantly, then we can write the adiabatic primordial
power spectrum as

Pug (k) = PC (k) ) (49)
and the tranfer function 7,4 (¢, k) is given by

) + Tw (1, k)]
on

je (k (no —n)) .
(4.10)

1 ‘ n 9Ty (n, k
%d(no,k)=§T<1> (mn,k)ﬂ(k(ﬁo—mn))-i-/ dn Ta (n
Nin
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Figure 4.1: SW, ISW and total contribution to the angular power spectrum of the GW
energy density perturbation for adiabatic initial conditions with the tensor spectral tilt
nr = 0, the scalar spectral tilt ng = 0.96 and the primordial amplitude Ag = 2.101-10~7.

In Fig. 4.1 we report the SW, ISW and total contribution to the angular power
spectrum of the GW energy density perturbation with the tensor spectral tilt np = 0
and the scalar spectral tilt ng = 0.96 [66] and the primordial amplitude Ag = 2.101-107"
[67]. The SW and the ISW contributions are depicted separately to demonstrate that on
large scales, that is at lower £, the SW effect provides the dominant contribution to the
anisotropy of the SGWB and the spectrum is almost scale-invariant [ (I + 1) C; o const,
analogously to CMB anisotropies. The ISW effect starts to be larger on smaller scales,
that is at higher /.



4.2 Angular power spectrum of SGWB for isocurvature
initial conditions

The initial condition term in the case of scale-invariant tensor power spectrum can

be written as

L1 (Nin, k) = 40w (1in, k) - (4.11)

We consider that the source of isocurvature perturbation is cold dark matter. From
[68, 69] the primordial GW energy density perturbation in the case of CDM isocurvature
perturbations can be approximately expressed in terms of gravitational potential ® as

82(15+2R,)
3 4R, — 15

where R, is the fractional contribution of neutrinos to the total density at early times
defined as

R
RV: ) 413
1+ R ( )
where
7 4\3
=-N,[— ) . 4.14
R 8 <11> ( )

Assuming that the number of neutrino species N, = 3, then R, = 0.4. The initial
condition term then is

4 15+ 2R,

"3 4R, - 15

As well as for adiabatic modes we disregard the tensor term contribution to the
anisotropy of the SGWB. We introduce the isocurvature fraction defined as [66]

F[ (T]m, /{:) ~ P (mn, k:) . (4.15)

Piso (k)

Pad (k) + -Piso (k) )

The constrains on this parameter for the CDM isocurvature perturbations are given
by the CMB data. It takes different values depending on the scalar spectral tilt and the
correlation of the CDM isocurvature and adiabatic modes. We assume that isocurature
and adiabtic modes are arbitrarily correlated and the scalar spectral tilt ng = 0.96 is
equal for both CDM isocurvature and adiabatic modes. This is a scenario predicted by
some curvaton models. The isocurvature fraction is then [66]

Biso (k) = (4.16)

Biso = 0.039. (4.17)

The primordial power spectrum for CDM isocurvature initial conditions can be writ-
ten in terms of isocurvature fraction and the primordial adiabatic power spectrum as
/Biso

Po () = 75— Pe (k). (4.18)
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Figure 4.2: SW, ISW and total contribution to the angular power spectrum of the GW
energy density perturbation for CDM isocurvature initial conditions with the tensor
spectral tilt np = 0 , the scalar spectral tilt ng = 0.96, the primordial amplitude
Ag = 2.101 - 1072 and the isocurvature fraction Bjs, = 0.039.

In general, the isocurvature modes are sourced by the second scalar field present
during inflation or phase transition. If it decays shortly after the end of inflation or
phase transition, then the isocurvature perturbations would not significantly affect the
transfer function, then it can be written similarly to the adiabatic case taking into
account the modified initial condition term

1 4R, — 105 .
== Ty (Mins k) 1 (R (1o — Tim
3 R 15 ® (Mins k) Ji (k(10 = nin )

7250 (T]O, k)
(4.19)

Nin

In Fig. 4.2 we report the SW, ISW and total contribution to the angular power

spectrum of the GW energy density perturbation for CDM isocurvature initial conditions

with the tensor spectral tilt ny = 0, the scalar spectral tilt ng = 0.96 [66] , the primordial
amplitude Ag = 2.101 - 1079 [67] and the isocurvature fraction ;. = 0.039.
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Figure 4.3: Total angular power spectrum of the GW energy density perturbation for
CDM isocurvature and adiabatic initial conditions.

The initial condition term in the case of CDM isocurvature perturbations is larger
compared to the adiabatic case due to the modified initial condition term in eq. .
However, the SW effect for both isocurvature and adiabatic perturbations is almost
identical, since the isocurvature primordial power spectrum is smaller than the adiabatic
one , which compensates the prefactor in the initial condition term. We can write
the ratio of the SW effect in both cases

SW,i i 2
Cp ™ Biso (T7°+® ()" | Biso <1 A - 1O5>2 ~ 105 (4.20)
CE’W,ad 1— Biso (F?d + P (nin))Q 1—Biso \6 R, —15

Furthermore, in the isocurvature case, we do not observe the growth of the ISW
effect on smaller scales as for adiabatic initial conditions due to the fact that the ratio
between the SW and ISW effect is far greater compared to the adiabatic case.

In Fig. 4.3 we show the comparison between the total angular power spectrum of the
GW energy density perturbation for adiabatic and CDM isocurvature initial conditions.



On large scales, the total power spectrum for CDM isocurvature perturbations is
larger than the adiabatic one by the fraction

L~ 1.67. (4.21)

This is due to the late ISW effect, which is important on large scales and has a
negative relative sign with respect to the SW effect. The late ISW effect for the adiabatic
perturbations is much larger than for isocurvature ones since the isocurvature primordial
power spectrum is far smaller than the adiabatic one .

These particular traits of the angular power spectrum for the CDM isocurvature
initial condition compared with the adiabatic case may allow to distinguish among the
GW sources, that induce either isocurvature or adiabatic perturbations.






Chapter 5

Conclusions

In this thesis, we have studied the effect of different cosmological sources on the
SGWB anisotropies. We considered how the presence of isocurvature perturbations in
the early universe would impact the angular anisotropy of the SGWB and we compared
it with the adiabatic sources of GWs.

In Chapter 1 we have reviewed several mechanisms in the early universe that could
be source GWs, are inflation, phase transitions, and cosmic strings. We studied the
SGWB from the quantum fluctuations of the metric during inflation, but also from the
multi-field models of inflation. This includes the axion inflation model, where the infla-
ton field is coupled to a gauge field, which similarly to the vacuum fluctuations produces
adiabatic perturbations. We have also considered models which lead to the isocurva-
ture perturbations, like the inclusion of an extra scalar spectator field and the curvaton
scenario. In this latter mechanism, the final curvature perturbations are generated by
an initial isocurvature perturbation of the curvaton. Then we described the production
of GWs during a first-order phase transition due to the collision of bubble walls, sound
waves, and magneto-hydrodynamic turbulence. We have also considered the GWs pro-
duced by a network of cosmic string loops. We presented the average GW energy density
for these mechanisms of GW production in the early universe.

In Chapter 2 in order to study the anisotropy of the SGWB we solved the Boltzmann
equation for the graviton distribution function at first order around a FLRW metric. We
obtained the angular power spectrum of the SGWB, which includes the contributions
from the initial anisotropy imprinted at the production of the GW and the one due to
the propagation through the large-scale scalar and tensor perturbations of the universe.

In Chapter 3 in order to obtain the initial conditions for the GW energy density
perturbation dgy and the evolution of gravitational potentials ® and ¥, we solved the
Einstein equations combined with the Boltzmann equation for various particle species
present in the universe at the time of the GW production. We considered adiabatic and
isocurvature initial conditions and estimated the initial GW energy density perturbation
dcw in each case.

In Chapter 4 the original results of the thesis are given. We studied whether the
perturbations are adiabatic or isocurvature and affect the angular power spectrum of
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SGWB. We presented the plots of the scale-invariant angular power spectrum of SGWB
separately for adiabatic and isocurvature initial conditions, which we implemented nu-
merically in the Boltzmann code CLASS, adapted for the SGWB. We found that on
large scales the total power spectrum for CDM isocurvature perturbations is larger than
the adiabatic one by the fraction Céso / C’gd ~ 1.67 due to the late ISW effect, which is
important on large scales. The late ISW effect for the adiabatic perturbations is much
larger than for the isocurvature one since the isocurvature primordial power spectrum
is far smaller than the adiabatic one.

In the future, we plan to extend the analytic and numerical results obtained in this
thesis to describe different primordial sources of GWs, in order to use the anisotropies
as a tool to discriminate these mechanisms.
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