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Introduction

In 2015 the LIGO/Virgo collaboration detected a gravitational wave (GW) signal from the
merging of two black-holes [1], achieving the first direct detection of gravitational waves and
the probe of the existence of binary stellar-mass black hole systems. After that, other suc-
cessful results arrived, like the observation of a gravitational wave signal from the merging
of two neutron stars |2|, which opened the era of multi-messenger astronomy. In the next
years other detectors are planned to be built, both on the earth as Einstein Telescope |3]
and Cosmic Explorer [4], and on the space, as DECIGO [5] and LISA [6]. Another earth-
based detector, KAGRA [7], just started to be active very recently. Gravitational wave
detections do not give only the possibility of increasing the knowledge about astrophysical
objects, but they allow to explore many different fields. We can get important information
about particle physics, because many mechanisms that generated gravitational waves in
the early Universe are based on theories beyond the Standard Model of particle physics.
Moreover we can have information about the physics at energy scales much larger than the
ones that we can reach at colliders nowadays. We can also test different aspects of General
Relativity, through the estimations of the speed of propagation and of the polarization of
the gravitational waves. There are also many implications for cosmology, as for instance
a precise estimation of the Hubble constant [8] using the GW signal as standard sirens,
in analogy with the astronomical standard candles. Beside the detection of gravitational
waves signal from the merging of astrophysical sources, future GW detectors are expected
to increase their sensitivity at the level to eventually detect a stochastic gravitational wave
background. A background corresponds to a random signal that can be described only in
terms of its statistical properties. There are two main sources of such background: astro-
physical and cosmological. The astrophysical background is given by the superposition
of signals from unresolved sources, which can be black holes, supernovae and pulsars [9];
in particular, the compact binary coalescences are expected to produce a very loud back-
ground [10]. On the other hand, there are also many different cosmological mechanisms
that can produce a stochastic background: for instance the preheating at the end of the
inflation, topological defects or first order phase transitions [11]. However, in this thesis
we will focus on the gravitational waves produced by the quantum vacuum fluctuations
during inflation [12|. In general, accordingly to Quantum Field Theory, each field can
have small deviations from its classical value, precisely the quantum fluctuations. During
inflation, the accelerated expansion of the Universe amplifies these quantum fluctuations,
giving rise to a consistent background of gravitational waves. Future detectors, as LISA,



will hopefully allow to directly detect such stochastic backgrounds [13]. If a background
of cosmological origin would be measured, it would have important implications both on
cosmology and on particle physics: it would be a confirm that inflation really happened
and that the gravitational field is quantized [14].

A fundamental equation to study the evolution of stochastic variables is the Boltzmann
equation, which describes the variations in time of the distribution function related to the
observables involved. Such equation has been fundamental to quantify many properties of
the cosmic microwave background radiation (CMB) [15, 16, 17]. The CMB spectrum is al-
most perfectly isotropic, presenting the same features in all the sky (the same temperature
T) [18], with some small fluctuations 67" which depend on the direction of observation; the
Boltzmann equation has been used to study how these perturbations have evolved from
early times until now [19, 20, 21|. In full analogy with the CMB, we expect that also the
stochastic gravitational wave background (SGWB) present anisotropies with respect to an
homogeneous and isotropic background. The purpose of this thesis is to quantify the effect
of neutrinos on the anisotropies of the SGWB, underlying the main effects that contribute
to amplify or to damp such anisotropies. We have considered in particular the case in
which we have three neutrino species, and the case where no neutrino are present. We
have approached the problem in analogy with what has been done for the CMB [22]: we
started by defining a distribution function f for the gravitons, the quantum corrispective
of the gravitational waves, which are spin 2 massless particles, and then we have written
down the Boltzmann equation for f in a perturbed spatially flat Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric, assuming that the graviton trajectories in the universe
are null geodesics defined by the background metric; in all these computations we have
considered gravitons as collisionless particles, under the qualitative argument that they
decoupled at early times, around Tp; ~ 101?GeV. We have found that the anisotropies of
the SGWB are generated by two different causes: by the anisotropies at the moment of
their production, in other words by the initial conditions, and by the free streaming of
the waves through the perturbed universe; different paths mean different perturbations
on the trajectories, thus anisotropies [23, 24]. Due to the anisotropy dependence on the
past history (the trajectories) of the gravitons, to characterize them completely we need to
know also the evolution of the metric perturbations, so it has been necessary to compute
precisely the evolution of the metric perturbations. To do that, we have solved the Einstein
equations for the metric perturbations combined with the Boltzmann equation for various
particle species in the universe. We have studied the solutions in the cases in which in the
Universe there are no neutrinos, NV, = 0, and the one in which there are three neutrino
generations. The result is that switching from N, = 0 to N, = 3 determines a damping in
the amplitudes of the cosmological perturbations, in some specific cases, e.g. for the tensor
modes on small scales, the damping of the squared amplitude is reduced up to 35% [26].
We have concluded the work by computing the values of the angular power spectra Cy
for the gravitational waves, to study the effect of neutrinos on such a spectra; we have
used the Cosmic Linear Anisotropy Solving System (CLASS) [27], an accurate Boltzmann
code widely used to investigate many features of the CMB, adapted for this project to the
analysis of the SGWB.



The structure of the thesis is the following: in Chapter 1 we have made an overview of
gravitational waves and of their cosmological origin, introducing the short-wave formali-
sm that allows to describe the propagation through a generic curved background and we
have listed the main features of the spectra (statistical properties, etc.); in Chapter 2 we
have solved the Boltzmann equation for gravitons, discussing the characteristics of their
distribution function, and expanding the solution in multipoles, finding some integral ex-
pressions as function of the metric perturbations; in Chapters 3 and 4 we have discussed
the evolution of the tensor and of the scalar metric perturbations respectively; in Chap-
ter 5 we have listed all the results obtained by numerical computations for the stochastic
gravitational waves background anisotropies, comparing the two cases N, = 0 and N, = 3.






Capitolo 1

Cosmological Background of
Gravitational Waves

1.1 The need to introduce gravitational waves

Einstein’s General Theory of Relativity provides a covariant theory of gravity, in the sense
that all the equations from which we can derive the predictions for the observables, are
invariant under diffeomorphisms [28].

This means that, giving a transformation of the coordinates # = Z#(z"), which maps a
manifold to another, such that both the function and its inverse are smooth, the equations
do not change under such a change of coordinates, using the fact that scalar, vector and
tensor quantities transform in the following way:

o(7) =9 (),
~ o 0Tt ~ . Ox¥
VHE(7) :(%VV (), V(%) = @Vu(ﬂﬁ)a (1.1.1)
~ ozt 0x” ~ dz® 9P
pr(zy =2 Y qapB 7 — & T
T ('/“U) 833'& amﬁT ('/”U)? T,U'V('I) ai,u 8.%1/T045('r)

To be consistent with causality, any information about modifications of the gravitational
field has to propagate at maximum at the speed of light c¢; this is predicted by Special
Relativity, which has to be compatible with General Relativity, because, for the equivalence
principle, in any arbitrary gravitational field it is possible to restrict to a sufficiently small
region in which the physical laws have the same form as in an unaccelerated coordinate
system without gravitation [29, 30, 31].

This fact, combined with the analogies between gravitation and electromagnetism®

, makes

'We refer to the similarity between the gauge-invariant equations under the symmetry U (1), describing
electromagnetic interactions in Quantum Field Theory, and the invariance under diffeomorphisms of Ge-
neral Relativity [32].

Intuitively, we could also think to the resemblances between the Newton’s law of universal gravitation and
the Coulomb’s law.



reasonable expecting radiative solutions also for the Einstein equations
o 1
Gul/ = RNV — iRguy = 87TGTMV. (112)

The left-hand side of the equation, the Einstein tensor G, represents the geometric struc-
ture of the spacetime, it contains all the information we need to know to describe trajec-
tories of objects in free fall in General Relativity. It is indeed defined in terms of the Ricci
tensor I, and the Ricci scalar R, related to the Riemann tensor wa,,, which encodes all
the information of a given curved manifold. The right-hand side term corresponds to the
energy-density of the system: the stress-energy tensor T),, describes the energy densities
and the momenta of all the particles involved. Therefore the Einstein equations represent
how the matter content (7),,), curves and determine the structure of the spacetime (G, ).
The underlying idea is that, as in electromagnetism changes in the electromagnetic field
produce the emission of electromagnetic waves, which modify locally the electromagnetic
field themselves, variations in the gravitational field generate gravitational waves which
perturb the spacetime geometry as they pass.

The physical effect we can observe is analogue to the electromagnetic’s one too: as the
presence of an electromagnetic wave at a certain time accelerates an electrically charged
test particle, the arrive of a gravitational wave alters the geodesic separation between two
test particles if their relative position vector is parallel to the polarization direction of the
gravitational wave; we see a tidal acceleration due to the gradient in the gravitational field,
which is non-null exactly because the gravitational wave perturbs the metric.
Non-linearity of Einstein’s equations make the study of the gravitational waves more com-
plicated with respect to the electromagnetic ones, because this prevents us from finding
general radiative solutions. In order to overcome this problem, we will use in this section
the so-called weak-field approach, in which we consider only gravitational radiation of very
low intensity, basically for two reasons.

The first one is that gravity is a very weak force, thus it is unlikely to find gravitational
waves with large amplitudes. In addition, we will consider tensor perturbations to the
metric (which correspond to gravitational waves), very small by definition, and so we are
not interested in large amplitudes.

The second reason is that we are concerned about the behaviour of the elementary particle
associated to gravitation in theories of quantum gravity: the spin-2 graviton. This is pos-
sible only if we use the weak-field approximation, otherwise, for large gravitational fields,
we are not able to attach a precise meaning of quantum particle to ensemble of particles
not enough separated.

This subsection is organized as follows: we will examine the instructive example of the
propagation of gravitational waves on a flat space, with a background Minkowski metric
and no stress-energy sources; after that we will generalize the result to a non-null energy-
momentum tensor; at the end we will discuss the propagation of gravitational waves in
the most general scenario, i.e. in a non-flat spacetime, described by a generic background

(B)

metric g’



1.2 Gravitational wave propagation in flat space

The natural starting point is the propagation of GW in a flat space, where T, = 0 and
the background metric is the Minkowski one. This is the simplest case and it is quite easy
to find out that the small perturbations to such a metric obey to a wave-like equation.
We define the gravitational waves as the difference between the total metric g,, and the
Minkowski metric 7,

h;w =G — Nuv, |hw/(x)| <1 (1'2‘1)

As introduced in the previous section, the Einstein equations are invariant under coordinate
transformations, thus we consider a generic infinitesimal transformation of the form

at — o't = H + (1.2.2)

with £€#(x) an infinitesimal vector field. Under such a map the metric transforms as

oxH

; oz dxP (53 850‘) (65 B oEP

gm,(fl/'/) :8.212/” Wgaﬁ(x) = v 8$V>gaﬁ(x) = 9uv — 8#61/ - &lgua

(1.2.3)

and, if we write the transformed metric as the Minkowski metric plus a transformed
perturbation, i.e.

Iy (@) = + T (2), (1.2.4)

it is clear that the gravitational waves under these coordinate transformations transform
as

R (2') = By () — Ous — D6y, (1.2.5)

with the additional condition
10a(2)| < [hyw(2)], (1.2.6)

in order to preserve the “weak gravitational fields condition” which requires |h;“/(a:' )| < 1.
Now, we are ready to evaluate the Einstein equations, starting from the Christoffel symbols,

1 1
Tty =59" (Outap + Oyt = Oatop) = 5 (1'* + 1) Doy + Dpher, = Basy) = (1.2.7)
2 2.
=5 O+ Oyl — D).

Then we can calculate the Riemann tensor, evaluating all the quantities at the first order
in the perturbation A,

_ A A _
R, =0,T%, — 8,10, + T2, I}, —T0.TX = 8,T%, — 9,10, =
1
=5 (000010, + 0601, — 060 Doy — (0,01, + D,Duhf, — D ha) = (128)
1
=5 (0 0uhE + 0,0 gy — B0y — Oy,

7



the Ricci tensor

1
Ry, =R, = §(auaph’; + 0y0° hpy — 0u0uhY — Ohyw ), (1.2.9)
the Ricci scalar
R = R}, = 0"9,h}, — Ohy,, (1.2.10)
and finally the Einstein tensor
1 1
Guw =R, — ig;wR =3 [Bﬂaphﬁ + 0,0 hpy — 0y 0uhy) — Ohyy, — nm,((?“@phﬁ — Dhl’j)}.

(1.2.11)

We would like to remove the dependence of the last term on the trace hly; to do this we
introduce the trace-reversed metric perturbation h,,, which is equivalent to h,,, but with
an opposite sign of the trace:

_ 1 _
huw(x) = hyw(x) — Enuuhg(x), hﬁ = —hl‘j. (1.2.12)

Using this new form, the Einstein tensor has the simpler form
1 _ _ _ _
G = L (Op0HG + P0Fy — Th — 1 000°R). (1213)

The Einstein equations in this general form present a large number of degrees of freedom;
the symmetric tensor h,, has 10 independent components, but we have seen that the
coordinates of the system are not completely specified: we can perform a coordinate tran-
sformation (1.2.2) in such a way the metric can still be written as the Minkowski metric
plus a perturbation which depends on the perturbation h,,, through (1.2.5). Therefore we
will try to simplify the equations by using proper diffeomorphisms transformation, in order
to find explicitly the physical degrees of freedom of the system. A common gauge used to
study radiation is the Lorentz gauge:

8" hyy = 0. (1.2.14)

We want to show that, using a coordinate transformation of the form of Eq. (1.2.2), is
always possible to achieve the Lorentz gauge: the map which relates the perturbation in a
generic gauge hy, () to the perturbation in the Lorentz gauge A, (z') is 2

8“B;Ll,(m/) =0 = 9" [hu,,(:v) — 0uéu(x) — 0€u(x) — 17]/“, (hg(x) — 28a§a(az))] =

i 2 (1.2.15)
=0"hy () — O&(2),
hence the infinitesimal vector field that we need is the solution of
0&, (x) = 0 hy (), (1.2.16)

2We identify hy.(z") as the transformed field, but, after the following two equations, we automatically
use the redefinition, with a little abuse of notation, hy, (z) = hj,, (z').

8



which always exists, because the d’Alambertian operator (1 is invertible.
In this coordinate system the Einstein tensor has the simple form
1

Gu(z) = —§BW(:L’), (1.2.17)

this means that in the vacuum the perturbations are solutions of the wave equation:
Ohy = 0. (1.2.18)

The Lorentz gauge imposes 4 additional conditions on the symmetric tensor h,(z), the-
refore the number of physical degrees of freedom becomes 10 — 4 = 6; neverthless it is
immediate to see that the Lorentz gauge is sensitive to some residual gauge transfor-
mations: if we apply any coordinate transformation with [0, (x) = 0, the transformed
perturbation is still in the Lorentz gauge, hence we need 4 other constraints, one for each
component of ,(x), to remove completely this redundance. The first condition we impose
is that the perturbation has to be traceless,

. 1 y . Rl
R =0 = (hk — 28“€u)—§nwn“ (hf — 20°€,)= It + 20", — O"E, = —7“, (1.2.19)
and other three requires that all the (0,4) components are null,
hoi = 0 = hoi — 8o&i — Di€o — doi + Bio = hoi- (1.2.20)

In this gauge, called transerve-traceless (TT) gauge, the trace-reversed perturbations, BW,
coincide with the original ones, h,,, so the metric perturbations h,, follow the wave
equation (1.2.18) as the trace-reversed ones hy,, .

When we consider the gravitational waves we can neglect the (0,0) component of the tensor
perturbations: from the Lorentz condition we have

a“hw, =0— aohoy + aihw =0— 80h00 =0. (1.2.21)

This means that the (0,0) component is time independent, hoo(t,Z) = hgo(¥). A time
independent term is not related to the gravitational waves, but to the Newtonian potential
of the source of the waves, therefore when we are considering only the propagation of the
waves (the time dependent part of the metric perturbation) in a vacuum spacetime, 9°hgg
implies hog = 0 [33].

Once we have saturated the gauge freedom, we see that the only physical (measurable)
quantities are 6 — 4 = 2; if we adopt the T'T gauge then these degrees of freedom can be
related immediately to the two polarizations of the gravitational wave. In order to show
that, we can decompose a general gravitational wave into a superposition of plane waves,

hy (z) = / d%(hw(l%)e“f“% + hZV(E)e’ik“m“>, (1.2.22)

where |k°] = |k| from the wave equation; if we have written the perturbation in the
transverse-traceless gauge then the only non-null quantities are the components h;;, which

9



satisfy, from the Lorentz condition in the Fourier space, kzh,](E) = 0. By choosing a proper
reference frame in which k = kn., we see that hz; = 0, so we are only left with hi1, hi2,
ho1 and hag, which satisfy hia = hoy (symmetric tensor) and hgs = —hyy (traceless). To
conclude, the final form for the tensor is

0 0 0 0
b () = 0 hy(k) hx(k) 0 (1.2.23)
v 0 hx(k) hy(k) O’
0 0 0 0

which stresses the fact that the polarizations of the gravitational waves are perpendicular
to the direction propagation of the waves, represented by the versor

(1.2.24)

>
Il
_ o O

in full analogy with the electromagnetism.

1.3 Linearized theory of gravitational waves propagation in
matter

In this subsection we generalize the discussion of the previous one: we consider the more
realistic situation of an asymptotically flat spacetime,

9w (%) = Mpv + hy (), |h ()] <1, |hu (¢, |Z] = 00)| = 0, (1.3.1)
with a non-null stress-energy tensor, T),,(x) # 0, of order one in perturbations 3
Also in this case we will evaluate everything up to first order in perturbation theory.
An immediate consequence is that the stress-energy tensor is invariant under coordinate
transformations thanks to the Stewart Walker lemma [31], which states that a tensor with
a null background value does not transform under the coordinate transformations at any
order in perturbation theory.
This increases the number of degrees of freedom of the system: the stress-energy tensor is
a rank two symmetric tensor, which is conserved,

01T, =0, (1.3.2)

therefore it has six independent components. These terms cannot be eliminated by coor-
dinate transformations, because the tensor is gauge invariant, therefore we require six
corrispective independent elements in G, i.e. in the metric perturbation h,,. This is
equivalent to state that we cannot write the metric perturbation A, only as a transverse-
traceless tensor h;;, because such a term would have only two degrees of freedom. In this

3If it was not a term of order one in the perturbations, then the unperturbed metric would not be the
Minkowski one.

10



case we have indeed also non-radiative degrees of freedom, such as the hoo(Z) term, tied to
the matter sources®. Notice that it is still possible moving to the Lorentz gauge, because
it leaves the metric perturbation with exactly six degrees of freedom, as the stress-energy
tensor. The problem is that in this gauge the Einstein equations are misleading, because
they can be written as, using Eq. (1.2.18) with a non-null stress-energy tensor,

Ohyw = 167G (1.3.3)

The problem lies in the fact that, in this gauge, all the six independent components of
hu, seems to be radiative degrees of freedom®. Actually, only two of them are effectively
radiative, while the other four are not®. The fact that six fields are described by Eq. (1.3.3)
is due to the coordinate choice, they are are mere sinuosities in the coordinate system [34].
Because of this we will use a gauge invariant approach [35, 36|, writing the Einstein equa-
tions in terms of quantities which are independent of the coordinates used. We will see
that there are some gauge invariant variables such that the Einstein equation have the
form of Eq. (1.2.18).

We begin by decomposing the metric perturbation into irreducible parts with respect to
spatial

transformations [37]:

e the (0,0) component does not transform since it is a scalar, and then we can set

hoo = —2¢; (1.3.4)

e the (0,7) component transforms as a three-vector, therefore we write
hoi = Bi + 9i, (1.3.5)

In fact, thanks to the Helmoltz’s theorem, it is possible to decompose a vector field
into an irrotational (curl-free, longitudinal) component 9;y and into a solenoidal
(divergence-free, transverse) component 6}. This can be justified by taking the
divergence of hg; and noticing that a solution for v always exists, because the La-
place operator is always invertible, the solution for 3; comes immediately from the
difference between hg; and ~;

e the (7,j) component has a similiar structure with respect to the vector’s one, it
transforms as a 3 x 3 symmetric tensor, hence we use two suitable functions H and
A, a solenoidal vector field ¢; and a rank 2 transverse-traceless symmetric tensor h;-ro:

1 1
TT

“In the previous section we have neglected such a term because we were in the vacuum, where T}, = 0
precisely.

®Radiative means that the degrees of freedom obey wave-like equations.

SWe will see that they satisfy Poisson-like equations.

5Z-jv2)/\, (1.3.6)

11



with 0;¢; = 0, hg;T = 8,~hz;T = 0. Also in this case, to justify the uniqueness of the
decomposition, we should evaluate h;;, 0;h;; and 0;0;h;;, proving the existence of the
solutions for H, ¢; and A, finding at the end the solution for hg;T by subtraction.

If we consider the map defined in Eq. (1.2.2), using the form £* = (A, B; + 9;C) for the
infinitesimal vector field, with B; solenoidal vector, the metric perturbation transforms
according to Eq. (1.2.5). Thus we can find the transformation rules for the irreducible
parts:

hoo = 29 (2') = 2¢(x) — 2004 — ¢ (z') = ¢(z) — Do A(x);
hoi : Bi(a') + 01/ (') = Bi(x) + Oiy(x) — Qi A(x) — Do Bi(x) — 9;00C (),

i m) — 8(133) (l’) — 281@0(3:) =
2

3

h
= hij — 9 Bj) — 2<aiaj - %(Sijv2>0($) + (1.3.7)
Hl(l‘,) _ H(il]) o QVQC(Z‘),
€j(2') = ei(z) — Bi(w),
N (') = \z) - 2C(x),

hg;»T(:L") = hZ;T(ZL‘)

5¢jv20($),

The first thing we notice is that the transverse-traceless perturbation is automatically gauge
invariant, i.e. it is not affected by gauge modes which can drive us to incorrect conclusions.
For this reason we would like to find other gauge invariant quantities, constructed by linear
combinations of the metric perturbation’s components (and their derivatives) and express
the Einstein equations in terms of only these new variables.

The three functions we construct from the geometrical irreducible parts are

1
1 2
=— -V 1.3.
e 3<H' ), (1.3.8)
= Eﬁi + %8062'.

We can decompose the stress-energy tensor in an analogous way:

Too =p,
1
Tij :P(Sij + o5 + a(iaj) + (8i8j — géijVQ) g, 0,0, = 04; = 81'0',']' = 0.

We have to write down six independent Einstein equations to include all the degrees of
freedom, ten from the symmetry of the metric tensor minus four from the conservation of

12



the stress-energy tensor. It has been shown [38, 39] that the Einstein equations in terms
of these gauge invariant variables are

V20 = — 87Gp,
V20 :47rG<p +3P 3605*),
V22 = — 167GS;,

th;T = — 167Goyj.

(1.3.10)

These equations contain the most important result of this subsection: only the transverse-
traceless part of the perturbations contain the radiative degrees of freedom. Its evolution
is determined by a wave equation with a source, instead the other three are determined
by Poisson-like equations (or Laplace equations in the vacuum). We stress again that, in
some gauges, like the Lorentz one, all the metric perturbations obey a wave-type equation,
but this is an artifacts due to some specific coordinates.

This result will be very important when we will discuss the production mechanism for the
gravitational waves and the distribution function of gravitons in the Universe.

1.4 Gravitational waves in a curved background

In this subsection we want to discuss the gravitational waves in the full theory of General
Gelativity, perturbing a background which has a non-null curvature. The curvature of the
background depends on the gravitational waves and, in principle, on the matter content of
the Universe too, if present; through this discussion we will determine the form of the stress-
energy tensor for the gravitational waves, which contributes to the curvature and to other
geometrical quantities. Another important remark is that we are interested in knowing
how the gravitational waves interact with the background curvature (independently from
the kind of source which gives the larger contribution to the curvature): as a gravitational
wave propagates through a curved background, in fact, its wave fronts change shape 7,
the wavelenght changes, and it backscatters off the curvatures to some extent [9]. We will
develop a tool, the shortwave formalism [40, 41|, under the assumptions that the amplitudes
of the gravitational waves are very small and that the ratio between the wavelength of the
wave and the background curvature is small too, which allows to prove that all these
mentioned effects are extremely small locally. So, locally, linearized theory is still highly
accurate.

In principle, there could be some issues in defining the gravitational waves in a curved
background: if they are a fluctuation of the background, we should be able to distinguish
them from the background itself. To do this we need that the reduced wavelength of the
gravitational waves A = \/(27), is much smaller than the typical scale R over which the
background varies 8. In other words, whenever we impose the condition A < R we are
ensuring that the gravitational waves are small-scale ripples propagating in a background

"This effect is similiar to the refraction of the light when it encounters obstacles in its path.
8Tt corresponds to the typical magnitude of the components of the background Riemann tensor R((fg)w 5
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of large-scale curvature R; this limit is also called geometric optics regime.

As an example we consider the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric,
that will be described in Eq. (2.3.1), which has as typical scale R = aiH, and gravitational
waves which crossed the horizon” during the radiation or matter dominated eras: because
of the expansion of the Universe the comoving Hubble horizon at the horizon crossing,
a(tp.e)H (the.), will be much bigger than the comoving Hubble horizon at the present
epoch, agHy, hence X > R and such gravitational waves are well defined in the cosmological
context. Under this hypothesis, the metric can be written as a background term plus a
small perturbation due to the gravitational waves:

I = gl(f) + hyw- (1.4.1)
The formalization of what we have assumed above can be resumed in the following relations:

e the gravitational wave h,, can be expanded with respect to the background using
the parameter P, much smaller than 1, which corresponds to the amplitude of the

waves!'?,
e the scale on which the background metric varies is equivalent or bigger than R,
O(gsn
S (7‘5 ). (1.4.3)

e the scale on which the gravitational wave varies goes as ~ A,

By ~ O(];””). (1.4.4)

A general method to evaluate the Ricci tensor in this case is the following [38, 9]: first of
all we use a local Lorentz frame of gfff), in which the background connection coefficients
vanish, then we evaluate the Ricci tensor at the second order in such coordinates, and
at the end we transform back to the original frame using general covariance. This last
step can be done by the simple substitutions 7, — g,(fj) and 0, — D,, where D, is the
covariant derivative which acts in the following way

DTV = 9,T! +T% T) — T, TV (1.4.5)

Aa~ v

The computation is the generalization at second order in h,, of the one seen in Section
1.2. The result is

Ry = RE) + RO(h) + RP(h) + O(h?), (1.4.6)
9This condition corresponds to k = % = a(th.c.)H(th.c.), physically it means that the mode of the

perturbation considered is coming in/going out the comoving Hubble horizon aH. This will be very
important when we will consider gravitational waves from inflation in the further sections.

"Notice that we have used the “less or equivalent symbol” because h,, can be affected by corrections
of order P? or higher, as we will see in this subsection.

" The variation is Agfﬁ) ~ gff,’,)a - Az®, therefore, for having a significant variation, Az® 2 R.
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with the two terms which perturb the background defined as'?

RY(h) = %(—DVD“hg — D®Dahyy + DDyl + DaD“hCW>~ %

R)(h) = % [%Duha@Duh“ﬂ + hoP <DuDyho¢5 + Do Dghy, — Dy Dghay — Dﬂpﬂha,,)
+ D1 (Dphey, — Dah5u>+(%Dahg — DB ) (Dyhoye + Dyhaw = Dahy )|
N 7;22 (1.4.7)

The central part of the shortwave formalism is the solution “order by order” of the Einstein
field equations in vacuum:

1
Gy = 0= Ry = 50 R — Ry = RE) + RY)(h) + RY(h) + O(h¥) =0.  (1.4.8)

We have already stressed that gfff) varies only over a range much bigger than the wave-

lenghts of the gravitational waves we are considering, therefore it is reasonable to evaluate
the effect of the gravitational waves by averaging over several wavelenghts A, this is equi-
valent to Rffﬁ) = <R/(£ ). This means that RE},)(h) gives no contribution to <R£€)>, because
the waves have an oscillatory nature, hence their average is zero. To sum up, we reach the
conclusion that the terms of order P satisfy, independently from the others, the Einstein

equations. Thus we are allowed to write
RM(h) = 0. (1.4.9)

This is the equation for the propagation of the wave h,, in a curved spacetime, where the
coupling of the waves with the background curvature is encoded in the affine connections
in the covariant derivatives. This coupling causes gradual changes in the properties of the
waves, which can be well described by the formalism of geometric optics for gravitational
waves propagating along null geodesics. We will see this in Chapter 2.

Now, we can split Eq. (1.4.8) in two contributions: the first one is the term free of ripples,
in the sense that it does not vary on scales of the order of X,

B 2 3y _
RE) + (RA(h)) + O(h*) =0, (1.4.10)
and another contribution which considers only terms which vary on the scale A,
1) (s 2 2 3y _
RUG) + B2 (h) — (RA(h)) + O(h?) = 0. (1.4.11)

Notice that we have included an Rf}l,) (7) term which comes from the fact that in the relation

(1.4.2) we have considered the possibility that h,, depends on a term linear in P, which

2Fach derivative of huy goes as %, hence Oy huy ~ %
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is the solution of Eq. (1.4.9), plus other terms of higher orders in P. In other words, we
are saying that!'3

hyw = hiw + fuw, (1.4.12)

where j,, is a term of at least of the second order in P which varies on the scale \. We
can say that it is a non-linear correction of the metric perturbation.

The first equation, the “coarse-grain” and smooth part, describes the background curvature
Rff) in terms of quadratic terms in P, so by the knowledge that the stress-energy tensor
creates the curvature we deduce that

1 1
") = ——= ((BRM) - J9EDH)). (1.4.13)
After long computations from this formula it can be proved that the stress-energy tensor
for the gravitational waves in the TT gauge can be written as [38]

1

T(GW) _
i 327G

(D, has Dy, hoP). (1.4.14)
The second term, the “fluctuational corrections”, ripply on scale A, shows higher-order
phenomena, like wave-wave scattering, in practice the gravitational waves h;; generates
corrections j,,, on themselves. One of the most important result of this section is that,
if we stop at the first order in P in perturbation theory, we can neglect any nonlinear
interaction of the gravitational waves with themselves and with the background curvature
they produce.

The shortwave approximation, to conclude, is no more valid when A/R > 1, in this case
we have to consider the back-scatter of the gravitational waves with the curvature. This
is not however a case of physical interest, because we know that

T;SSW) ~ 7‘)*22 o P?
— GW ~ )
R 2 & T}EV ) + Tﬁf/her 22
therefore such a condition has as immediate consequence that P 2 1. In this chapter we
have considered gravitational waves as small fluctuations of the background, imposing the
condition |h,,| < 1, thence P 2 1 certainly violates that.

1.5 Geometric optics and gravitons

This subsection describes in detail the main tools that we will use in Chapter 2: first of all
we want to stress why we can use the geometric optics for gravitational waves propagating
in a curved background, introducing the main features of such an approximation, and then
we want to justify the correspondence between the gravitational waves and spin-2 massless
particles, the gravitons.

When we speak about geometric optics we are essentially assuming 3 fundamental laws:

BEq. (1.4.9) is an equation at the first order in P, hence there is no need to introduce j,., while Eq.
(1.4.11) contains terms of the second order in h,,, therefore we need to take into account also j. .
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e the trajectories of the waves are null geodesics, i.e. if we define the wave vector as
Pa, then we require the condition pop® = 0;

e the polarization tensor is perpendicular to the wave vector and it propagates along
the trajectories, i.e. the waves direction of propagation is always parallel to p®;

e there is an adiabatic invariant associated to the waves amplitude, this corresponds,
we will see, to the conservation of the photons number.

We begin with the following parametrization of a gravitational wave h,, in the Lorentz
gauge, D*h,,, = 0:

hyu(t, ) = hO) (¢, %)), (1.5.1)
where we have encoded the dependence on A in 6, while h?w is a factor which varies only on

large scales. Notice that in this subsection we do not consider the higher order corrections
introduced in Section 1.4. We define the amplitude of the gravitational waves as

h = ht, W = b nOm, (1.5.2)

because this term is insensitive to variations on scales of order \; the wave vector can be
defined as
Pa = 0a0. (1.5.3)

Using the Lorentz gauge condition it is immediate to find out that the wave vector is
perpendicular to the polarization tensor:

DFhyy = DPRD)e + ipth(Qe’? = 0, (1.5.4)

which has to be true both at the first and the second order in A, which means that

0) _
DMLY =0, (1.5.5)
and that
PR = 0. (1.5.6)
The explicit form of Eq. (1.4.9) in the Lorentz gauge is [9]
o B (63
DoDChy, + 2R P =0, (1.5.7)

which corresponds, in our parametrization, to

i0 ap (0 (B) 0)aB| | ;i 0) Ha 0) no 0) if oy
| DaDh(S) + R, h O | tic | Do (00)0°0) + Dah(8)6%0 | ~h(0)e 0,000 = 0.

(1.5.8)
This equation has to be satisfied at any order in A too.
At zero order we have )
0 0
Do D) + Ry, h 0% =0, (1.5.9)

The action of the covariant derivative on a scalar quantity like 0 is equivalent to the action of a partial
derivative.
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which is the evolution of the amplitude of the waves on a curved spacetime. This will be
shown explicitly in Chapter 3. By looking at the solution at the first order in A we have

2D A0 p™ + W) Dap® = 0 — 200 DL O p® + HOP*p(0) D\p™ = 0 — Do (hp) = 0,

nv
(1.5.10)
which corresponds to the conservation of the quantity
N = /d?’xhpo, (1.5.11)

which can be thought as the number of gravitational waves, with hp® the gravitational
waves number density.
At the second order in A we have

pap” =0, (1.5.12)

which is precisely the condition of null geodesics.
We are now free to think to gravitational waves as a spin-2 particles, the gravitons, with
momentum pH, moving along null geodesics, D,p* = 0 which parallel transports with itself

a transverse traceless tensor hff’}, p“hg),,) =0 and h,(f])” = 0 [42]. Geometric optics is nothing
but the theory which describes the trajectories of such gravitons through spacetime. This
is the starting point to discuss the graviton distribution function in Chapter 2.

1.6 Stochastic background of gravitational waves

1.6.1 Stochastic variables

In thesis we focus only on the cosmological background of gravitational waves. Cosmologi-
cal means that the sources which generated the waves are early Universe mechanisms which
we will discuss properly in section 1.6.2. Background means that the signal we measure
is a random (stochastic) variable, which can be characterized only statistically, so which
does not come from a single deterministic event.

As a first step we give a formal definition of a random field, like h;;(n, Z) for the gravita-
tional waves case. Let us consider a space of functions F, characterized by some precise
requirements, we can say that an n-dimensional random field, §(Z), is a set of random
variables, one for each point in a 3-dimensional real space, 7 such that Z € T, defined by a
probability functional, 73[5 (Z)], which specifies the probability for the occurrence of a par-
ticular realization of the field (i.e. of the function §(Z) € F) over the ensemble. Roughly
speaking, a random field is a infinite and continuous collection of random variables each
of which is associated with a point of some space.The maximum degree of information we
know about random fields are ensemble averages, which are defined as

with A any combination of random variables (like §, 62 etc.), p the probability of the mi-
crosystem (like the single particles of a gas) and d7 the volume element in the phase space;

(1.6.1)
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the denominator represents the normalization in this case.

In statistical mechanics, we can speak about ensemble average because we have different
copies of the system available, and so we can repeat any measurement and any prediction
is meaningful; on the contrary, in cosmology, we have only one observable Universe, thence
we need some kind of justification to explain why we can talk about stochastic variables.
Because of this we recall the ergodic hypotesis [54]: the configuration in the phase space
of a system comes arbitrarily close to any point all the phase space; this is equivalent to
an ensemble whose probability of the microsystem in Eq. (1.6.1) is constant over the ac-
cessible phase space. In other words, for long enough time the system realizes many times
all the possible configuration, thus we can substitute the ensemble average with temporal
and /or spatial averages.

It is not immediate that this requirements are fullfilled in our treatment. First of all we
have to request that the Universe is almost homogeneous and isotropic; in this way, in each
point in the space at the time of gravitational waves production, the initial conditions, from
a statistical point of view, are the same. Conversely we would have had some regions were
the production would be favored /underdog. Secondly, we need that any gravitational wa-
ves source respects causality, and operates at a time where the Hubble horizon was smaller
than nowadays: in this way the signals we observe from different part of the Universe are
uncorrelated and takes the form of a stochastic background; if we suppose that the source
operated at the time t,, at which the Hubble factor was H,, then the correlation scale
of the emitted waves £, must satisfy £, < H, ' and it has been shown [12] that the ratio
between the redshift correlation scale nowadays, lg = lpg—g, and the Hubble factor today
Hy, lg/Ho, is of the order of 10711, therefore the correlation scale is tiny comparable with
respect to the Hubble scale.

Possible sources for a stochastic gravitational wave background are inhomogeneities in the
preheating after inflation [43|, cosmic strings [44], phase transitions in the early univer-
se [12| and primordial black holes [45]. Hower, in this thesis we will not consider this kind
of sources and we will focus only on the gravitational waves which have origin as quantum
fluctuations of the metric field during the inflation, for which, even if the horizon grows
exponentially, we can still speak about a stochastic background.

1.6.2 Inflationary background of gravitational waves

Inflation is an hypothetical period of accelerated expansion of the Universe, it occurred at
very early times, before the beginning of the era dominated by radiation. It was introduced
to solve two problems of the hot Big-Bang model: the horizon problem and the flatness
problem [46, 47].

To explain these problems we start with the definition of the particle horizon. In a
Friedmann-Lemaitre-Robertson-Walker (FLRW) Universe, described by the line element

ds® = —dt® + a*(t)d7?, (1.6.2)
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we define the comoving particle horizon at the time ¢ as

Re(t) E/O Q‘Z) (1.6.3)

It represents the maximum distance light could have traveled to the observer from the
beginning of the Universe, thus it corresponds also to the radius of the sphere that has
been in causal contact with the observer. It is useful to introduce another kind of horizon,
the comoving Hubble radius r§;, defined as

ry(t) = ———. (1.6.4)

It represents the maximum comoving distance which can be traveled in one expansion
time!®. The Hubble radius represents a volume in which events are in causal contact as
the particle horizon, but with a little difference: it represents the causal contact between
two points at a specific time, so, if two particles are separated by a comoving distance
larger than the Hubble horizon they cannot comunicate currently, but maybe in the past
they could have, because the Hubble horizon can both decrease and increase. For the
particle horizon it is not so: if a distance between two particles is larger than the particle
horizon, these particles do not have ever communicated, because this kind of horizon keeps
into account all the past history of the particles. However, it can be proved that R® ~ r%,
therefore from now on we will consider only the Hubble horizon to describe regions causally
connected.

We can study the evolution of the Hubble horizon by recalling that, if the dominant
contribution to the energy density of the Universe is given by a particle species which has
the pressure and the energy density related by the equation of state p = wp, the scale
factor evolves as o it

_ 2% 3t

30 +w)t (1fw) (1.6.5)
This means that the Hubble radius increased during the radiation dominated era (w = 1/3)
and during the matter epoch (w = 0). This automatically generates the so-called horizon
problem: we cannot explain indeed how regions which have been outside each other’s
particle horizon present very similiar features. This is the case of the cosmic microwave
background radiation (CMB): we observe an almost isotropic spectrum, with only little
small fluctuations [48], but the spectrum describes light which comes from region that
are entered in causal contact only recently, this means that in the past they did not
communicate and therefore they should not have had the opportunity to reach the same
temperature.

The other problem which arises is the flatness problem. If we consider a non-null curvature
in a Friedmann-Lemaitre-Robertson-Walker (FLRW) Universe, the line element assumes
the form

_2
a = a;t30+w) — oH =

dr?

2 _ 2 2

+ r2dQ>, (1.6.6)

15 An expansion time means a sufficient time to allow to the scale factor a to vary appreaciably.
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where (7, 2) represent spherical coordinates. The first Friedmann equation in this case is

a 8 K

(3) =576~ (67)

which leads to an equation for the evolution of the total energy density of the Universe
Q(t):
K
Q) —1=—— . 1.6.8

If Q(t) = 1, then the Universe is flat (K = 0) and it will be flat forever. On the contrary, if
K slightly differs from zero, then the flatness problem emerges. Experimental observations
set in fact the limit to the present value of () to [y — 1| < 0.005 with 95% of confidence
level, but this means that in the past this value had to be much smaller, because the
denominator in the right-hand side of Eq. (1.6.8) has been always a growing function. To
be precise we require that the initial conditions on the total energy density are [49]

1Q(107%3s) — 1] < O(107%). (1.6.9)

In principle, we could solve these two problems by imposing at early times an almost total
isotropy of the CMB and a value very near to one for €2, but this fine-tuning of the initial
conditions seems unnatural.

An accelerated expansion would solve these two problems, because for having an accelerated
expansion we require that the parameter which regulates the equation of state between the
energy density and the pressure, w, is smaller than —1/3, and this leads to an Hubble
horizon which decreases in time. Thence the horizon problem is solved if we suppose that
the inflation lasted enough to allow to reduce the Hubble radius so much that regions
that now are not in causal contact were separated by a distance smaller than the Hubble
horizon at the end of the inflation. The flatness problem is solved in the same way if we look
at Eq. (1.6.8): if the Hubble horizon decreased a lot during the inflation, automatically
for each initial condition before the inflation on €Q(t), the behaviour of a(t)H(t) during
an accelerated phase makes the value of €2 at the end of the inflation so small that it is
compatible with the constraints on §2g. The evolution of the Hubble horizon is depicted in
Figure 1.6.1.

In this section, we consider a very simple inflationary model: we consider a Universe
whose energy density is dominated by the one provided by a scalar field, the inflaton ¢.
We will introduce a mechanism in which the inflaton slow rolls to the minimum of its
potential'®. In this way we will see that the contribution to the stress-energy tensor of the
inflaton reproduces the equation of state p = —p, which is the requirement for having an
accelerated expansion [51].

The starting point is the action of a scalar field on an unperturbed Friedmann-Lemaitre-
Robertson-Walker Universe:

_ 1 4
5= mm/d 2V=g(R+ Lo[6, 9] + Lonatr ), (1.6.10)

16We will specify later on the meaning of slow roll, but intuitively it means that the field goes to the
minimum of its potential not too fast.
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Figura 1.6.1: Hubble radius evolution during the inflation, the radiation-dominated era, the matter-dominated era
and the dark energy-dominated era [50]. Horizontal lines represent comoving scales between different regions in
the Universe. When a scale (a dashed line) stays above the Hubble horizon (the continuous line), we speak about
super-horizon scales, and two regions separated by such a comoving distance cannot be in causal contact at that
time. Inflation grants that regions that are entering the horizon at a specific time (for instance at apg), have been
in causal contact at early times (you can see in the picture that for the line 2 were inside the horizon in the left-hand
side of the picture): this is due to the accelerated expansion of the Universe that extremely reduced the Hubble
horizon.

where the first term is nothing but the Einstein-Hilbert action, the second term is the
lagrangian for the inflaton, while the last one is the lagrangian for the matter content of
the Universe, both including radiation and non-relativistic matter, which is subdominant
during the inflationary period and we neglect it.

The simplest model we can write down is described by the following Lagrangian density
for the inflaton:

Lo = 50" DudD6— V() (1.6.11)

7

)

where g/ is the inverse of the metric !
G = diag(—1, a?,a?,a?) = g" = diag(—1,a"%,a"%, a7 ?). (1.6.12)

By combining Quantum Field Theory and General Relativity, we know that the equations
of motion for the fields are found by imposing that the variations of the action with
respects to the fields are null, while the Einstein equations can be found by imposing that
the variation of the action with respect to the metric is null too'®.

1"We have used as coordinates (t, %), where t is the cosmic time.
8The only things we need to know about functional derivatives are the equations

3o() _ <y, 59" (Y) _ cpewo(),.
5o(x) =6V (z—vy) and 397 (2) = 04050 (z —y).
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The equation of motion for the field ¢ is then

2 09l ), (9g0t)) - 5 =

56()
=) (Bu0,0(2) - T n0ta)) - 2T

99
oV (4(x))

:¢wmﬂ@a¢@y_;ﬂ%@@w+awm_4%%gaw@ﬂ_(%}:

1
=g [8080q5(a:) - §gm (3ogao + 0v9a0 — 3a900> 3,\</5($)] + (1.6.13)

ij ov
+g” [8iaj¢($) - %QM <3i9aj + 0j9ai — 3agij>3>\¢(fc)} V@) =

96
v (p(x))
99

=0.

0=

:—é(m)—%v2¢(l’) 232( 2a(z) ) -

. a1, oV (¢())
= 3(o) +326(0) — 3 V%0(@) +
It is straightforward that, if 05[¢, g,.]/0g" = 0 corresponds to the Einstein equations,
with the geometrical part defined by the variation of the Einstein-Hilbert action, the energy
tensor for the field ¢ has to be defined as

T¢ ( ) _ 2 5S¢[¢79uu] _
v\ = m Sgi (z)
_ 6(v—9()) ——0Lg(y) \_
) \/T J (S o + Va2 )=
1 (1.6.14)

== \/T (—*v g,uu (z) — 5\/ —g(x)é?u(b(x)a,,qb(m)):
=0up(x)0y P () + guv () Lo () =
=0u0(2)0u6(x) — g (@) | 59" () ad()030 () + V (6(2)) |

We have seen that to solve the horizon and the flatness problems we require that p = —p,

in this way we have a quasi-exponential accelerated expansion, i.e. of the form a(t) = ef?,

with H almost constant (in the case of dark energy it is exactly constant, in this case
we will see that we have some small corrections). To do that, it is necessary that the
parameter w, which regulates the equation of state of the inflaton, p = wp, where p and
p are the energy density and the pressure of the inflaton field, is w = —1. To understand
which conditions on the motion of the inflaton we have to require, we recall the definition
of the energy density and the pressure from the energy-momentum tensor:

0 =—p and T]’ :péé, (1.6.15)
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which corresponds to, through explicit computations °,

1 .. 1 1. 1
p=—T§ = =000 + |5 (=9 + 5 V20) 1V (9)]| = 36" + 5 5 V20 + V(9),

L g (Lo 1o Lo 1o,
p =30l = 20'60i6 — |5 (=dd+ V20 )+V(9)|= 582 — 55 V26— V(@)

(1.6.16)

At this point we consider the quantum nature of the scalar field ¢: we know that each
quantum field can be decomposed into a leading term, called the classical value of the field,
which corresponds to the vacuum expectation value (VEV) of the field,

¢o(x) = (0] ¢(z) [0) , (1.6.17)
plus a quantum fluctuation d¢(x), which has, by definition, a null expectation value,
0p(x) = ¢(x) — do(x) = (0] do(x) [0) = do(x) — (0] go(x) |0) = 0. (1.6.18)

For the cosmological principle, the Universe, except for small perturbations, is spatially
homogeneous and isotropic, so we can assume that the classical value of the field depends
only on the temporal coordinate, ¢g(t,Z) = ¢o(t), in this way its stress-energy tensor (and
so the energy density) will be spatially homogeneous. Under this assumption the energy
density and the pressure become

p=560" +V(60),

1y (1.6.19)
p :§¢0 — V(o).
Therefore, for having p = —p, we require that
1.2
Vi(do) > 50, (1.6.20)

and this is called slow-roll condition, because the kinetic energy of the field is much smaller
than its potential V' (¢g). To require that the inflaton leds to an accelerated expansion of
the Universe, we need that this phase lasted enough to solve the horizon and the flatness
problem; in practical terms we require that the acceleration of the inflaton field is subdo-
minant with respect to its velocity, in this way the expansion phase can last for a sufficient
time. This condition can be seen as

|do| < [3H |- (1.6.21)

Our aim is to express these two conditions in terms of the form of the potential for the
inflaton V' (¢g), in order to define some parameters which quantify the slow roll and to

YNotice that ¢ = do¢ # 9%, in fact the contravariant derivative is defined as

0°p = ¢"Oadp = —Bo¢.
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understand better which kind of physics could have produced inflation. We see that this
additional condition on ¢g, combined with the equation of motion for the scalar field ¢,

leads to 5 ( )
+3H¢po + =0—=3H¢g=— .
b0 b0 0 Po 0
We can combine this expression squared with the first Friedmann equation, Eq. (1.6.7)
(with K = 0),
9H2¢'02 (8V((£0)> N ld) 9 _1
H? — %TFGV((%) 270 316mGV (¢o)

(1.6.22)

L (av(¢0))2, (1.6.23)

oo

which leads, when included in the first slow roll condition, into a condition on the scalar
potential V' (¢o):

1.9 11 g
~é . 0 1. 1.6.24

We can now introduce a parameter which keeps into account the slow roll of the inflaton
field, it is a function which depends on the form of the potential and it is

OV (¢o)

_ 1 Odo
€y = e (V(¢0)) , (1.6.25)

with the requirement that ey, < 1; this quantity is particularly useful because it determines
the variations of the Hubble factor:

H? =2HH :§WG< ¢o+¢0¢0) *WG[ ¢0+¢)0( 3H¢0_(§q‘§/>}
87G (OV N2 8TGH? (OV \?
H? (a¢0> 9" (8¢>0>

H=— §WG3<]50 = —

HZ9<8@Gv>2(8¢0> |

H

H?
We want to express also the second slow roll condition, Eq. (1.6.22), in func‘gjon of the
potential V(¢g) and its derivatives. What we want to do essentially is to write ¢ in terms
of the potential, to do that we derive with respect to ¢t Eq. (1.6.23):

% [%qZ;OQ} Z{ 1 [167rG1V(¢0) (3‘(2;@;0))2} }

= —€y.
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(1.6.27)
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where in the last step we have neglected the second term in the square brackets, because
it represents a term of the second order in the slow-roll parameter €y, defined above.
If we now use the second condition for the slow roll we have

11 av<¢)82 o) V(o) 1 L
) Heol— |= 0) 0% 0|, > %% 1, (1.62
’¢°|<<‘3 ¢0‘_> 387G 0y Vieo) <<‘ B ‘ 387GV (g &b (1628

because of this we can define a second slow roll parameter, 7y, which has still to be much

smaller than one,
9°V (o)
1 2

T 8rG Vo)

We have built a mechanism which justifies a large accelerated expansion of the Universe
in a very early epoch, solving the horizon and the flatness problems. Now we can go
beyond: we have seen that the inflaton ¢ is a quantum field, thence it is described by its
vacuum expectation value plus small fluctuations d¢(t, ), which are null if averaged over
a sufficient large time. In the same way, we can consider the metric g,, as a quantum
field, recogizing that its vacuum expectation value is equivalent to the background metric,
defined in Eq. (1.6.12), plus quantum fluctuations Ay, .

We will focus in this section on the gravitational waves production, therefore we restrict
to the tensor degrees of freedom, i.e. we consider the perturbed metric

(1.6.29)

G = a*(n)diag(—1, ;5 + hij), (1.6.30)

where we have used the conformal time 7. If we substitute such a metric in the action
(1.6.10) we obtain the following equation for h;;:

/
1
B (1, ) + 2y (1, &) = — V2hi; (0, ) = 0. (1.6.31)

In order to provide canonical quantization, we write the metric perturbation using a plane-
wave expansion

d3k A 7 =
zy 771 Z / ezg)\ k h)\(nak) ka: (1632)
A==12

with e, (k) the polarization tensor along the k direction which satisfies the condition
eijan(—k) = eija(k), and hy(n, —k) = h (n, k). If we parametrize the amplitude hy (1, k)

as
. 4VTG .
ha(n, k) = " or(n, k), (1.6.33)
with
ARG, . d
(. ) ==Y (o40.8) = Zon(n.B)
. ¢ (1.6.34)




we see [12]| that the Einstein-Hilbert action is written as the action of two real scalar fields
va(n, &) in Minkowski, with potential which depends on the scale factor a and on the scale
k considered. This means that we can quantize the fields vy(n, ) using the canonical
quantization known from quantum field theory, i.e.?°

) . B3k - 7
ox(n, T) = /W(vk(n)e ik faga Tt vk (n)et® Ia%)\), (1.6.35)

which satisfies the canonical commutation relation?!

[UA(TL f)? 800;’ (777 f/)] :i(sk)\’(s(g) (f - f/) - Ukv;: - UZUZ =1, (1636>

with ag | (a;%’)\) the annihilation (creation) operator which annihilates (creates) a par-

ticle with momentum & and polarization A, remember that for them the only non null
commutation relations is

lag yraly ) =08 (F = F). (1.6.37)
The equation for the fluctuations (1.6.31), using the expansion (1.6.32) becomes

- a ~ k2 -
RS0, k) + 2—PA(1, k) + 5 ha(n, k) = 0, (1.6.38)
which, in terms of the field v, corresponds to

"

ol () + (k2 - %)vk(n) —0. (1.6.39)

We want to find the solution in function of 7, hence we write the explicit form of the scale
factor in terms of 7:

H

= H = Hi(l—evt) > a= aieHit<1 - %/Hft2>,
t 1 L |

n :/ dr—— = / do—e Hi® (1 + 6—VH?:UQ):
0 a(x) 0 a; 2
H; aieHit (1 — %H,?ﬂ) —eVHZ-eH’it(l + Hit)
1 1
a()Hiq _ ¢, (1 + %/HftQ) (14 Hyt)
11 1 B 1 1 B 1

a(t) Hil —eyHit —e+0(e2)  a®)H@t)1 - Hie,  at)H#)(1 —ey)

(1.6.40)

20We use the “hat” to identify the quantized field, which is now an operator which acts on an Hilbert
space.
*'Fach other independent commutator involving vy (n, €) and its temporal derivative is null.
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Now we can find the form for a”/a using this relation:

e 2 2 (“H 2H? ) ey 5 & 2H2(9 — ) = — 2V
= — € —_ — — a|l= — € — = —Q — € = ————-
v a\a? VT v n?(1 — 2ey)
2 (1 5)
= — —€
772 9 B
(1.6.41)
in this way the equation for the gravitational waves becomes
v (n) + [k:Q - i(ﬁ - 1)}%(77) =0 (1.6.42)
n? 4 ’
where v? = % + 3ey; this equation is a Bessel equation which has as solutions the Hankel
functions of the first and of the second kind:
oA(n, K) = /=71 |1 (k) HSD () + e (k) HP (~kn)| (1.6.43)

If we consider the regime kn > 1, i.e. when the momenta of the gravitons give the
dominant contribution to the fluctuations with respect to the background curvature, in
other words when we can consider the situation analogue to a flat spacetime, the solution
of Eq. (1.6.42) is

() = ol e 4 ol H ek, (1.6.44)

where v,(ci) are the modes associated to the positive (v,(j)) and to the negative (v(_))

frequency modes??. We do not consider the negative frequency modes, therefore we impose
as initial condition ¢!~} = 0 as initial condition. Using Eq. (1.6.37) we find that

1 1 .
2z'k:\v,(€+)]2 =1i— vlgﬂ = Ton — vk(n) = Eelk”. (1.6.45)

Now we impose as constraint that the solution (1.6.43) matches the one found for kn > 1,
therefore, by knowing that

. \/ge_iﬂ—/QQV_S/2 1};3()7;) (—kn)~" —kn<1
/%knei(*kn*’/ﬂ'/2*ﬂ'/4) _ kn > 1 (1646)

2 .
HY (o) s |2 el k> 1

we can set co(k) = 0 and then our full solution is

HM(—kn)

T (v s
() = D2 S (), (16.47)

22They are eigenfunctions of the Hamiltonian operator H = i6— with positive and negative eigenvalues
respectively.
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which has, as interesting limit,

_ﬁ i(1/+1/2)77/2\/5 —im /261 —3/2 I'(v) —v _
(e a0 T'(v) 1 _
_ i 1/2)7r/221/ 3/2 —k 1/2—v

‘ I/ var

Before proceeding, we need to give a physical interpretation of what we are doing: Eq.
(1.6.39) is nothing but the harmonic oscillator equation with a time dependent frequency,
wi(n) = k2 — d” /a, thus we are describing a quantum (because of the operators ay (k) and
aK(E)) harmonic oscillator, which has as total energy for a given mode k the one given by
the Hamiltonian formalism, i.e.

(1.6.48)
, —kn < 1.

1

B, = -
L)

(o ()] + @ (m) vk () *); (1.6.49)
if we then consider the limit for which w?(n) is positive and constant, we can think to these
oscillations as quantum modes, the gravitons, of frequency (thus energy) wy, therefore the
number of gravitons for a given k£ mode is nothing but the total energy divided by the
energy carried by a single graviton,

= 5 L )+ B 2). (1.6.50)

1

2 Wk ka

During the inflation the graviton number density is not well defined, it is not conserved and
it grows exponentially, thus we need to make a model to predict the graviton abundance at
the end of the accelerated expansion. We idealize the end of the inflation as an immediate
transition to the radiation dominated era, where a = 1, which occurs at the time 7., and
we evaluate vg(n.); after that we suppose that all the modes of physical interest enetered
the horizon long after the end of the inflation, therefore we evaluate vg(ne) in the super-
horizon limit; after that we insert it in the expression for IV, which is properly defined
now and the number of gravitons can be seen as a graviton density number in function of
k, this will be the initial condition for the gravitons distribution function.

Therefore, if we evaluate Eq. (1.6.48) at the first order (in the slow roll parameter ey ), i.e.
for v = 3/2 we have that

YANUIEE PR B
v ()] \/ﬁ( ki) VT ) (1.6.51)

/ e YA 72,\,# 2a2
\vk(n)!—mk( kn) Nkak (1),

where we have used the fact that a(n)H(n)n = 1 at the first order and that H(n) is
approximately constant during inflation, thus we can take its value at the horizon crossing
Hjy,, defined as Hia(np...) = k. This expression tells us that super-Hubble modes h(n) are
constant, because they depend indeed on the ratio vg(n)/a(n).
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If we evaluate now the number density at 7. we immediately obtain that, using the fact
that in the radiation era wy = k

1
Nilne) + 5 = 3

a2(H2a? + k?) = i(?)A‘(Hk“f (1.6.52)

Because of the out-of-horizon condition, k < a.H., and by the constance of the Hubble
parameter during the inflation, Hp ~ H., it is clear that inflation produced an huge
number of gravitons from the vacuum; in non-inflationary models, where an accelerated
expansion is missing, this effect is exceedingly small and it produces no observables. A
qualitative physical explanation for the huge production of gravitons can be the following:
usually in quantum field theory there are continuously productions of pairs of particle
and antiparticle, which annihilate immediately after their creation, but, when we consider
inflation, the expansion of the universe is so big that they cannot annihilate and a net
number of particles is created.

The original quantum behaviour of the variables is lost when the modes exit the horizon
and there is a quantum-to-classic transition that allows us to treat the quantities described
until now as statistical variables, in the sense that the VEV can be associated to ensemble
averages [52].

By using Egs. (1.6.32), (1.6.33) and (1.6.35) we can quantize the original field we started
from, i.e. the metric perturbation:

d3k ik-% * —ik-Z »
Z/ o) 3/2 w(me™Tag \ + hip(n)e™™* a%/\}eij,)\(k), (1.6.53)

for which we can define the power spectrum as

S - 272 - -
(0] hij 2 (1, B 0 (0, K') 10) = =008 ) (k= K) P (1, k), (1.6.54)

where we have used as definition??

5 Pr g " > « >
hija(n, k) = / WG FThija(n, T) = hk(n)a_];’7/\eij,)\(_k) + hy(n )a,;)\% A(k).  (1.6.55)

#3n practical terms, fALij,)\(m E) is the inverse Fourier transform of the quantized metric perturbation.
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The computation of the tensor power spectrum is trivial, once we know Eqs. (1.6.40) and
(1.6.48)%

(0 i%‘j,A(Th E)il;‘kj,,\/(% E’) 0) =€ij,,\(/%)€fj,>«(/%l) [hk(n)h? (0 a_;g7>\ai,;,7A, 0) +
+ B (n) (0] al az, ,,[0) | =
=26\ 03) (k — &) by (n)|* =

47 G

2
el
321G, (TB +evy2 1 ey
T 22 ( r(3) ) 2 k) N

—0 03 (K — F)161G272v <

v(n

r'3) 1 —ey)2v
H? (aH>26v
k3 \ k ’
(1.6.56)
therefore the required power spectrum for the tensor modes is
8G TE4+er)\2 1-—2¢ aH\ 2ev
PY o, k) = 72*26V< 2 ) 2(—) . 1.6.57

The modes assume constant value once they exit the horizon during inflation, thus the
initial condition on the power spectrum we obtain will be the one when the modes re-
entered the horizon, which is nothing but the above expression evaluated at n = np..:

8G

™

PWM (k) flev)HZ, (1.6.58)

where f(ey) is a function very close to one.

The evaluation of the scalar power spectrum, which comes from the fluctuations of the
inflaton field, is identical, except for the fact that we have a dependence on V(¢g) for the
frequence wy(n) of the harmonic oscillator; the result can be written as [12]

G
PO(k) = —HZ, (1.6.59)
Tey
and we can define the tensor to scalar ratio r = (P*2(k) + P_z(k:))/P(O)(k:) which gives
r = 16¢€y, i.e. the tensor power spectrum is suppressed with respect to the scalar one.

2We are using that e;;(k) = efj(—/;:) and the normalization condition e;; (lAc)efj (k) = 265x/.
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Capitolo 2

Cosmological Gravitational Wave
Background Anisotropies

2.1 Boltzmann equation

The most powerful tool to study non-equilibrium processes [53] is the Boltzmann equation.
Everytime we want to study a many-body system we define a distribution function f(¢, Z, p)
in such a way that the quantity f(t,Z,p)d>xzd®p corresponds to the number of particles
which, at the time ¢, stay in a volume d®z around & and which have momenta with values
in the volume d>p around p. It is appropriate to specify that we have chosen the coordinates
in such a way that & and p are the canonical coordinates and the corrispective conjugate
momenta, related by the Hamilton’s equations. The Boltzmann equation describes the
variation in the abundance of a particle species in terms of its distribution function, of
the scattering processes (with particles of the same or of different species) and of external
sources:

LIl =Clf1+ T, (2.1.1)

where £ is the Liouville operator, which evaluates the total derivative of its argument
with respect to time, C is the collision operator, which encodes the information of the
creation/annihilation of particles of species described by the function f through scattering
processes, and J[f] is the source operator, which includes all the production phenomena
different from elementary particle collisions.

We want to find out the explicit form of the operators described above, by using an
argument analogous to the one seen in [54], but using the formalism of general relativity.
We begin with the evaluation of the Liouville operator, considering a system of collisionless
particles without external sources: the equation of motion for f is given only by the
requirement that, locally, the number of particle is conserved, in other words we can match
the number of particles at the time ¢, at the position & and with momentum p, with the
number of particles at the time immediately after ¢, ¢/, with the position and the momenta
in the neighbourhood of (&, p), named (&', p),

f, 2, pd>x'd*p = f(t, Z,p)d>xd>p. (2.1.2)
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The first important thing to stress about using general relativity is that we will use a generic
affine parameter A to parametrize the trajectories (i.e. the geodesics) of the particles, in
other words we write ¢t = t(\), & = Z(\) or, equivalently, =¥ = z#(\); secondly we just
recall the form of the equations of motion in general relativity:

dat ’

- =P

A (2.1.3)
apt* N

d)\ - l/pp p .

The second thing we observe is that, after an affine parameter variation o\, all the
quantities from whom the distribution function depends on, become

m
2\ + 6X) =zP(N) + %& = 21(\) + 1A,
(2.1.4)
n
PO 0N = () + B6) = pH(N) Tl 6N

with d®z'd3p’ = d3zd®p, if (£, ) are Hamiltonian conjugate variables. By substituting all
these relations in Eq. (2.1.2) we have

daxt dpt df (P, pH
0 :f(ﬂf“ + SN+ LéA) (ot pry = HEP
“ » dX (2.1.5)
(e% e% v af(l’a,pa) i
=p"0uf (2%, p%) = Th,p" D" =5,
hence the Liouville operator is
N a 8
L=po Lo Py o 2.1.6
P amu Vpp b apu ( )

In absence of collisions df /dA = 0, but this does not mean that the number of parti-
cles in a given phase space element is constant: the phase space evolves in a nontri-
vial way in general relativity and we need to keep into account the effects of the me-
tric. As an example we can think to an expanding universe described by the metric
g = a?(t)diag(—1,+1,+1,+1): the physical volume associated to d®z is proportional al-
so to a®, this means that if da/dt > 0, i.e. the Universe is expanding, the physical volume
grows in time, and the particle density is diluted by a factor a3, even if df /d\ = 0.

To find the collision operator we think that the contribution to df (t, &, p)/d\ due to scat-
terings is given by the rate of particles which, after the collisions, are in a volume d3zd®p
around the point (#,p) in the phase space, minus the rate of particles which were in a
volume d3xd>p around the point (Z,p) in the initial state. This subtraction represents the
net number of particles which reached the configuration (#,p) in a certain small amount
of time. To the most general scattering process ¢y + a + b+ ... < 1 4+ 2 + ... corresponds
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the following form for the collision term:

Clfy] = —/ IT T dadiis@n)* <6 py +pa+pp+ ... —p1 —p2 — ...)
a=a,b... f=1,2...

XMy aipr. —1vot. fofafo (L f1)(1 £ fo)...

- ’Mﬁ+2+...%w+a+b+..f1f2“'(1 + fw)(l + f1)<1 + f2>]7
(2.1.7)

% is the phase space element of the particle of species 7, with g; its

where dll; = g; 0 d
internal degrees of freedom i and E; = y/m? + p;? its energy, while |M|? are the squared
matrix elements for the two processes, which represent the transition probabilities from
the initial to the final states. Basically, we are writing down that the particle species v is
created (annihilated) by processes which contains it in the final (initial) states; the proba-
bilities of this processes to occur have to be multiplied by the product of the distribution
functions of the initial species because the higher the number of the particle in the initial
states, the higher the probability of having the required final state; in addition we put
also some factors 1+ ffinq which represent the Bose enhancement factors (with the plus)
or the Pauli blocking terms (with the minus). These are given by the fact that the rate
of producing a certain particle species is proportional to the occupation numbers of the
species and, for the Pauli principle, fermions are less favoured to be produced.

To conclude this section, we briefly mention the source operator, J[f]: it represents the
external sources of the particle species considered and, for instance, in [55] is parametrized
using an emissivity rate j(¢), the number of particles produced per unit time and comoving
volume, in the form

j[f(tvaﬁ)] = j(t)f(t’ f’ﬁ) (2'1‘8)

This introduction to the Boltzmann equation is very general, and can be applied to many
situations, like the ones mentioned at the beginning of this section. Now, we want to
specify all this discussion to the gravitational wave case, trying to define a distribution
function for the graviton and to write down their Boltzmann equation.

2.2 Graviton distribution function

In Section 1.6.2 we have seen that the theory of inflation predicts a stochastic background
of gravitational waves, which can be described using the distribution function f(t,,p),
where p'is the momentum of the gravitons propagating in the Universe; this can be done
even if the background curvature is large, if we are in the limit in which the amplitude of
the waves is small (the weak field limit), because we have proved that it exits an adiabatic
invariant which corresponds to the conservation of the graviton number density.

In analogy with the cosmic microwave background radiation (CMB), we suppose that this
background is not exactly homogeneous and isotropic, but it has small anisotropies due to
the quantum fluctuations of the metric during the inflation, as discussed in Section 1.6.2;
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these anisotropies are supposed to be very small, of the order 107°, because of their origin
from cosmological perturbation [56]. We can divide the distribution function in two terms,
a leading one, f(t,p) (where p is the modulus of the three-momentum), homogeneous and
isotropic, plus a perturbation ¢ f(t, &, p),

f(t,Z,p) = f(t,p) +6f(t,Z,P). (2.2.1)

The main purpose of this chapter is studying the evolution of this distribution function
from the early Universe until now, using the Boltzmann equation for gravitational waves.
A key difference with respect to the CMB case is in the initial conditions: the leading term
of the distribution function for the gravitons is not thermal, it follows a power-law with
respect to p, as it is shown in Eq. (1.6.52).

Another important difference is that for the gravitons the collision operator is very close to
zero. To prove that we have to show that there are very few collisions between gravitons
and other different particle species, in this way we can neglect the collision term.

When we implement quantum field theory with gravity, we can indeed consider in principle
scattering processes between the gravitons and other fields, as photons [57]. To demon-
strate that these processeses are negligible we introduce the concept of decoupling. The
interaction rate ['jteraction is defined as the number of interactions for a species per unit
time, Iinteraction = nov, where n is the number density of the particle species, o is the total
cross section of the scatterings in which such a species is involved, and v is the modulus
of the relative velocity of the particles. We say that a particle species decouples when the
interaction rate becomes equal to the Hubble expansion rate H; a condition for a particle
species to be decoupled is then that Tjnteraction < H. We can think to this result as the
fact that the mean free path of the particle is approximately equal to the horizon size or,
from another interpretative point of view, that the time required for an interaction is larger
than the characteristic time of the Universe, 77 = H ', this means that the particle will
have less than one interaction for the rest of its life. If we prove that gravitons decoupled
at early times, then we are legitimated to neglect the scatterings with other particle species
in the Boltzmann equation.

For massless gauge bosons the cross section goes as o ~ T2a?, where « is the interaction
constant of the interaction associated to the bosons. For gravity the interaction con-
stant goes as a ~ 1 /Ml%l7 hence for this massless gauge boson the cross section goes as
o~ T? /Mf;l. Then the particle number density is given by the statistics of relativistic
species, n ~ T3, therefore the interaction rate is Iy ~ T° /Mjél. If we suppose that gra-
vitons decoupled at very early times, when the radiation gives the dominant contribution
to the energy density of the Universe, then the Hubble factor is equal to H = ]\g—;. By
imposing the decoupling condition I';,; = H we have that

Toee _ Ta
(cost.)Mff = M;Cl — Tyee = Mpy, (2.2.2)
Pl

which means that the gravitons decoupled at the Planck temperature, Ty, ~ 10GeV .
We have studied the gravitational waves production during the inflation in Section 1.6.2,
thus we we can choose as initial time for analyze the system the end of the inflation, when
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no more gravitational waves are produced. Inflation ends for sure at temperatures much
smaller than 10'°GeV, therefore we can neglect interactions with other particle species.
Through the short wavelenght approximation described in Section 1.4, we have seen that
we can also neglect gravitational waves self-interactions and scatterings with the back-
ground metric at the first order in perturbation theory. Therefore we can consider the
collision operator of Eq. (2.1.1) null, C[f(\)] = 0.
The source operator is also zero because we want to consider only the gravitational waves
of cosmological origin, which were produced during the inflation, and so we can neglect
any astrophysical source as, for example, the mergers of compact objects such as black
hole collisions, and so J[f(\)] =0 [55].
To conclude, the Boltzmann equation for the gravitons is the one for free-streaming
particles in a perturbed Friedmann-Lemaitre-Robertson-Walker Universe:

df (A)

——= =0. 2.2.
o =0 (2.2.3)

2.3 The perturbed metric

The starting point for our computations is the most general form for a perturbed spatially
flat FLRW metric, given by [35]:

ds? = —e2dt* + 2a(t)wida'dt + a*(t) (e "2 8i; + xij)datda?, (2.3.1)

where we have classified the perturbations in accordance with their trasformation properties
under spatial coordinate transformations: ¢ and 1 transform as scalars, w; as a vector and
Xij as a rank 2 symmetric tensor. Thanks to the Helmoltz’s theorem, it is possible to
decompose the vector perturbation into an irrotational (curl-free) component diw!l and
into a solenoidal (divergence-free) component w;-:

wi = Ol + wit, (2.3.2)
with V x Vwll =0 and V- &+ = 0.

In an analogous way, the 3 x 3 symmetric traceless tensor field x;; can be decomposed
using a suitable function /I, a solenoidal vector field X; and a rank 2 transverse traceless
symmetric tensor h;;:

1
xis = (0i0; = 505 )X+ 00 + 9 + i (2.3.3)

with 82}1” =0, hy; =0 and 9;x; = 0.
The next step consists in changing the temporal variable 2°, passing from the cosmic time
t to the conformal time 7, defined by the following relation:

B t dt,
7]:/0 ) (2.3.4)

The conformal time represents the total comoving distance the light could have traveled
from the initial time O to the time ¢, therefore at the time ¢ no information could have

37



propagated further, thus regions separated by a distance greater than n are causally di-
sconnected: 7 defines the so-called comoving horizon.

The main reason why we have introduced such a quantity is that the physical quantities
evolve in very different ways if their scales are bigger or smaller than the comoving horizon,
and so it is very useful to study the equations we end up with in these two regimes.
Using this new parametrization, we can write in a simpler way the line element:

, 1 o
ds® = o> (n){—eQd)dnz + 2w;dx'dn + [6721!)5@' + ((91‘8]‘ — g(Sij) X” +0;x; +0;xi+ hij} dx'dx’ }
(2.3.5)
From now on we will work in the Poisson gauge, described in [59], which is defined by

setting wZ“ =0, x =0 and XiL = 0. The solenoidal field (,uil is not set to zero in this

gauge, but through the dynamical statement that any initial vorticity decays away due to
the expansion of the Universe, as shown for example in [58], we can neglect it.

After all these assumptions, we end up with the following metric, which is the one we will
use for the rest of this thesis:

ds? = a*(n)[—e*?dn? + (€72 8;; + hy;)da'da?). (2.3.6)

We are interested only in the results at the first order in perturbation theory and so, by
expanding the exponentials, we can see that the line element can be written also as

ds* = a*(n){—(1 + 2¢)dn” + [(1 — 2¢)d;; + hyjldz'dz?}. (2.3.7)

2.4 Graviton geodesics

In general, the distribution function depends only on few variables: the spacetime coor-
dinates, (n,Z), the three-momentum of the particles " and the mass of the particles m,
which determines univocally the zero component of the four-momentum through the rela-
tion m? = (po)2 — p2; notice that we consider gravitons as radiation, thence we set their
mass to zero, m = 0. In this section we would like to find some useful relations between
the momenta of the gravitons p* and the metric perturbations ¢, ¢ and h;j, in order to
relate the evolution of the graviton distribution function f to these known geometrical
quantities, for whom we can determine the evolutions using the Einstein equations. This
can be done by using the equations of motion for gravitons in a curved spacetime: thanks
to geometric optics discussed in Section 1.5, we know that gravitons are moving along null
geodesics determined by the background metric, thus we can write

dp* y

The first thing we observe is that we can write the physical three-momentum p’ by using
the versor n which corresponds to its direction of propagation, with the normalization
condition (5ijninj =1, and its magnitude p, defined by

P’ = giip'p’. (2.4.2)
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If we write the three momentum as p’ = A(p, 7, ¢, ), hym)nt and we insert this parametri-
zation in the above expression we obtain immediately that

p = Dev (1 - lI’ijzj?”Lk)TLi. (2.4.3)

a 2

Everytime we speak about distribution functions, we are implicitly assuming that there
is a phase space over which such functions are defined; in our case the phase space is gi-
ven by the canonically conjugate variables z* and p; [59], therefore the volume element is
dz'dz?dz3dpidpedps. In many cases we need to integrate over such variables, for instance
we integrate the distribution function over the momenta to obtain quantities like the par-
ticle number density or the average energy density per unit volume, and if we do not pay
attention we could end up with misleading results.
Instead of using the physical three-momentum, from now on we will use the comoving one,
¢" = gn', with a magnitude ¢ defined as ¢ = ap, in this way the metric perturbations are
removed from the definition of this new momentum. The physical three momentum can
then be expressed in terms of the magnitude of the comoving one:

pl = %ew (1 - %hjknjnk>ni. (2.4.4)
We are interested in studying the anisotropies for the cosmological gravitational waves
background, and so the particles involved in the Boltzmann equation are massless gravitons,
and then we can find an explicit expression also for p°:

2 2
2 a i 2 q q _
0= g,uup'upy = —a262¢(p0) +¥gijplp] = —a’e* (po) +¥ — po = ?e ¢ (2.4.5)

Under these assumptions, the Boltzmann equation for massless, collisionless particles with
no sources is

df_o_ldf_df_af of do* Ofdq Of dn'
d\ ~ pYd\ dn On Oxtdy  Oqdn Onidp’
The first two terms in the equation represent the free-streaming part, which keeps into
account the propagation of the perturbation on all scales; if integrated with respect to
the physical momenta, we obtain the familiar hydrodynamics continuity equation, which
describes the conservation of the density of a fluid in terms of the flux of such a fluid,
and the Euler equations, which express the conservation of the momentum of the fluid.
The third term is the red-shift contribution, it describes how the energy of the gravitons
changes during the Universe evolution, while the fourth one is the gravitational lensing
term, which encodes modifications of the direction of the gravitons 7 due to gravity.
By using the definition of the momentum in General Relativity,

(2.4.6)

dxt
b= 2.4.
Pr= (2.4.7)
we find a simplification for the free-streaming term:
de’  dxdzt  p' o+ T ( 1 N\
=AW P 1— =hynd ) i 2.4.8
dp dndx  p0 © g LRI )T (24.8)
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To express the other elements of the equation in terms of ¢, n* and the metric perturbations
we need to use the geodesic equations:

" _

I prp PP, (2.4.9)

with T, are the Christoffel symbol defined as

1
F/;p = §gua(allgap + apgl/a - agup)- (2.4.10)

Before writing the geodesic equations explicitly, we recall which are the metric and the
inverse of the metric in this case, in order to calculate the Christoffel symbols:

. B 1 B g g
G = anzag(—eQ¢,e 2’”(52-]- + hij), g = ?dzag<—e 20 295U — h”). (2.4.11)

In order to obtain an analytical form for Z—f] we use the expression for %, which can be
written in function of ¢ and n’ using the definition of p"

dﬂ)_pow_qew[ 9 000 _2q ¢da 1 —¢dq]
d\ dn  a? a2€ dn a3° dn =~ a? dn

_f —2¢[1dq op  0¢ ]7 (2.4.12)

qdy Moy T o

P
or using the explicit form of the geodesic equation

dp® 1
v Fogp P’ = _590’) (8a9p5 + 989ap — apgoﬁ) PopY =

1 (6%
= — igOP (28agpg — 8pga5)P PP =

1 2 . L
=- 5900 [30900 (PO) +20; 900 P' PY — 8ogijP’PJ} =
—2¢ _ da 6d) 8¢ q .
2¢ w20 2Y%Y\ o 2 i
2a2 Lﬁe ( 2a dne 2a 877) a Ozt 4”Jr
2
(1) g€ n'n! (1 = hin'n ) <2ad77€ 205+ hij)—2“2%5ij S )]:
2
_(-Le*?(ﬁ [_'H % _9 ad’ C%b 1 0hyp, nlnm] .

ot on oz on 2 0On

(2.4.13)

In the calculations we have introduced the parameter H = 5@7 which is related to the
Hubble parameter by H = aH.

As already stressed at the end of section 2.3, we are interested only in the equations up to
the first-order in the perturbations and so in the above calculations we have to consider

only the product between gﬁ, which is a first-order term in the perturbations, and the
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0-order component in the perturbations of the quantity which multiplies it. By comparing
the two expressions we end up with

dg 0y 99 ; 10lm |
i q<877 D" 5 an n'n ) (2.4.14)
The Boltzmann equation then assumes the form
of of i Of oy 09 ; 10l ; .\ _
or o™ TG, (8n e )=0. (2.4.15)

In the above expression, we have neglected the last term of Eq. (2.4.6). In fact, we are
studying the Boltzmann equation at the first order in perturbation theory, while such a
term represents a term of the second order. This is due to the fact that we have assumed
that the leading term of the graviton distribution function is homogeneous and isotropic,
Eq. (2.2.1), therefore each non-null derivative of f with respect to the gravitons direction
of propagation will be a term of order one in the perturbations. In addition, if we consider
an unperturbed FLRW metric, the gravitons trajectories are “straight lines”, so the first
non null contribution of dn/dn is a term of the order one in the perturbations: gravitons
change their directions only in presence of the metric perturbations.
At zero order the Boltzmann equation reflects the fact that the graviton number density
is diluted by the expansion of the Universe, keeping in mind that when we evaluate each
physical quantity we integrate over the physical momentum p and not over the comoving
one!

of - - _ - d3q 1

oy~ 07 fn,q) = Flq) = n(n.q) = /dpldPZdPBf(Q) = / =@~ (2416)

a3

In other words, the distribution function at the leading order, f(n,p) depends on the

momentum amplitude p and the conformal time only through the combination ¢ = a(n)p,

the momenta redshift when the Universe expands; this is another motivation for having

used the comoving momentum, instead of the physical one. At first-order the equation is
af  9f 8f(8¢ 09 , 10hy,

“UJ = Ym [ om —
an + I qaq an 2" 2 an nn ) 0. (2.4.17)

We see that there are two “sources” of anisotropies for the primordial gravitational waves:
the first one is given by the fact that the initial conditions on the distribution function
perturbation § f could depend on 71, and the second one is given by the propagation of the
isotropic component f along the perturbed background.

In order to underline the similarities with the CMB we will introduce another variable
I'(n,Z,q,n), which is the analogous to %T, using the following redefinition:

o5,

(n, %, q, 7). (2.4.18)

LAt zero order in the perturbations dpidpzdps = d*q/a®.
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So, in terms of I'(n, Z, ¢, n), the equation becomes:

— n' — = — =——n'— = =0. 2.4.19
8n+8mln (877 83:1” 2 On nn ( )
Moving to Fourier space 2, denoting the partial derivative respect to n with a “’ 7 and

introducting the variable y = k- ¢, we have the final expression for the Boltzmann equation:

- . . - R - . - 1 i - -
F,(nv k? q, n) + ZkMF(Th k'a q, n) = w/(n7 k) - 1’“/@(777 k) - 5“ n]h;j (777 k) = 5(777 k) (2421)

2.5 Gravitons vs tensor perturbations

Before going on, we would like to stress the important difference between the gravitons,
whose evolution is given by the distribution function through a Boltzmann equation, and
the tensor perturbations of the FLRW metric. Some confusion could arise from the fact
that these two quantities are described by the “same” mathematical object, the rank-
2 transverse-traceless tensor h;; (n,E). As already stated in Section 1.4, every time we
speak about the propagation of gravitational waves in a curved background, we need to
be able to distinguish them from the background, otherwise we cannot say which part of
the metric that is changing in time is part of the background (generated by the incoherent
superpositions of various perturbations) and which one is part of the gravitational waves.
We have also seen that there is a possible separation between the waves and the background
only when there is a large scale separation: if the gravitational waves have a typical reduced
lenght A and the background has a typical lenght scale R, it has to be true that A < R. In
our specific case, this translates into the fact that the comoving momentum of the gravitons
considered in the Boltzmann equation, g, is many orders of magnitude bigger than the
wavenumber of the perturbations, k. Moreover, the £ mode of the distribution function
has nothing to do with the momentum ¢ of the gravitons, which is also an argument of
f: it represents only the component of the distribution function f(n,Z, §) which varies on
a scale 1/k, but it still represents the distribution of gravitons with momentum ¢ (and,
again, k has to be much greater than ¢, otherwise we will consider variations of a certain
number of particles in a range smaller than the dimension of the particles themselves).
To sum up, we are considering small perturbations which are propagating on a large-scale
background, g > k [24].

2To define the Fourier transform we use the “+” convention:

3 N
1@ = [ e HE (2.4.20)

For the sake of simplicity we will omit the “hat” in the further equations, but we will write explicitly the
dependence on Z or on k when there could be some ambiguities.
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2.6 Connection with observables

It is useful to understand how the quantities introduced until now, the distribution function,
with its unperturbed and perturbed parts, and the comoving momentum of the gravitons
can be related to the physical observables, intended as quantities that can be measured by
the detectors. The most important quantity we have to consider is the gravitational waves
energy density pgw (t,Z): if a single graviton carries an energy p, equal to the frequency
of the waves for the wave-particle duality, then the energy of the waves can be written as

pew (1, ) = / dprdpadpspf(n, &, q,n / dgq / de 4f h) = / d(loga)Qaw (1, X, d) per(M0)
(2.6.1)

where perit(no) = % is the critical energy density at the present time 7y, and Qgw

is the spectral energy density of the gravitational waves, defined as the integral over the

logarithm of ¢ instead of ¢ itself.

At the zero order the spectral energy density is nothing but

_ - V% q 4 _
Qaw =" () Fla) (2:6.2)

We can write the spectral energy density in terms of an integral over 7 of another variable
w(n, &,q,n), which is the angular part of the spectral energy density:

QGW(U)Z' Q7 /d anW(nax q,n )7 (263)

where d?7 denotes the surface area element on the unit sphere relative to the variable n’.
The we can define the gravitational waves density contrast by the following ratio

. . 4 _
Z) (SLUGW(T],.%'Z, Q7nz) _ ?T‘lpir 5f q af
&(n, q) @ Ly fog

Il
I

\

l
-

6GW(n7xiaQan (264)

Then we write the derivative of f in terms of the isotropic part of the fractional contribution
of the gravitational waves to the energy density Qaw:

Xaw _ 0 ¢ (7. Of ¢ Bf
dQ dQd=— (4 =4Q¢q 4 . 2.6.
At the end we have that the gravitational waves density contrast is
S g 1 - o0 w 1 8(10gQGW)
:[4 B 8(logQGW)}
d(logq)

(2.6.6)
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It is important to stress that, with respect to the photon case, the initial gravitational
waves distribution is not thermal, and so, in principle, I' can depend on g through an
arbitrarily complicated dependence. Moreover, because of graviton decoupling at early
times, any anisotropy in the initial conditions is not canceled by the scatterings (as it
occurs for photons and baryons); we have a kind of “memory” of the initial state. In
addition, the dependence of I' on ¢ nowadays is determined precisely only by the initial
conditions, and not by other terms. We will see this better in the next section.

The result that emerges from this section is that once we measure the full spectral energy
density, so both the homogeneous component Qg and the density contrast dgy, we have
obtained some values to compare with f and T.

2.7 Solution of the Boltzmann equation for gravitons

In Chapter 3 and in Chapter 4 we will see in detail the evolution of the metric perturbations
¢, ¢ and h;;, for the moment we just want to introduce a possible decomposition of these
fields in terms of a transfer function T'(n, k), which describes the temporal evolution of
the perturbations from early times until the present epoch, multiplied by a stochastic
variable which depends only on (k) and h(k), which are related to the initial conditions
of the perturbations when they were produced (remember that the scalar and the tensor
perturbations were produced during inflation, therefore they have a stochastic nature) and

which are constant on large scales:

{qs(n, k) = Ty(n. k)C(F) 7

o r hij = eiin(k)h(n, k)Ex(K). 7.
Y(n, k) = Ty(n, k)¢ (k) i (1, k) gi; ijA(k)h(n, k)Ex(K) (2.7.1)

The solution of the Equation 2.4.21 is

-

(1o, k, g, ) =€ =MD (. ki, q, 1)+

0 . L1 R N
b [ an[w B+ 6B = S Ry )
n

o d o
— dn— k) etkn(n—mo) | —
/m_ " [@b(n, Je (2.7.2)
=MD (5, e, g, 7) — $no, k) + (i, k)04

0
+ /n dn) [w’(n, k) + ¢/ (n, k) — %héj('m Fynind | e,
i

where we have identified with 7y the conformal time at which we are making the mea-
surements nowadays and with 7; the conformal time of neutrino decoupling. We have
supposed that the gravitational waves were produced during the inflation, which occurs at
times smaller than 7;, but we can justify this choice for the initial time by thinking that all
the modes of physical interest entered the horizon after n; and that they were conserved for
modes outside the horizon, thence all the contributions to the integrals are non-zero only
for n > n;; moreover 19 > Ninfiation, then the difference 19 — 7;p fiation in the exponential
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is approximately equal to 19 — 1;, thus we can choose n; as initial time.

Notice that we are not interested in the ¢(np, E) term, because it does not depend on u
and so it is not a source of anisotropies.

It is also important to stress which are the main differences with respect to the CMB case
analyzed, for instance, in [22]. First of all for the photons we define the optical depth 7(n)

as
710

T(n) = dn'neora, (2.7.3)
n
where n. is the electron number density and or the total cross-section for the Compton
scattering, which occurs between photons and electrons; this quantity represents the diffi-
culty that a photon encounters in reaching us by starting its path at the time n. Photons
started their free streaming after the recombination (corresponding to the conformal time
7«), until that moment they were tightly coupled to electrons and baryons, therefore it is
clear that, because of 17; < 1., 7(n;) > 1, it is very likely that a photon has scattered
from very early times until now. The fact we want to stress is that in the CMB case we
do not have terms analogous to I'(7;, k., q, n) and ¢(n;, E), because they were multiplied by
e~7)  which tends to zero, and then they are suppressed by the scatterings, while for
the gravitons we do not have this suppression because they decoupled at very early times,
as we have stated at the end of Section 2.2. To conclude, in the gravitons case we have
a memory of the initial state, I'(n;, E, q,n), which was canceled by the scatterings for the
CMB, and this initial condition term provides the only dependence on ¢ at the first order,
while for electromagnetic radiation a g-dependence arises at higher orders only.
We are interested in studying the SGWB anisotropies, i.e. the differences we see between
the observables by varying the direction of detection. It is clear that to observe anisotropies
we need that the distribution function depends on the direction of propagation n. Expe-
rimentally, what we have when we detect anisotropies, is a map of the values measured
in function of the direction of observation. The problem is that it is quite complicate to
compare quantitatively the predictions given by a certain model for the anisotropies by
keeping the explicit dependence on n. The problem arises because in this way we are not
able to separate large-scale to small-scale contributions to the anisotropies, for instance.
Therefore, for angular variables, i.e. defined on the surface of a sphere, as 7, we introduce
the spherical harmonics decomposition. We can expand the function I' in the following
way:
+oo  +4€
L(no, %, q,7) =Y > Tom(no, & q)Yim (), (2.7.4)
=0 m=—/¢

where Yy ,,,(0, ¢) are the spherical harmonics, which will be defined in Eq. (2.7.16). The
index £ in the spherical harmonics expansion is related to the angular scale we are observing,
the bigger the ¢ the smaller the angular scale, while the m index represents the direction
we are looking at.

We are interested in finding the coefficients of the spherical harmonics expansion of such a
function, I'y,,, (1, ¢), because they contain all the information about the distribution function
perturbation, and so we multiply the distribution function perturbation by Y, (n) and we
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perform an integration over the comoving momentum direction, obtaining the different
coefficients.

In the following calculations we will use the following expansion for the complex exponential
in terms of the spherical Bessel functions and spherical harmonics:

L +o00 m=+¢ A
M= a7 N i (k)Y (R) Vi (7). (2.7.5)

{=0 m=—¢

The first contribution arises from the initial conditions:

(I) 9 d3k ‘E‘* +oo0 m/=+¢ .,
7.0 = [ @@ [ Gse ST S etk m
U=0m'=—14"
e o i 2.7.
X Y i (B) Y ()T (i, K, ) = (2.7.6)

/d?’k iFayx (] N Y
- | @ Yo (k)47 (=) T (ni, k', @) ek (no — mi)],

where we have used the normalization condition of the spherical harmonics and the fact
that under reflections the spherical Bessel functions transform as j,(z) = (—1)%je(—2).
From now on we will imposeZ = 0, which is our position nowadays in the comoving
coordinates, as 7g is our temporal coordinate. These represent the points in the spacetime
at which the experiments can take place.

The second term, generated by the propagation of the gravitational waves through the
scalar perturbations of the Universe, is similar to the previous one. We have a cancellation
of the ¢(no, k") term due to the integral over a single spherical harmonic, which is null
except for the trivial case £ = m = 0, and so we reduce to

3 . ~
) = [ G (=) i () { T il — )+

N / an (T4, 1) + T4 (n, ) el o — )]}
B (2.7.7)

We can rename the term in the brace parenthesis with TZ(O)7 which is usually called scalar
transfer function. The situation is a little bit more technical for the last contribution, the
tensor one, because it involves the spin-weighted spherical harmonics, sYy,,. We can see
in fact that we have decomposed the tensor mode using two spin-2 tensors, e;; +2, which
represent the two possible polarizations of the gravitational waves.

To understand their meaning it is useful to define a proper orthonormal basis containing
the k vector.

We call it (4,0, l%) and it can be constructed in the following way, by choosing a certain
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direction Zz:

) (]% ' 2)]; _s 1 ! szin&kc?sdng 0
U =— = - cosly, | sinfpsingr, | — | 0] |=
|k > 2| SinOx i 0 ‘ cosby, 1
sinfgsingg | x | 0
cost, 1
cosBrcospy, (2.7.8)
= | costpsingy | ,
—sindy,
—SiNQ
b=k x 4= CcOSQp
0

Now we are interested in the relation between the expressions for 7 in the canonical basis
{Z,9,2} and in this new basis {u,?,k}, defined from the angles {6,,¢,} and {0,,¢,}
respectively, which means nothing but that the graviton direction in the two basis has the
form

n-x $inb,cosdy, My - U sinf,,cosg,,
n=|n-g| =|sinb,sing, |, ny = | M- 0| = | sinbysing, | . (2.7.9)
n-z cosb, iy - k cost,

To change the basis we use the relation 7 = S(2;)7n,, where S(€) is the rotation matrix
of the angles {0, ¢}, which has as columns the vectors , v, k in the canonical basis. This
change of basis is quite important because it allows us to simplify the product between the
graviton direction and the polarization tensor.

We recall that the circular polarizations are defined as

1 /1 0 1 /0 1
Cij,+ = ﬁ (0 _1> ) €ij,x = ﬁ (1 0> . (2.7.10)

From this we can define the left-handed and right-handed chirality basis we will use:

€ij+ + €5 1 .
€ij R =€ij2 = ——=% = —[(wgu; — vyv;) + i(ugv; + ujoi)],
V2 2 (2.7.11)
Cij,L =€ij—2 = —F - g _ 3 [y = vivj) = iugv; + ujoi)].

It is clear that, by the tensor modes decomposition already seen, we can write

o L nind .
Ty By =" k) S e (REaR) =
A=R)l (2.7.12)
R (n, k s o .S
B () ) (Hn () + e onén ().
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After that we need to take into account the fact that the spherical harmonics involved in
the integral are modified by the changing of the integration angle, from €, to €, and we
know that they transform in a simple form given by the Wigner D-matrix:

+/
* e *
Vi(Qn) = D D) ()55 (). (2.7.13)
m/'=—/{
We also know that the Wigner matrices are related to the spin-weighted spherical harmonics

through the relation

47

DOS(Q)] = W1

(—1)2,Y,, (). (2.7.14)

The last steps before evaluating this very complicated integral is to consider the fact that
we will end up with a certain integration over the anomaly angle ¢, which has the form

2T
/ depe (2.7.15)
0

and it is different from 0 only for a = 0, which leads to the conditions 6y 2(r + dx,—2(r.-
We recall also the spherical harmonics expansion in terms of the associated Legendre
polynomials:

20+1(0—m)3 _img
m — me, 2.7.1
I ((Fm) Pem(cosh)e (2.7.16)

Yim (0, 0) = (=1)

The associated Legendre polynomials are defined from the Legendre polynomials:

ml dI™P, (2
Pajo () =(-1)m (1 — a2y AT -
Prcpol &) =) G P o).

We just recall that the Legendre polynomials are defined by the differential equation

% [(1 - xQ)CHZ)f)} = —L(l + 1)Py(x). (2.7.18)

They are very useful because we know the integral of an explicit expression involving the
Legendre polynomials

1
/+ djpz(ﬂ)eiku(W*ﬁO): _1, 7 Jelk(n —no)] (2.7.19)
12 (=)
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and we will use it to evaluate the following integral, which appears in the tensor contribu-
tion:

+1 . 2 +1 '
T :/ %ezku(n—no)(l _ M2)2@ - / dﬁelku(n—no)(l _— )[gucgz — 00+ 1)734

-1 d,uZ 1 4

Hdy 2 d dP, dP
_ A ikp(n—mo) J _ G ¢ 2y 47t

/_1 4 ° { ik(n—no)[“du((l M)du)+2( M)du}
— U0+ 1)1 = )P f=

dy 2 20(0+ 1)
— EH ikpu(n—no) H _
= e +- L6+ 1Py + L+ 1)Py— - P+

/1 4 { ik(n — o) (E+1)Pe k2(n —no)? (E+1)Pe k(g —m)' "
0(+1) o\ dPy
(1) T =
Zk(n—no)( w) dp }

+1 ikp(n—mno)
:/ df];()wé(é DR =

-1
_ L e delk(no — )]
=— 2(—1) 20 —1)2 L+1)(L+2)(f—1).

(2.7.20)
Now we are ready to calculate the contribution from the tensor part:
. &’k h Niod
Tf, (0) = /d2 Yem(n)/ g e N e A (R)(R)nt I B (n, k) =
(2m) e
47T
3 Z A}/lm Qk)

1— , . mo
x / dﬂyYfi(Qu)T“ [eWR e ttngy] [ anet i g, 1) =

L

32 g — A Y (20726 + 03, €r) (i)'

(27
/dnh’n, Jelk(mo — )](6—1)€(€+1)(€+2)[52,,\+( !
i
3k

k(o — )2 (£+ D!
-/ @

We cannot use the mean value of the coefficients I'y,,, to compare theory and experiments,
because their origin is the quantum fluctuation of the metric, which has a null expectation
value, and so we will focus to the I'y,, variance Cy defined as

)
)
DY e [ i Ee 2!

20 —
A=+2 i (70 =)

<F€mrf’m’> = 5%’ 5mm’ é@, (2722)
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which is the analogous of the angular power spectrum Cy used for the CMB.

The physical meaning of these coefficients is the following: suppose having measured the
distribution function perturbation I'(ng, ¢, ), then by multiplying the experimental values
by Y,r (n) and integrating over the direction of detection, we find the experimental values
for the Iy, ’s.

If we assume that the variance is insensitive to m?, thus for a fixed ¢ the coefficients of the
spherical harmonics expansion follow the same distribution and we have a statistic sample
of 20 + 1 data. Then we can show that the mean value of such a sample 'y, is null:

_ 1
Iy, = — Ty, ~ 2.7.2
tm 2“_1%; oy =0, (2.7.23)

and we can define a new sample of 2/ + 1 variances C’&m‘l, one for each m. )

We define ‘Ehe cosmic variance as the ratio beNtween the standard deviation® of the Cj,,, that
we call ACY, and the expectation value of Cy. We can easily see that it goes qualitatively
as

ACy 2
= =4/ =—. 2.7.24
< CZ >cosmic variance 2041 ( )
Hence the bigger the ¢ the lower the uncertainty in knowing the variance.
Now, we assume that the primordial power spectra have the form ¢
D, o g)T (s 0)) =(2m) 25 (R — )P (k, ) 2
(L (i ks )T (i, K, q)) =(2m)°6% (k — k)P (K, ¢) =5
S - o 272
(C(R)C () =(2m)*0) (k — k) PO (k)5 (2.7.25)
— — 271'2

(eI (B) =(2m)8 )k = B) PO () -

It is reasonable to suppose that the different contributions to I' are uncorrelated, because
they come from different origins, and so using Egs. (2.7.6), (2.7.7) and (2.7.21) we obtain

3This is the case for the correlators of Fé‘fn) and Fé?n): if we look at Eq. (2.7.2) we see that the scalar
and the tensor terms depend on 7 only through the combination 7 - k, thus we can conclude that they have
statistically isotropic angular correlators [24].

4In this case the m index does not mean that the variance depends on the direction in the sky we are
looking, it identifies only the m-element of the sample.

(22 —z2
5For a sample of z; values we define the standard deviation as o = 4/ %7 and we stress that

o~/ %, where N is the number of data in the sample. This fact is important to understand the behaviour

of the cosmic variance.
5The second one and the third one are defined by Eqgs. (1.6.59) and (1.6.58) respectively.
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three different correlators:

C’e,I(Uo,Q) 1 a n*
R = T, T (0, 0) =

31 731 . .
= [ s T T Fo T s )il = )il (0 = )
 (4) () ()T (R ¥im () =

3k o2
:/ (2 3‘ Yom (k )PP(I)(kﬂ)ﬁ‘lWﬁ[k(ﬁo—Ui)] =

= [ E POtk — )

Cr.s(m0) _ [dk

st) — [ PO T Rl — )+ (2.7.26)

+ /no dn [Tq’s(n, k) + Ty(n, k)}jg[k(no — )] }2:

7

/dkkp(o)(k) 7O (1,10, %),

C dk " — i1 21
ZTUO Z/ — Pl U dnh(”vk)kg(;zo_ )2]4 EE 2;!]:

a==%2

=3 [ EPORTE ().
a==+2

The main purpose of this thesis is to evaluate these correlators for a wide range of values of
£. In addition, we would like to understand the role neutrinos play in these angular power
spectra, evaluating the anisotropies in both the cases in which there were no neutrinos in
the Universe, and in the physical case of three neutrino generations.

The angular power spectra Cy’s are described by equations analogues to ones found for the
angular power spectra of the CMB [60, 61, 62]. We expect then a priori to observe similiar
features in the case of the SGWB. In the following chapters we will study the evolutions
for the scalar and the tensor metric perturbations, in order to understand better their
contribution to the power spectra. Qualitatively, we will expect for the scalar contribution
large values of the angular power spectra for small ¢, determined by effect analogues to
the ISW effect, and a central peak due to modes that crossed the horizon around the time
of equality between matter and radiation. For the tensor contribution, on the other hand,
we expect constant values for small ¢, and smaller and decreasing values for larger ¢.
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Capitolo 3

Effect of neutrinos on tensor modes
evolution

3.1 Evolution of the tensor perturbations

In the previous chapter we have seen how to describe the contribution to the gravitational
waves anisotropies by tensor perturbations along the path of the gravitons during their
propagation; to evaluate such a contribution we need to know the function hA(n, k) from
the epoch of neutrino decoupling, which we define as 7;, until the present epoch, 7. In this
chapter we evaluate such a contribution, observing how the presence of neutrinos in the
Universe can affect the dynamics. We will see specifically that three neutrino generations
cause a damping on the amplitude of the tensor modes, underlying the regimes in which
such a damping is negligible and the ones in which it can be up to 35%. The general idea
is that, for the decomposition theorem, discussed in A.1, the scalar, the vector and the
tensor modes are decoupled at linear order in perturbation theory, so we can consider the
Einstein equations for each mode independently. Since here we will focus on the tensor
evolution, we can take only the transverse-traceless part of the Einstein tensor G, and
of the stress-energy tensor 7),,. Under these prescriptions, it can be shown that the only
non null contribution to 7},, is provided by decoupled radiation (all relativistic particles
which freely stream), therefore the contribution of both neutrinos and photons should be
included in principle, but electromagnetic radiation decouples during the matter dominated
epoch, then it starts giving a contribution only when its energy density fraction is negligible
with respect to the total one. So we can take into account only the neutrino contribution
which will mainly contribute during the radiation era. The procedure consists in finding
a solution of the Boltzmann equation for the neutrinos, obtaining an expression for their
distribution function in terms of the tensor perturbations of the FLRW metric. Such a
solution will be then used to write an explicit expression (in terms of the h;;) for the
neutrino stress-energy tensor, which will lead to an integro-differential Einstein equation
for the transverse-traceless tensor. After this, we will solve such an equation in two regimes:
first of all we will keep into account only the small scales, i.e. the modes which entered
the horizon during the radiation era, and then we will try to find out a solution for general
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wavelengths. What we will find is an analytical solution for the evolution of small scales
and a numerical solution for general wavelengths. After a discussion about which scales
(multipoles ) are more affected by this effect, we will see that the small scales are the ones
that perceive mostly the presence of neutrinos: in particular they will feel a damping in
their squared amplitude and a tiny phase shift in their oscillations.

3.2 Damping effects in the wave equation

Because of the decomposition theorem, we know that the tensor modes evolve indepen-
dently from the scalar and the vector ones. In this chapter we focus only on the tensor
perturbation of the full perturbed FLRW metric

_ 2 -1 0 P Y 0
e =) < 0 5ij+hij(7775€)>7 7 =2m\ o 6 -nimn) B2

The stress-energy tensor can be written it in terms of an isotropic part, the leading order
term, plus an anisotropic perturbation term:

Tij(n, &) =p(n)gi;(n, T) + a’mi5(n, Z),

i ik - N R = _ = (3:22)
T3 (n, %) =¢"Tkj (n, T) = (n)0; + —56"a me;(n, ¥) = p(n)ij + 735 (1, 7).
We recall that when we speak about transverse-traceless perturbations, we mean that
hz‘z‘ = azh” =0 and T = &mj =0.
In A.3, we have seen that if we have a non null contribution from the anisotropic part of
the stress-energy tensor, m;;, the Einstein equations lead to the following equation for the
tensor fluctuations:

. a’ . 1 . .
h%(n,x) + Zghgj(n, T) — gvzhij(n, Z) = 167Gm;j(n, Z). (3.2.3)

As already stated, the only important contribution to the anisotropic part of the stress-
energy tensor is given by the neutrinos (at the end of this section we will explicitly show
why it is negligible for the photons) and, in order to calculate that, we introduce the
neutrino distribution function F'(n,Z, ¢), for whom we will study the evolution through a
Boltzmann equation. We will follow the same approach used for the gravitons in Section
2.4, working under the two following assumptions:

e we are assuming that neutrinos are massless, m, = 0, neglecting their small masses
of the order of the eV, which would have caused some modifications in the definitions
of the momenta with respect to the gravitons, modifying a little the structure of the
Boltzmann equation;

e we are assuming that all the modes of physical interest re-entered the horizon after
neutrino decoupling, so when neutrinos started freely-streaming, the modes with
smaller wavelenghts will simply follow a transverse-traceless Einstein equation with
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a null anisotropic stress and it will be shown later on that they are damped by the
expansion of the Universe in a very short time. An important remark is that we know
that h;; remains constant when it crosses the horizon and it remains time-independent
until it re-enters the horizon [26]. Therefore we are legitimated to not care about
the behaviour of the solutions for times very far from the horizon crossing and we
can take as initial time to integrate the solutions the conformal time corresponding
to neutrino decoupling, 7;.

Thus we can write down the Boltzmann equation for collisionless and massless particles,
obtaining an equation identical to Eq. (2.4.17), without keeping into account the scalar
perturbations for the decomposition theorem:
OF(n,¥,q,m)  OF(n,%,q,m) ; 1., 5 1 OF(n,T q,m)
- 2 —m' — —hlm!m L =, 3.2.4
on + oxt 9 Ik ¢ 0q ( )

where m is the momentum direction for neutrinos and ¢ is the neutrinos comoving three-
momentum. Now we are ready to discuss the main features of the neutrino phase-space
distribution in order to find out the correct order-by-order expressions for the Boltzmann
equation.

We notice that if neutrinos started freely-streaming at 7;, then F(n;, Z, ) is a Fermi-Dirac
distribution, because neutrinos were at thermal equilibrium with electrons and positrons!

1 1 1 1

(7717 ‘D 0(7717 Q) (271‘)3 \/m (271‘)3 eﬁ 4 1’ (3.2.5)
e BT +1

where Fy(n;, q) means a term of order 0 in the perturbations.
The distribution function at the conformal time 7 can be written as the sum of a leading ho-
mogeneous and isotropic term, F'(7, q), plus a first order term in perturbation, §F'(n, &, §):

F(n,%,q) = F(n,q) + 0F(n, 2, q), (3.2.6)
with 0F(n;, Z,§) = 0. So the equation at the zero-order becomes

0F (n.q -

S0 Flo.q) = Foonoa) = ), (3.2.7)
and this means that the leading term of the distribution does not change implying that
the zero-order neutrino density scales as a™3:

_ d3q 1 1
ny = /dpldpzdpsF(%Q) = /a3F (¢) = a?)/dsqFo(Q) ~ g (3.2.8)

where p'is the physical momentum, the one over which we integrate when we evaluate the
quantities of physical interest. Moreover, by observing that F'(n,q) is time-independent,
we can deduce an explicit relation between a and T: because every time dependence in

!The definitions of ¢, as already stressed, is the one given by Eqs. (2.4.2), ¢ = ap.
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the Fermi-Dirac distribution written above is embedded in a(n)T(n), a ~ T~ in order to
have a constant distribution?.

An useful tool to solve the Boltzmann equation is to move to the Fourier space®, where
the equation assumes the form

- - 1 dF, -
6F,(77a k, CD + Zk:uéF("% k, Cf) = QQ;Q(q)h;k(na k)mjmk’ (329)
which solution reads:
1 dF, , n G -
SF (b d) = 50 L [ a1 ) (3:2.10)
i

where all the dependence on k is embedded in W= k-m. This solution is important because
it allows to write down the explicit form for the stress-energy tensor, which is, according
to the definition given in Eq. (A.2.15),

v dp1dpad ips
g p1ap2 p3F( ,*,')ngj,
p

T, (n.7) = (3.2.11)

VY (2m)3
where the quantity g represents the number of internal degrees of freedom of the particle
species considered, as the helicity stases.

The computation is quite complicate, because for almost each of the various terms we need
to take into account the zero order and the first order in the perturbations. We compute
the various terms separately starting from the inverse of the square root of the determinant
of the metric:

1 1 B 1 !
V=9 /—Det(gu) . -1 0 at’ (3.2.12)
—a®Det
0 0y + hyj
where we have used the following expansion for the determinant at the first order:
L4+hn  hie hi3
Det (5@‘ + hij) =Det ho1 1+ hyo hos =
h31 hsa 1+ hs3

2.1
1+hoy  has (3:2.13)

h32 1+ hss
:Det(éij) + hy = Det(éij) =1,

=(1 4 hq1)Det ( > + (ha1 + h31)O(h) =

where O(h) is a term at least of the first order in the perturbations and h;; is null because,
by definition, h;; is a traceless tensor. The remaining terms to compute are the expansion

2 Another way to see that is recalling that the number density of relativistic particles, as neutrinos,
scales as T2 and then it is immediate to se that T ~ a™'.

3For the Fourier transform we use the convention introduced in Eq. (2.4.21).
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at the first order of the product of the momenta, for which we can use Eqs. (2.4.4) and
(2.4.5),

(. 1 . 1 .
P Dj :<1 — fhlnmlm”)mzq<1 — fhlnmlm"> <’mJ + hjkmk>:
pY 2 2

:q(l — hlnmlm">mi (mj + hjkmk),

(3.2.14)

and the form of the distribution function in the real space (because the definition of the
stress-energy tensor is given in such a space, we will select only later its £ mode in the
Fourier space)

F(n,#,q) =Fo(q) + 0F(n,%,q) =

Bk z21 dFy(q) n ikl — - (3.2.15)
:Fo(q)—l—/ (zﬁ)sek 2q;q()mjmk /n dn 1 n)h;‘k@?/,k).

The last step consists in determining the change of variables of integration, from dpidpsdps
to dq'dq?dq?, recalling that for 5 = f(§)q the change of variables is given by dpidpadps =

|Det(f(q))|dq" dg*dg?. ,
By lowering the spatial index of the physical three-momentum p* described by Eq. (2.4.4)
we have

A 1 ,
Di = gljpj =a (51] + hz]) (1 - *h]km] k) m' = (51] + hij) (1 - §hlrﬁnl7ﬁnn)qZ
(3.2.16)

and so the explicit change of variables of integration is

Det ((523 + hij) (1 — ;hlnmlm")>

1 3 3
=Det(6;; + hij) (1 - §hlnmlm”) d3q = (1 - §hlnmlm”> d3q.

dp1dpadps = dBq =

(3.2.17)

By combining all the terms together we get the final expression for Fourier transform of
the stress-energy tensor:

i iy _9v
1) =2 [ 4

( hln 777 lmn> X

q(m m? +m hgk(ﬁ, k:) )(1 — hin(n, k‘)m m )X

1 dF . . , i
[ Oq( )mjmk/ dnlezku(n —n)h;k(n”k)}:
o (3.2.18)
/ 3( hln n, k mlm )q(m’mﬂ + m'hji(n, k)mk)
|: hln(nv k)mlmn+
1 dFO( ) l,.n K 1 iku(n'=n)pr (0 7
+§ dq m'm /mdne hln(n,k)}.
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Before going on with the explicit computation we should define the projectors that isolate
the transverse and traceless part of Tj;, i.e. the anisotropic stress m;; which is involved in
the damping of the gravitational waves. The usual definition is given in the coordinate
space and the projectors are

e o1 : o 1y
Prj = 0,07=0,(V?)710°0; = 6;(V) 700, + S[(V?) T120'0,0%0; — 5007 + 503(V?) 100+

2 47T
1 )
+§5ﬁ(v2)—1alaj,
(3.2.19)

while in the Fourier space they can be written as
r)] —

Dis — 1SS 17.517. S1ile 1AZ‘AASA 1is 1iA3A 15AZ‘A
= 0103 — 0Lkky — KK, + SKR KSR — S0307 + SORK, + SRRy (32:20)

As we have seen in the previous chapter we consider the following two polarization tensors:

. 1 L ¢ 0 X 1 1 —i 0
ejr(k) =5 (i —1 0f, erk)=5|—i -1 0], (3.2.21)
0 0 0 0 0

they are transverse-traceless tensors with respect to a vector k aligned with the z-axis. In
our further integration we will always consider the {, v, lAc} basis defined in Section 2.7.
We would like to remove from the Boltzmann equation the dependence on the spatial
indices, focusing only on the amplitude of h;;, in order to simplify the dependences on m?,
which we could not be canceled in other ways. To do that we use the relations

1 2 F2i 0
hij = hreijr + hreijn — hijeijp/L = ZhL/RTT +20 2 0| = hr/r = hijeijr/L
0 0 0
(3.2.22)
so the only part of the stress-energy tensor which contributes to the variation of h;; y will
be
T\ = T;jei;,—x, thus we will solve the equation for 7\ and not for m;;, we can pass from the
one to another simply by multiplying for the corrispective polarization tensor.
In practice, after we have found the transverse and traceless part of T]"V we should also
want to express the result in function of the component ¢;;, so we are looking for the

total projection
eij’APiS-TT :61‘j5i5$TT N (3223)

rjts,w r%jts,ve

this choice has simplified a lot the calculations: we are left only with this term because each
6; term is cancelled by the fact that e;; ) is traceless and each ki or k; term is cancelled
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by the fact that e;; ) is transverse. We end up with the expression

- ~ . gy d3q . . -
7T(777 k)—A :eij,)\Pr%str,y = g Wq(eij)\mlm] + mleij)\e]’k,_)\h_)\(?’], k‘)mk) X

5 - -
% |[Fo(@) = D2 S Fo(@)ha (1, B)esumm*+

)\I
L dFo(q) ;& /77 1 ikp(n’'—n) g,/ _’}_
+ Z/\; 54 d m?mTejp n ; dn'e Ry, (n, k)| =

g d3q . 5 N . .
:U/3Q[F0(Q)eij,)\mzmj - §FO(Q)h—>\(777k)(ejk,Am]mk)(ejk,—Am]mk)+

a* | (2m)
1 dF - . .
3 c(l)q(Q) (n, k) (ejuam?m®) (ej, - xmIm") x

1 N .
></ dnf e*HO =R (. k) +
i

+ Fo(q)m'eij xejr—h(n, E)mk} .
(3.2.24)

In the basis we have chosen we can see that the direction of ¢ has the simple form
m = (sinf cos¢, sinb sing, cosh), (3.2.25)

and from this we immediately obtain that
1 .
eijam'm’ = 537111206_’\14). (3.2.26)

This is the reason why when we consider the term “quadratic” in e;; y we consider the two
tensors with different polarizations, in the other cases we would have had a null result after
the integration over ¢, while in this way we make the complex exponential null. For the
same reason the first term in the integral is null, because we have an angular integration
over a periodic function for two times the period and then that contribute cancels.
Before computing the final expression for the tensor we calculate separately the integral
over the spherical coordinates:

+1 27 . - - +1 2 1 .
| [ ot Besamint e smint) = [ [T oty -
-1 0 ~1 0
+1

:% /_1 du(1l — 20 + p*)(2m) =
—%1—?(270
(3.2.27)
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There is another non-trivial term to evaluate, which depends on the non trivial matrix
product

) 1 —(=1)%24 0 1 —(=1)%22 0
€ik \Chj,—X :4[ —(=1)™2i -1 0] | —(=1)%>2 -1 0 =
0 0 0 0 0 0/ 1ij
) 1 (=1)»2i 0
=5 —(=1)%2 -1 0] ,
0 0 0/,
(3.2.28)

therefore the last non-trivial term to calculate is

+1 27 ) +1 2T 1 1 4
/ d,u/ doeg reij—amPmI = / d,u/ dop—(1 — p?) = == (2m). (3.2.29)
-1 0 o -1 0 2 23

Now we see that the total expression is (using the differentiation by parts for dFqu(q)):

=gy [ dPq 51 1dF, M e -
_g/ q 27(1_ 2)27 C(Z);Q)/ dn'eZk“(n_n)h//\(n',k)—i—

7T/\(77’ k) at (27T>3q 4 2 i
L [ dq - 5116 14
+ at (2W)3q3hk(n, k?)]-DO(Q)(Q?T)(izﬁ — §§):
gl/ 27T 4 +1 22/7] /'ik(/_)/ ,_,
== S s | | dadArE du(l — dn etkn(n’ =) p, 7 —
2 (4m)(2m)3 [/ qq*4m o(q)}/_1 p(l — o) e L (1, B)

n 1 Tt . R
=—4p£°)(n)/ dif [16/1 dp(1 — p?)?e ")] W\(' k) =
i -

n N
=—@$Mm/"mﬂan—ﬁmxﬁwx
i

(3.2.30)
where we have defined the Kernel
I ——
Kl o)) = 5 [ dn(1 - e, (3.231)
-1
and the unperturbed neutrino energy density as
dp1dpadps 9v / d*q

O ) = R a2 == Fy(q). 3.2.32
W) =g, [ LR o) = % [ 5P (3:2.32)

The important result is that for the tensor modes we end up with the following equation
(coming back to h;j):

a / a 2 M., INTRAYIW,
hi;(n) + 2@((:}7))%-(?7) + K?hij(n) = _24fu(77)< a((g))) /n di' K [k(n —1')]hi;(n), (3.2.33)
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(0)
where f, = 22 it is the energy density fraction of neutrinos with respect to the total

A

energy density. Remember also that the initial condition is hgj (n;) = 0, because the tensor
modes are constant outside the horizon and all the modes of interest entered after neutrino
decoupling.

In the rest of the chapter we will use the following parametrization (which is possible
because there is no mixing-term between the various elements of the tensor):

u(n) =kn,
hij(u) =hi;(0)x(u).

If all the modes were outside the horizon at the initial time, then kn; < 1 and, for the
purpose of the following sections, we can assume that © = 0, and so the initial conditions
are x(0) =1 and x/(0) = 0. The equation we want to solve is then

a'(u) a’(u)

a(u) a(u)

Notice that we are not considering the specific polarization mode hy, but a generic one, Y,
because, even if the two polarization modes start with different initial conditions (encoded
in h;;(0)), the equations for the damping are the same for the two modes, as we have seen,
so we can proceed with the calculation of the damping factor in general.

(3.2.34)

o U
V() + 258w +xt) = ~20)(58) [ wKe-vN©). 6239

3.3 Short wavelenght modes

We start considering wavelenghts so short that they re-entered the horizon, which corre-
sponds to the condition k > aH, during the radiation-dominated era, though long after
neutrino decoupled.

As stated at the end of the previous section, we can set 7; = 0, therefore also the cosmic
time introduced in Eq. (2.3.1), related to the conformal time through Eq. (2.3.4), is almost
zero. The zero of the time defined in such a way that a(t) = at%, so it is quite simple to
rescale the Hubble term in Eq. (3.2.35) in terms of u:

Lo bt 2%k 1 2%k 2 / 1
u:k/dt' :k‘/dt' 2:—t%:—a—>a:a—u—>a(u>:—. (3.3.1)
o a(t 0 a a a? 2k a(u)

For three neutrino flavors the fraction of energy density remains constant respect to u, in
fact f,(u) = f,(0) = 0.40523, during the radiation era, and so the equation becomes:

241,(0)
=5

9 U
X () + 2 () + () = | wr@-vxw). (3.3.2)
0
It is easy to verify that the solution for the homogeneous equation is simply (just by
substituting it in the equation and applying the initial conditions)
sin(u)

x(u) = - (3.3.3)
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Figura 3.3.1: Plot of the numerical solution of Eq. (3.3.2) for N, = 3 neutrino generations, which leads to a

fractional energy density f,,(0) = 0.40523, and the homogeneous solution (3.3.3) for comparison. We have zoomed
the u < 10 range, in order to show that the total solution approaches the homogeneous one for u < 1, and that it
crosses a transient regime for 1 < u < 10.
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Figura 3.3.2: Behaviour of the solution of Eq. 3.3.2 for later times. In general both solutions follow a regime
described by % we have two oscillating solutions that reduce more and more their amplitudes (for u ~ 10 the
amplitudes are of order 101, as shown in the previous plot, while now, for u = 50, the amplitudes are of order
1072). Tt is clear that the tensor modes are damped in presence of neutrinos: the N, = 3 solution is always smaller
than the homogeneous one and, even if by eye we cannot, observe that, there is a very tiny phase shift between the
two. Doing a fit we can find the parameters of Eq. (3.3.6)‘2, which are § = 0.007 and A = 0.80.



The full solution is found through a numerical computation and the results are reported in
Figures 3.3.1 and 3.3.2. We can describe the solution in an analytical way for mainly two
regimes: for u < 1 we see that it pretty follows the homogeneous solution written above,
while for w > 1 there is a very small phase shift  in the solution, due to the presence
of an approximately constant source term, and there is a change in the amplitude of the
modes; the new amplitude is A = 0.8026, i.e. the solution at large u can be written as

() = A‘m(zm. (3.3.4)

We can give a rough estimate of the effect that we should observe in the Cy spectra,
introduced in Eq. (2.7.26): the tensor correlator Cy 7 depends on the integral over 7

of |I'(n, l{:)’Qz | ARy, —o(n, k:)‘2 (we have to consider also the other regimes of the full
solution, but quantitatively this is what happens for most of the integration time which
goes from n; ~ 0 to 79 > 1), hence we have a damping in the correlators which is equal
to 1 — |A]? =~ 32%. Such a damping occurs in the CMB temperature too, we have a
complete analogy between the photons and the gravitons case, therefore the Cy coefficients
are reduced by the same factor in presence of three neutrino generations.

The analogous effect due to the photons is negligible because they decoupled when their
fractional energy density was much smaller than one, therefore they could not give a
significative contribution to the anisotropic stress. Photons decoupled in fact at the so
called last scattering surface, which occurred at a redshift z;, ~ 1090. Knowing that
the radiation-matter equality happened at zgpg ~ 3600, photons started free-streaming
when they were a subdominant contribution to the energy density of the Universe, i.e.
fy(m.s.) < fu(m;), therefore we can neglect their contribution.

3.4 General wavelenghts

In this last section, we want to provide a general solution for the tensor modes equation,
valid for each k and that is equivalent to the one described in Eq. (3.3.4) in the large k
regime. To deal with the general wavelenght case, we will make some rescalings in order
to make the equations simpler.

First of all we will introduce the scale factor at the radiation-matter equality time, apg =
a(tgg), from which we can define the new temporal variable of the equation:

@, (3.4.1)
apQ

y(t)
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with the initial condition y(0) = 0. Recalling that, from (3.2.34), du = k%7 we can write
the derivative of y with respect to u:

dy dtda 1 a(t)da(t)  a(t) WDV () = a®(t) \/87TG
du dudt apQ Eodt kaEQ N k‘aEQ 3
a’(t)Hy |1 ap \3 ap \4
- kagqg E [pm’()(a(t)) Hovo+ pvg)(a(t)) +p,\},

where with the “0” index we identify the quantities evaluated nowadays. We know that
for non-relativistic matter the energy density scales as p,, ~ a~3, while for relativistic
matter it scales as p, ~ a~*. Now we want to find how to derive the redshift at which the
matter-dominated era began, which is

[P (t) + pr(t) + pa(D)] =

(3.4.2)

ag \3 ap \4 ag Qim0
Q5@ =m0 () = Qg = Qo () = 14 2 =~ = 0 (343
m.£Q ={hmo| - npQ = ol oo B = o T G,y B4

and the redshift at which the dark energy gave the same contribution of the radiation (we
identify it with the DE index):

1
4 Q 4
Q’/‘,DE :QT,O( 20 > = QA7DE = QA70 — 14+ z2pg = o _ A0 . (3.4.4)
app app Q’y,O + QV,O

From experimental observations we see that the redshift of the equivalence between matter
and radiation is zpg ~ 3600, while the redshift at which the dark energy started to give
bigger contributions to the total energy density respect to the radiation is zpg =~ 0.9 and
the redshift at which the photons decoupled is z; 5 ~ 1090.

This legitimates us to neglect {25 o from the previous calculations, because we are interested
in y(t) during the radiation-era, well before the contribution of the dark energy becomes
dominant and when neutrinos give still some effects.

du  kagq 1

v a2
dy  a*Hy Q ag 3(‘”57@ 3_}_9%0"‘9%0 _ag_ 4(“E7Q 4
m,0 apQ a Q.0 apQ a

k azEQ agp 1

aoHy a? aGEQ m\/(l + zEQ)3(§)3—|—(1 + zEQ)?’(%)Ll (3.4.5)
k(l + ZEQ) y2

YHoao (14 zp0)%\/Qmo(l +y)
_ k o Q
aoHor/QUmo(1+ zpg) VI+y  V1+y

where we have defined parameter @) as

Q= k AL (3.4.6)

aoHor/Qm(1 + 25q) keqQ
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using the definition of the wavelenght which crosses the horizon at the matter-radiation
equivalence, kpg = apgHEq, with Hpq, agg the Hubble parameter and the scale factor at
the matter-radiation equivalence respectively. The parameter () is particularly important
because it quantifies the scale we are looking at in this general wavelength discussion: to be
more precise, the () > 1 limit represents the small scales studied in the previous chapter,
while now we are interested in the @ < 1 case.

In this way we can express, recalling that y(0) = u(0) = 0 (using Egs. (3.2.34) and (3.4.1)),
by solving a simple differential equation, u in term of y:

)= [ 8 s =20 T =200 T (47

We can also write the fractional energy density of neutrinos for a generic epoch, using the
fact that

pv(YEQ) + Py (YEQ) = Pm(YEQ):

4
pv(YEQ) ( =22
L) = v (Y) _ ! EQ ( ) =

pv(y) + py(Y) + pm(y) pm(yEQ)(ale> +[Pu(yEQ)+Pv(yEQ)}(a’ZQ)

_ plyse) s p(0) 1 10
CoyeQ) + ov(yEQ) 5+ r p(0)+py(0) 14y 14y’

(3.4.8)

where in the last step we have assumed that f,(y) = cost. during the radiation era, because
py scales as a™* as Py

Now we can compute the various derivatives we have in the equation for x:

dx(uly))  VI+ydx(y)

X(y) =—7—= 0 dy ,
" Vityd VTFydxly 1 d’>x  ldy
X'(y) = 0 dy( dy = [(1 + y)@ + 5@]’ (3.4.9)
a'ly) 1 \/ﬁda():m 1 o _Vity
ay) aly) Q@ dy Q a(y) "¢ Qy

After defining a new form for the Kernel introduced in Eq. (3.2.31) 4, as K(y,y') =
K[2kQ(/1+y — v1+ )], the equation takes the form

d*x 1+y dx | e fu(0) ¥ dx(y
1 R =24 dy' K (y,y
(+)d2+( " +)dy+QX y2/0 Y K(y,y) a0y

(3.4.10)

To understand the behaviour of the function Y, in figure 3.4.1 we have plotted the solution
of the above equation for ¢ = 0.55, which corresponds to k/kgpg = 0.389.

4We say redefine because the dependence on the variables of K (y,y’) is different with respect to
K[k(n —n)], even if the function is the same, we identify both of them with K, with a little abuse of
notation.
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An important quantity which determines different features in the angular power spectrum
for the CMB is Y/, therefore to give an approximatively estimation of neutrinos effects
we evaluate |x'(yis.)|?, we compute it at the last scattering because the physical effect
for photons started when they decoupled. This quantity in general is highly non trivial,
because for a general ) the net effect will not be a simple damping as for the short
wavelenght case.

When we consider, for instance, a multipole coefficient of order £, the dominant contribution
comes from the wave number k ~ illﬁf’ where d; 5. is the angular diameter distance of the
surface at the last scattering:

to 1 ag 1
dis. = dt— = da——
l.s. ag.s. Ag a(t) ajy.s. /‘al‘s‘ aa2H
=al.s. da =
a 3 4
T aHy [0 () 40 (2) 40y

ars. 1 ag 1

dx
2
Ho Jods a0\ [ 4 (1- Q)

(3.4.11)

1 ! 1
_ / dx )
Ho(1+ 21.5.) T VO + (1 — Q) 2t
the radiation contribution to the total density is negligible with respect to matter and dark
energy, while the dark energy contribution is the dominant one, even for a small period of
time only.

We have also used the change of variable x = % = liz.
Thus the multipole that receives the main contribution from wavelenghts that are just
coming into the horizon at the matter-radiation equality is

di s kEqQ 1 /1 1 aEQ
foq = = d Hor /20 (1 + 250)3 =
EQ . H()(l + Zl's') 1 zll \/me + (1 - Qm)$4 Qj.s. 0\/ ( EQ)
\/— - 1
= /201 + 20) / iz 119,
1+zll's' \/me + (1 — Qm)$4

(3.4.12)

where we have used §2,,, = 0.3 and z;, = 1090. Using these cosmological parameters in Eq.
(3.4.6), we see that

]C ZlAsAe E E
@ \[kEQ \[k‘EQ \[fEQ 105 ( )

We want to express the evolution for the tensor modes x in terms of y and of the parameter
Q, therefore we need to know which is the physical meaning of ) to understand properly
the equations. From the previous relation we understand that for £ < kgg we also have
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that ¢ < {gg, and thus Q < 1 (this is the large-scale case) when the modes re-entered the
horizon during the matter-dominated era. Now we will focus on this particular regime.
If we look at the precise form of the Kernel introduced in Eq. (3.2.31) we have that

1 [t . ,
K(y,y) 216/1 dp(1 — p?)2er2QWTHy=—VIHY) (3.4.14)

where the exponential is equal to 1 for large-scales, because Q < 1, and so the Kernel
assumes the constant value

1 [+ 1
K(y,y') = 16/1 dp(1 + pt — 242 = R (3.4.15)

Thus the differential equation (3.4.10) assumes a simpler form:

2. 24fl/(0)
(I+y)—5 + dy+Q X= "5,

dy?

2 Yy

d*x 1 2(1+y)y1dx
[ (7)} ox (). (3.4.16)
Because of Q <« 1, we can expand the solution in powers of ) and it is immediate to
see that x = 1 = cost. is the solution for the zero-order term (the initial conditions given
immediately after Eq. (3.2.34) are precisely x(0) = 1 and x/(0) = 0) and we define the
higher-order terms as y = 1 — Q?¢g, and the equation becomes
1 21+ d 8f,(0
+[7+ A+y)dg | fu(2)
2 y Jdy by

d?g

1 <

g=1, (3.4.17)

where we have neglected only a Qg term coming from @2y, because the other terms in
the equation were multiplied only for Q2 and so such a term is negligible. The initial
conditions on the equation are g(0) = ¢’(0) = 0.

As already stress at the end of Section 3.3, we are interested in the ratio between the
squared amplitude of h/(n, k) in both N, = 3 and N,, = 0, in order to find out the explicit
form for the damping. In this case we see that the damping can be written in terms of

9(y):

2 2

‘ K (n, k) X' (n, k) 9 ) (3.4.18)

Ry, —o(n, k) X, =0 (1: k) In,=0(y)

We can numerically solve Eq. (3.4.17), finding out for example that this ratio is equal
to 0.90 when we evaluate it at the last scattering, for €,, = 0.3; this is important for
evaluating the CMB anisotropies for large scales; by changing @) from 0.1 to 0.8 we see
that the ratio is reduced only by the 2% (see for example the plot in Figure 3.4.1), thus
we can conclude that for small values of () the damping is quite insensitive to k. While,
for larger (), we observe a modification also to the phase of x and then the ratio between
the damped and the undamped function represents the ratio between functions oscillating
with different phases:

2 ‘

Sin(yl.s. + 5) 2

Gy | (3.4.19)

h,(nl.s.vk) ‘2: |A’2
Ry, —o(Mi.s., k)
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k/kgq=0.389
1.2

04 r

0.2

log(y)

Figura 3.4.1: Plot of the solutions of Eq. (3.4.10) for N, = 3 and N, = 0. We observe that the two solutions are
almost constant until the mode enters the horizon, after that we have on oscillating and decreasing mode. The two
solutions does not differ so much, but, by the values of their derivatives at the last scattering, y;.s. =~ 3.3, we find
’ 2
that X/X(yil(?;l)) = 0.911. By choosing for example k/kgg = 0.566, we find out that the ratio is about 0.924. So
Ny=0Yl.s.
we can state that it is quite insensitive to k, and so to Q.

with § very small, and we can study we behaviour of this ratio in function of (), whom
dependence is contained in 4. When y;, + 6 ~ nm, with n integer number, we have
two oscillating functions with a small phase difference, which means that the denominator
reaches the zero at another time with respect to the numerator, hence we observe narrow
spikes, from which we cannot say anything about |A|%.

When the denominator is far away from zero however, we are quite insensitive to the phase
difference, which is very small, and then the ratio corresponds exactly to the squared
amplitude. For example, for @ =~ 10, far away from the spikes we find flat regions (a
demonstration that we are insensitive to the phase difference) and we find |A|? = 0.64,
according to the results of Section 3.3.

68



Capitolo 4

Effect of neutrinos on scalar modes
evolution

4.1 Evolution of the scalar perturbations

In Chapter 3, we have seen the evolution of the tensor modes and the damping effect due
to neutrinos. In this chapter we are interested in evaluating how the scalar perturbations
evolve in presence of neutrinos, in order to find the effect that they have on the C’g,s defi-
ned in Eq. (2.7.26). In this case, however, the analysis will be more difficult than the one
for the tensor modes. In fact, when we consider scalar modes, we have an higher number
of geometrical quantities involved: the scalar potentials ¢ and ¢, which depend on an
higher number of particle species, because in this case the physical quantity involved is the
diagonal part of the stress energy tensor. as seen in A.2. This means that they receives
contributions from radiation, in this case from photons too, and from non-relativistic mat-
ter, i.e. from cold dark matter and baryons (which are not considered in this discussion
however, because they are subdominant). In this chapter we will pay particular attention
on the different cosmological epochs. In fact, in this case, the equations for the evolution
of ¢ and v depend on the perturbations of the energy density. This contribution will be
determined by the distribution function perturbations of the particle species which give
the dominant contribution during a certain era: during the radiation-dominated era it
will be due to photons and neutrinos only, while during the radiation dominated era it
will depend only on non-relativistic matter. The Boltzmann equations for radiation and
non-relativistic matter are very different, and so the evolution for ¢ and . In addition,
the transition between the two regimes, which happens around ngg, is very complicated,
and it can be studied analytically only in the limit of large and small scales. While, for
the horizon crossing regime, we can only provide numerical solutions. The main role of
neutrinos also in this case is played in the “scalar” part of the anisotropic stress

E*(¢ —1p) = —327Ga’p,No, (4.1.1)

where we have neglected from Eq. (A.2.27) the photons contribution, for the same reason
of the previous chapter. This relation leads to ¢ = % for zero neutrino generations,
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while for three neutrino generations, IV, = 3, it changes the discussion on three levels:
first of all it changes, obviously, the dynamics of the whole system, because we have an
additional equation coupled to many others, secondly, it changes the initial conditions
between ¢ and v, which now will differ from a certain quantity related to the neutrino
quadrupole N5 evaluated at the neutrino decoupling time 7;, and as last effect it changes the
initial condition of ¢ and v with respect to the perturbations generated by the quantum
fluctuations of the inflaton field, discussed in Section 1.6.2, by a certain factor which
depends on the neutrino energy density fraction f,(n;). The effects we have found in this
case is that v is enhanced with respect to zero neutrinos, while ¢ is reduced, both for small
and large scales, moreover we have also analyzed the net effect on (¢ + 1)/2, which is the
variable involved in the ég,s.

4.2 Effect on the initial conditions

As already stated, the first effect we can find out, when we have neutrinos in the Universe,
is related to the initial conditions. We recall again that we are studying modes which enter
the horizon long enough after neutrino decoupling and that such modes are conserved when
they are far outside the horizon. Thence, in this section we are looking for the values of
the quantities 8, NV, 8, v, ¢ and 9, defined in A.2, at the initial time 7;', immediately after
neutrino decoupling.

Before going further, we will derive the explicit value of neutrino decoupling. It is known
that neutrinos decoupled at T, 4 ~ 2MeV [63, 64], i.e. during the radiation era. By
knowing that the CMB temperature is nowadays T, o = 2.73K = 2.3 x 10~1°MeV, we find
immediately that the redshift at which neutrinos decoupled is?

ap ~ Tl/,dec — 10
2y, dec p» 1= T ~ 10, (4.2.1)
During radiation era, a scales as 7, as seen in Eq. (3.3.1), therefore a H = 1 This means that
if we consider all the modes of physical interest to be larger than the Hubble radius defined
in Section 1.6.2, we can assume that kn < 1. We start by considering the Boltzmann
equation for neutrinos (A.2.40), neglecting tensor perturbations, because they cannot affect
the evolution of the scalar ones for the decomposition theorem?

N'(n,k, q, ) + ikpuN (0, k, q, ) = &' (n, k) — ikpd(n, k). (4.2.2)

From this we can find the equation for the corrispective multipole of order £ of A/, by using
the following identity for the Legendre polynomials:

(0 + 1)Pes1(p) = (204 1)pPe(p) — €P—1. (4.2.3)

LAll the quantities considered in this section are evaluated at 7;, but we do not write the explicit
dependence on the initial time in the intermediate computations for clarity reason. We will write it
explicitly only in the final results.

2We are also using the fact that during the radiation dominated era a ~ T~ 1.

3In chapter 3 we have defined the neutrino distribution function perturbation as 0F (n, E), while in this
case we will use N exactly for distinguishing the “scalar” and the “tensor” part of such a distribution.
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For £ > 2, if we integrate over %“ ﬁ’])@(u) we obtain the following equation (the right hand
side of the equation is trivially null for the orthonormality of the Legendre polynomials):

574 kE({+1)
| — ——— N+ ———= =0. 4.2.4
Ne = s+ Sy Ve (42.4)
If we consider also the equations for the first two multipoles we end up with the following
system:
N(; + k‘./\/l :¢/,
k 2k k
/ i “h _M
Nl 3NO + 3 NQ 3¢,

2k 3k (4.2.5)
NQ/ - ENl + g./\/’f‘, :0,

4
N, — ifjvz + 7’“/\/4 —0 > N ~ (kn)(aNs + bAG) = N < N

Recalling that kn < 1 we can neglect N3 because it is much smaller than N5. We will use
also the longitudinal traceless part of the (i,7) Einstein equation, Eq. (A.2.27), making
clear the relation between the scale factor and the proper time in the radiation era:

@ 87TGa2ptot

N2
v 3 Ny = _12fu(77i)@-/\/'2 =

k(¢ — ) = — 327Ga?pOINy = —12 5
a (4.2.6)

772

12fl/(7h')N2.

The idea is to differentiate twice with respect to the conformal time in order to compare
the two possible equations for No. Writing Eq. (A.2.41) for the initial conditions we have

/ 816G , 2
K2+ 31 (W + Ho) = — 167Ga®p, b, — V0 oinGea (B0 + £, )=
noon 3 Pr
2
== ? [(1 — fu)0o + fVN0]7

(4.2.7)
where p, = py + p,. Using the monopole part of Egs. (A.2.37) and (A.2.40) we have that

/ _ / !/ /
e N (4.2.8)

No + kN =9/ No =4/

Substituting these two expressions in the (0, 0) component of the Einstein equations written
above and deriving with respect to the conformal time 7 we find

"+ + ¢ ==2[(1— f,)+ f]¢' = " + 3¢ + ¢ =0. (4.2.9)

This equation has a constant solution, ¢ = 1)’ = 0 and, for ¢/ ~ ¢', a decaying solution
which goes as 774, The constant mode is the one we are interested in and using this result
in the (0,0) component of the Einstein equations we find out that

¢ =—=2[(1— f,)00 + fuNo]. (4.2.10)
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In addition 6y = Np, because the perturbations in the early Universe did not distin-
guish between photons and neutrinos, and so they produce the same perturbations to the
distribution function, and then we find

5 .

Oo(ni, k) = No(ni, k) = —

We can then derive twice with respect to the proper time Eq. (4.2.6), neglecting the
temporal derivatives of the scalar perturbations, and we end up with
k?
N// —
2 6f(m)

By putting this equation together with the ones for the A" multipoles, Eqs. (4.2.5), we
obtain the final relation about the initial conditions:

(4.2.11)

(¢ — ). (4.2.12)

2 2q
_ k? 2k2 ) k2
*_6fy(m)(¢—7/f>—?§{—§+ BV ¢} (4.2.13)
k2 k2 2
_6f1/(77i)¢ B 6fu(77i)¢[1 + 5f”(m)}

So in presence of neutrinos not only the scalar perturbations ¢ and v follow two different
evolutions, but also their initial conditions show a difference described by

Pi = [1 + %fu(m)}% (4.2.14)

where ; = ¥(n;, k) and ¢; = ¢ (1, k).

In order to detect any possible effect due to neutrinos, we should also investigate if the
initial condition ¢; depends on f,(n;) itself. We know that in the very early Universe, the
quantum fluctuations of the inflaton field [22] produced the inhomogeneities and anisotro-
pies we observe nowadays.

First of all we define the gauge-invariant quantity

op(n, k)
PO (1)

where we have not specified the gauge. This quantity is gauge-invariant by definition, and
it is proved that it is conserved when the mode & is out of the horizon; we can see that it
corresponds to the curvature of space-like surfaces of constant time in the comoving gauge.
Such a curvature crossed the horizon during the inflation, assuming a constant value (7,
and, because all the modes of interest were outisde the horizon at the “initial time” n;, it
re-entered the horizon after n;. Hence we can relate the initial perturbations to (;, defined

as CI = —C(% k)4'

4We have chosen the minus sign as a convention in order to have the initial condition on ¢ and 1, of
the same sign of (;.

k) = = (k) + g, ) 10T (1215
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In Section 2.3 we have chosen to work in the Poisson gauge, where !l = 0, and we know
that in the radiation-dominated era the Friedmann equation for the unperturbed energy
density is:

: 4
pO = 33 (p© 4 p0) = _HP(O)’ (4.2.16)

and we can write the total unperturbed energy density p(©) as the sum of the unperturbed
neutrinos and photons energy densities. The final expression we find is then

1 opy+dpy 4(1 = f,)00 + 41, No 1
— — — _ = Y+ = — —{—0 = Y — -0 =
2 3 4
=—o(1+:h)-0=—50(1+5)
(4.2.17)
And so we find
2 4 -1

o) =5 (14 5800)) (1.215)

This is very important, because when we will study the evolution of ¢ and we will make
a comparison between the N, = 0 case and the N, = 3, we will keep into account that
the initial amplitude for ¢ considering neutrinos is about (1 + %fl,(m))_l ~ % of the
amplitude without considering them.

To conclude this section, we will find the initial conditions for the fields § and v, because
they will play a role for the calculations of the small scale modes in Section 4.5.
Assuming that we are dealing with adiabatic perturbations, we have that § = —%gbi [22]
and using Eq. (A.2.43) we find

2 kn;
B = = (5 + oo ) —5 (k) = — 51+ 2o v =

N 42.1
YA 3 2% T 5 ¢ (4.2.19)

where we have neglected the v; term, because it is a quadratic term in kn;.

4.3 The ¥(¢) relation

In this section we want to combine the longitudinal traceless part of the Einstein equations
with the Boltzmann equation for neutrino to find out a precise relation between ¢ and
1 that can be inserted in the remaining dynamical equations, essentially to remove one
degree of freedom.

We start by the solution of the Boltzmann equation for neutrinos in the Fourier space,

N,k @)+ ikuN (n,k, @) = &' (n, k) — ikud(n, k), (4.3.1)
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which has a solution analogue to the one defined in Eq. (2.7.2) for the gravitons,

. . n A L .
N (n, k) =Niet#n=m 4 / dn/ [W(n’, k) +¢' (o, kz)}elk”(n 1 — p(n, k') +

i

+ (s, kP)etFrm=m —

n ) ) ) , ) o
= [ o )+ 0 | ) K

b

(4.3.2)
Using the definition of the neutrino quadrupole we immediately find out that
1 +1 d,U,
MmN -
+1 d n . . . ’ -
-/ 1 2“’7>z<u){ [ [0 )+ B )+
- " (4.3.3)

1 L
+ 500 k’)e”wmi—"’}:

n 4 7 1 i\
:/ dr' [w’m’, k') + /(' k’)}m[k(n = 1)) + 500, K)o k(0 — m:))-
i
We can insert this in the longitudinal, traceless component of the (i,j) Einstein equa-
tion, Eq. (A.2.27), removing the neutrino dependence and obtaining an expression which
depends only on the scalar perturbations:

K ; NP 1 i\

K (p—v) = —32rGa’pY) [ / dn/ [w’(n’,ww%n’,w Jalk ="+ 56 (mi, k') dalk(n—n:)] |-
i

(4.3.4)

It is always true that for relativistic particles p, ~ a~?* and then the term pra4 is time

independent, thus we will multiply the equation by a factor a? and we differentiate with
respect to the conformal time:

n . .
0’k (¢~ ¢) = - 32nGa'p{) / anf [0/ (0 K) + ' (' k)|l — )]+

4

+ %¢(ni7 k") jalk(n — Vh‘)]]

Ao, N _ 1 (0)
d—n[ak(qﬁ 1/1)}— 32rGa”p,

(1//(77, EY) + ¢'(n, ki)>j2[k(77 —n)l+ (4.3.5)
+ 500 ki>;f7j2[k<n - m)]]
(6220 = )| = = 167G oD k) Sl = i),
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where we have used the following expansion for the spherical Bessel function around 0°

) 3 sinx  3cosx
Ja(r) = (E_l) r a2
3 22 xt 1 1 22
~ (- )0-F 1) m 2+ %)
(mQ 6 +120) 3 2 2+24
I 5
1—533 ~ 0 (4.3.6)

By using Eq. (4.2.14) we can integrate the above differential equation with respect to the
conformal time using the proper initial conditions and we have that

2 .
ka® (¢ — ) + 5fu(ni)¢ik2a? = —167Ga* p O o[k (1 — ;)] (4.3.7)
so we end up with the following expressions in terms of the only variable :

) a? 167TGG4P£/0)¢ij2[k(77 — ;)]
¢ =1 — 5fu(77¢)g¢i_ k202

where [ represents the differences with respect to the zero neutrinos case (f = 0). By
using the explicit form of the order two spherical Bessel function we see that it can be
written as

B——o fu<;7;>a? 2 S salita — )

5 k2
. fumiad | 2 1 3 L\ sinlk(n —m)]  3cos[k(n —n;)]
ST {5+6(km)2[<[1€(n—m)12 1) k(n — i) [k(n — ni)]? ]}
(4.3.9)

where we have used the fact that n; is in the radiation era and so H(n;) = % In the next

sections, we will discuss the Einstein equations in different regimes: outside and inside

the cosmological horizon, and in the matter and in radiation eras, therefore we need to

consider, in principle, in order to check if the result is reasonable, the limits of such a

function in all these regimes.

Before doing that it is quite important to establish a relation between the conformal time 7
a

and another variable we will use for many discussions, y = . From the first Friedmann
equation we have
. 8 8 a \?2 ago\3 apo\4
a* =zmGa’p = gTrGCLQEQ<7a ) [Pm(nEQ) (TQ) +pr(77EQ)(TQ) }:
BQ (4.3.10)

8 1
:gﬂGmeEQ)aQEQ?(I + ),

but the left-hand side of the equation can be written also as
/ /

(@)? = (3)22 (y—)Q (4.3.11)

a Y

°In the above expressione we have j2[k(n — )] to evaluate.

75



and by a comparison of the two equations we have

/

Y _ /8 2 _ /8 2
Nie _\/37TGPT(77EQ)CLEQ = 2(/14+y—V1+y)= \/37TGpr(nEQ)aEQ(n - ni)-

(4.3.12)

From Section 4.2 we know that the redsfhit at which neutrino decoupled is about, 10'°, so
the correspondent y; will be

. . 1
L B L N T (4.3.13)
apQ ao AaEQ 1+ Zud

For very small 4y we can expand at the first order the square root

8
Yy—yi= \/37TGPT(77EQ)G2EQ(77 —1i)s (4.3.14)

and then we can set y; = \/ %WGpT(nEQ)aZEQm. As we will see this convention simplifies a
lot the further expressions.

As already stressed, in the next sections we will deal with the 8 variable and almost always
we will solve the evolution equations numerically, hence we write down the explicit forms of
[ and its derivatives in terms of the parameters we will use in the numerical computations:

e we start with the super-horizon case, i.e. kn < 1. In this case we can expand around
zero the spherical Bessel function, which assumes the value %lﬁ(n — )%, according

to Eq. (4.3.6):
8 == o(%) (P[5 + W} -
= Zotm D (%) e (VL)
=~ 2ot ) 5 (2 + 8 4y 4 - 3(1+ 2) T,
d@gf) :§¢(m,k)fu(m)y12{§ [23/? +8+4dy +4dy; — 4<1 + %) yh
—4+4\1/%}
difygy) =§¢(nu )fu(771)12{—y62{2y12+8+4y+4yi —4(1+%) \/H]+1yﬁ+
81+% 144 }
yvIty (1+y)3/2

(4.3.15)

Now we can divide the results into the epochs we are considering:
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— The deep radiation-era case, for n; < n < ngg, which corresponds to the y < 1
case, and then we immediately see that 8 assumes a constant value,

5= =200 F) (), (1316

this agrees indeed with what we have seen in Section 4.2;

— The matter epoch case, for which 7 > ngg, which corresponds to y > 1 and
then we immediately see that 8 vanishes, and so the two scalar perturbations are
equal, exactly as in the case in which f,(n) = 0. This is in agreement with the
fact that the neutrino quadrupole is related to the fraction of energy density of
neutrinos with respect to the total one, which is negligible in the matter epoch,
thus we expect that the longitudinal traceless Einstein equation corresponds to
the condition ¢ = ;

e the second case consists in considering the modes which are deeply inside the horizon,
ie. kn> 1.
It is immediate to see that now the spherical Bessel function goes to zero very rapidly
and then we need to consider only the first term in the 3 expression:

5(0) = - 200w Brf ) (%)

dBly) 4, ey
W —5¢(77uk)fu(7h)

(4.3.17)
_ 2,
vy

Also in this case we consider the previous two interesting regimes:

— during the radiation era % is not necessarily negligible, and then we kept the

above expression for 3, observing that it goes as - for small scales when they
enter the horizon, hence we expect that there is still a contribution given by
neutrinos even if the modes have crossed the horizon;

— during the matter-dominated era the ratio is necessarily negligible, since y; ~
1077, It is very small because it represents the neutrino decoupling redshift,
while y > 1, so 8 vanishes and we can take $ = 0, accordingly to the fact that
during the epoch dominated by non-relativistic matter we should be insensitive
to the effects of radiation (as neutrinos) on the potentials.

4.4 Large Scale Evolution

The evolution on large scales is the simplest case to study: it involves modes that crossed
the horizon well after the equivalence between matter and radiation, therefore for large
part of the discussion we will not consider the k£ terms in the set of equations and this
will lead to many simplifications. The basic idea of the large scales evolution is that
during the radiation era the modes are far away from the horizon, thus they are constant.
They become sensitive only to the transition between the radiation and the matter epoch,
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during which they decrease their amplitudes until they are far away from ygg. We will see
that even for the sub-horizon evolution during the matter epoch the modes are constant,
therefore the only relevant changes occur at y ~ ygg. In this discussion we have neglected
the dark energy epoch, which starts recently, because we have seen that the main effects
for neutrinos are present in the radiation dominated era.

The general method we have adopted consists in solving the full set of equations introduced
in A.2.3, dividing the discussion into super-horizon and sub-horizon evolution: in the first
case we study the evolution of all the particle species (photons, neutrinos and cold dark
matter), while in the second one we will focus only on the non-relativistic ones, i.e. only
cold dark matter, because we are deep in the matter epoch.

4.4.1 Super-horizon dynamics

When we consider super-horizon modes we require the condition that k¥ <« aH. During
radiation dominated era aH = 1/n, while in the matter epoch aH = 2/n, this depends on
the fact that a goes as 7 during the radiation era and as 72 during the matter era. Thus
we infer that when we require that the modes are out of the horizon kn < 1.

The idea is to express ¢(n, k) in terms of a(n) generically, to avoid troubles generated by
the fact that the scale factor does not have a simple dependence on 7 at the radiation-
matter equality.

From the dark matter velocity equation, Eq. (A.2.39), we find that v is suppressed by the
expansion of the Universe, and so we can neglect it in further calculations:

v'+Hv:—ik’¢—>v'—i—Hv:O—>v~%. (4.4.1)
Notice that we can neglect the # multipoles of order higher than one in Eq. (A.2.37): if
the Compton scattering is very efficient (as they are during the radiation era), it drives
0 to 0y, and #; is generated only by non-null bulk velocities of the electrons involved in
the Compton scattering, thus the photons anisotropies in this stage are fully characterized
by the monopole and by the dipole [22]. This is precisely the reason why we have not
taken them into account in Chapter 3 and in Eq. (A.2.43). Therefore we see that the
equations for Ay and 6 are identical to the ones for My and Ny and we decide to use a
simpler notation, studying the evolution for p, and 6,, using

prbro = py00 + puoNo. (4.4.2)

Now using the monopole part of Eq. (A.2.37) (equivalent to Eq. (A.2.40)), written in
terms of #,, and using also Eq. (A.2.38), we have

Or0 + Kby =t — 070 =9/,
5 (4.4.3)
& +ikv =3¢ = & =3¢" = 0,0 = 3
Notice that in all this discussion we will not consider baryons, because they account for the
4% of the total energy density of the Universe, therefore they are negligible with respect
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to cold dark matter. The last step consists in substituting these relations in Eq. (A.2.41)
obtaining

k2 + 3H( + Hp) = — AnGa*(pamd + 4p-0r0),

4 4.4.4

BHY + 3H2 + BH?B = — 4rGa®pamd (1 4+ 52 ). i
3 Pdm

Now, we are ready to shift to the y variable, through which the transition between the

radiation and the matter epochs is automatically taken into account, without specifying

the dependence of a on n:
a Pdm d dy d a’ a d d

Y agqQ  Pr dy — dndy  aapgdy Yay

(4.4.5)

In this way our equation becomes

d 3 8mGa?py 4 3 (a")? pgm 4
3742 3742 32 =2 ms(1 __° s(1 _
B ( +—3y) 3 ( +—3y)

=—7%2 +15(1+34y)

dip B Yy 4
yd—y+¢+,8_—72(y+1)5(1+ 3y).

(4.4.6)

By deriving with respect to y and using Eq. (4.4.3) (in order to express ¢ in function of
1) we have

Cd 6y +1) dy d  _
_@[3y+4( +w+5)}+3@¢—
6+ dy | d dp 6, d¢ dy
v Cay Vap  a aap Vay ) = i
6(y + 1)y d*y 107 6 ¥ a
R CAR A e el ew vy P
B+y+1)By+4)%
(3y +4)
The final result is then
1 4)%
A% 21y% + by + 32 + 8 do) 1 P (G (4.4.8)

W2 2y DGy dy v+ DBy +4) y(y + 1)y +4)

By setting f,(n;) = 0, which corresponds to f§ = 0 we end up with the well-known
“neutrinoless” equation [22]

A 21y* + 54y + 32 dip 1

0= dy> " 2yBy+4)(y+1)dy  y(y+1)(3y+4)

0, (4.4.9)
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which has as solution (recall that in this case ¥; = ¢; because we have no neutrinos)
1
¢:@<16\/1+y+9y3+2y2 _ 8y — 16)% (4.4.10)

The idea is that the solution considering the neutrinos contribution is the one without
neutrinos plus a particular solution given by the source term which depends on 3. The
system of equations to solve is

0= U 202451y432 dv 1 ot B+(y+1)(3y+4) %2

T dy? ' 2y(y+1)By+4) dy T y(y+1)(3y+4) y(y+1)(3y+4)

= ¢Y+8 (4.4.11)
B= —2o(m, B)fo(m) e [207 + 8+ 4y + 4y — 41+ %) T+

We have solved it numerically for y; ~ 10~7, the initial time at which neutrinos decoupled
(corresponding to a redshift of order 10'°), and we have used also the value f,(1;) = 0.4,
seen also in Chapter 3. We have normalized the result with respect to the initial value of
the scalar perturbations for N, =0, i.e. ¢; = %Q 7. The numerical results are given in Fig.
4.4.1.

We have found a modification of (¢ + 1)/2 with respect to ¢ for zero neutrino generations
which is in accordance with the one discussed in [65]. Another important fact to stress is
that once the modes have crossed the horizon the solutions for N, = 0 and N, = 3 become
identical.

4.4.2 Sub-horizon dynamics

Now we consider modes which entered the horizon deeply in the matter-dominated era, so
for redshifts z > 1000.

At these times from the previous analysis we can see that the potential ¢ and v are
constant and they are almost equal to the potentials obtained by non-considering neutrinos.
Essentially we are going to study the Boltzmann and the Einstein equations for sub-horizon
scales, and we want to understand if the parameter S (and so the neutrinos) plays a
significant role in the dynamics during this new regime.

After the horizon crossing for these large scale modes, we are not considering the radiation
anymore, except, at least in principle, for the Einstein equation which depends on the
neutrino quadrupole, because there we have only p,, which is not summed to pg,, and so
it cannot be neglected.

In this section we will use Egs. (A.2.38), (A.2.39) and (A.2.43):

8 + kv =3¢/,
v+ Ho =k¢ — (av)' = kag, (4.4.12)
0. 3. 3Hv
R =-S5+ 220,

The last equation is found by combining in a proper way the (0,7) and the (i, j) Einstein
equations. The solution can be found by following different steps (7 is the initial conformal
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Figura 4.4.1: Numerical evolution of the cosmological potentials ¢, ¥ and ¢(N, = 0) = (NN, = 0). We can see that
before the radiation-matter equality we have the biggest differences: ¢ assumes an almost constant value, while 1)
changes a lot; after y = 30 the three functions tend to the asymptotic value %qﬁi.
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Figura 4.4.2: Plot of (¢ +)/2 for N, =0 and N, = 3. We are interested in the behaviour of the sum of ¢ and 1),
because it gives an important contribution to the gravitational waves anisotropies in Eq. (2.7.26), through an effect
similiar in form to the ISW effect for the CMB. We see that the half sum of the potentials is smaller with respect to
non-considering neutrinos, and we see that this difference is non-negligible only before the radiation-matter equality.
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time, by definition it is deeply in the matter era and it is the one which corresponds to the
final time of the previous section):

R m,

A4 k K / / / 773 k " 712 /
=V« _ d = Vs —& —_— d R
v(n) =v ) + ) / na(m)e(n) =v 2T /77 n'n"“o(n')

o 2K%p(n)  3H(mv(n) 6 (vl c2 )k
30n) =~ g~ T (B [t ) -5 v)
0=0+kv -3y =
18+ k2n? o , , ven? E*n? 418 ,  k*n® +18 6
—774{/77*60777 [w(n)+ﬁ(n)}+ ’ }— 6 VT, v

(4.4.13)

We can derive with respect to the conformal time this expression and we obtain a second-
order differential equation for :

4 3 3
2y 2 oy 61 !
0=-n¢ nﬁ+{6w+3¢+18+k2n25}
(4.4.14)
B'n® + 38n%) (18 + k*n?) — 28k*n*

2
(18 + k212)2 o

n* (
Ozgw//_i_n?)?ﬁ/_i_ [6

In Section 4.3 we have seen that § = 0 during the matter epoch, and so the equation we
end up with is

4
%w” + P = 0. (4.4.15)

This has a solution that is constant, since ¥” = ¢/ = 0, and it leads to the final solution
(with no differences with respect to the neutrinoless case)

- -,

801, ) =01, F) = 15001, F). (1416

4.5 Small Scales Evolution

In this section we will discuss small scales modes, which crossed the horizon during the
radiation-dominated era and far away from the radiation-matter equality, i.e. the horizon
crossing happened at y;.. < ypg; in terms of k we are studying only modes with k >
10kgq, with kpg defined immediately after Eq. (3.4.6). The solutions for modes with
k ~ kgg can be found only numerically, while in this case we want to provide an analytical
solution to understand the relations between the quantities involved. Crossing the horizon
during the radiation epoch means that in the first stages of the evolution we cannot neglect
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the k terms in the Einstein and in the Boltzmann equations and this will lead, as we will see,
to an osccilating and damped behaviours of the potential ¢ and v which go as j1(kn/v/3),
where ji is the first spherical Bessel function. The main complication in this case is given
by the fact that in principle we need to study the evolutions not only of 6, during the
radiation-dominated era, but also of § and v which characterize the cold dark matter,
because now it is not true that ¢’ = 3¢’ or that v = 0 as for large scales, and their values
at the end of the age dominated by radiation will be important because they will influence
the evolution of ¢ and ¥ during the matter epoch. In addition, even if pg, < p, during
the radiation-dominated era, we cannot state that pg,d < p.0, 0, because the dark matter
density contrast grows quite fast even before the equality, therefore we should find the
time, during the radiation-dominated era, at which the matter contribution at the first
order in perturbation theory becomes more important than the radiation’s one. So we
have to study the evolution before and after such time and matching the two solutions
obtained at this ¥matching. Another assumption we make is that the matching between this
two solutions has to be done at a time far away from the equivalence and from the horizon
crossing, Yn.c. K Ymatching < 1. Even if all the method discussed above is necessary to
determine the full solutions for ¢ and % from 7; until 79, for evaluating the C~'g75 coefficients
defined in Eq. (2.7.26) we need to know only the scalar potentials before Ymatching, because
they decay very fast after the horizon crossing and the contributions at large times to the
Cy is negligible, because they are almost zero. Hence what we have done is considering
only the sub-horizon evolution of the potentials during the radiation-dominated era, until
they assume a value very close to zero. As we will see, also in this case neutrinos play a
significative role: their presence generates a difference in (¢ + 1)/2 with respect to ¢ and
1 in the N, = 0 case. However this damping will be negligible once the modes are very
close to zero.’

4.5.1 Horizon-crossing

We have already seen that the modes out of the horizon are constant, with the initial
conditions defined in Section 4.2. If the scalar perturbations cross the horizon during the
radiation-dominated era they influence and are influenced by the quantities that dominate
the contribution to the energy density of the Universe, i.e. the perturbation to the photons
and to the neutrinos distribution functions, # and N, so the system of equations we need
to consider is given by the Boltzmann equations for these two relativistic species, Egs.
(A.2.37) and (A.2.40), the Einstein equation (A.2.43) and the relation between the scalar
perturbations, Eq. (4.3.8), which comes from the longitudinal traceless Einstein equation,
provided by a non-null neutrino quadrupole N5.

We use Egs (A.2.43) and (A.2.37) (with the same discussion about neglecting higher order
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multipoles used in Section 4.4):

k2 = —3H2-L v [Pdm5 + 4p,br0 + 32 ((Pdmv + 4p7‘0r,1>] = —6H? [67“,0 + %Qm},

Or0 + Kry =0,
= Ko = o= v+ 45

(4.5.1)
Using the fact that H = =, when radiation dominates, we find
2,2
07’,0 = _2k677 ¢ 9
—kny B W4 F 1 — 00 + kb1 —
2,2
0=06.,+ %97:1 W(l -5 ) 58
2,2
97",0 = L 77 dj -
01 = (w + w)+ 8
6-+k2n?
07‘0 = _k2n2¢ - i
6T,1 (1/1/ -+ ¢>+
6+k2n )
:ﬂ(q// >+n2<¢//+¢’ £)+ —k>n” B+ JC 5_%(1_@>_§
2 6 w2 ) T (6+k%n 2)2 6+k2 2 61k212 3 6 3
(4.5.2)
The equation we want to solve is the last one that can be written as
4 k? 6 kgt + 12k2n? n
0=9"+ Y+ v+ 5<— ! 4.5.3
¥ +nw+3w+n2{ B3(6+k2n2)2 + 6—|—k2772} ( )

The solution of the associated homogeneous equation (8 = 0) is well-known [22]| and it is
given in terms of the spherical Bessel function:

kn kn
Stn—t — 7603
b =3 “?k;§; “1m (4.5.4)
V3

The full system of equations we need to solve is

0=¢W+#ﬂ+fw+${ kﬂﬁgﬁj+ﬂmw2}

s (4.5.5)
- M 2 3 _ sin[k(n—ms)] _ 3cos[k(n—n:)]

/8 - ¢z a? {5 + 6(’“7 )2 I:([k(ﬂ—m‘)]z 1) k(=) [k(ﬂ—”]i)]2 :| }
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The solutions are computed numerically and reported in Figure 4.5.1, while in Figure
4.5.2 we have shown explicitly the effect due to neutrinos on very small scales, making a
comparison with the scalar perturbations in the case without neutrino, N, = 0. We can
see that when a mode crosses the horizon deep in the radiation-dominated era, the scalar
perturbations decay, in analogy with the form given by Eq. (4.5.4). Once we have seen
that the solutions approach zero, we can stop here the discussion, because we know that
during the matter dominated era the solutions are constant, thus they are still zero for
later times.
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Figura 4.5.1: Numerical evolution of the perturbations ¢ and v cfor N, = 3 and N, = 0. Before crossing the
horizon, the solutions are constant, as seen in Section 4.4, while once they enter the horizon in the radiation era
they start decaying and oscillating according to [22], with some little differences given by the initial conditions and
by slightly modified equations of motion. We have used the coordinate y instead of 1 used in the analytic form of
the differential equations coherently with Figures 4.4.1 and 4.4.2.
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Figura 4.5.2: Plot of (¢ +v)/2 for N, = 0 and N, = 3. With respect to the large scales case, we see that the two
solutions go to zero with a decreasing mode once they cross the horizon during the radiation dominated era. Also
in this case we can still see a difference between the two functions by varying the number of neutrino generations
considered.

86



Capitolo 5

Effect of neutrinos on angular power
spectra of the SGWB

5.1 CLASS

In this chapter we will evaluate explicitly the impact of neutrinos on the anisotropies of
the gravitational waves background of cosmological origin, through the effects of neutri-
nos on the cosmological perturbations studied in the previous chapters. We will quantify
numerically the impact on the SGWB angular spectra ég’g and é&Tl using the Cosmic
Linear Anisotropy Solving System (CLASS) [27].

CLASS is a Boltzmann code, written in C, that computes many cosmological quantities of
interest, as the angular power spectrum of the CMB or the matter power spectrum, with
high precision. Essentially, through the simulation of linear perturbations dynamics, the
code is able to determine CMB and large scale structure observables, with an accuracy
that can be set by the user by changing some few parameters. CLASS is divided in diffe-
rent modules, each of which plays a different role, for instance the “background module”
evaluates the evolution of the background quantites in a FLRW universe, like the scale
factor a or the unperturbed energy densities of the different particle species. In order to
compute the observables in different cosmological models, CLASS accepts a various range
of inputs: it is possible to vary the values of some parameters as the Hubble constant
or the baryon density in some specific intervals, in this way the user can understand the
effects of their changings. That is not all: it is also possible to include additional particle
species in the code, for example non-cold dark matter relics or decaying cold dark matter,
or for instance it is possible to switch the value of the curvature of the universe from a
null to a positive or to a negative value. In addition, CLASS admits the possibility to
choose between two different gauges, the newtonian one we have used until now, and the
synchronous one, defined, for instance, in [59], therefore the code easily adapts to different
formalisms. One of the most important features of CLASS is its flexibility: there is no
hard coding, in the sense that all the equations written explicitly in the code are true in

'We have neglected in this discussion the anisotropies which derive from the initial conditions on the
perturbation of the graviton distribution function, C¢ ;.
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all cosmologies, as the Friedmann equations or the Boltzmann equations for the different
particle species. Moreover, because of its clear structure, determined by the subdivision
in modules, it is very easy to find out where the various equations are written, making
simpler to modify them.

This is particularly important for us, because we are interesting in evaluating the following
two angular power spectra,

Crstm) _ [ 2P0 w{ Tyt ik — 0+
1o 2
+/' dn[Té(n,k)JrTé,(n, k)}je[k(no—n)]} ; (5.1.1)
Corlmo) _ ~~ [k iy o [ [ b =] [+ 2))?
w2 o[

which slightly differs from the ones known for the CMB [66], which are the ones computed
by CLASS. We have proceeded then by modifying a little bit the code, changing the source
functions which determine the anisotropy spectra, i.e. we have changed the corrispective
of (2.7.2) for the CMB. To do that it has been necessary to lower the CLASS default intial
time of integration (set to the recomibation time), and we had to change the arguments of
the integrals of the analogue of (2.7.2). This procedure is discussed in detail in Appendix
B.

We have divided also in this case the discussion between the tensor and the scalar modes,
analyzing them separately in Sections 5.2 and 5.3. In Section 5.4 we have made a brief
comparison between the tensor and the scalar modes, and we have discussed possible
measurements of stochastic gravitational wave background anisotropies.

5.2 Neutrino effects on the scalar angular power spectra

For the scalar angular power spectrum we have computed only the contribution integrated
over 7 to the anisotropies because we expect that it gives the dominant contribution, thence
in this section when we speak about Cy g we refer to

Ce’i@ = / dfp“’)(’f){ / ' dn|T}(n, k) + T} (1, k) je[k(no—n)]} , (5.2.1)

where we have neglected the Ty(n;, k) term. In this way we have obtained the plot depicted
in Figure 5.2.1.

Before examining the differences between the two cases, N, = 0 and N, = 3, we want to
justify the trend of the two functions. In other words, we want to explain why they reach
their maximum value at small ¢, we want also to motivate why they have a characteristic
peak near £ = 100 and why they are almost null for large £’s.

First of all we evaluate the maximum k that contributes to a given multipole, using an
argument analogue to the one seen in Section 3.4. When we consider a multipole of order
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¢, we are considering contributions on an angular scale § = 27 /¢, therefore the maximum
contribution is given by the scale A = 27/k, and A\ = 6d.,, where deop, is the comoving
distance from us of the emission point, which occurs at t; (the cosmic time at which
neutrino decoupled), which is

to 1
dcom = /tl dt/a(t,) =MNo— "N =1No. (522)

In this way we know that the multipole ¢ is sensitive to modes around the wavenumber k
which satisfies the relation £ = kng. We recall briefly that in this section we will use as
units for 1 the Mpc and for k the Mpc™!, with ny ~ 1.4 x 10* Mpc, neq ~ 100 Mpc and
kpo ~ 8 x 1073 Mpc~1.

After this, we can explain the structure of the spectrum in the following way: from Eq.
(5.2.1) we see that C’& 5 1is sensitive to variations of the scalar perturbations with respect to
proper time, therefore the bigger the variations for a given k, the bigger the anisotropies
for the correspondent £. The two important variations of the scalar potentials we consider
are the one which occurs during the transition from a radiation dominated era to a matter
dominated era, discussed in 4.4, and the evolution during the dark energy epoch, where
the scalar potentials decrease [22].

In the first case, the biggest variations are provided by modes with k ~ kg, while modes
with k < kpg change less, and modes with k > kg are averaged out when integrated [69].
This is the reason why we observe a peak around ¢ = 100: it represents modes that crossed
the horizon around the time of equality.

For analogue reasons, the contributions to the anisotropies from late times integrations
decrease with £: the large-scale angular power spectra are the most affected by the varia-
tions of the scalar potentials during the dark energy dominated era |70]. The large values
of ég}s for small £ are determined precisely by this effect.

In Chapter 4 we have learnt the role of neutrinos in the evolution of the scalar metric

perturbations ¢(n, k) and ¢(n, k). In order to understand properly neutrinos total effect
on the angular power spectrum (5.2.1), we need also to keep into account how neutrinos
affect the evolution of background quantities, such as the scale factor a [67].
First of all, when we remove neutrinos from the particle content in the numerical simu-
lation, we need to decide which source of energy density would compensate the lack of
neutrinos. We have fixed the energy densities of the photons and of the non-relativistic
matter, {1, and (),,,, varying the dark energy density €25, using the balance equation

Q)+ QL + 0, +Qp = 1. (5.2.3)
Imposing €2, = 0 has two important consequences:

e the fraction of radiation energy density is reduced by passing from N, = 3 to N, = 0,
this means that we are anticipating the radiation/matter equality. This fact is very
important because for three neutrino generations we have more modes which enter
the Hubble radius during the radiation dominated era, therefore we have an higher
number of modes damped after they crossed the horizon during radiation domination.
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Figura 5.2.1: Plot of the scalar contribution to the gravitons angular power spectra é[ys for N, =0 and N, = 3,
neglecting the initial term given by Ty (n;, k). We recognize an almost identical behaviour with respect to the
Integrated Sachs Wolfe (ISW) contribution to the CMB scalar angular power spectrum [68], characterized by a peak
around k = kpg (I = 110) and by a growing spectrum for small ¢, determined by late integrated effects.

From Figures 4.4.2 and 5.2.2 we infer that neutrino damping on the scalar modes is
maximum for £ =~ kgg. Therefore we expect the maximum difference between the
angular power spectra for N, = 0 and N, = 3 around the CN'&S peak, i.e. at £ = 100.
In addition, we see a shift on the right of the spectrum for N, = 0. This is due
to the fact that the maximum contribution for N, = 0 comes from kgq for zero
neutrino generations, which is bigger with respect to kgg for IV, = 3, therefore the
peak corresponds to an higher £ too;

e the fraction of dark energy density is enhanced with zero neutrinos, this anticipates
the equivalence between matter and dark energy. An immediate consequence is that
for N, = 0 the potentials start decay during the dark energy epoch earlier than for
N, = 3. This would have generated an enhancement for low ¢ of CN'Z’S in the N, =0
case, but the increase of 2, is so small that this effect is completely negligible, as
you can see in Figure 5.2.2.

5.3 Neutrino effects on the tensor angular power spectra

The tensor angular power spectrum is determined by the integral

Cen dk o ek =] 1 [ (€ +2)177
R b Ll Ry e i | RS

a==2 i

and the result we have obtained is depicted in Figure 5.3.1.
It has been proved that for the tensor modes the angular power spectrum is constant for
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Figura 5.2.2: Plot of ¢ and v for k = kpg and for N, = 0 and N, = 3. We can see how the variations of the
potentials ¢ and ¢ for modes with k ~ kpqg are widely larger in the N, = 3 case than the N, = 0 case. The two
values of Q5 do not differ so much, thus we cannot see any difference in the decay of the potentials during the dark
energy dominated era.

large scales, until £ ~ 100, then it decreases very fast, as £~2 or £=% [71]. This explains
completely the spectrum we have found. Also in this case we can justify the results by
thinking that ég’T is sensitive to the variations with respect to the conformal time of
the tensor perturbations of the metric, therefore the bigger the decays, the bigger the
anisotropies.

The differences between the two different CN’&T in the figure can be explained by thinking
to the results of Chapter 3. We have seen in fact that neutrinos damp tensor modes by
a factor 0.80 for modes that crossed the horizon in the radiation era deeply enough to
reach a stable oscillating solution, for instance for k/ kepg > 10. We have seen also that
the analogous effect for large scales is almost negligible. These two aspects have to be
combined with the fact that imposing N, = 0 anticipates the time of equality between
matter and radiation.

The reasons of the differences between the two power spectra are now very clear: the O&T’S
are equal for [ < 30, because the damping effect of neutrinos on the tensor modes is almost
null; around ¢ = 30 the N, = 0 spectrum starts decaying faster, this is due to the fact
that the modes enter in the radiation dominated era earlier; at the end we see, for large
0’s, that the ég’T peaks reach higher values for N, = 0 with respect to IV, = 3, this is due
to neutrinos damping effect on tensor modes for small scales.

5.4 Future Perspectives

In the two previous sections we have seen the effects of neutrinos on the anisotropies of
the stochastic gravitational wave background.
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Figura 5.3.1: Plot of the tensor contribution to the graviton angular power spectra C’g’T for N, =0 and N, = 3.
For large values of £ we can see that the N,, = 0 solution is enhanced by a factor which depends on the effect studied
in Section 3.3. We can distinguish a clear shift in the oscillations between the two spectra, which depends on the
different ngg in the models with zero and three neutrino generations.

For the scalar contribution to the angular power spectrum, neutrinos enhance the ampli-
tudes of C~'57 s, giving rise to larger anisotropies with respect to the case with no neutrinos
in the universe. This effect is bigger for multipoles around ¢ = 100, while it becomes
negligible for £ > 500. We have explained this enhancement using the fact that adding
ultra-relativistic particle species in a cosmological model determines a delay in the time of
radiation-matter equality, this allows small scale modes to give more significative contri-
butions to the anisotropies.

On the other hand, the tensor contribution to the angular power spectrum is sensitive
to neutrinos only for ¢ > 30, while for smaller ¢, the contributions with zero and three
neutrino generations are identical. For £ > 100 we have found that neutrinos damp the
angular power spectrum. This effect is due to the fact that neutrinos damp the amplitudes
of the tensor perturbations of the metric, and such an effect is appreciable only on small
scales, thus for high multipoles ¢.

In Figures 5.4.1 and 5.4.2 we have plotted the metric perturbations evolution for different
wavenumbers, in order to check the consistency of the results obtained in Chapters 3 and
4.

From an experimental point of view, nowadays interferometers are setting smaller and smal-
ler bound limits on the energy density of the stochastic gravitational wave background [72].
Such a background could be of astrophysical or of cosmological origin. The main differen-
ce between the two signals is the frequency dependence: the cosmological processes that
generated the background are characterized by some specific frequencies, therefore, with
proper techniques 73], we should be able to separate the two components that generate the
background. Future space-based interferometers, as LISA [6], and ground-based detectors,
as Einstein Telescope (ET) [74], are expect to reach sensitivities higher enough to measure
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Figura 5.4.1: Plot of the metric perturbations for N, = 3 and k& = 0.3. We have not normalized the potentials with
respect to their initial values as in Chapters 3 and 4, in this way we can see explicitly the differences between the
initial values of the scalar and the tensor metric perturbations.

the stochastic gravitational waves background of cosmological origin.

We expect then that the subsequent step for future interferometers will be the measure-
ment of the anisotropies of this background, for instance by the correlation of the signals of
more detectors [75]. We have also seen that the quantity which characterizes a stochastic
gravitational wave background is the energy density per logarithmic frequency,

a d
Qow (f) = piit ”CZCW‘ (5.4.1)

The physical observable related to Qg will be the density constrast dgy, defined in Eq.
(2.6.4), which represents the perturbation of the quantity Qg along a certain direction
of observation. In C we have related such a quantity to the é&s, CN’Z’T power spectra found
in the previous section.

To conclude, even if future detectors do not reach angular resolutions higher enough to
cover the entire £ range of the angular power spectra plotted in the previous two sections,
we can still find out important information about the evolution of the gravitons through a
perturbed universe.

93



Transfer(n, k) for k=0.0003 [1/Mpc]
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Figura 5.4.2: Plot of the metric perturbations for NV, = 3 and k = 0.0003. In this picture we can see that the tensor
perturbations varies more than the scalar ones for large scales. This is due to the fact that the biggest decrease for
the scalar perturbations is due to the dark energy dominated era, while the tensor perturbations decay only when
they cross the horizon.
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Capitolo 6

Conclusions

In this thesis we have performed a complete and consistent treatment on the SGWB ani-
sotropies. We have focused especially on the role played by neutrinos in the enhance-
ment/damping of these anisotropies, trying to interpretate the final results by using the
knowledge obtained during the thesis.

In Chapter 1 we have put solid basis for studying gravitational waves, specifically we ha-
ve seen that we can describe properly the propagation of gravitational waves on a curved
background by using the shortwave approximation, assuming that the characteristic lenght
of the waves is much smaller than the background’s one. This assumption allows us to use
geometric optics for the gravitational waves, ensuring the possibility to describe the waves
as massless particles that follow null geodesics determined by the background. In this chap-
ter we have also seen the GW production mechanism due to amplification of the quantum
fluctuation of the metric during the inflation. This is particularly relevant because it gives
the initial condition on the number of gravitons at the end of the inflation, confirming that
we can talk about a stochastic background. Chapter 2 provides us an espression for the
angular power spectra of the SGWB, Egs. (2.7.26), through the solution of the Boltzmann
equation for the graviton distribution function at the first order in perturbation theory. By
looking a the expressions we end up with, it has been possible to distinguish the analogies
between the CMB and SGWB and to hypotize a similiar behaviour of the angular power
spectrum. Chapter 3 and 4 show the effect of neutrinos in the evolution of the scalar and
the tensor perturbations. Figures 3.3.2 show that tensor modes are damped for small scales
by adding neutrinos to the particle content of the Universe, while this effect for large sca-
les, Figure 3.4.1, is negligible. For the scalar perturbations we have found two interesting
equations, Eqs. 4.4.11 and 4.5.5, which describe the evolutions of the perturbations for
large and small scales respectively. The solutions, depicted in Figures 4.4.2 and 4.5.2, are
in agreement with the numerical solutions of the full set of equations. For the scalar case
we have found significative differences between the case with and without neutrinos, which
will play a fundamental role in the angular power spectra of the gravitational waves.

The main and original results of the thesis are given in Chapter 5, where we have studied
the effects of neutrinos on the SGWB angular power spectra separately for the scalar and
the tensor contributions. The plots, found adapting the CLASS code to the SGWB case,
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are depicted in Figures 5.2.1 and 5.3. For the scalar power spectrum, we have evaluated
the contribution to the ISW. We can still see clearly the effect of neutrinos: the N, = 3
spectrum presents an enhancement with respect to the NV, = 0 case, this is due to the fact
that introducing neutrinos means to retard the equivalence between matter and radiation,
therefore more modes will decay by staying longer in the radiation era, giving a larger
contribution to the anisotropies. The enhancement reaches its maximum for multipoles of
order ¢ = 100, because neutrinos give the larger effects for modes that cross the horizon
at the time of radiation/matter equality. This effect is appreaciable also for larger scales,
while small scales essentially give no contribution to the anisotropies we found. Therefore
we have not found any neutrino effects for large values of /. For the tensor modes the
situation is the opposite: we have revealed a damping for small scales (high multipoles),
due to neutrino damping of tensor modes discussed in Chapter 3, while for larger scales
such effect is negligible and therefore the tensor contributions to the power spectra are
identical in the N, = 0 and N, = 3 cases.

As future perspectives, we would like to improve the modifications to the CLASS code, in
order to find the full scalar contribution to the angular power spectrum, making possible
to compare the scalar and the tensor contributions with respect to the total anisotropies.
The result of this thesis, even being preliminary, shows how future interferometers can
have a strong impact, besides on astrophysics and cosmology, also on the particle physics
content of the universe.
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Appendice A

Einstein equations in the perturbed
Universe

A.1 The decomposition theorem

In Section 2.3 we have decomposed the metric perturbations in relation to their transforma-
tion rules under spatial transformations, dividing the modes into scalar, vector and tensor.
In principle, when we try to evaluate the Einstein tensor for such a generic metric, we need
to take into account all the possible combinations in G;; between ¢, ¥, w; and Y;;, finding
out how one perturbation can affect the evolution of another one. However, if we stop at
linear order in perturbation theory, as we have done for all this thesis, we can prove [76]
the decomposition theorem, which states that any linear differential equation, at most of
the second order in the derivatives, can be decomposed into mutually decoupled equations,
each of which contains only one type of perturbations (e.g. only scalars, only vectors or
only tensors) if the spatial part of the background metric has a constant curvature (which
is the case for the unperturbed FLRW background, which has, at maximum, K # 0, which
is still constan however). This means that when we write down the Einstein equations

G = 87GT), (A.11)

we can compute the Einstein equations separately for the various modes, imposing that
certain modes are zero when we write down the equations for different modes; this is
precisely what we will do in this appendix, diving the work in two subsections, the first
one for the computations of the scalar part, the latter for the computation of the tensor
part, vector modes are set to zero automatically by the gauge choice and by the expansion
of the Universe, as already stated. A brief comment about the stress-energy tensor is
needed too: clearily each energy-momentum tensor depends both on the tensor and the
scalar modes, thus we can state that it has a component whom evolution is determined by
the scalar perturbations and another one which is determined by the tensor perturbations,
because of the equation for these two parts are decoupled, we can think that the two
evolves independently and then we can decompose, at linear order, the total distribution
function into a part which corresponds to the tensor modes, and into a component which
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is determined by the scalar modes. This is the case of neutrinos, the only particle species
which is sensitive to the tensor modes, for this we have used two distinct notations for the
distribution function perturbations, § F'(n, %, ¢) for the tensor modes and N (n, Z, ¢) for the
scalar modes.

In the next sections we will compute separately the Einstein equations for the scalar and
the tensor modes.

A.2 Scalar perturbations

A.2.1 Geometrical part

The aim of this section is finding the explicit form, in function of the scalar perturbations
of the FLRW metric, the Einstein tensor G,. The starting point is the line element in
the Poisson gauge, introduced in Section Eq. (2.3.7):

ds* = a*(n)[—(1 + 2¢)dn* + (1 — 2¢)8;;dx" d?], (A.2.1)
therefore the metric and its inverse are

Guw = a®(— (14 29), 6;;(1 — 2¢0)), g = 6712(_(1 —2¢),67(1+2¢)).  (A2.2)

We evaluate explicitly all the Christoffel’symbols, defined by

1
I‘lzfp = §gup(a,ugpu + 8ug,up - 8pg,uu)- (A.2.3)

We start by evaluating the affine connection for p = 0:

1 1-2¢
ng :Egop(augpl/ + al/g,u,p - (9pg;w) == _7(8ug()y + 8VgMO - 80.9/“,) (A24)

and we have
T = — (1 - 20)[~H(1+20) — ¢') = H+ ¢,
F?o :ng = 00, (A.2.5)
I =(1 = 2¢)[H(1 — 2¢) — ¢']655 = [H(1 — 2 — 2¢) — ¢]6i;.

The remaining case is the one for p = 4:

1+
L = 2a2

0*{0u[a*(1 = 296k + Ou[a® (1 — 2908k — Okgun} (A.2.6)
and then we have

FBO :az¢7
B0 =1+ 20) 8 M — 29) — '] = [H — )6, (A2.7)
b =(0")6k — D36}, — Op0}).
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We recall the form of the Riemann tensor,

Rf,, = 0,10, — 0,10 +T0,Tp, —T0.T2,, (A.2.8)

and of the Ricci tensor,
R, = RWV (A.2.9)

From this we can find the explicit form of the Ricci tensor, which derives from contraction
of the Riemann tensor:

Roo =0,I'Gy — 00Ty + 10 )\FOO g 1“0.0 =
=[0TGy + B:Tho] — [T + AoTho] + [ThoT T + ThoT'5:] — LTG0 + 20T + T, Th] =
—[H' +¢" + 8;0°0] — [H + ¢" + 3(H — ¢+

+((H+ ) H+ ¢ +3(H—1)) + 0'¢(0idp — 30:)]+
— [(H+¢')* +2000i¢ + 3(H — v')?] =
=V%¢p +3¢" — 3H' +3H(¢ — ') = V3¢ + 3¢ — 3‘;” + 3H? 4+ 3H (¢ + ),

Roi =0,1'G;, — 0il'gy + T2 /\F —TIY, Fao =

=[00TY; + 9;T;] — 3:(TGy + T%) + [T + T, T ]+

— [THIgo + Fgor + T Péo + Fk Pj Wl =
=[0i¢/ — 0] — (30 — 300"+

+{0ip[H + ¢ + 3(H — )] + 61 (H — ¢')(9;¢ — 30;) }+

—{0ip(H + &) + Bip(H — ') + Bip[H(1 — 2 — 2¢) — '] — 3HOW} =
=20;9" + 2H0; ¢,

Rij =0,17; — 0,1, + T\, — 5T, =
={[(H'(1 — 20 — 2¢) — 2H(¢ + ¢') — ¢"|6i5 + O (0F4p;; — Djb6) — DnboT) }+

—[0:9(¢ — 3¢) |+

FA{HA =2 = 26) = |[H + ¢+ 3(H — )]0ij + (0 — 30:3)O (4, ) }+
+ (—1){0:¢0;¢ + S8 [H(1 — 2p — 2) — /|67 (H — ')+

+ O (H — )0 [H(1 — 29 — 2¢) — '] + O* (¥, ¢)} =

=[(5+72) (0 =20 —20) = HEY +¢) =¥ + V20|85 + 006 — 9).
(A.2.10)

The Einstein equations in General Relativity relate the variations of the metric to the form
of the stress-energy tensor:

1
Guw = Ry — §9WR =87GT,, (A.2.11)
with the Ricci scalar defined as

R= Rl = " Ray.. (A.2.12)
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We will focus on the right-hand side of the equation in the following section, in this one
we are interested only in evaluating the geometrical quantities, i.e. the left-hand side.
Because of the covariance of the equation, we can rewrite the equations by rising one of
the two indices, for example the p index, in this way we have a simplification, because
gy = g"*ga, = 64 and then we have a simpler product to calculate at the first order:

1 |
Gl = 9"*Gav = 9"*Ray — 50, (gOORoo + g“’Rpl.). (A.2.13)
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The explicit results are then

1 o1 a1 ;
G) =R — 598(}38 + R;) = §(R8 - R;) = §(QOOR00 — 9" Ry,) =

:%{—(1 —20) [v% + 39" — 3‘;” + 3H? + 3H (¢ + 1//)} +
~ (5 +22) (1= 20— 20) — MG + ¢) = 0 + V2|01 + 20)+
— 500, (1 — 9) | =

2

~ 07 [~V = 30"+ 31— 20) — 3HA(1 = 20) — 3H(Y + ) + 3H(5Y + )+

+ 39" = 32 — V3(y — ¢) - 3( % + H2) (1 - 20) | =
:% [H2(6¢ ~3) + 6HyY — 2v2¢} ,

GY =R) - %ggR — RY = g" Ry, = [—%(1 —20)| [200 + 21010 ] =

= S [How+ o],
i~ Ry = %52‘3‘ (ijl + Haqu): %(aw’ - Ha@)

G =R~ LgiR=[R) - %5;1 (rk+18)]=

2
= [(CZ, + H2) (1= 26) = H(5Y + &) — v + V2] ) + 90, (0 — 0)+
1 "

5 [—v% — 3" + 3%(1 —2¢) — 3H?(1 — 2¢) — 3H(¢' + ') — 3H(BY + ¢')+

— 39"+ 392 + V21— 9) + 3(

a//

+H2) (1-20)|01} =
Z%{ [—22”(1 —2¢) + H?(1 — 2¢) + 2H¢' +AHY +2¢" — V) + v%} S+
+ 00,0~ 9) }.

a

(A.2.14)

A.2.2 Stress-energy tensor part

We start by the definition of the energy-momentum tensor given in General Relativity for
a system of a certain particle species [22]:

i dp1dpadps p"py ,
=] @nE W fi(n, 2, ), (A.2.15)

TH,i=
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where g; is the degeneracy of the species and it corresponds to the number of the possible
helicity states of the particle, while f; is the distribution function of such a particle, while
9 = Det(gu).
We start recalling that in this discussion we are interested only in the neutrino damping
on the scalar perturbations, and so we can write, from Eqs (2.4.4) and (2.4.5), the four-
momentum as
pw_ 4 —¢ i

P=galehe n)" (A.2.16)

Dy :q(—e¢, e_¢5ijnj).

These are in fact completely general expressions for massless particles, so they are valid
not only for gravitons, but for photons and for neutrinos too.

The integration is made over the physical momentum P; and so we can immediately write
the change of variable of integration as

e 0 0
dpidpadps = d3qldet | 0 e ¥ 0 |: d3qe3Y. (A.2.17)
0 0 e
The determinant of the metric gives also a non-null contribution at the first order:
1 1 e3¢
= = . (A.2.18)
vV —9g 3 e?(b 0 at
a®Det — o
0 (51']'6

Now we can explicitly compute the expression for the stress-energy tensor for the various
components.

We will write the expression for a generic particle specicies ¢, described by a distribution
function

filn,Z,q) = fl-(o) (n,Z,q) +dfi(n,Z,q) (where J f; represents a perturbation to the distribu-
tion) and by an effective degree of freedom g;, and when we will write the final form for the
Einstein equation we will sum all the stress-energy tensors of the various particle species
involved in cosmology, which are photons, baryons (which we neglect in our discussion
however) and dark matter!.

We start from the (0,0) component:

»—31 d3 -3 1 d3
0 _ E:,e qe .¢>,__§:. 9 pr
TO - : gi CL3 / (27'[')3 E’Le f’L_ : gl(LB/(27T)3EZfZ_
1 7

1 a3 i d3
== Zgia?’/ (2W(§3E¢[fi(o) +6fil = — Z [pl(-o) + 33/ (27;;3Ei5fi:|a

)

(A.2.19)

!The discussion for the dark matter is identical to the massless particles one, except for the fact that
the physical four-momentum differs from the massless case for the zero component: p° = e™?E, with

EE\/’N’LQ—FZ%.

pgo) = a% S (gli‘)ls Eifi<0> for all the particle species, but F; can be equal or not to ¢ if the particle is massless

or massive.
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the minus sign in this equation is justified by the fact that in the signature we have chosen,
(—,+,+,+), the (0,0) component of the stress-energy tensor is defined as minus the energy
density, i.e. T§ = —p.

We are interested only in the neutrino contribution, but in the evolution are involved also
the densities of all the other particles involved in cosmology?, i.e. [22]:

o (0)

£ =80 a7,

_ N ofu(ni)

- 4q _ 0

Ndm —ag/(27r)3fdm ndm(1+5)?

i 1 / d*q & q
v “aing, | @nplME

3pdm

We want also to stress that § = , it is the fractional overdensity for both the particle
number and for the energy, because for non-relativistic particles p,.,. = mny, ..

With these definitions we can write the total energy-momentum tensor, in order to find
out, from the Einstein equation, the first equation we will use in the further analysis:

o[ g of
Tg:—i;[pgug/(%) (=, 9)} (Pl + 00in) =
; A.2.21
:_igy[p50)+4é/< ol |-+ - o

= [P0+ 400) + o0 (1 + 4ND) + ) (14 8)|,

where we have used for 0y and 79 the definition of the monopole of a certain function f:

1
fo= 3 [ ot (222

It is trivial to check that the (0,0) Einstein equation at the zero-order gives us the first
Friedmann equation, then we will focus only on the first-order equation:

V2 — 3H (v + Ho ) =4nGa? (V480 + oV ANy + o)) (A.2.23)
Notice that we are dealing with only two variables, ¢ and 1, and so in principle we need
only the longitudinal traceless part of the (i, ) equation, because the other one will not
provide additional conditions on the system, but in this case we will consider also that part

because it leads to an expression we prefer to use to study the evolution of the potentials
in the dark-energy era.

(0)
2Respect to the previous formula, we have used the parametrizations 6 f, = — B(f;q 0,0f, =— g’; N.
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Because of this we apply, in the Fourier space, the projector % 12:Z — %55 to the stress-energy

momentum tensor Tij and to the Einstein tensor Gg , and in this way we are left with the
longitudinal traceless part (we write the tilde only the first time, to indicate that from
now on we are in the Fourier space, but after that we will omit it for the simplicity of the
notation):

(/%J'l% - 154‘)@1 2k (6= v). (A.2.24)

i~ 3% )G 2.

The calculation for the Fourier transform of the stress- energy tensor is quite simple (here
the quantity of which we make the Fourier transform is f):

3

IR I e3v—¢ d3qe_¢ . 1.\, =
(’f”“i‘g‘sf)Tj:Z p / 2n)? q€¢(’“]’fi‘§5f>"”jfi:

1
a4 14 o8:) (- 5)=
— (0) 2 _
e / i ) o)
_ L[ dg 47r4/+1du 077y 057\ 12 Pr=
at ) (27m)3 1 1 dq dq 2T
8 |4m dg () 4/jL dp a7 dg (0 4/+lcm B
_3L4/<2w>3f7 )P | el PN

= (9, 40),

(A.2.25)

where 4 identifies a single particle species, then we have used the definition p =n - 12:, and
we have used also the fact that all the quantities involved in the integral does not depend
on the ¢ angle, defined as the anomaly angle of n, but only on the azimuthal angle 6,
implicitly contained in y, in fact u = cosf.

Moreover, the integral over y for the fi(o) term is null, because fi(o) represents the isotropic
part of the distribution function, and the integral over all the domain of integration for
Pa(p) is always null.

We recall also the definition of the f-order multipole for a function f, which is

1
(=)

So the second Einstein equation we will use is

fe=

+1 +1
/1 %MPZ(/VL)@% fa= —/1 d?up2(u)f~ (A.2.26)

K0 — ) = —327Ga? (003 + pN3 ). (A.2.27)

Notice that we have not included higher multipoles for the cold dark matter and for the
baryons, because they are fully characterized by the density contrasts and by the velocity
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fields.

Another observation to make is that the photon contribution is relatively small, because
when the energy density of the photons is quite large, i.e. during the radiation era, the
quadrupole contribution is small, and so we need to take only into account the effect of
neutrinos.

In order to evaluate also the remaining part of the (7, j) Einstein equation, we will use the
projector

.2 a”
(6] — Wk G} =5 [ 27(1 —20) + HA(1 — 2¢) + 2H¢' + 4HY + 29" + k> — k%}
Ce 1 d3
((52] —k]kz‘)Tj (27[_)361(52] _k]k)n njfutot
1 d3q 2\ ( £(0) of" _

+1 +1 2
— / dqq*2m / du(l — p?) fo(n;) + / dqq*4f, (n;) / 1 dONZ+

d
+ /dqq 4f, m)/ ;2/\/"7’2( )21 =

7PV0)N2'

8 8
=30l + 2 No + 5

3™ T3
(A.2.28)

We have also used the fact that for the non-relativistic matter the (i, j) component of the
stress-energy tensor is at least a term of the second order in the perturbations, and so we
can neglect such a term. The main difference with respect to the previous case is that
now we also have, in principle, a monopole term for the photons which is not negligible,
because we neglect only multipoles of higher order respect to the dipole, and so we need
to take into account also the CMB.

So another Einstein equation we will use is

"

4
—2“;0 — 20) + H2(1 — 29) + 2He + 4HY + 20" + k> — k2o = §a2p<°>eo+fa2p£°wo+

v

+3a pOIN?.
(A.2.29)

The last Einstein equation we want to find out involves the (0,7) equation. We start by
writing the GY Einstein tensor described in Eq. (A.3.9) in the Fourier space:

Qo = 2;]" (H¢+w) (A.2.30)

105



The (0,7) component of the Einstein tensor is
V= [ dBge3V [ (0) e~ V=9 d3q .
:Z pr / 271'3 qe ’Z’&ijn](fj —|—5fj>zz " / o) 3q5ijn]5fj=
j
1-— d?
Z voe 5 )3qawnfafj Z / GBS =
(0)
B d3q ] af; 1 / d3q B
Z a4/ 3q623n 8 0])+a4 ( ) zyEéfdm =

‘ 1 ; ; 1 .
:p((in)mvl(sij + 4Pr4* /deijnjer = p(o) v'0;5 + 4,0r4/d(0089)(5ijn](97«27r =
T T

dm
:Pé%Ui5ij +4pr/d(0339) 8ijn’ Oy,

(A.2.31)

where we have used the definitions given in Eqs. (A.2.20) and the fact that the unperturbed
part of the distribution function f(©) does not depend on the angular coordinates and so
the 5ijnj integral is null for isotropy at zero order.

After that we project the (0,¢) Einstein equation along l}:", obtaining

2ik tlq
—L(H¢+¢) 87G [pén)lvz +4p0 / 1 ;Pl(u)ﬁr], (A.2.32)

using the fact that nik’ dij = p; moreover, considering the definition in Eq. (A.2.26) and
the fact that P; = u, we have that3

Ho + ¢_47rGa(

pgl%v + 4pr0r’1). (A.2.33)
We can consider also the Fourier transform of Eq. (A.2.23):
k2 — 3H (1// + ’qu) = 4nGa? <pg0>4ao + PO 4N, + p© 5), (A.2.34)

and by diving this equation by H and summing it to the other one we obtain

K% 4nGa? [3%

1
S’H 37_[ L (/0(0)1; + 4pr9r 1)+7-[ ( g0)400 + pl(/0)4'/\/’0 + p(0)5):| ) (A.2,35)

The last Einstein equation we will use is then

ArGa?

V=g [pdmé +4p,0,0 + 321 (pdmv + 4pT0T,1)} . (A.2.36)

3We should have (_”—i), but, for the further calculations, we will use a new definition of v, which is v = iv
(with a little abuse of notation).
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A.2.3 The full set of equations

Just to sum up, we will write the Einstein equation and the Boltzmann equations (and the
corresponding moments) we will use in the further discussion [22], recalling that we are
not considering baryonic matter:

0" +ikpd =" — ikpgp — 7' [0 — 6 — %Pg(ﬂ)eg}, (A.2.37)

& +ikv =3¢/, (A.2.38)

v+ Ho = —ik, (A.2.39)

N +ikuN =o' — ikuo, (A.2.40)

K2+ 30 + Ho )= —47Ga® (pamd + 4p,010), (A.2.41)
k(¢ — ) = —32wGa?p,0,.2, (A.2.42)

b= —47’;“2 [,odmé +4p,0r0 + % (pdmv n 4p7n97~,1)} . (A.2.43)

A.3 Tensor perturbations

In this section we are interested in evaluating the form of the Einstein tensor G, for
the tensor modes, while the form of the stress-energy tensor for such modes is explicitly
computed in Chapter 3. The discussion is analogue to the one seen for the scalar modes
in Section A.2, except for the fact that the metric and its inverse we are using now are

1 o
Juv = a2(—1,(5¢j + hij) g = g(—l,(gl] — h”). (A.3.1)

We evaluate explicitly all the Christoffel’symbols, defined by

Iy, = %g“”(c‘hgpy + OuGup — OpGuw)- (A.3.2)
We start by evaluating the affine connection for p = 0:
I :%QOP(@LQW + Ougup — Opguv) = —%‘Lg(augm/ + 0y 9u0 — OoGpuv) (A.3.3)
and we have
Iy =H
Flo =T6: =0, (A.3.4)

1 9
ng =5a2 2aa’ (6; + hij) + agh;j = Hoij +Hhij + %
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The remaining case is the one for u = :

) 51’[ _ hil
Fiw :W{auglu =+ al/gul - alg;w}
and then we have
Féo :07
(0% — pt il — pit hi
%0 :(2(12)80%1 = (2a2)(2aa'52j + 2ad’hij + hij) = 7‘7 + &M,
: 5il _ hil 1 ; : ;
jk :T(aj‘hkl + 8khjl — 8lhjk) = 5(8jhk + 8khj -0 hjk)-

We recall the form of the Riemann tensor:

A A
R, = 8,1%, — 9,00 +T0,I), —~T0.T

nov ow’

(A.3.5)

(A.3.6)

(A.3.7)

from this we can find the explicit form of the Ricci tensor, which derives from contraction

of the Riemann tensor:

Ry =R}, = 0,I0, — 0,1, + Ty, =TIy,
Rop =0,T5) — 8ol'g0 + T5, g0 — T5T50 =
=[00T50 + 0iTho] — [B0T 0 + AoTfo] + [T g0 + Lol il +
— [T 00 + 2TheT%0 + To;T%,] =
=—3H + M —H* =31
Rij =0,17; — 0;I'g; + Fg/\ri\j - ?Arc/}z’ =
=9I, + O L% — ;T — 9;TF, + T9r% + 19Tk +
+ F'ziof?j + Fﬁlréj - F(]]'Orgi - F?krlgi - F?orgz‘ - P?lrim' =

1 1 1
:’H,((Sij + hij) + 'Hh;j + gh;/] — §8k8’“hij + HQ((Sij + hij) + §Hh;j + 3H2(5ij + hij)+

- Own - (hfk/ + 059) (M + Moy + h’;’f)+

2 /” 2 2
!/
- (h; + 619) (Mo + Hhu + };“)z

1, 1
=H'(6ij + hij) + Hhij + Qh;'] - Eakakhij + H? (855 + hij)+

1 3
+§Hh%+3H%&j+th+§th—(éMj+2H%ﬁ+2H%w>:

1 1
:ihglj + 'Hh;j — EVthj + hz‘j(’Hl + 27‘[2) + 51‘]‘(7'[/ + 27‘[2)
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The Einstein tensor for the (¢, ) component is then
1 : 1
Gij =Rij = 59i5(9"" Roa + 9" Ria) = Rij — 5 (0ij + hig)[3H' + 3(H' + 2H7)] =
1 1
:§h;’j + Hhi; — ﬁv%j + hij(H 4 2H?) + 05 (H' + 2H%) — (855 + hiy) (3H + 3H?) =
1 1 1
:§h;’j + Hhi; — ﬁv%zj — (855 + hij) QH +H?) = 5h;'j + Hhi;+

I oo 9ij 2
—5gzV hij =y (2H + ).
(A.3.9)

It is immediate to find that the equation for the tensor modes is

a’ 1
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Appendice B

CLASS modifications

B.1 General method

The Cosmic Linear Anisotropy Solving System (CLASS) is a code in C that solves in a fast
and precise way the combined Friedmann and Boltzmann equations for all the components
of the Universe. Using CLASS, it is possible to evaluate easily the CMB angular power
spectra Cp’s, which present similiar features with their gravitational waves analogues, the
Cy’s we are looking for. Our aim is then to modify a little bit the C code, in order to find
these coefficients following the same steps of what has been done for the CMB, using, as
input, NV, = 3 and N, = 0, to observe the expected damping effect of neutrinos on the
gravitational waves.

From a theoretical point of view, the C coefficients for the CMB can be written as

Cy :477/?(9((70,@)213(@, (B.1.1)

where P(k) is the primordial power spectrum (we are implicitly summing over scalar and
tensor modes, which have different power spectra). It is clear that the only difference
with respect to the gravitational waves is given by a different function 6,, which has to be
compared with the transfer functions defined as T é(o) and Te(ﬂ); the comparison is quite

immediate, because these functions can be written as’

TO
00 (ro, k) = | drSS (7, k)jolk(r0 — 7)),

Tini

Héa)(Toak) Z/

Tini

" (B.1.2)

I+ 2)! jelk(m0 — 7)]
(1 =2)! [k(ro —7)]*"

dTSéﬂa) (T, k)i

where the functions St are called source functions and “(0)” and “(a = %2)” correspond to
scalar and tensor modes. In this case we have two differences: a different form of the source

'In this section we identify the conformal time 7 as 7, because it is defined in this way in the CLASS code,
thus when we will explicitly write down the modifications of CLASS, it will be immediate to understand
whom 7 corresponds to.
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functions for the gravitational waves (for which we will immediately make a comparison)
and the initial time of integration, which is equal to the recombination time for the CMB
and to the neutrino decoupling for our discussion about the gravitons. Proceeding with
the discussion, we see that the source functions for the CMB are?

S (k) =908 +0) + (K 20) + (& + ') + pol.

(B.1.3)
Séﬂa) (1, k) = —e KN,

where g = —K’e ¥ is the visibility function® and K is the optical depth for the photons,
while pol. corresponds to a polarization term; these source functions as the be compared
with the ones for the gravitational waves,

S (r, k) =6 (. k)3(r = ) + ¢/ (7, k) + (7, ),
S(Ta)(T, k) =H.
In order to obtain the results we are looking for, two steps are necessary: to modify

properly the source functions and to change the initial time of integration; we will discuss
each corrispective procedure in a different section.

(B.1.4)

B.2 Modifying the source functions

In CLASS we are interested in the accuracy of integration and in the speed of computation,
because of this we write 6, in the following form:

70

9@0)(70,@:/. dT{S(T(?())(Tak)jdk(To_T)] +SEA Tk )W
)

#5033 2] afk En@ ;>]T2] +adk(m =]
(B.2.1)

and the best choice to do such an integration, i.e. the one imposed by default by CLASS,
is

)
0
) =e Kk(y - ), (B.2.2)
)
2

2For the same reason of the previous note, we will use the following convention:

¢crLass = YoUuRr and Yorass = ®Pour,

therefore ¢ and ¢ assume the definitions given above.
3This contribution is equivalent to a Dirac delta, in fact

/OTO arg(2 T8 ()= QTN k),

where 7, is the conformal time at the recombination.
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where we are not interested in writing explicitly the last term because they involve the
CMB polarization, which we do not consider for the gravitational waves case.

The choice we have made to modify the source functions consists in imposing that g =
0, e =1 and d; = 0 in the equations (B.1.3), observing that they give equivalent
source functions to the ones of the stochastic gravitational waves background. Notice
that by imposing g = 0 we are explicitly neglecting the (7, k)d(7 — 7;) contribution in
the source functions, we have done this because we expect that the neglected term is
subdominant, improvements on this side should be done in a future work. in The source
functions are calculated in the perturbation module, which can be found through the path
source/perturbations.c, and they can be found by searching for set source (ppt— >
index _tp t0) (for both the scalar and the tensor modes). Notice that we could work both
in the newtonian and in the poisson gauge, but we prefer the first one, because all the
results found until now have been found in such a gauge.

It is trivial to check that the correspondences between the variables in the program and
the ones named in the equations are the following:

)

_set_source_(ppt— > index tp ti) HS%,
_set_source_(ppt— > index tp t2) < S(Taz)
ylppw— > pv— > index pt_phi] <o,
pvecmetriclppw— > index _mt_phi_prime] <>¢’,
pvecmetriclppw— > index mt_psi] <1, (B.2.3)
pba— > conformal _age <>y,
delta_g <+dg,
pvecthermolpth— > index th _g] <g,
pvecthermolpth— > index _th_dg] <»¢,
y[ppw— > pv— > index _pt_gwdot] «+h’.

To sum up, the modified part of the code will be then

if (ppt->gauge == newtonian) {
\_set\_source\_(ppt->index\_tp\_t0) =
switch\_isw * ( 2. * pvecmetric[ppw->index\_mt\_phi\_prime]);

\_set\_source\_(ppt->index\_tp\_t1l)=switch\_iswxk* (pvecmetric[ppw->index\_mt\_psi]-
y [ppw->pv->index\_pt\_phil);

\_set\_source\_(ppt->index\_tp\_t2) = 0;
}

For the tensor part the situation is simpler, because we have that in the CMB case the
only non null term is Sgﬁg and it is equal to

S\ — —e K, (B.2.4)



thus we impose

S —w (B.2.5)
and the modified part is quite simple too (we impose also null each tensor polarization):

if (ppt->has_source_t == _TRUE_) {
_set_source_(ppt->index_tp_t2) = y[ppw->pv->index_pt_gwdot];
}

/* tensor polarization */
if (ppt->has_source_p == _TRUE_) {

/* Note that the correct formula for the polarization source
should have a minus sign, as shown in Hu & White. We put a
plus sign to comply with the ’historical convention’
established in CMBFAST and CAMB. */

_set_source_(ppt->index_tp_p) = O;
}

B.3 Modifying the time integration range and time sampling

CLASS samples the source functions from a certain initial conformal time, 7;,;, and for a
certain number of times until 7y; it can be seen that for the CMB the sampling starts at
around 7 / 200 Mpc, while we would like to make the sampling begin at times very near
to 0, like for instance at 7 ~ 0.0001 Mpc, in addition we would like also to be sure that,
once we have chosen this new initial time for the sampling, the program takes a sufficient
number of points, so we should also check that this is true.

We recognize that the initial sampling time is defined in “output/perturbations.c” at the
line

tau_lower = pth->tau_ini;

through an iteration cycle in which the ratio of the Hubble and the thermo scales are
compared. We are not particularly interested in it, the only important results are that
Tini,th =~ 24 Mpc and 7;,; = 227.499466 Mpc; we can change this result imposing by hand
at the beggining of this cycle that the initial time before the iteration is equal to the initial
time tabled to evaluate the background quantities, pba— > tau_table[0], i.e. we substitute
to the previous expression the following one:

tau_lower = pba->tau_table[0];

After that, we notice that the condition which regulates the bisection for finding the correct
initial time is
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if (pvecback[pba->index_bg_a]*
pvecback [pba->index_bg_H]/
pvecthermo [pth->index_th_dkappal >
ppr->start_sources_at_tau_c_over_tau_h)

tau_upper = tau_mid;
else
tau_lower

tau_mid;

where start _sources at_tau _c_over tau h is a parameter which assumes a value de-
fined in the header file include/precision.h that can be modified, and we change it from
8-1072 to 8-107?: the lower this value the lower the initial time for sampling the sources,

class_precision_parameter(start_sources_at_tau_c_over_tau_h,double,0.000000008)

In this way we are able to set 7;,; = 0.000775, but another problem arises and it concerns
the sampling rates. If we take two consecutive conformal times, the sampling works as it
follows:

Ti+1 = T; + sampling _stepsize x timescale _source, (B.3.1)

where sampling _stepsize is a quantity set to 0.1 in output /precision.h, while timescale _source
is a quantity that needs to be evaluate by understanding the physics of the system. For
instance when we consider late times we have that

ratethermo = 9 . 1
. \1/2 — timescale_source = T — (B.3.2)
— a a -
ratejgte = < o *a2> ratethermo  Tatelate

which is defined in the following lines of code:

if (ppt->has_cmb == _TRUE_) {

/* variation rate of thermodynamics variables */
rate_thermo = pvecthermo[pth->index_th_rate];

/* variation rate of metric due to late ISW effect
(important at late times) */
a_prime_over_a = pvecback[pba->index_bg_H]
* pvecback[pba->index_bg_al;
a_primeprime_over_a = pvecback[pba->index_bg_H_prime]

* pvecback[pba->index_bg_a]

+ 2. * a_prime_over_a * a_prime_over_a;
rate_isw_squared = fabs(2.*a_primeprime_over_a

-a_prime_over_a*a_prime_over_a);

/* compute rate x/
timescale_source = sqrt(rate_thermo*rate_thermo+rate_isw_squared);
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Unfortunately, pvecthermo[pth— > index th rate] is huge when evaluated at neutrino
decoupling, therefore if we start the integration at that time, the program requires an
infinite amount of time, thus we will use as initial time (at maximum) 7; = 30 Mpc, which
corresponds approximately to

class_precision_parameter (start_sources_at_tau_c_over_tau_h,double,0.0004)

This will be our definitive value for the initial time.

B.4 Python Notebooks

Here we put some plots to understand better when CLASS starts giving troubles.

First of all we use as input NNV, = 10716 instead of exactly N, = 0, because this gives
solutions with a similiar behaviour to N, = 3, it seems like that putting N,, = 0 gives some
troubles in certain parts of the code (in addition N, is so small that phyisically there are
no significant differences with considering zero neutrinos). The code to plot in the Python

Notebook the scalar contributions to the anisotropies, Cy g is then

# import necessary modules
# uncomment to get plots displayed in notebook
Jmatplotlib inline
import matplotlib
import matplotlib.pyplot as plt
import numpy as np
from classy import Class
from scipy.optimize import fsolve
from scipy.interpolate import interpild
import math
# esthetic definitions for the plots
font = {’size’ : 16, ’family’:’STIXGeneral’}
axislabelfontsize=’large’
matplotlib.rc(’font’, **font)
matplotlib.mathtext.rcParams[’legend.fontsize’]="medium’
plt.rcParams["figure.figsize"] = [8.0,6.0]
HHF R R R R R
#
# Cosmological parameters and other CLASS parameters
#
common_settings = {’output’:’tCl’,#’1_max_tensors’:’2500’,
>gauge’ : ’newtonian’#, ’modes’:’t’}
common_settingsl = {output’:’tCl’,
’YHe’:0.24532,
’gauge’ : ’newtonian’,’modes’:’s’,
’N_ur’:0.0000000000000001, ’N_ncdm’ : 0}
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Ma = Class()

Ma.set (common_settings)

Ma.set({’modes’:’s’})

Ma. compute ()

cl_tota = Ma.raw_cl1(2500)

M1 = ClassQ)

M1.set(common_settingsl)

M1.compute ()

cl_totl = Ml.raw_cl(2500)

M1.struct_cleanup() # clean output

M1.empty() # clean input

plt.x1im([2,2500])

plt.xlabel(r"$\ell$")

plt.ylabel(r"$\tilde{C}_{\ell,S}$")

plt.grid()

ell = cl_tota[’ell’]

factor = 1.e10%ell*(ell+1.)/2./math.pi

plt.loglog(ell,factor*cl_total’tt’],’b-’,label=r’$N_\nu=3$’)

ell = cl_tot1[’ell’]

factor = 1.e10%ell*x(ell+1.)/2./math.pi

plt.loglog(ell,factor*cl_totl1[’tt’],’r-’,linestyle=’dashed’,
label=r’$N_\nu=0$’)

plt.legend(loc="right’,bbox_to_anchor=(1.4, 0.5))

plt.savefig(’fondogw_scalar.pdf’,bbox_inches=’tight’)

The Python Notebook used to plot the tensor contribution to the angular power spectrum
is:

# import necessary modules

# uncomment to get plots displayed in notebook
Jmatplotlib inline

import matplotlib

import matplotlib.pyplot as plt

import numpy as np

from classy import Class

from scipy.optimize import fsolve

from scipy.interpolate import interpild

import math

# esthetic definitions for the plots

font = {’size’ : 16, ’family’:’STIXGeneral’}
axislabelfontsize=’large’
matplotlib.rc(’font’, **font)
matplotlib.mathtext.rcParams[’legend.fontsize’]="medium’
plt.rcParams["figure.figsize"] = [8.0,6.0]

117



B S s S

#

# Cosmological parameters and other CLASS parameters

#

common_settings = {’output’:’tCl’,#’1_max_tensors’:’2500’,
’gauge’ : ’newtonian’#, ’modes’:’t’}

common_settingsl = {’output’:’tCl’,
’YHe’:0.24532,
’gauge’:’newtonian’,’modes’:’t’,
’N_ur’:0.0000000000000001, ’N_ncdm’ : 0}

Mb = Class()

Mb.set (common_settings)
Mb.set({’modes’:’t’,’1_max_tensors’:’2500°})
Mb. compute ()

cl_totb = Mb.raw_c1(2500)

M1 = Class()
M1.set(common_settingsl)
M1.set({’1l_max_tensors’:’2500°})
M1.compute ()

cl_totl = Mi.raw_cl(2500)
#cl_lensedl = M1l.lensed_cl(2500)
M1.struct_cleanup() # clean output
M1.empty() # clean input
ratio_oscillating=[]

1_grafico=[]

ratio=[]

plt.x1im([2,2500])

plt.xlabel(r"$\ell$")

plt.ylabel(r"$\tilde{C}_{\ell,T}$")

plt.grid()

#

ell = cl_totb[’ell’]

factor = 1.e10%ell*(ell+l.)/2./math.pi

plt.loglog(ell,factor*xcl_totb[’tt’], ’b-’,label=r’$N_\nu=3$’)

ell = cl_totl[’ell’]

factor = 1.e10%ell*(ell+1l.)/2./math.pi

plt.loglog(ell,factor*cl_totl[’tt’],’r-’,linestyle=’dashed’,
label=r’$N_\nu=0%$’)

plt.legend(loc=’right’ ,bbox_to_anchor=(1.4, 0.5))

plt.savefig(’fondogw_tensor.pdf’,bbox_inches=’tight’)
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Appendice C

f(q) neutrino damping

Until now we have only computed the effects of neutrinos on the gravitational waves ani-
sotropies, considering the role of their anisotropic stress on the evolution of the metric
perturbations. We have also seen, in Eq. (1.6.50), that the graviton occupation number
for a given comoving momentum ¢ is related to the squared amplitude of the g-mode of the
waves, i.e. to |vy(n)|? or, alternatively, to |hy(n)|?, therefore we see that the damping of
the tensor modes h;; has not only the effect of damping the anisotropies which derive from
the free-streaming of the gravitons, but it decreases also the graviton number density or,
in other words, the unperturbed graviton distribution function f(q). In this last section we
want to evaluate this effect, relating the abstract concept of graviton distribution function
perturbation I' to an observable quantity, the density contrast dgy of the gravitational
waves.

From Section 2.6, we know that the total energy density for the gravitational waves at the
leading order can be written as

p(c()%v(n,a?) = /dpldpzdmpf(q) = a14/d3qqf(q), (C.0.1)

but we know also, from Eq. (1.4.14), that it is equal to
0 — — 1 N\ .11 —
Pl (0, ) =T8%v<n,x> = s (Wl 0, ) (1, ) =
d3q d3 ' ij iZ-(q+
sz 22 | o e 0 D )

(C.0.2)

For different reasons, in this thesis we have used three different parametrizations for the

gravitational waves:

hij(n, @) = Z eijahq(n)
A

hlj(nvqj :Zem,/\g)\(@h(nvq)a (COS)
A

h‘ij (777 q_j :hij<07 (T)X(Ua Q)a
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defined in Eqgs. (1.6.32), (2.7.1) and (3.2.34) respectively. By looking at the results of
Chapter 3, we know that x(7,q) is damped by neutrinos, mainly on small scales, for k >
krg, therefore f(g), which is related to | (7, ¢)|?, will be damped by neutrinos too. In fact,
by using Eq. (2.7.1), we see that hx(n,q) = &x(@Q)h(n, q), where £\(§) corresponds to the
initial conditions fixed by the inflation, while h(n, ¢) corresponds to the temporal evolution
normalized with respect to the initial conditions. Therefore, by using Eq. (2.7.25), we write
the energy density as

3
0 _ d q 47r PO , )
Paw = 32ﬂ<;a2§£:j/ (@I (n, @)1, (C.0.4)

from whom, by a comparison with Eq. (C.0.1), we find out that the unperturbed neutrino
distribution function is

7(0) = Tagrag e ro)P 2 37 P ), (©05)
A

One of the most important future experiments which is supposed to be able to detect the
cosmological gravitational waves background is LISA, which is sensitive to frequencies v in
the range [107°,0.1] Hz, which corresponds to a range of wavelenghts of [6.4 x 10, 6.45 x
10%3] Mpc~!, where we have used the relation A = 2w /k and A\v = ¢, with 1 Mpc= 3 x 10?2
m. We are indeed considering small scale modes, which have the squared amplitudes
reduced by a factor 35% in presence of neutrinos, this means that the unperturbed graviton
distribution function we are considering will be damped by the same factor too.

We can check that the above expression for f(q) is time independent, consistently with Eq.
(2.4.16): using Eqs. (1.6.33) and (1.6.39), we see that, for super horizon modes, we have

) +ign ) +4 / )
vy + g =0 — vy ~ e hy ~ c — ah/ ~ aei’q”<ﬂ — a—2>~ e (+iq — aH),
a a a
B (C.0.6)
therefore, by using k > aH, we have proved that f(q) is constant,
= cost.
)t (,0)* ~ ¢* = f(@) = = 5= PO (k). (C.0.7)

To conclude all this thesis work, we want to apply all the things seen until now to the
physical observables from interferometers. The quantity that could be measured is the
density contrast dgw, defined in Eq. (2.6.4), which is equal to

6W:—JL@1h¥QR (C.0.8)

flg) dq

where we have used the scale-invariant power spectra defined in Eq. (1.6.58). We can
decompose the density constrast in spherical harmonics, finding the analogue two-point
functions, which are nothing but the 2C, found in Section 5.2.
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