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Introduction

Though the theory of gravitational waves was developed formally by Einstein in 1916
[1], the idea of a gravitational field traveling through space dates back to Maxwell and
Poincaré [2, 3]. In his memorable book ““ Sur le Principe de la Gravitation Univeselle”
of 1776, Pierre Laplace had considered the problem of an orbital damping force arising
from a finite speed of propagation of the gravitational interaction. He was seeking for
an explanation for the observed decrease of the Moon’s orbital period with respect to
ancient eclipse observations. The energy loss of a system due to emission of gravitational
radiation was first suggested in 1908 by Poincaré [4]. His suggestion was that planetary
orbits must slowly lose energy to wave emission in the gravitational field and pointed
out that such an effect is too small to explain the perihelion shift of the Mercury planet.

The theory of gravitational waves has a longer history of disputes, false dawns and
setbacks. Many theorists doubted, at one time or another, whether they existed at all.
Albert Einstein himself, who founded the theory of gravitational waves in 1916 , num-
bered himself amongst the doubters on at least two occasions. In a letter to his friend
Max Born, probably written sometime during 1936, Albert Einstein reported

Together with a young collaborator, I arrived at the interesting result that gravita-
tional waves do not exist, though they had been assumed a certainty to the first approx-
imation. This shows that the non-linear general relativistic field equations can tell us
more or, rather, limit us more than we have believed up to now (Born 1971, p. 125)

The letter which Einstein sent to Born was based on his work with his young collab-
orator Nathan Rosen under the title “ Do Gravitational Waves Exist 7. In that paper they
apparently showed that according to their calculations, gravitational radiation does not
exist but it is just an artifact of Einstein’s theory and nothing else. Einstein convinced
also Leopold Infield who was a new at Princeton, that according to Einstein’s recent
results gravitational waves do not exist. Once an idea has been putted forward on the
table and accepted by the community, there is nothing more difficult than saying that it
should be erased because is wrong! In fact not everyone after Einstein-Rosen paper was
easily convinced on that. Shortly after their paper was sent to the Physical Review for
publication it was returned to him with a critical referees report, accompanied by the ed-
itors mild request that he “ would be glad to have your reaction to the various comments
and criticisms the referee has made.” (John T. Tate to Einstein July 23, 1936). Einstein
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4 INTRODUCTION

reaction was immediate and he wrote to the editor

Dear Sir,
We (Mr. Rosen and I) had sent you our manuscript for publication and had not autho-
rized you to show it to specialists before it is printed. I see no reason to address the - in
any case erroneous - comments of your anonymous expert. On the basis of this incident
I prefer to publish the paper elsewhere.
respectfully,
P.S. Mr. Rosen, who has left for the Soviet Union, has authorized me to represent him in
this matter.

Soon after, Tate replied to Einstein saying that he regretted Einstein’s decision to
withdraw the paper and that he would not set aside the journal’s review procedure. How-
ever, despite Tate’s letter Einstein from that incident never sent papers to publish to the
Physical Review. Einstein-Rosen paper was subsequently accepted for publication by
the Journal of the Franklin Institute of Philadelphia.

Einstein always had been not sure on the reality of gravitational waves which he
derived 1916 where for the first time the famous “quadrupole formula” was found. To-
gether with Rosen he was looking for exact solutions to the field equations of general
relativity which described plane wave gravitational waves. What they found was that
to do so was not possible without introducing singularities into the components of the
metric describing the wave and as a result they showed that no regular periodic wave-
like solutions were possible. However, in July of 1936, the relativist Howard Percy
Robertson who was already known for his studies on the metric of a homogeneous and
isotropic space which latter was coined the Robertson-Walker metric, discussing with
Infeld (whom Einstein convinced on the non existence of gravitational radiation), he
told to him that hid did not believe to Einstein’s results. Once, Robertson showed to
Infeld the errors contained in the Einstein-Rosen paper, Infeld was again convinced this
time by Robertson and he rapidly communicated to Einstein the errors found in his pa-
per. Einstein quickly contacted the Franklin Journal and made changes in the proof of
the paper. The new title of the paper was “On Gravitational waves” [5]. The errors
contained in the Einstein-Rosen paper were the same which the referee of the Physical
Review pointed out! This little piece of story regarding the nature of gravitational waves
learn us an important lesson, namely that the referee opinion and critics are always very
important.

The just mentioned episode on the non existence of the gravitational radiation is one
of many other episodes in the history of gravitational waves. In his 1922 famous paper
[6], Sir Arthur Stanley Eddington one the most leading astrophysicist of that time re-
marked that gravitational waves do propagate with “the speed of thought”. Eddingtons
outlook on gravitational waves expressed in his paper has earned him a reputation as the
first skeptic of gravitational waves. However, this does accurately reflect his skeptical
attitude towards the analogy with electromagnetic waves, although he was emphatically
not one of those who concluded that gravitational waves did not exist. On the infi-



nite speed of gravitational radiation, Eddington was arguing only that certain classes of
gravitational waves the “longitudinal-longitudinal” and “transverse-longitudinal” were
unphysical. He also showed that the transverse-transverse waves (today are called TT
waves) could carry energy and corrected an erroneous factor two in the Einstein’s previ-
ous quadrupole formula.

Starting from 1938, Einstein with his task force composed by Leopold Infeld and
Banesh Hoffman started developing the post-Newtonian approach to the general prob-
lem of motion in general relativity. This method consist on expanding the equations of
general relativity in powers of the gravitational field strength and in powers of v/c where
v « c is the source velocity. This method of attacking the general problem of motion in
general relativity today is know as the EIH method and so far is on of the most influen-
tial. Inspired by the EIH method, in 1946 the Chinese student of the California Institute
of Technology (Caltech) Ning Hu addressed the EIH method to the gravitational radia-
tion to binary systems. His results were rather surprising since he found disagreement
with the quadrupole formula for the case of two equal masses orbiting around each-other.
However, Hu shortly after corrected his results already published where he found that
the binary system gain energy instead of loosing energy as e result of gravitational wave
emission. In the same period Infeld and his student Scheidegger found that the system
does not present damping effects at all!

At the Bern conference of 1955, Rosen re-emerged again his skepticism on grav-
itational radiation but this time focusing on the energy that it carries. In fact during
the conference he emphasized that gravitational waves maybe do not carry energy, con-
clusion which Infeld and Scheidegger arrived few years ago. Rosen arguments were
based on the fact that the energy is non-localizable in general relativity where the energy
conservation is expressed as the covariant derivative of the energy momentum tensor.
He showed that both Einstein and Landau-Lifshitz pseudo tensors of gravitational wave
which are not invariant quantities under coordinate transformations, do not carry energy
in cylindric coordinates according to his paper with Einstein of 1937.

Despite of too many years of speculations on the nature of gravitational waves, we
can safely say that today the gravitational wave science has become a reality. How all
this happened? How it is possible that a field of research such as gravitational waves
which has been debated for too many years, nowadays has become one of the most
founded in the history of science with several ambitious projects being built around the
globe for their detection? All these changes have not been instantaneously but it took too
many years of intensive studies and contemporarily a lot of efforts on the construction
of the first gravitational wave detectors. If gravitational waves really do not exist or do
not carry energy was one of the most important problems related to the field. However,
another realistic problem was that there were no available sources in order to test even
what was then known. The only theoretical argument which could be compared with
experimental results was only the quadrupole formula which Einstein found in 1916.
In order to apply this relation to physical systems one must have a physical source of
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gravitational waves and moreover the predicted signal at Earth was too small that people
even wondered if it was possible to detect it.

Apart from some false claims made by Weber in 1960 that he had detected gravita-
tional waves, an important point in the history of gravitational waves was the discovery
of the first binary system of pulsars PSR B1913+16 by Hulse and Taylor in 1975 [7].
The discovery crystalized the excitement in the field providing the first test bed for strong
fields effects of general relativity, although there were explicit doubts at first that the sys-
tem would exhibit measurable orbital damping effects [8]. However, doubts went away
in 1980 when after several years of observations Taylor and McCulloch announced the
orbital decay in the period of the binary system PSR B1913+16 in good agreement with
the prediction of the quadrupole formula with an accuracy of 20% [9]. Since then and
mostly due to works of Thorne [10] and Damour [11] gravitational radiation has been
an object of intensive studies. The general consensus today see gravitational waves as
fluctuations in the curvature of space-time, which propagate as waves, traveling outward
from the source.

Roughly speaking there are two groups of possible sources of gravitational radiation
which may be registered by gravitational wave detectors either on the Earth or by space
missions. The first group includes energetic phenomena in the contemporary universe,
such as emission of gravitational waves by black hole or compact star binaries, super-
nova explosions, and possibly some other catastrophic phenomena. The second group
contains gravitational radiation coming from the early Universe, which creates today
an isotropic background usually with rather low frequency. Such gravitational radiation
could be produced at inflation, phase transitions in the primeval plasma, by the decay or
interaction of topological defects, e.g. cosmic strings, etc.

The graviton (gravitational wave) production in the Friedmann-Robertson-Walker
metric was first considered by Grishchuk [12], who noticed that the graviton wave equa-
tion is not conformal invariant and thus such quanta can be produced by conformal flat
external gravitational field. Generation of gravitational waves at the De Sitter (inflation-
ary) stage was studied by Starobinsky [13]. The stochastic homogeneous background of
the low frequency gravitational waves is now one of the very important predictions of
inflationary cosmology, which may present test bed for inflationary models.

The structure of this thesis is as follows: In chapter 1 we discuss the basic the-
ory of gravitational waves. We start from the Einstein field equation and after expand
them around the Minkowski metric arriving at the end at the quadrupole formula. After
that we define the plane gravitational waves and expand a general gravitational wave
in the TT gauge. The last part of chapter 1 concern the energy of gravitational waves
and their energy-momentum tensor. In chapter 2 we introduce some basic quantities
and definitions regarding gravitational wave detectors. We start by defining the detector
signal and sensitivity and how this quantities are related to the gravitational wave detec-
tor signal. Next we discuss the main noise sources concerning both interferometer and
resonant bars. We discuss the many difficulties which people have to face in order to



reduce the detector noise and how to distinguish it from the gravitational wave signal.
We then conclude with an overview on the status of the present and future gravitational
interferometers such as Virgo, LIGO etc. In chapter 3 we begin with the definition of
several quantities of a stochastic background of gravitational waves such as its energy
density, density parameter, amplitude etc. Next we proceed to discussion on the phe-
nomenological bounds on the density parameter of gravitational waves. We conclude
with an overview (not complete) on the most important models of gravitational wave
generation in the early Universe. In chapter 4 and chapter 5 we review the gravitational
wave production by light primordial black holes and their detection. This mechanism of
gravitational wave production will introduce an additional expansion regime in the early
Universe where a large amount of gravitational waves is produced. In connection with
that we study the mechanism of graviton to photon transition in the post recombination
epoch which presents an alternative way on looking for gravitational waves [14, 15].






Chapter 1

General theory of gravitational
waves

Special relativity has been one of the most important achievement in the last century, re-
moving from the mainstream of theoretical physics the concept of absolute time. In his
seminal paper of 1905, Einstein showed for the first time that the laws of physics should
be changed and the old Galileo transformation should be replaced with the Lorentz trans-
formation. Despite the success of the theory of special relativity, it lacks an important
key ingredient in order to explain the macroscopic physics, the gravity.

General relativity is the theory which unify the theory Special relativity with gravity,
where gravity manifest itself as curvature of the space-time. On of the most important
achievements of this theory is that it admits wave-like solutions of the field equations
where waves do propagate outward from the source with the velocity of light. In this
chapter we present a simplified derivation of the field equations in vacuum and most
important properties of gravitational radiation. In deriving our results we closely follow
those in [16, 17, 18]. In this thesis we work in the natural units c = 7% = kg = 1.

1.1 Weak field approximation

The weak field approximation is a powerful method used to solve the Einstein field equa-
tions in regions where the gravitational field is weak and the space-time perturbations
are small. The Einstein field equations are given by
1
Ry — Eg”VR = 87GT,,, (1.1)
where g, is the metric tensor, 7}, is the energy-momentum tensor, R, is the Ricci
tensor and R is the Ricci scalar. The Ricci tensor is defined in terms of Riemann tensor

as R,y = R;,, where the Riemann tensor is given by
- P o
Ry = 0, — 3%, + Tl ~ 507 (12

9



10 CHAPTER 1. GENERAL THEORY OF GRAVITATIONAL WAVES

with I'?. ) being the Christoffel symbols which are expressed in terms of the metric tensor
as follows

1
Y, =3

The similarities of Einstein’s theory of gravitation with the Maxwell theory of elec-

8" (0rgpp + 0p8pr — 0pGop)- (1.3)

tromagnetism are enough such we should not be surprised that, like the electromagnetic
field which has wave properties even the gravitational field itself has such property. As a
first step to understand the radiative properties of the gravitational field, we start by ex-
panding Einstein’s equations around the flat space-time metric. Let us suppose that the
metric under investigation is very close to the Minkowski metric 7, = diag(—1,1,1,1)
and write the general metric tensor as

v = My + My, || < 1. (1.4)

To linear order in A, the Riemann tensor becomes
1
Roupy = E(Qﬁﬁhm + 0o Oyhyp — 0o Ohyy — 0u0yhap) (1.5)

and the Ricci tensor is given by Ry, = g%PRuys,

1

Ry >

(040%hay + P0yhys — Ohyy — 0,0vh). (1.6)
The Ricci scalar is R = g""R,,,
R = 0"Phas — Oh (1.7)

Inserting Equation 1.6 and Equation 1.7 into the Einstein field equations, Equation 1.1
we get the linearized Einstein field equations

Ohyy + 0u0h — 0,0%hay — 0,Phyg + 17,0 Phap — n0h = —162GT,,.  (1.8)

Having chosen a particular reference system given by Equation 1.4 breaks down
the invariance under general coordinate transformation in general relativity. This allows
us to get rid of spurious degrees of freedom of the theory and understand the physical
content of the chosen reference system. In order to see this, let us make an infinitesimal
coordinate transformation of the kind

o =+ E(x). (1.9

Then o
6o, (1.10)

ox”

and applying the transformation of the metric tensor under general coordinate transfor-
mation

, o0x® 0xP
& (%) = 8(¥') = = =5 gap(¥) (111)
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we get the general transformation of the gravitational field tensor £,

Py (%) = By (x) = By (x) = (0uéy + O). (1.12)

In complete analogy with the electromagnetic counterpart the transformations given by
Equation 1.12 are called gauge transformation for the fields 4,,. We may notice that
the only requirement is that |0,&,| ~ |hy,| and is not necessary to require that |£,| are
themselves small. The second order corrections to the right hand side of equation Equa-
tion 1.12, O(hd€) and O(0£0€) have been neglected. Moreover, we can easily see that
requiring |0,¢,| « 1 implies that the transformed gravitational tensor is small, A, | « 1
and both the Ricci tensor Equation 1.6 and the Ricci scalar Equation 1.7 are gauge in-
variant quantities under general transformations given by Equation 1.12.

As in electrodynamics we can impose further conditions in order to fix gauge trans-
formations. It is convenient at this stage to define the new variables A, as

- 1

h,uv = h/,tv - Enyvh, (1.13)

where indices are raised and lowed by the flat space-time metric 1, and & = n*"h,,,.. We
can observe that i = 77’”71,“, =h—2h= —hand

- 1 _
by = Py = b (1.14)

Inserting Equation 1.14 into Equation 1.8, the linearized Einstein field equations in terms
of variables i_zw read

Oy + 00 Phag — 0% 0uhye — 00yhy = —168GT,,. (1.15)

Equation 1.15 will reduce to a wave equation if we use the gauge freedom Equation 1.12
to chose the Lorentz or Hilbert or harmonic gauge, namely

" hyy = 0. (1.16)

Equation 1.16 gives four conditions that reduces the 10 independent component of A,
to 10-4=6 independent components. Using the general coordinate transformation given
by Equation 1.9, the field variables £, would transform as

]jlyv - }_l//lv = Byv - a,ufv - avf,u + nuvaafa, (1.17)
and then using Equation 1.16 we get
hyy — (hyy) = hyy — D€, (1.18)

It follows that coordinate transformation, Equation 1.9, will transform Equation 1.18 in
the Lorentz gauge for the variables BI’JV if we choose the additional condition

("hyy) = Oéy. (1.19)
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So if for example the initial field configuration is such that 0"k, = f,(x), Equation 1.19
will reduce on finding the solutions of equation

0&, = fu(x). (1.20)

Using the Lorentz gauge given by Equation 1.16, the linearized Einstein field equations,
Equation 1.15, for the variables A, become

Ohyy = —167GTy,. (1.21)

The linearized equations Equation 1.21 are the most important equations derived from
Einstein field equations since they allow us to calculate the gravitational radiation in
different situation in both vacuum and inside a given source. Here the bodies acts as
source of GWs when they move in flat space-time and the curvature caused by them is
neglected where in general the Newtonian dynamics is appropriate to determine their
motion.

1.2 Vacuum solutions and the TT gauge

In this section we look for vacuum solutions of Equation 1.21 in regions where the
energy-momentum tensor is 7, = 0. The equation of motion given by Equation 1.21
outside the source, reduce to

Ohyy = 0. (1.22)
As we saw in section 1.1 coordinate transformation Equation 1.9 do not fix the Lorentz
gauge Equation 1.16 uniquely since under Equation 1.9, &Vl_lﬂv transforms as in Equa-
tion 1.18. As a consequence the Lorentz gauge Equation 1.16 remains invariant under
Equation 1.9, if the &, satisfy the wave equation

o0&, = 0. (1.23)

Solutions of Equation 1.23, namely the four functions &,(x), can be used to further re-
duce the number of six independent components of 71111, in Equation 1.17 to just only two
independent components which are physically significant. We can choose for example
the functions £° and & in such a way that the trace 7 = 0 and hg; = 0 and applying the
Lorentz gauge Equation 1.16 we get the following conditions on the fields A,

'hij=0, B.=0,  ho, =0. (1.24)

Equation 1.24 defines the so called transverse traceless gauge or TT gauge which is valid
only outside the source.

Let us now turn on possible solutions of Equation 1.22. We consider first plane wave
solutions because they are very important in many physical situations and because the
retarded wave solutions of Equation 1.21 approache to plane wave solutions as far as
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the distance from the source goes to infinity, r — 0. In the TT gauge the plane wave
solutions are of the form
il (x) = Rieij(k)e™}, (1.25)

where e;;(k) is called the polarization tensor and R{..} means* that we should consider
only the real part of Equation 1.25. If we consider a single plane wave propagating in
the direction fi = k/|k| and take into account that we are in the TT gauge we have that
the trace of Ay, is zero and the wave is transverse, n'h; ; = 0. In this case if we chose the
propagation direction along the z axis, the general form of the spatial components of /4,

in the TT gauge is
h+ h)( 0
W0 = | —he 0 |- coslolr— /)], (1.26)
0 0 O

where w is the gravitational frequency, ¢ is the time and &, iy are the amplitudes asso-
ciated with the plane wave. A general GW can be expanded into plane waves of GW's
(Fourier components) in complete analogy with other wave phenomena. In this case the
general form of the wave is given by

d*k . »
hiTjT(x) = JW <eij(k)e’kx +eji(k)e lkx) , (1.27)
where el’.‘} is the complex conjugate tensor of ¢;; and Kk is the wave wave-vector. The TT
gauge conditions for the expansion, Equation 1.27, give ¢!(k) = 0 and k'e;;(k) = 0.
Another important wave decomposition is through energy Fourier components, namely

Q0
hl-TjT(x, t) = %Tfo dw (ﬁij(x, w)e ! 4 hj(x, w)ei“”> , (1.28)
where 7; (X, w) are the Fourier components of hﬁT These kind of decomposition is
important especially when we are interested in the GW at the detector position, where
the spatial dependence on x can be completely neglected.

As we have seen for a GW propagating along the z axis, the only non zero compo-
nents are hll = —h;yT and hzyT = hyTxT. So it is very convenient to write a general GW
as a superposition of plane GWs with given polarization states, 4 and /. Again in
complete analogy with electromagnetic waves which have two polarization states e, (k),
the polarization tensor corresponding to the two polarization states of the GWs is given
by

efi(k) = (efe — efe?)éi +(efef + eixe;r)éi, (1.29)
where A is a polarization index and e™,e* are two unit vectors perpendicular to each-
other and to the direction of propagation. Choosing a frame when the propagation direc-
tion f is along the z axis and e™ = &, e* = §, the form of the polarization tensor in this

*From now we explicitly omit the symbol R{..} from our equations, however always keeping in mind
to consider the real part at the end of our derivations.
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1 0 0 1
t = X = ) 1.
e;; (0 _1> , e;; (1 O) (1.30)

Still in the TT gauge a general gravitational wave can expanded in terms of polarization

frame is

states and it energy Fourier components

TT d4k —m)(t—k x)
W (x) = Ak, w)ef(k)e (1.31)
A=+, %

where d*k = dw d*k/c and defined h,(k, —w) = h*(k, w).

1.3 Energy-momentum of gravitational waves

In this section we want to discuss the energy and momentum carried by GWs and find an
explicit expression for their energy-momentum tensor. To start with we first study how
a test particle with a mass m reacts when it interacts with a GW? In general equation of
motion of a test particle of mass m, under the influence of a gravitational field is given
by

D&+ dx’ dx”

D12 "“ﬁ Sy dr dr’

where £(7) is called the geodesic deviation and 7 is the proper time which each geodesic

(1.32)

is parametrized. The solution of Equation 1.32 is shown to be [16]

Lo
g(r) = 3hij €(). (1.33)

This equation implies that, in the proper detector frame, the effect of GWs on a test
particle with mass m can be described in terms of a Newtonian force with strength

Fi = hTTgf (1), (1.34)

where the detector response can be simply analyzed in Newtonian physics without any
other reference to general relativity. Since the interaction of a GW with a test mass
particle can be described in terms of a force Equation 1.34 acting on the particle it is
interesting to see how the particle position changes with time when it interacts with a
GW.

Let us assume to have a ring of test particles at rest at given coordinate system and
located in the (x,y) plane. Consider then that the GW do propagates along the 7 axis,
so the only non zero components of hl.TjT are those fori = 1,2 or j = 1,2. According
to Equation 1.34 a particle which is at rest at z = 0, will also remain at rest during
its interaction with the GW and the motion will take place only in the (x,y) plane. In
this case it can be easily shown that by writing the geodesic deviation of the particle
as (1) = (xo + 6x(t),yo + 6y(r)) where (xo,yo) are the coordinates of the equilibrium
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Figure 1.1: Time evolution of GW polarization states, /4 (top panel) and /iy (bottom
panel) when they do interact with a ring of test mass particles.

position of the particle and 6x(¢), 9y(¢) are the displacement induced by the GW, the time
evolution of 6x(¢) and &y(¢) for the + polarization state are given by

h h
ox(t) = %xo cos wt, oy(t) = —%yo cos wt, (1.35)
and for the x polarization state
h>< h)(
ox(t) = — Yocos wt, Sy(t) = — X0 Cos wr. (1.36)

The resulting deformation of a ring of test particles located in the (x,y) plane is shown
in Figure 1.1.

With the argument considered above, GWs interacting with test masses make them
move as a result of a force applied on them which implies that GWs do indeed carry en-
ergy and momentum where the kinetic energy carried by GWs goes to the test particles.
In order to quantify this energy is important to note that any form of energy contributes
to the space-time curvature, so in principle we should expect that even GWs themselves
contribute to the space-time curvature. In section 1.1 we derived equations of motions,
Equation 1.21, for the field A, in the approximation where the background metric was
the Minkowski flat metric 7,,. It is clear that in this case we are completely neglecting
the possibility that GWs contribute to the space-time curvature. To take into account it
we must allow the background metric to have a dynamical structure where GWs can be
viewed as perturbations over a generic curved space-time rather than a flat space-time.
In this case we can write the total metric tensor g, (x) as follows

guv(x) = gﬁv(x) + Iy (x), |huy (x)] <« 1. (1.37)

In general the separation given by Equation 1.37 do not tell us which part can be con-
sidered the background and which part is the GW. An analogy with this situation can be
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made by considering water waves or gravity waves on the surface of the sea. We can
not say with a precision which part belong to the wave (vertical movements) and which
part belong to the unperturbed sea or background which is originated by the incoherent
superpositions of different modes.

A natural way where we can remove the ambiguity in Equation 1.37 is only possible
when there is a clear separation of scales. With this we mean that given a reference
system, a background with curvature radius Rp and small perturbations with reduced
wavelength 1 = 27/, we require that

A « Rp, (1.38)

or equivalently

> fs (1.39)

where f is a characteristic peak frequency of a GW and f3 is the background peak fre-
quency. The separation of the kind Equation 1.38, namely the short wave expansion
[19, 20] includes most cases of GWs at far distance from the source where the back-
ground space-time is almost almost flat. In this context we separate the Ricci tensor

as
Ry =RY +R) +RY + .., (1.40)
where Rfﬁ) is the background Ricci tensor and R}(llv),R,(f,) contains respectively first and

second order terms in /. The explicit expression for R/(le) is

1
Ry = 5 (Y hy + VAV, hyp — VoV hyy — Y,V h), (1.41)

where we made use of Equation 1.6 and have replaced d, — V, with V,, being the

. o L . . B
covariant derivative which is constructed with the metric tensor gl(w)

Vohuy = Oahyy — ToP hgy — 5P g, (1.42)

Calculations for R(z)

v are rather tedious and we here present only its final form

2 1 7 loa 1
R/(w) = Eg(g) (B) [Evﬂhapvvhﬁd + (Vohay) (Vohgy — Vghou) + hpa(VyVihop +

1
VeVohu = VeVohur = VpVultver) + (5 Vahor = Vohao)(Volys + Vishys — vﬁhﬂv)] ,
(1.43)

where indices are raised and lowered with the background metric tensor g}(ﬁ).
Our next step is to separate the Einstein’s field equation Equation 1.1 in low and high

frequency terms. Writing

1
Ry, = 872G (Tw - ngT> , (1.44)
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where T' = g"'T,, and inserting Equation 1.40 into Equation 1.44 we get the following
scale separation

1
R,(fj) = —R,(lzv) + 8nG (T#V - Eg’”T) , Low frequency
RD = RO {826 (T, — Le,T High frequenc (1.45)
uy v w 2gyv . g q Yy .

Here we are in the regime given by Equation 1.38 and 2 « 1 where £ is the typical
(B)

value of GW amplitude. In this case Rﬂf

frequencies since (9Qg,(l€) < 1/Rp and 0phy, < h/A. Moreover, we may notice that Rl(,zv)

contains by definition terms which are of low

contains parts which are both low and high frequency. The low frequency equation indi-
cates that GW's and matter contribute to the background curvature and the high frequency
equation takes into account the propagation of GWs on the background space-time. To
see more closely the meaning of Equation 1.45 let us specialize in vacuum, namely in
regions where T, = 0. In this case we have

R,(g) + R/(,ZV) +o0h)+.. =0, Low frequency
RY +RY) + 0(h*) + .. =0.  High frequency (1.46)

From Equation 1.43 we get the order of magnitude of Rf,%,) ~ (0h)? which from Equa-

tion 1.46 implies Rl(fj) ~ (0h)%. The background Ricci tensor is constructed with the

second derivatives of g,(ﬁ) and its order of magnitude estimate is

RY ~ 260 ~ 1/R2. (1.47)

On the other hand we have (0h)? ~ (h/1)?, so we get the following condition

a
h < Ry (1.48)
Equation 1.48 gives a condition for the GW amplitude in order to contribute to the space-
time curvature. If we consider a region where 7}, # 0, then the matter contribution to
the curvature will dominate the GW contribution and we have h « 1/Rp.

In the case of a flat space-time, the curvature Rp is infinite and Equation 1.48 breaks
down for any value of & « 1. Summarizing, we conclude that the concept of GW has
meaning if and only if condition Equation 1.48 is satisfied. In fact as we saw above, we
can talk about GW only where is a clear separation of scales as given in Equation 1.38
but if 2 ~ 1 according to Equation 1.48 1 ~ Rp and Equation 1.38 is not satisfied
anymore. So the concept of GW is valid only when its amplitude is small compared to
unity.

After having discussed how GWs contribute to the space-time curvature and have
seen the validity of GW concept let us now turn on evaluation of the effective energy-
momentum tensor of GWs. After straightforward manipulations, the low frequency part
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of Einstein field equations, Equation 1.45 can be written in the form

1
RY — 2gf”) R®) = 87G(T,y + 1), (1.49)

where we define the quantity #,, as

tey = < o) — 38 ,(ff)R(z)% (1.50)
{...) denotes a spatial average over many reduced wavelengths 1 or a temporal average
over several periods 1/f. The spatial average basically is done by introducing a length
scale [ where 1 « [ « Rp and averaging over a volume of side [ [19, 20]. If we
consider a region where (T}, ) = 0 only £, contributes to the background metric gf,lj), SO
it represents the contribution of the gravitational field itself to the background curvature
and we define 7, as the effective energy-momentum tensor of GWs.

Let us now compute the energy-momentum tensor of gravitational waves at far dis-
tance from a given source where the space-time is almost flat. The starting point is
Equation 1.50 where we make use of the fact that the space-time is asymptotically flat
and we can replace, V. — ¢ in Equation 1.43. Moreover we use the Lorentz gauge,
Equation 1.16 in order to take into account of only physical degrees of freedom and get
rid to spurious degrees of freedom. In this case Equation 1.43 reads,

<R;(4%/)> = _%<a,uhaﬁ avhaﬁy> (1.51)

where it can be easily shown that <R(2)> = 0. Inserting Equation 1.51 into Equation 1.50
we get an important expression for the energy-momentum tensor of GWs for asymptot-
ically flat space-time

ap
b = 35 G<a hap OhP. (1.52)

An important property of Equation 1.52 is that it is gauge invariant under coordinate
transformations Equation 1.9 and we can replace A,z — hgg in Equation 1.52 since it
takes into account only physical degrees of freedom.

1.3.1 Energy density and flux of GWs

In the previous section, we derived an important expression for the energy-momentum
tensor of GWs, 1,,. In this section we want to evaluate expression for the energy density
and flux of GWs. In the Lorentz gauge ¢/h;; = 0, expression for the energy density of
GWs, pgy is given by fyo

Paw = 356 LT RLD, (1.53)

where we used 0; = 0p and h;; = i, Writing hTT =31 h/le/l (k) and using the property

of the polarization tensor e’lj e = = 26, we get the following expression for the energy

density

Pow = =% + ). (1.54)

16G
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Let us now calculate the energy flux of GWs. In order to do this we intuitively
should expect that the total energy-momentum tensor of matter plus GWs is a conserved
quantity. In fact, this can be easily seen by applying the covariant derivative on the left
hand side of Equation 1.49, where we get the following conserved quantity

VH(Tyy + 1) = 0. (1.55)

Equation 1.55 implies that instead of conservation of each quantity separately, what is
conserved is the sum of energy-momentum of matter plus radiation as we expected! So
there is a exchange in energy and momentum between matter and GWs.

If we limit our considerations far away from the source where 7, — 0 and V¥ — o
we get o¥t,, = 0. Integrating over a volume V bounded by a surface S we get the
following relation

f d*x (0™ + 0it°) = 0. (1.56)
Vv

Equation 1.56 implies

dE . .
— = f dx o = — f dAnit®, (1.57)
dt v s
where Ey = SV d®x 1% and we made use of Gauss theorem with 7' is a vector normal
to the surface S. In general if S is a surface with a spherical symmetry, every direction
will be the same and we can write n;t° = 7' = "0, At large distances from the source,
hi;j(r,t) is almost a plane wave and d,h;; = 0°h;; + O(1/r?) which implies 0 = 1%°. In
this case we have

dE

aE__ f dA L™, (1.58)
dt s

where the minus sign in front of Equation 1.58 means that energy is being subtracted

to the source and that the energy flux carried by GWs is positive. Thus we obtain an

important expression for the energy flux carried by GWs

dE

1. .
& gAdr 167rG<h2+ I, (1:59)

Thus the energy flux of gravitational waves at far distance from the source is simply
proportional to the square of time derivative of the GW polarization state, averaged over
several wavelengths. The flux in units of a given frequency is given by

dE. 7

S L2 ()] + 11 (D), (1.60)

Fgw(f):dAdf_ZG

where h,(f) are the Fourier components of ;. The total energy per unit area contained
in the GW is calculated by integrating Equation 1.60 over the physical frequencies f >
0.
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1.4 Generation of gravitational waves

As we saw in section 1.1 the weak field Einstein’s equation are given by Equation 1.21
in the Lorentz gauge, 0*h,, = 0. One possible solution of Equation 1.21 is given trough
the Green function

hy(x) = —167G Jd“x’(;(x — X )Ty (), (1.61)
where G(x — x) is the Green function which satisfies equation
0.G(x — x') = 6*(x — X)). (1.62)

Just as in the case of electromagnetic theory the appropriate choice of the Green function
for radiative processes is the retarded Green function

1

/
G =) =~ —=wi

6(x0 — x%), (1.63)
where te = — |x —x/|. Inserting Equation 1.63 into Equation 1.61 we get the following
equation for the retarded potential

_ 1
i (%,1) = 4G f P g Tt =[x =), (1.64)

—_x ’
The dependence of the energy-momentum tensor through the combination ¢ — |x — X/|
emphasize the fact that gravitational effects propagate with the speed of light. Equa-
tion 1.64 automatically satisfies the Lorentz gauge, Equation 1.16 because of the conser-
vation of the energy-momentum tensor in flat space-time, d, 7+ = 0. However, outside
the source we can choose a reference system where we can put the potential l_zm, in the
TT gauge, Equation 1.24. This can be achieved by introducing the projector operator
Ajjx(f) which projects a general solution of Equation 1.21 into the TT gauge

N 1 1
Aij,kl(n) = 6ik6jl — 551']‘5](1 + Enkm&j + Eninjékl + El’lil’ljl’lkl’ll —njnld,-k —I’lil’lkéﬂ, (1.65)

where i = & = k = k/|k| = k/w. Therefore in the TT gauge Equation 1.64 reads

hi(x,1) = 4GAju(h) f &y Tu(x,t —|x —xX/|). (1.66)

x — x|

Let us suppose to observe the source radiation in the wave zone r = |x|, namely at a
distance larger than its physical dimension d, r » d. In this case we can expand |x — X/|
as follows

Ix — x| ~r—x"-Af, (1.67)

where |x| = r. If we are interested in the wave at spatial infinity » — o0 we may
approximate |x — x'| ~ r, thus Equation 1.66 becomes

4G . .
iy (5.1) = = A B) f‘ﬁx' Ti(Xt = r+x - 1), (1.68)
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If we write Ty; in Fourier components such as

T(x,1) = fdcu Pk T (K, w) e @7k (1.69)

1
(2m)*
and inserting it into Equation 1.66 after some straightforward calculations we get

4G o [* dw (i
T (x,1) = TAU,kl(n)f 5 Tu(k.w)e w(t=r), (1.70)
—0

Using the fact that the energy emitted by a source per unit solid angle Q is given by

dE r’ * i TT;TT
0" 39 joodthij hl-j , (1.71)

where we used Equation 1.53 and using the expansion Equation 1.70 we get

dE G N e .

0= ﬁAij,kl(n) , dw w” Tij(k, ) Tj(k, w). (1.72)
Equation 1.72 gives the energy emitted per solid angle in terms of the Fourier com-
ponents of the energy momentum tensor. The problem is thus solved once we have

calculated the Fourier transform of Equation 1.69.

1.5 Low velocity expansion and the quadrupole radiation

Hitherto the derived results of the previous section were general in the sense that the
only approximation used there was that we considered the observation distance of the
wave front at spatial infinity where the wave can be considered as a plane wave. In this
section we make a further approximation and assume that the source size d is smaller
than the wavelength 2 = 1/w

wd<K 1= 1>»d. (1.73)

Since the typical velocity of motion inside the source is v ~ wd, the above conditions
is valid as far as the source velocity is non relativistic v « 1. In this case we don’t need
to know the internal composition of the source but only some macroscopic parameters
such its mass, velocity through space etc. In the non relativistic regime the Fourier com-
ponents T (k, w) of the energy momentum tensor are maximal around some particular
frequency w; and satisfy w;d « 1. Taking also into account that the integration region
is limited by |x'| « d we have that in general wx’ - fi « 1 and thus we can expand the
energy momentum tensor in Equation 1.68 at the point (x,7 — r) as

. 1. ..
Tu(xX,t—r+x"0) ~Ty(x',t—r)+n'x" 0, Ty + En’ n’ x" x'7 (9,2 T+ ... (1.74)
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At this stage is very convenient to define the multipoles of the energy-momentum tensor
T;; as follows

Si(t) = Jd3xTU(x,z), (1.75)
Sk = jd3xkaij(x,t), (1.76)
Sk (p) = fd3xxkxlTij(X,t), (1.77)

where the indexes k, [ after the comma in the above equations reflect the fact that they
belong to the k-th and j-th direction x* and x/. Using the above multipole expansion into
Equation 1.74 and then inserting it into Equation 1.68 we get the following expansion
for the retarded potential evaluated at the retarded time t,o; =t — r

4G N T
hijt (%,1) = —Aijua(B) [S’d + a8 4 SnampSH } . (1.78)

Equation 1.78 in general can be casted in a more convenient way if we write the
corresponding momenta respect to the energy density of the matter Ty and linear mo-
mentum T;. Let be M, M, M/, M"™ respectively the monopole, dipole, quadrupole and
octupole momenta of the energy density defined as follows

M = f d>xT(x, 1), (1.79)
M = J d>xTP(x, 1)x!, (1.80)
M = J d>xTP(x, 1)x'x/, (1.81)
Mk = f d>xTP(x, 1) x'x/xk, (1.82)

and the linear momentum momenta defined as follows

P f BT (x, 1), (1.83)
pi f BT (x, 1), (1.84)
piit — f BT (x, 1)), (1.85)

Important relations between the energy density momenta and linear momentum mo-
menta together with their time derivative can be obtained by considering that we are still
working in the flat space-time background metric where the energy-momentum tensor
satisfies the conservation law 0,T*” = 0. One can easily get from the conservation of
the energy-momentum tensor the following relations for the energy density momenta up



1.5. LOW VELOCITY EXPANSION AND THE QUADRUPOLE RADIATION 23

to the octupole

M = 0, (1.86)
M = P, (1.87)
MU = p 4 pi (1.88)

Mk —  pijk | piki  phij (1.89)

and the following relations for the momenta of the linear momentum

P = 0, (1.90)
P — il (1.91)
piik _ giik 4 giki (1.92)

The above sets of relations between various momenta of the energy density and linear
momentum allows us to express the various momenta of S etc. in terms of the sets
composed by {M, M, M/, ...} and {P', PV,...}. For example an important relation can
be obtained by taking the time derivative of M/ which gives

N — pii | pil (1.93)
and using the fact that P/ = S¥ with $/ symmetric respect to the indexes i, j we get

U T
SV =-_M". (1.94)
2
Using similar relations between various momenta we can also easily get the next leading
momenta for S/ which reads

1 ..ijk
Sl,jk _ .
6 M

+3 (PME 4 prk —ppkil) (1.95)
However at the moment we are interested only in the first moment of the set {S %/, S/ .
because the other moments give smaller contributions to Equation 1.78 which in this case
becomes
TT 26 o\ Akl
b (x,1) = TA,-j’kl(n)M (t—r). (1.96)

At this point is more convenient to express the tensor M as follows

. . 1 ; 1 ;

where Mj is the trace of the tensor M*' and the term with the brackets is traceless. Let
us denote with Q;; the traceless part

N 1 R T
07 =MV — gé"M,’; = Jd%p(x, 1)(x'x) — grzé”), (1.98)
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where p = Tyo. By noting that A; j,klel = Ajju () QO we get the following relation for
the retarded potential

2G ..
hi (x.1) = TAij,kz(ﬁ)ka(t— r). (1.99)

Equation 1.99 is of fundamental importance since it allows us to find the energy
emitted by a moving source. Since it depends on the quadrupole tensor Q;; which is
derived from M;; it is also referred as the quadrupole retarded potential. By noting
that the power emitted per unit solid angle is dP/dQ = rngw where pgy is given by
Equation 1.53, we get following expression for the quadrupole emitted power per unit
solid angle

O = T ) Dy Oy (1.100)
The total power emitted by the source is obtained by integrating Equation 1.100 over
the solid angle where the angular dependence is encoded on the projector operator A;j ;.
Integration over the angles can be done by first noting that

1
JdQ nj ...y, = W(éiléizméiﬂ—lizl + ) (1101)

Using the above result, the integration over angles of the projection operator reads

2w

15 <5il(5jk + 116ik6jl — 45,‘]'(5](1) (1.102)

Inserting Equation 1.102 into Equation 1.100 we get the following expression for the
total power emitted by the source in the quadrupole approximation

G - -
Pqua = 5 (QijOxt)ret (1.103)

Equation 1.103 is a very important result in the theory of gravitational waves which was
first derived by Einstein in 1916. It allows to compute the total power emitted by a given
source by just knowing its spatial distribution which is encoded in the quadrupole tensor
Q;;. It is important to emphasize that there is no general consensus on the definition
of the quadrupole tensor, Equation 1.98 in the literature where in several cases these
definitions do not coincide with our notations such as in the Landau e Lifshitz Vol. 2.
As a result in many cases the total power emitted by a source with a given quadrupole
tensor may differ from one textbook to the other by a numerical factor of the order of
unity.

In general the quadrupole formula is widely used in the context of two point masses
in circular or elliptic orbit and in isolated systems such as neutron stars and black holes.
The first case include calculation of the total power emitted by compact objects orbit-
ing around each other such as binaries of neutron stars and black holes. In fact, the
quadrupole formula was first applied to the binary system PSR B1913+16 by Hulse
and Taylor in 1975 and found that the secular approach of the system is in good agree-
ment with the experimental data and was one of the first indirect prove of the existence
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of gravitational waves. On the other hand the quadrupole formula can be applied di-
rectly to isolated systems with known quadrupole tensor where the source must have
non-spherical geometry in order to emit gravitational waves as stated in the Birkhoff’s
theorem.






Chapter 2

Gravitational waves astronomy

Gravitational waves detectors are divided in two classes: resonant mass detectors and
beam detectors. The former class is based in the fact that gravitational waves can carry
energy and it can be extracted from the wave. In fact, if two masses connected with a
spring are stretched apart and after compressed by a gravitational wave, potential en-
ergy is transferred to the spring. If the wave peak frequency is close to the resonance
frequency of the detecting system, the system response is magnified with possible en-
ergy enhancement. Based on this simple principle, Joseph Weber [21, 22] was the first
person ever to built a laboratory detector to detected gravitational waves. He built two
cylindrical aluminum bar detectors, the Weber bars and attempted to find correlated dis-
turbances that might have been caused by a passing gravitational wave. After his claims
on detection of gravitational waves, other bar detectors of better sensitivity were built
which never verified his claims.

The basic idea of gravitational wave interferometer dates back to Gertsenshtein and
Pustovoit [23]. It can be comparable with a right angle Michelson laser interferometer
where gravitational waves interact with a beam of electromagnetic radiation and eventu-
ally induces a phase difference between the light returning from the arms of the detector.
The phase difference increases with time that follow the passage of gravitational wave
causing the redshifted light a longer round trip in the arm than the blue shifted light, see
Figure 2.2

In this chapter we discuss the underlying working mechanisms of GW detectors,
introduce some general concepts which characterize most of GW detectors, discuss main
detector noise sources and overview the present status of GW detectors.

2.1 Detector signal and sensitivity

Independently of what kind of detector is being used for the detection of gravitational
waves (resonant or interferometer), the output which the detector generates is in general

27
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Figure 2.1: Joseph Weber working on the first resonant mass detector at the University
of Maryland.

Figure 2.2: General design of a gravitational wave interferometer.
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the sum of the true gravitational wave signal plus noise arising from the detector itself.
Both the input and the output of the detector are scalar quantities while gravitational
waves are tensor quantities, namely A;;. So, in general the total output of the detector
has the form

s(t) = h(r) + n(2), 2.1

where n(z) is the noise , A(¢) is the total output in GW due to the detector and s(¢) is the
total output of the detector. The GW output A(7) is in general expressed as

h(t) = D"h(1), (2.2)

where the spatial dependence of A;; has been omitted because we are considering the
origin at the detector position, x = 0 and the quantity D'/ is called detector tensor which
depends on the detector geometry.

In general for a stationary noise, the different Fourier components of the noise n(f)
where f is the frequency are uncorrelated. Thus, in this case the ensemble average of
the noise is

@* () = 87 = £)354(0) @3

where S, (f) is a function of frequency f and has the physical dimensions of Hz~!. For
uncorrelated noise components, an important assumption which is usually made is that
the ensemble average of the noise is zero (n(r)) = 0. However, the mean square value
of the noise is different from zero and is usually expressed through

w0y = [ ararar oy =3 [ arsin = [Carsin. e

2) 0
where the function S, (f) is called the noise spectral density or the noise power spec-

trum. With the ensemble average of the noise equal to zero, we can equivalently charac-
terize the noise of a detector as

hy = A/Sa(f), (2.5)

where hy is called spectral strain sensitivity or simply strain sensitivity and has the
dimension of Hz~1/2.

As we saw in the previous chapter, a general gravitational wave in the TT-gauge can
be expanded as in Equation 1.31. If we look for GW at the detector position and consider

GW with reduced wavelength larger than the detector size, k - x/1 « 1 we get

hij(t) = > (e} (k). (2.6)
A=+4,x
Introducing Equation 2.6 into Equation 2.2 we can write the GW signal, h(t) as
W)= Y BN)Fak), (2.7)
A=+,%

where the functions F, are called detector pattern functions and are defined as

Fak) = D"-iefj(k). (2.8)
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The pattern functions F, depend on the arrival direction of the GW, k = (6, ¢) and
implicitly on a rotation angle y of the plane of the wave respect to the wave incidence
direction.

In order to compare the noise with the GW signal, we need an expression for the
mean square root of the GW signal. In fact, by using Equation 2.7 we get

Wy =F [ arsuon. 29)
0
where X
_ [k A A
F= f = A:ZH FA (k) F (k. ). (2.10)

The factor F is a measure of the detector sensitivity loss due to GWs coming from
all directions compared to the sensitivity which can be obtained if GWs come from an
optimal direction, k, ;. The function S (f) is called the square spectral signal sensitivity
and has the dimensions of Hz~!. By imposing that the signal is above the noise threshold
h(t) > n(r) we get

2.11)

Equation 2.11 gives a condition for GW the signal to manifest itself as an excess of
noise and eventually detectable. This condition emphasize the role of the factor F on
the detectability of the GW signal and therefore an appropriate choice of the detector
geometry can minimize the overall noise of the detector.

Each type of detector has different factors F' depending essentially on its geometry
and on the direction of the propagation of the wave. If we choose for example the wave
vector k to have polar coordinates

k = (sinfsin ¢, sin 6 cos ¢, cos 6), (2.12)

and using the fact that & - € = 0, the coordinates for &, &< are given by

At

" = (—cosfsin g, — cosfcos @, sinb), &% = (—cos¢,sing,0). (2.13)

The detector tensor for the case of interferometers with arms along the directions i and
¥ can be written as

D,'j = —(ﬁiVj — f’iﬁj). (2.14)

With the basis vectors given by Equation 2.13 and the propagation direction given by
Equation 2.12 the pattern function are given by [24]

1
F(0,0,¥) — cos @sin2¢ sin 2y + 3 (1 + cos? 6) cos2pcos2y  (2.15)

1
Fy(0,¢,4) = cosOsin2¢cos2y + 5(1 + cos? 6) cos 2¢ sin 2y (2.16)
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After some lengthy calculations, the factor F for interferometers with perpendicular
arms reads

F = f— 1 FA k)P (k) = 2/5. (2.17)

If the arms of the detector form an angle « the factor F' changes as
2
F=z sin” a. (2.18)

This means that the best sensitivity for an interferometer is achieved only when the arms
of the detector form a right angle @ = /2.
In the case of Weber bars or cylindrical bars, the detector tensor can be written as
follows
DYV = @'/ (2.19)

In this case the detector pattern functions can be calculated as in [24]

sin® @ cos 2¢, (2.20)
sin” @'sin 2¢. (2.21)

Fi(0.¢.9)
F>< (9’ ¢’ '7[’)

Therefore for Weber bars the detector form factor is F = 8/15. Comparison between
the form factors of interferometers and Weber bars shows that interferometers are more
sensitive for GW detection, reason why (as we will see in the next sections) they are
more used for GW detection than Weber bars.

2.2 Noise sources

The Interaction of a GW with a detector is different for resonant mass detector and
interferometer. The mean differences are incorporated first in the working mechanism
of each of them and second on the materials being used for their construction. This
differences lead to different sensitivity levels due to the fact the noise in one group may
be further reduced respect to the other. However, there are some noise sources which
are common to both groups and in this section we want to discuss the most important of
them.

2.2.1 Resonant detectors

The working principle of resonant bars or Weber bars is based on the principle of energy
conservation, namely that the energy is transferred to the detector by the GW and we can
think of a Weber bar as an energy detection device. A typical Weber bar is composed of
aluminum with a typical length of / ~ 3 m, a narrow resonant frequency band between
f ~ 400 Hz and f ~ 1.5 kHz and a mass of the order M ~ 10% kg.

One of the most important source of noise is the thermal noise which arises from the
random motion of atoms in the material used. Since a bar can be approximated as an one
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dimensional object, the equipartition theorem tells us that the average thermal energy
for one mode is simply kg7 where T is the bar temperature and kp is the Boltzmann
constant. If we treat the bar as just as simple harmonic oscillator with constant k£ and
denote with 6/ the deviation from its normal length / due to thermal noise, the expected
RMS value of amplitude of vibration is

keT 1/2
SV o B 222
< >zh 47T2f0M ’ ( )

where we made use of (1/2)kél> = (1/2)Mw? = (1/2)kgT with w = 2nfy and fp
is the bar fundamental oscillation frequency. The most recent resonant detectors such
as Auriga or Nautilus are ultra cryogenic and work at 7 = 100 mK and a frequency
of fo = 1000 Hz. At this temperature its RMS vibration amplitude is of the order
~ 6 - 107" m. This is far larger than the GW amplitude expected from astrophysical
sources. Fortunately, the fact that resonant bars are deliberately designed with high
mechanical quality factors Q allows much better sensitivity than this naive calculation
suggest. In fact, if the material has a high Q, the impulse imparted by a passing GW
is dissipated over a timescale 7 ~ Q/fp, so for O ~ 10%,7 ~ 10° s. This means that
a high Q changes the thermal amplitude of vibration of the bar in a random walk with
very small steps, taking a time 7 ~ 10° s. Hence by measuring over many cycles of
the resonance, one can reduce the effective noise by a factor comparable to /Q = 10°.
This would change the vibration amplitude

1/2

COYEE <2kB—T> * 6107 (2.23)
4n’ foM Q

Since the expected amplitude of GW at earth is about i, ~ 10720 (6l,,, = hgl), ultra

cryogenic bars can approach the GW detection level despite thermal noise.

Hitherto we neglected additional sources of noise such as the sensor noise. Such a
noise arises due to the non triviality of measuring the deposited GW energy. Modern
bars, use transducers at the end of the bar in order to convert the bar mechanical en-
ergy into electrical energy which after is amplified and recorded. However, amplifiers
introduce additional noise which make the weak signal of a GW even harder to detect.
If are used transducers with an intrinsic resonant frequency close to the bar resonance
frequency, the amplitudes of vibration of the coupled system are largest near fj, hence
the amplifier noise limits the detector sensitivity in a band near fy.

A fundamental role plays the quantum noise due to zero point vibrations of the bar.
From simple quantum mechanical arguments the vibration amplitude due to quantum
noise is given by

P2 o\ ~4.1072 2.4
<5 >quantum - 47T2f0M =7 m. ( . )

We can see that as far as better sensitivity is obtained by reducing the thermal noise
there is always present a quantum noise which is not possible to overcome due to the
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uncertainty principle. In this direction it has been proposed that by exploiting quantum
squeezing one can somehow improve in sensitivity [25, 26].

2.2.2 Interferometers

In the previous section we saw that due to different noise sources, most of resonant mass
detectors have great difficulty on achieving a vibration sensitivity of the order of ~ 107!
m. Due to this limitation other detection methods have been proposed during the last 30
years, offering better detection sensitivity. However, resonant mass detectors remain still
the favorable method of searching for narrow frequency bandwidths and high frequency
GWs.

Ground based interferometers such as Virgo and LIGO use laser light to measure
changes in the difference between the lengths of two nearly perpendicular arms. If we
consider for example a GW with a characteristic amplitude of i, ~ 1072! the length
change of the detector as a response of the GW is 6, = hl = 4 - 1078 m, where we
took / = 4 km. As in the case of resonant mass detectors, thermal noise is still present
for interferometers too. In fact, as we can see from Figure 2.2, the mirrors used for the
light reflection do not completely reflect it and part of the light is absorbed by them.
Moreover, the beam splitter suffers the same problem and as consequence the splitter
and the mirrors by absorbing part of the light, increase their internal temperature and
changes in the index of refraction. Due to thermal-refractive noise, the lensing system
undergoes to random fluctuations which influence the detection efficiency of the detector.
Other consequence of thermal noise is that it causes vibrations of the mirrors and to the
suspending pendulum which can mask GWs. In the case of the pendulum suspensions,
thermal noise vibrations are active near the frequency of few Hz and the mirrors have
thermal vibrations frequency of the order of kHz. Due to this limitations arising from
thermal noise, detection frequency band of interferometers is limited in the frequency
range of few Hz up to few kHz.

Thermo-noise effects limit the amount of laser power used in the detector and since
photons used for this scope are quantum wave packets, the laser light undergoes to ran-
dom fluctuations which can mimic the GW signal causing the so called shot noise. In
fact, by increasing the number of photons the laser beam can be described as an almost
classical field where quantum fluctuations are negligible. This suggest that the shot noise
improves by increasing the photon number N. The accuracy expected in this case would
simply be dly,0; ~ 1/+/N. However, by increasing N, the radiation pressure would in-
crease as v/ NN, so one should find a good compromise in the number of photons being
used but also by increasing the mass of the mirrors. For this purpose, Advanced LIGO
is going to use mirror bars of 40 kg against 11 kg used for initial LIGO, in order to cope
with the increased laser power (~ 10 W). With the present laser power is still difficult
to reduce the shot noise below 6/ ~ 107'® m so the only escape is still via quantum
squeezing.

Other important noise sources for interferometers can all be classified as mechanical
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Figure 2.3: Virgo design sensitivity curve with all sources of noise included (courtesy of
the Virgo collaboration.)

noise which derive from such as external mechanical vibrations of the detecting system,
bounce back and forth of the light used and local changes of the Newtonian gravitational
field. The last one can cause tidal forces on the detector as the GW itself does but even
more important, it causes gravity waves (seismic waves) due to its inhomogeneity. An
important consequence of global mechanical noise is that it decreases with increasing
GW frequency by limiting the possibility of detection of the low part of the GW spectrum
below few Hz. This is the main reason why looking for lower frequencies one is obliged
to go to space for their detection.

2.3 Ground based interferometers

During the last 30 years have been a great effort devoted to the construction of resonant
mass detectors and large scale interferometers. In the previous section we discussed
the principal sources of noise and saw that the path for detection of GWs is one of the
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most challenging in modern science. The principal reasona are due to the weak signal
of GWs expected on earth, typically smaller than h, ~ 102! and to the physical limits
of the detection system which are of quantum origin. In this section we discuss about
GW detectors around the globe, including first generation of large interferometers and
planned space interferometers.

2.3.1 Virgo

The Virgo interferometer is a Michelson laser interferometer, built in 2003 in Cascina,
near Pisa in Italy Figure 2.4 as a collaboration between the Italian INFN and French
CNRS. It consist of two perpendicular arms of 3 km each and uses multiple reflections
between mirrors located at the extremities of each arm in order to extend the effective
optical length of each arm up to 120 kilometers.

Figure 2.4: The Virgo interferometer located in Cascina, Pisa, Italy.

The frequency range of Virgo extends from 10 Hz up to 6 kHz. This range as well
as the very high sensitivity should allow detection of gravitational radiation produced by
supernovae and coalescence of binary systems in the Milky Way and in outer galaxies,
for instance from the Virgo cluster. In Figure 2.3 is shown the planned sensitivity of
Virgo before its construction and in Figure 2.5 is shown its last run in September 5,
2011, namely Virgo Science Run 4 (VSR4). In May 2008 started the first Virgo upgrade
with new technologies, Virgo+ and performed two science runs VSR3 and VSR4 before
its end in November 2011.

During VSR4, Virgo reached finally its design sensitivity of nearly hy ~ 10~22
Hz /2 in the frequency range from 100 Hz up to few kHz. Virgo+ will still work until
its design sensitivity is reached as shown in Figure 2.5. Meanwhile, Virgo is pointing
to more ambitious project on significantly upgrading the existing Virgo+ detector and
at the end October 2011and after they plan starting installation of the Advanced Virgo
detector. Its goal is to gain sensitivity of two orders of magnitude with respect to the
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Virgo initial design over the frequency band 10 Hz-10 kHz, Figure 2.6, and at the end
2014 starting taking data.
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Figure 2.5: Virgo last plot with all sensitivities curve since the first Virgo commissioning
run (courtesy of the Virgo collaboration.)

23.2 LIGO

The Laser Interferometer Gravitational-Wave Observatory ( LIGO) is a joint project of
Calthec and MIT aiming to detect GWs of astrophysical and cosmological origin. It
consist of two widely separated interferometers located in Hanford (LIGO, Handford),
Washington and in Livingston, Luisiana (LIGO, Livingston)

Each observatory support two orthogonal arms of 4 km length and started taking
data in September 2002. At the Hanford Observatory, a second interferometer operates
in parallel with the primary interferometer. This second detector is half the length at 2
kilometers, and its Fabry-Pérot arm cavities have the same optical finesse and thus half
the storage time. With half the storage time, the theoretical strain sensitivity is as good
as the full length interferometers above 200 Hz but only half as good at low frequencies.
After 5 years of science runs, LIGO reached its design sensitivity goal (over s ~ 10721
Hz~!/2) at the end of 2005, Figure 2.8 in a frequency bandwidth of 100 Hz. The fifth
science run S5 ended on 30 September 2007.

As its companion Virgo, after the completion of Science Run 5, initial LIGO was up-
graded with certain Advanced LIGO technologies that resulted in an improved-performance
configuration dubbed Enhanced LIGO. Its aim was a best-effort goal of achieving twice
the sensitivity of initial LIGO by the end of the run. Enhanced LIGO started its science
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Figure 2.7: LIGO, Livingston, Luisiana (courtesy of the LIGO collaboration.)
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run S6 in July 2009 and it concluded in October 2010. The strain sensitivity for S6 is
shown in Figure 2.9.

From November 2010, Enhanced LIGO was disassembled and immediately work
proceeded on construction of Advanced LIGO. It will take at least four years for its
construction and it is scheduled start running from 2014. Advanced LIGO is a result
of an international collaboration between, the LIGO Laboratory funded by the National
Science Foundation with contributions from the GEO 600 Collaboration, Adelaide Uni-
versities in Australia and with participation by the LIGO Scientific Collaboration. This
new detector is designed to improve the sensitivity of initial LIGO by more than a factor
of 10, and is currently being installed at both LIGO Observatories, replacing the original
detectors. Advanced LIGO design strain sensitivity is shown in Figure 2.10. Advanced
LIGO is suppose to detect GWs from in spiraling neutron stars (NS) and black hole (BH)
binaries, BH+BH mergers and ring downs, supernovae, Gamma ray-bursts, neutron star
spinning and stochastic background.
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Figure 2.8: Strain sensitivity /i as a function of frequency for LIGO since runs S1-S5
interferometers (courtesy of the LIGO collaboration).

2.3.3 GEO 600

GEO 600 is a gravitational wave interferometer located near Sarsted, Germany. It has
two perpendicular arms of 600 m each and was built in 2001 as a collaboration between
Max-Panck institute fiir Quantenoptik in Garching and the University of Glasgow. In
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2006, GEO600 has reached the design sensitivity, but up to now no signal has been
detected. The next aim is to reduce the remaining noise by another factor of about 10,
until 2014.

GEO 600

Figure 2.11: GEO600 land area, Sarsted, Germany (courtesy of GEO600 collaboration).

GEO 600 can not match the sensitivity of LIGO or Virgo but it has pioneered sev-
eral innovations to be used in Advanced LIGO. In fact, since its first run in 2001, LIGO
has been collaborating with GEO 600 and both pool and analyze their data jointly. Since
2007 Virgo and LIGO started pooling and analyzing data jointly with the LIGO scientific
collaboration even though Virgo is not part it. GEO 600 provides a rather good opportu-
nity to change the spectral characteristics of the detector response, especially due to the
shot noise limitation, therefore in the high frequency range of the available bandwidth.

GOE 600 scope is to detect GWs from BH binaries, supernova and stochastic back-
ground. Its strain sensitivity is shown in Figure 2.12 and it can be clearly seen that it
is very sensitive in the frequency range 50 Hz up to 1.5 kHz. During the enhancement
period of Virgo and LIGO, GEO 600 has been the only high sensitive interferometer run-
ning in order to detect any possible GW signal from nearby galaxies. At present time,
it is operating at high duty factor in AstroWatch mode, primarily in case of a nearby
galactic supernova, as the Virgo and LIGO detectors undergo to major upgrades.

2.4 Space based interferometers

As we discussed in section 2.2 one of the most important noise sources at frequencies be-
low 1 Hz is due to changes in the Newtonian gravitational potential (Gravity Gradients)
on the timescale of the measurements and to seismic noise, see for example Figure 2.6.
Most of astrophysical sources of GWs are likely to emit a continuos spectrum of GWs
that extends below 1 Hz and since their amplitude at earth is much smaller than gravity
gradient noise, their detection at earth would be impossible. For this reason during last
20 years have been proposed several space based interferometers such as LISA, DE-
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Figure 2.12: GEO600 land area, Sarsted, Germany (courtesy of GEO600 collaboration).

CIGO, BBO, eLISA/NGO etc. In this section we discuss their characteristics and their
possible outcomes.

2.4.1 LISA

The Laser Interferometer Space Antenna (LISA) is a joint ESA-NASA project to develop
and operate a space-based gravitational wave detector sensitive at frequencies between
0.03 mHz and 0.1 Hz. It was first proposed to ESA in 1993, in the framework of ESA’s
long term space science program Horizon 2000. Due to fundings reasons in regard of
LISA launch time, ESA proposed to NASA a joint collaboration in order to accelerate
the construction processes and launching time. However, after many years of discussions
about its launching time, remain still unknown when it will be launched with probable
launch time between 2018-2026.

LISA will consist of three free-flying spacecrafts arranged in an array that orbits
the sun at a distance of 1 AU, about 20° behind the earth in its orbit. It would have
arms of 5 - 10° km long and that would be longer than half wavelength for any GWs
above 30 mHz. LISA arms form an equilateral triangle in a plane tilted at 60° to the
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ecliptic Figure 2.13 and its orbit around the sun preserves this arrangement with the
array rotating backwards once per year as the spacecraft orbit the sun. In each arm there
is light passing from one array to the other, thus forming a Michelson interferometer and
each array can measure the GW polarization directly.

ralative orbit
of spacecraft

Mercury

Figure 2.13: LISA spacecraft in orbit (courtesy of ESA).

Being in space, LISA in not free from source noises such as forces from the sun
which include both solar radiation pressure and the solar wind. These effect are min-
imized by using drag-free technology. The two main categories of gravitational-wave
sources for LISA are the galactic binaries and the massive black holes (MBHs) expected
to exist in the centre of most galaxies. In order to detect these GWs, LISA main goal is to
reach a strain sensitivity of hy = 4 - 10~2' Hz~ /2 at f = 1 mHz, see Figure 2.14. LISA
best sensitivity is between 3 Hz and 30 mHz. Above 30 mHz, the sensitivity degrades
because the wavelength of the GW becomes shorter than twice the arm length of 5 - 10°
km. At low frequencies instead, the noise curve rises because of spurious forces on the
test masses.

On April 8, 2011 it was announced that NASA would likely be unable to continue
participating in the LISA project due to funds cuts from US government. Revised mis-
sion concepts from the New European Gravitational Observatory (NGO) have been con-
sidered in a selection process commencing in February 2012 and the initial LISA project
has been informally re-named eLISA/NGO [27]. Fortunately found cuts from NASA
does not seem to have impact on eLISA performance, so what we discussed above about
LISA performance and sensitivity still remain valid for eLISA.

2.4.2 DECIGO/BBO

The Deci-hertz Interferometer Gravitational Wave Observatory (DECIGO) [28, 29, 30]
is a proposed space-based Japanese interferometer that will bridges the gap between the
ground based interferometers (Virgo, LIGO...) and LISA. It can play a role of follow-up
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Figure 2.14: Gravitational wave amplitude as a function of frequency for the space-based
interferometer LISA (courtesy of ESA).

for LISA by observing inspiral sources that have moved above the LISA band, and can
also play a role of predictor for terrestrial detectors by observing in-spiral sources that
have not yet moved into the terrestrial detector band. The goal of DECIGO is to detect
various sources of gravitational waves mainly between 0.1 Hz and 10 Hz and open a new
window of observation for gravitational wave astronomy.

DECIGO consist of three three drag-free spacecrafts separated by arm length of 1000
km each. Each arm consist of a differential Fabry-Perot Michelson interferometer and
mass mirrors of mass of 100 kg and mirror diameter of 1 m, see Figure 2.15.

As in the case of LISA, the sensitivity of DECIGO is limited by radiation pressure
and solar winds for frequencies below 0.15 Hz. For frequencies above (.15 noise is
dominated by the shot noise. The strain sensitivity curve is shown in Figure 2.16. After
three years of corelations in orbit, DECIGO aim is to reach a sensitivity of the order of
hy ~ 10-2% Hz~!/2. Other ambitious programs for DECIGO is to reach a very high
sensitivity of the oder iy ~ 10727 Hz~!/?
project is dubbed the Ultimate DECIGO.

Another post LISA follow on mission which has been proposed to the NASA is
the Bing Bang Observer (BBO) [31]. The BBO will be an extremely sensitive antenna
that is designed to detect the Gravitational Wave Background (GWB) left by the Big

after 5 years of data correlation [28]. This
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Figure 2.15: DECIGO conceptual design (courtesy of DECIGO collaboration).

Bang. BBO should be able to provide information about the earliest moments in the
history of the Universe. The ambitions goal of BBO is to detect GWs left from an early
inflationary epoch. As DECIGO, BBO will fill the gap between the Avanced Virgo,
LIGO and LISA. It aim to detected GWs in the frequency band of 100 mHz up to 10 Hz
and reach a sensitivity of a factor 100 respect to LISA.

The BBO will consist of 3 drag-free masses of 10 kg each and arms of 5 - 107 m.
It will be launched at a distance 1 AU from the sun with a tilted angle of 60° respect to
the ecliptic. BBO schedule is dived into two stages where the first one will consist of
three spacecrafts and will be launched probably around 2025 with five year long mission.
The second stage will consist of twelve spacecrafts and three constellations and will be
launched around 2029. At the time of writing there is no ongoing BBO research and it
remain more an idea than a project.
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Chapter 3

Stochastic backgrounds of GWs
from the early universe

In the previous chapter we presented very fundamentals concepts regarding GW detec-
tors and their present status. Among their target sources of GWs such as compact objects
like neutron stars, BH, white dwarfs and supernovae, there is a stochastic background
of GWs from the early Universe. This expected background of GWs as will see in the
next sections, should not be a surprise since a very well known predicted and detected
background from the early Universe is the Cosmic Microwave Background (CMB). In
fact, as we will see various models of the early Universe predict different backgrounds of
GWs and their detection would have profound impact on the early Universe cosmology
and on high energy physics. Such a background would give us a temporal snapshot of
the early Universe at the time of their emission because it would reach us completely
virgin due to the weak interaction of gravitons with the cosmological plasma. In fact,
as far as thermodynamic equilibrium is concerned the interaction rate of gravitons with
each other I', has to be greater than the Hubble parameter H, I'; > H. In general for a
species in thermal equilibrium the interaction rate given by I'; = n{ov) where n ~ T,
v = 1 with T being the plasma temperature. By pure dimensional reasons the scattering
cross section for gravitons is & ~ G{E)* ~ GT? and since the Universe after the Bing
Bang is believed to have been radiation dominated, the Hubble constant in this epoch
would simply be H ~ Tz/mpl where G = 1 /m%,1 with mp) being the Planck mass, see
Appendix A. Requiring that the expansion rate H is equal to the interaction rate I, the
decoupling temperature for the graviton is below the Planck mass or Planck scale

T, /H ~ (T /mp))>. (3.1)

Equation 3.1 tells us that after the Bing Bang gravitons are completely out of equilibrium
with matter and their spectrum would remain completely unchanged by the Universe
expansion, making them very appealing to detect.

47
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In this chapter we are going to discuss very fundamental quantities related to the
stochastic background such as its energy density, strain amplitude, its GW amplitude
etc. Moreover we discuss the most important models of graviton production in the early
Universe and their possible detection.

3.1 Intrinsic quantities of the stochastic background

Most sources of GWs from the early universe and present day universe are uncorrelated
with each other. Furthermore their emission of GWs can be regarded as a random pro-
cess over time, so in general a GW would be an incoherent superposition of GWs emitted
from different sources. However, there are also other mechanisms such as vacuum fluc-
tuations during the inflationary epoch which can not be characterized as emitted from
different sources. In any case in both processes their GWs background is characterized
by random processes of emission and such a background is called stochastic.

In order to see more closely what we do mean with a stochastic background, let us
recall that in the TT gauge a general GW can be written as follows

hijx 1) = > [ dwdihy(w, B)el(@)e ) 3.2)

ij
A=+,x

where k = ki with fi being the direction of wave propagation. The wave amplitudes
h(w, ) are random variables and are characterized statistically by their ensemble aver-
age. In general, when dealing with a stochastic background one assumes few hypothesis
which characterize it. Such a background is assumed to be homogeneous, Gaussian,
isotropic and unpolarized. Homogeneity means that the two point correlation functions
must depend only to the time difference and not to the absolute values of time, namely
Cha(t) hy (1) yocs(t — ¢') or in Fourier space

Ca(f) 15, (f))ocs (f — f). 3.3)

A Gaussian background is characterized by the fact that all N-point correlation functions
can be decomposed as a sum and product of the two point function (/1,4(¢) hy (') ). This of
course is valid only when the number of stochastic variables is very large N — co, while
for a limited number of variables (GW sources) this approximation do not hold anymore
and higher point correlators are needed. Another important hypothesis is concerned with
the isotropy of the GW background. As in the case of the CMB which is very isotropic
with deviation from it of the order of ~ 107>, we can expect that even a stochastic
background of GWs (SBGWs) can be isotropic. In this case the two point correlation
function at two different directions is proportional to

Cha(f.m) B, (f' A7) yocs (i — i), (3.4)

where the proportionality constant must not depend on the propagation direction, fi. The
last hypothesis concerns the polarization of SBGWs which we assume to be unpolarized.
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In this case the two point function {1, (f, i) k7, (f', i) )ocd with the proportionality co-
efficient independent of the polarization index A. In general under the above hypothesis
we must have for the two point correlation function

5(h,f') 1

. Esh(f)’ (3.5)

Cha(f. ) Iy, (f'. ) = 6(f = f') dax

where S, (f) is called the spectral density or power spectrum of GWs. It has the dimen-
sion of Hz~! and satisfies S;,(f) = S;(—f). Using both Equation 3.2 and Equation 3.5,
the two point correlation function for /;;(x = 0, 1) is given by
. (X)
b))y =4 [ $(9) (3.6
0
Next step is to relate the GWs power spectrum S, (f) whith the GWs energy density
Pgw, Equation 1.53. Let Qgy, be the GW density parameter which is defined as
Qp = 22, 3.7)
Pe
where p, = 1.878 - 10*29}1(2) g/cm? is the critical energy density Equation A.42, where
we wrote the present Hubble parameter as Hy = 100h¢ km/s/Mpc with hy ~ 0.70 a

parameter which arises due to the uncertainty on the Hubble parameter, Hy [33]. The
spectral distribution of pey, can be written as follows

. * dpgw
pew = fo d(log ). (3.8)

Making use of Equation 3.8, Equation 3.7 can be written as

Q0
Qgw = J d(log f)Qgw(f), (3.9)
0
where Q. (f) is called spectral density parameter or density parameter as a function of
frequency
1 dpgw
Q =— : 3.10
o) = g 10

Using the ergodic theorem, we can replace the time average in Equation 1.53 with its
ensemble average and get

0

_ 2
= G ), doe ) 10x1 Y Si(p) (3.11)

Pgw

Comparing Equation 3.8 with Equation 3.11 and using Equation 3.10 we get

472
W = 5
3H0

£2Su(f). (3.12)
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Equation 3.12 gives an important relation between the density parameter of GWs and
their power spectrum. In complete analogy with Equation 2.4 we can define the charac-
teristic amplitude of a SBGWs as

0

W) =2 | dlog () (3.13)

0

where we made use of Equation 3.2. hy(f) is the amplitude of SBGWs and should be
not confused with detector output h(z) Equation 2.7 due to the interaction of the GW
with the detector. By comparing Equation 3.13 with Equation 3.6 we get the following
relation between the power spectrum S, and the GW amplitude 5,

ne(f) = 2fSu(f). (3.14)

Inserting into Equation 3.12 we get the following important relation between /i, and Qg

he(f) = 1.263-107'8 (1—1?> \/ P2 Qg (3.15)

We may note that the GW density parameter is written as a combination of g and Qgy,
namely héng- This is a standard way of writing the density parameter in GW astron-
omy. This way of writing the density parameter® get rid of the uncertainty arising in
pc since it is expressed through the Hubble parameter. Equation 3.15 can be used to
evaluate the minimum density parameter which a single GW detector can reach. In fact,
by using Equation 2.11 and both Equation 2.5 and Equation 3.1 we get

he(f) = th (3.16)

Using Equation 3.16 into Equation 3.15 we get the following relation
, 1251078 / £ \° hy 2
2 min
Q > . .1
QR (f) 5 <1HZ> (1 Y (3.17)

Equation 3.17 gives the minimum density parameter detectable by a single detector. It

depends essentially on the detector strain sensitivity and on the form factor F.

3.2 Phenomenological bounds on the stochastic background
of GWs

In this section we discuss some (not all!) phenomenological bounds on the density
parameter in GWs in different frequency bands. This bounds are extremely important
since they can constrain various GWs models and also new theories which predict new
particles at the early stages of the universe, such as supersymmetry etc. In the next
sections we are going to discuss the WMAP bound which is based essentially on bounds
on the CMB anisotropies and the BBN bound which is based on the number of neutrino
families present at nucleosynthesis time.

*From now with density parameter we mean héng instead of Q,,,.
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3.2.1 WMAP bound

CMB observations can be used to bound the number density of relic gravitons present
at the time of decoupling. In fact, at our current understanding, CMB presents small
temperature anisotropies of the order of §T/T ~ 107 in different directions in the
sky. These anisotropies may arise due to various effects such as, our peculiar velocity
respect to the cosmic fluid (the so called dipole anisotropy), the peculiar velocity of the
matter that might have scattered the CMB, inhomogeneities in the Newtonian potential
at recombination, intrinsic homogeneities of the CMB at recombination time, geodesic
deviation of photons from the time of recombination up to present epoch the so called
Sachs-Wolfe effect and maybe due to re-ionization of the universe.

All the above mentioned processes operate on different length scales. For example,
let us assume that inhomogeneities in the gravitational potential at recombination vary
on a length scale /. The angle subtended by this length scale on the sky at present would
be /

0=——, 3.18
) (3.18)

where dy4(z) is the angular diameter distance. In the case when z » 1 the angular distance
is given by [34]
p 2H,"

where Q is the total density parameter, see Appendix A. Thus the angle subtended by

(3.19)

the length scale / today would be

Iz Q
6 ~ <?> <5> . (3.20)

Taking the length scale | = H™'(tyec) = Hj "(Qzyec) "2zt the angle subtended on
the sky by the recombination epoch would be

(3.21)

Zrec

1/2
0,.. = 0.87°Q1/2 <@) / .

So, the angle about § ~ 1° on the sky correspond to the horizon size at recombination
epoch. The microphysical processes took place at small angular size § < 1° while the
macro physics took place at large scales 6§ > 1°.

Before going to the WMAP bound on the present day density parameter, let us esti-
mate the frequency range of GWs that could create CMB anisotropies. All modes that
crossed the horizon starting from recombination till present epoch could create CMB
anisotropies. In fact, CMB observations show a peak in the power spectrum correspond-
ing to an angle in the sky of & ~ 1°, namely at recombination time. Since GWs once
enter inside horizon would decay due to universe expansion, /i, ~ 1/a, their strongest
contribution is expected to come from long tensor modes which enter horizon after re-
combination or shortly before it. However, in principle even GWs which enter horizon
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before recombination could lead to CMB anisostropies but also other mechanism are
more likely to produce these anisotropies such as adiabatic perturbations, density per-
turbations etc. So, in principle CMB anisotropies on large scales 6 > 1° are exclusively
produced by GWs which enter horizon after recombination. Present day GW modes
which are entering horizon would have a frequency f ~ Hy = 3 - 107!8 Hz. On the
other hand a mode which entered horizon at recombination time would have a frequency
at recombination fyo. = H(tyec) = Ho(1 + Zrec)3/ 2. Its present frequency would be

f < Hyz> ~ 1071°Hz. (3.22)
So the frequency range to look for large scale CMB anisotropies is in the interval
3-107"%Hz < f < 107 '°Hz. (3.23)

Based on the above discussion, the amplitude of a GW crossing the horizon at t = ¢,
and scale k(6) with 0 being the angle subtended on the sky by the GW wavelength, is

given by
ol
hg(trec,k(e)) = <_> . (3.24)
To /

Let us now derive the expression for the density parameter for GWs entering inside
horizon at a time #,o,. The amplitude of these GWs today would be

_ a(thor)
a(to)

hg(f7 to) hg(fa trec)a (3.25)

where a(thor) is the scale factor at horizon entering. Writing a(thor)/a(f0) = a(tnor)/a(trec)Zrec
and taking into account that during matter domination the scale factor goes as acc>/2 we
can easily get the following expression for the GW amplitude at present epoch

2 2
Hy oT
he(f 20) ~ | =— — ], 3.26
o~ (2 () 520
where Ty is the present day CMB medium temperature. Inserting Equation 3.26 into
Equation 3.12, we get
2 2
Hy oT
Q ~ [ — — | . 3.27
ot~ () () -
Taking 6T /Ty ~ 107> (WMAP) at large angular scales we get the following bound
—10 ( Ho ? —18 —16
Qow(f) < 10 ¥ (3107 °Hz < f < 10" °Hz). (3.28)

The WMAP bound is shown in Figure 3.1
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3.2.2 Bing Bang Nucleosynthesis bound

CMB observations severely constraint the density parameter at long wavelengths as we
saw in the previous section and can be used as a probe for different GW models. How-
ever, another important bound which constrain the number density of gravitons produced
before Bing Bang Nucleosynthesis (BBN), is the so called BBN bound on gravitational
waves. This bound relies on the fact that any new relic particle present at the time of
BBN could contribute to the energy density of the universe and thus, could have modi-
fied its evolution and have impact on nucleosynthesis of light elements.

An important role on the BBN bound is played by the effective number of massless
degrees of freedom g, at BBN. Roughly speaking more effective particles present at
BBN in comparison to the standard model would have impact on the freeze out temper-
ature and on the production of “He. The abundance of “He is strictly connected with
the number density of neutrons at BBN. The number density of neutrons to the number
density of protons in thermal equilibrium is expressed through

> =en(-0/T). (3.29)

where Q = m, —m;, = 1.3 MeV is the mass difference. Thermal equilibrium is main-
tained by the weak interactions

n o p+te +7, (3.30)
e +n o pt, (3.31)
v+n < p++e, (3.32)

as far as the interaction rate is greater than the Hubble parameter, I';,; > H. Once the
temperature reaches the value of freeze out 7', the interaction between the particles can
not compete anymore with the universe expansion and therefore the ratio of neutrons to
protons would freeze at the temperature 7'y with ratio n/p = exp(—Q/7T). Estimation of
the freeze out temperature can be calculated by requiring that I';,;, = H, where for T »> Q
the weak interactions rate is approximately [';;, ~ G%TS. In this case we can take the
Hubble parameter as in Equation A.29 with the energy density given by Equation A.57
and get the following estimate for the freeze out temperature

1/3
818+ 1/6 1
T, ~ . 3.33
! ( 90) G%—mPl -39

We can see that apart from some constant factors, the freeze out temperature goes like

TfOCg,lk/ ® and more effective massless particles at BBN would eventually lead to an in-

crease of Tr. An increase of the freeze out temperature would increase the number
density of free neutrons leading to an overproduction of “He. Since BBN prediction on
the abundance of primordial “He is in good agreement with the observed abundance, the-
oretical predictions on the abundance of *He can be used to constrain different models
which predict additional degrees of freedom at BBN.
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One of the most important features of BBN is that the freeze out temperature cal-
culated above is in reality smaller than the binding energy of light nuclei. For a given
atomic specie the binding energy is By = Zm,, + (A — Z)m,, — mz where Z is the atomic
number, A is the mass number. In the case of “*He the binding energy is 28.3 MeV and
the temperature which the mass fraction of “He is of the order of unity is 0.28 MeV.
Due to this reason nucleosynthesis took place mostly for temperatures 7 < 1 MeV. At
this temperatures the only relativistic particles are 3 species of neutrinos, 3 species of
antineutrinos, e* and the photon. Let N, denotes the number of neutrino or antineutrino
species in thermal equilibrium at temperature 7; = 7'. The effective number of degrees
of freedom would be Equation A.59

gx(Ny) =2+ %(4 +2N,), (3.34)

where the factor 2 takes into account of the two polarization or helicity states of the
photon, the factor 4 takes into account those of the electron and the positron and the
factor 2 takes into account the neutrino and the antineutrino species. In the standard
model of particle physics, the number of neutrino families are 3, thus the effective
number of degrees of freedom accounts for g.(3) = 43/4. If there is an extra specie
at BBN it is likely to decouple before the temperature reaches the value of 7 ~ 1
MeV, so the particle temperature is small in comparison to the photon temperature
at BBN. If for example a specie decouples at 7p > 300 GeV, we would have that
g«(Tp) > 106.75. The ratio of the specie temperature to the photon temperature at BBN
would be (T;/T)* < (10.75/106.75)* = 0.047, thus this new specie would have very
small contribution to the effective degrees of freedom at BBN. Now, let us suppose that
these extra specie(s) exist at BBN, then the effective number of degrees of freedom at
T ~ 1 MeV would be

) T 4 T 4
8x = &x T+ Z 8i (7> + Z 8i (7> ; (3.35)

i=new bosons i=new fermions

where gis) = 2+ 7/8(4 + 2N,) is the number of degrees of freedom of the standard
model with N, = 3. With a fourth generation of neutrino specie N,

temperature as the photon 7; = T, we would have that gis) < g«(Ny

4 at the same
4) where the
contribution of the other extra species (apart a fourth generation of neutrinos) is small

<
<

as we already discussed. Denoting with N the number of effective neutrino species, the
($) o
bound g.(N) > g, gives

4 4
T; T; 7
D <7> S SR (7> <Z(N=N).  (336)
i=new bosons i=new fermions

Let us assume that the only extra Bosonic specie is the graviton with g; = 2 and
(T;/T)* = pew/py- Then we get the following bound on the energy density at BBN

7
Paw(tBBN) < gpy(tBBN)(N —N,). (3.37)
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Since both energy density of photons and gravitons goes with the scale factor as ~ 1/a*
and making use of Equation A.64 and Equation 3.37 we can easily get the graviton
energy density at present time ¢ =

pgw(to) < 0-22py(t0)(N —N,). (3.38)

From CMB observations the total density parameter in photons at present is given by
[34]
R, (o) = 2.47-107°, (3.39)

and using the definition of the total density in GWs, Equation 3.7, we get the bound on
the present total density parameter in GWs,

nQ,(19) < 5.7-107%(N — N,). (3.40)

It is important to note that Equation 3.40 is a bound on the density parameter integrated
over all frequencies which were already inside horizon at BBN. In fact, BBN took place
roughly speaking at# ~ 1 sand T ~ 1 MeV. The lowest frequency at that time would
be equal to the Hubble parameter at BBN, f, ~ H(z.) = 1/2¢t, for a RD universe
and 7, = tgpy. So the lowest frequency (the longest wavelength) at BBN, would be
for t, ~ 1s, fi ~ 0.5 Hz. Using the fact that the entropy per co-moving volume is
conserved, the lowest frequency at BBN would have a present day value of

Ay

=t (—) ~ 10719 Hz, (3.41)
ao

where we made explicit use of Equation 4.26 with g, (7T) = 10.75 and g.(Ty) = 3.36.
Thus, the bound, Equation 3.40, is valid in the present day frequency range of 10~!° Hz
< f < oo. A plot of the BBN bound on GWs is shown in Figure 3.1.

3.3 Models of relic graviton production

Stochastic background of relic gravitational waves can be produced by several mecha-
nisms. The theoretical predictions are model depended due to the uncertainties in the
cosmological framework and on the values of the redshift from the production epoch.
Below we briefly describe some of the production scenarios. For a more detailed review
on stochastic background of GWs production mechanisms and their spectra the reader
can be found in [35, 36, 37].

3.3.1 Boguliobov transformation and vacuum amplification

It was established long ago that gravitational waves could be produced in cosmology
due to an amplification of vacuum fluctuations by external gravitational field (quantum
particle production). It was first studied in [12] and first applied to an inflationary model
in [13]. The gravitational waves could be quite efficiently produced at inflation. Their
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spectrum at large wavelengths is independent on the details of inflationary models. The
frequency band of these gravitons today is quite wide and the associated density param-
eter is very low.

First calculations of the GW power spectrum from inflationary models treated the
quantum mechanical two-point function as two-point statistical average of an ensemble
of classical fields where the fields evolve according to the classical equations of motions.
However, such a mixed treatment raised some subtle questions since it was not clear to
what extend one could apply them in order to derive the power spectrum [38]. A full
quantum mechanical treatment was derived in [39]. Before going to the De Sitter epoch
we first show how gravitational waves are created in FLRW universe and discuss how
amplification of quantum fluctuations arises.

We start by specializing in the FLRW metric Equation A.1 and write it as

ds* = @*(n)(—dn* + 8;;dx'dx’), (3.42)

where we consider a flat space-time with curvature k£ = 0 and introduced the conformal
time 7 which is defined as
dr =dt/a(t). (3.43)

Tensor perturbations in a spatially-flat FLRW universe are described by the line element
ds* = a*(n)[—dn* + (6;; + hij) dx'dx’], (3.44)

where h;; are tensor perturbations in the FLRW metric. Here we still work in the TT
gauge and expand the tensorial perturbations in Fourier integral as follows

hixn) = V816 3 | Grrtname e
where x, k are respectively the co-moving coordinate and the co-moving wave-vector.
The normalization coefficient in front of expansion, Equation 3.45 has been chosen ap-
propriately in order to match with the Einstein-Hilbert action for the fields #4,.

The Einstein field equations in vacuum for the fields 4;; are given by Equation 1.21
where in the TT gauge h;; = h;; and the d’Alambert operator in curved space-time is
given by

Ohij = V,V¥h;. (3.406)
Introducing the expansion Equation 3.45 into Equation 3.46 we may notice that the po-
larization tensor depend only on the propagation direction and the operator (0) acts only
on h, (which is a scalar field) and on the exponential term. In curved space-time the
wave equation for a general scalar field ¢ reads

1
0 o) = 0, 3.47
O¢ = ﬁgﬁv 8¢ 0y)¢ (3.47)

where g is the metric determinant. Taking into account of the line element Equation 3.42
the metric tensor has the form g,,=diag (—az,az,az,az) and /—g = ad. After some
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straightforward calculations the wave equation for the fields /,(k, ) or Lifshitz equa-
tions [40] are given by

da'(n)
a(n)

where the (') symbol indicate a derivative respect to conformal time 7. Lifshitz equation,

(K, 1) + 2——H, (K, 1) + k*ha(k, ) = 0, (3.48)

Equation 3.48, can be written in a more fashionable way by writing the fields /,(k, ) in
terms of the functions ¢, (k, ) as

ha(k,n) = ——da(k,n). (3.49)

1
a(n)
Inserting Equation 3.49 into the Lifshitz equation, it becomes

"

¢ (k,m) + (kz—a—> $a(k.7) = 0. (3.50)

Equation 3.50 is a Bessel-Riccati differential equation and its general solution can be
written as

oa(k,n) = a(K)é(kn) + o' (K)E* (kn), (3.51)

where £ is a function of kn which is in general expressed in terms of the Hankel functions
of the first and second kind and (*) denotes complex conjugate. Imposing that ¢ are real
functions, substituting k — —k we get that a’(—k) = af(k). Here a(k) and af (k) are
respectively the annihilation and creation quantum mechanical operators. Taking into
account of Equation 3.49, the mode expansion for the fields /4;;, Equation 3.45, is

X, _dk 1 a et (k) X
hn) = VG 3 | G aramy [t .

+ al(K)&* (ke (K) ] ,

where we used the fact that ¢ (k) = ¢}/ (k).

Let us now go one step further on calculating the amount of gravitons produced in
different epochs during the universe expansion. Suppose that {a(k), a' (k)}, {b(k), bT(k)}
are respectively the annihilation and creation operators which enters expansion, Equa-
tion 3.52, for two different cosmological regimes. The two sets of annihilation operators

are related through the Bogoliubov transformation

a(k) = > [a(k, q)b(q) + B* (k. q)b' (q)], (3.53)

q

where «, 8 are two complex numbers. Since we are dealing with gravitons (bosons), we
have that

[a(k),a'(q)] =6(k —q).  [b(k).b'(q)] = 6(k — q). (3.54)
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Inserting Equation 3.53 into the first commutator Equation 3.54 we get the following
relation between the coefficients «, 8 for k = q

o =181 = 1. (3.55)

After some straightforward manipulations we can express the annihilation operator b(k)
as a linear combination of {a(k),a'(k)}

b(k) = > [e*(k.q)a(q) — 5* (k. q)a’(q)]. (3.56)

q

Let us assume that {a(k),a'(k)} are the annihilation and creation operators during
inflation and {b(k), b'(k)} are the annihilation and creation operators during the radia-
tion dominated (RD) epoch. The number operator in the RD epoch is given by

mszm®=m®+mﬂm®+ﬂﬂwWﬁwwﬁ.@w

Consider for example that the universe during the inflationary epoch was in a state |¢, )
with particle number N,. In order to have a physical insight on vacuum amplification
let us consider two kind of perturbations during the inflationary epoch. There are per-
turbations with physical wavelength A,y » H~! and A, « H~! where H™! is the
Hubble horizon. A sudden change in the universe expansion is accompanied with a sud-
den change in the Hubble parameter since it governs the dynamics of the expansion.
Consequently, physical wavelengths which are inside the Hubble radius would see the
dynamic change as adiabatic while wavelengths greater than the Hubble radius would
see it as a sudden transition. In the latter case the state of the universe |¢,) would not
change for those wavelengths because they are very few affected, however during the
transition would change the creation and annihilation operators. Thus, in the latter case
we would have for state of the universe

|4, before transition |#p) = |@pa), after the transition. (3.58)

Taking the expectation value of Equation 3.57 on the state |¢, ) and using the fact that it
does not change for long wavelengths, the number of particle creation during the transi-
tion is given by
1

Ny, = N, + 2|8 {Na + 5] . (3.59)
Equation 3.59 is an important result since it gives the number of particle creation during
changes in the Hubble parameter. We may also notice that even in the case when N, = 0
(total absence of particles during inflation) the half vacuum fluctuations are amplified
through the factor 5. This mechanism of particle creation (gravitons in this case) is
called amplification of vacuum fluctuations.
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3.3.2 de Sitter universe

The mechanisms of graviton production by a time depended gravitational field is very
important for GW generation during various inflationary models. Due to amplification of
vacuum fluctuations, we saw that long wavelengths which enter horizon during changes
in the Hubble parameter are amplified and shorter wavelengths change adiabatically with
time with no further amplification. In this section we want to compute the density pa-
rameter of GWs generated during the transition from a de Sitter epoch to the RD epoch.

The de Sitter solution of Einstein field equations is a particular solution which the
matter and energy content of the universe is completely neglected. However, into the
Einstein field equations is included a cosmological term A which is assumed to be con-
stant. Introduction of a cosmological constant would modify the Friedemann equation,
Equation A.29, in the following way

_8Gp K A
3 a3

In the de Sitter universe K = 0, p = 0 and the dynamics of expansion is governed by

H2

(3.60)

the cosmological constant A with a Hubble parameter constant in time
H = 1/A/3. (3.61)
The scale factor in this case is given by
a(r) = a(t;)e". (3.62)

where ¢; is the initial time when expansion startes. Therefore we can realize that the de
Sitter universe is a universe which scale factor a increases exponentially. In terms of the
conformal time 7, the scale factor in the de Sitter universe reads

1
=——, 3.63
) =g (3.63)
where —o0 < 1 < m; with 771 being the cosmological time of transition from the de
Sitter universe to the RD universe. In the RD universe the scale factor is a(f)oct!/? and

in terms of conformal time it reads

1

= —(n—"2m), (3.64)
H)ﬁ

a(n)
where 71 < n < 1eq With 77¢q being the equilibrium time between the RD epoch and the
MD epoch.

With the scale factors given by Equation 3.63, Equation 3.64 we solve Equation 3.50
in the de Sitter universe and in the RD universe. The general solution of Equation 3.51
in the de Sitter universe with a” /a = 2/n? is given by

o(k,n) = e ™ <1 — é) , -0 <n <7, (3.65)
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and in the RD epoch a”/a = 0 we get
(k1) = [a(K)e™™ + BK)e ], m < < 1peq. (3.66)

Requiring that both ¢ and ¢’ are continuous function during the transition at n = n; we
get the following expression for the Boguliobov coefficients [36, 39]

1 1 1

ak) =1— — B(k) = T

- —, 3.67
ki 2k G-67)

If we assume that during the de Sitter expansion gravitons were missing, n, = 0, the
number of produced gravitons after transition would be

1
np = wZ — 4k477‘1" (3.68)

Further we can connect the density parameter at present with the number density of the
produced gravitons. Let n(x, k) be the number density of gravitons per cell of the phase
space. In the case of an isotropic and homogeneous universe it depends only on the
graviton energy or frequency, n(x,k) = n(w) where w is the graviton energy. For Bose
particles, the energy density is

2 00
Pew = 73 f Pkn(w)w = 16712f d(log f) f*n(f), (3.69)
(2n) 0
where the factor 2 in front of the integral takes into account that the graviton is a spin 2
particle and w = 2nf. The density parameter at present as a function of the frequency
and the graviton number density is given by
n f

4
Qg (f) ~ 3.5 10719 <W) (E) . (3.70)

Now we need to express the graviton number density as a function of present day
frequency f. First we may note that the term in the denominator in Equation 3.68,
namely kn is roughly speaking the ratio of the horizon size at the end of the de Sitter
epoch to the physical wavelength a(f)/k. In fact, we can write

2rf a(ty)
km| = kpnys(to)a(to)[m| = 2nfa(to)|m| = H an) (3.71)
Using Equation 4.26 and Equation 4.27 we get
12( f
Kiml| = 107" (22) . 3.72
| I I (3.72)

Inserting Equation 3.72 into Equation 3.68 we get the following expression for the gravi-
ton number density at present

2 4
H 1H
ny ~2.5-10% <—> ( Z) , (3.73)

mp S
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and inserting Equation 3.73 into Equation 3.74 we get the following expression for the
present density parameter of GWs produced during the transition from the de Sitter
epoch to RD epoch
H\2

hQ% (f) ~ 8.75-107° (m—m> . (3.74)
We can see from the above result that the density parameter does not depend on the
graviton frequency but it only depends on the value of the Hubble constant at the de
Sitter epoch. As far as we know from the present theory of inflation, it ended roughly
speaking at an energy scale or temperature of 7, ~ 10~*mpy, so the present day density
parameter in GWs would be h%Qg;gv (f) ~ 10713, We may also note that Equation 3.72

can be written as k|n;| = f;' /4f* where f; is a cut-off frequency in the GHz range

7\ 2
fy = 10" (—) Hz. (3.75)
mpj

The above calculations hold only during the transition from the de Sitter to the RD
epoch but the same amplification of the graviton number happens even during the tran-
sition from the RD to the MD epoch. Here we do not show the calculations because
they are similar to those done for the transition from the de Sitter to the RD epoch but
we do present only the final result. Typical scales which are amplified in this case are
those with wavelength of the order of the horizon size at the time of the RD and the MD
equilibrium, since after that time the universe became MD. It is interesting at this stage
to find the frequency of modes which entered horizon at r = feq. Therefore one can find
the following relation between the Hubble parameter at equilibrium and the equilibrium
time [41]

feq = 4(V2 — 1)/3Heq (3.76)
The condition for a mode to enter horizon is Aeq =~ H;ll implies a equilibrium frequency
at present foq = Heq/271(1 + Zeq). Knowing that 1 + zeq = 2.32 - 10* (}%Q) and toq =
4.4 .10 (th)*2 s we get the value of the equilibrium frequency at present

feq =~ 1071 (R3Q)Hz. (3.77)

On the other hand the lowest part of the graviton spectrum which would have been
amplified corresponds to modes which are entering inside horizon at present epoch with
wavelength 1 ~ Ho_l. The frequency of these modes is f = Ho/2n = 3 - 107!8 Hz.
Consequently, the frequency range of gravitons which are created during the RD to the
MD epochis3-107"¥ Hz < f < 10716 (h(Z)Q) Hz. The corresponding density parameter
at present is given by [12, 39]

2 2
hQEDMP(f) ~ 1077 (ﬁ> (i) . (3.78)

f mpy
Both Equation 3.74 and Equation 3.78 give the density parameter in two different fre-
quency ranges which are complementary to each other, namely Equation 3.74 is valid
for 107'% (K2Q) Hz < f < 10° Hz and Equation 3.78 being valid for 3 - 10~'® Hz
< f <107 (h}Q) Hz.
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3.3.3 Gravitons from the slow-roll inflation

A near scale-invariant spectrum over a wide range of frequencies is a key prediction of
the standard inflationary model [42, 43]. The relative amplitude of GWs spectrum to
density perturbations spectrum is usually expressed in terms of the ratio, r, of tensor to
scalar perturbations. From observations of WMAP, the current limit on B-mode of the
CMB polarization demands » < 0.22 which rule out some models of inflation [44, 45].
The spectrum of GWs can be expressed in terms of the tensorial spectral index, n,;, and
is almost flat in the frequency range 2 x 10715 Hz < f < fyax =~ 10'0 Hz. The density
parameter is proportional to a power of the frequency:

hEQaw (f)ocf™. (3.79)

Since the tensorial spectral index is negative, n; < 0, the spectrum is decreasing rather
than flat. Depending on inflationary model the value of the tensorial spectral index
changes and there are some models which predict r ~ 1073,

3.3.4 Pre-heating phase

At the end of inflation the energy of the inflaton field ¢ is spent to generate new particles
and heat the Universe. The first estimate of the density parameter of GWs during the pre-
heating phase was done in [46] who found the density parameter of the order h(Z)QGW ~
10~ for the gravitational waves with the present day frequency f ~ 10° Hz, in the
models with quartic potential, A¢*. Later, this mechanism was reconsidered in [47, 48]
who studied the models with the potentials of the form A¢* and m?>¢?. The authors have
found numerically that h3Qgw ~ 107'% in the frequency range f ~ 10% — 10° Hz.

3.3.5 First order phase transitions

At the end of inflation, first-order phase transitions could have generated a large amount
of gravitational waves. At such transitions the bubble nucleation of true vacuum states
and percolation can occur accompanied by the bubble collisions. In a series of pa-
pers [49, 50, 51, 52] the energy of gravitational waves generated from bubble collisions
at strongly first-order phase transitions was estimated and the results were later extended
to the electroweak first-order phase transitions. The amount of GWs from strongly first-
order phase transition at its end is of the order 1.3-107(7/H), where 7 is the duration of
the phase transition, H is the Hubble constant, and the peak frequency is w’;eak = 3.8/t
The present day density parameter of GWs produced at the electroweak first-order phase
transition was found to be of the order Qgw ~ 10722 with characteristic frequency
f ~ 4-1073. Since later it has been found out, that there is no first order electroweak
phase transition in the standard model [53], the mechanism was reconsidered in [54].
The authors estimated the GW production in the temperature range 100 GeV-107 GeV.
The spectrum of the GWs today in this temperature range extends from 10~3 Hz to 10?
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Hz. The associated density parameter was found to be quite large, thGW( Fpeak) ~ 1077
depending on the parameters of the model.

3.3.6 Topological defects and cosmic strings

Practically in all inflationary models the gravitational wave spectrum is almost flat in
the frequency range from 101> Hz< f < fnuc ~ 10'° Hz with some variations com-
ing from pre-heating and reheating phases for which the frequency is peaked near GHz
region. There are other mechanisms of GWs production e.g. by cosmic strings which
predict almost flat spectrum in a wide range of frequencies. Many of the proposed ob-
servational tests for the existence of cosmic strings are based on their gravitational inter-
actions [55, 56]. Particularly interesting are GWs produced by closed string loops which
oscillate in relativistic regime. The spectrum of the GWs produced by such relativistic
oscillations is almost flat in the region 108 Hz< < fnax =~ 10'°9 Hz with a peak at low
frequency near f ~ 10~!2 Hz. The density parameter in the frequency range f » 10~*
Hz, according to [57], is equal to:

1/2
_ Gu YA\2 a2
Qew(f) =10 () (2) 7 (5) . 3.80

0Qew(f) (10_8> 30 01 (3.80)
where Gu, a and 7y are respectively the string tension, the initial loop size as a fraction of
the Hubble radius and the radiation efficiency. From the pulsar timing data the authors of
[58] constrained the density parameter of GWs from the cosmic strings in the frequency
range f » 1079 Hz and put the limit

"Qew(f) < 1078, (3.81)

It is generally assumed that at the end of inflation the inflaton oscillates and eventually
decays. If non-topological solitons, the so called Q-balls, are produced at the inflaton
decay, such Q-balls could be a source of GWs. According to the calculations of [59] the
density parameter of such GWs would be of the order of thGW ~ 107 with a peak
frequency f ~ 10' Hz.
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CMB and matter
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Figure 3.1: log[h(z)QGW(f)] vs. log(f [Hz]) for different models of production of stochas-

tic background of GWs as given in [60].



Chapter 4

Relic gravitons from primordial
black holes

In this chapter we discuss one more source of gravitational wave (GW) in the early
Universe, namely, the interaction between primordial black holes (PBHs). We consider
relatively light PBH, such that they evaporated before BBN and so they are not con-
strained by the light element abundances. Cosmological scenario with early formed and
evaporated primordial black holes producing gravitons was considered in [61]. Here we
will remain in essentially the same frameworks and study in addition the GW emission
in different processes with PBH.

Not taking into account the gray body factor, the life-time of evaporating black hole
with initial mass M, is equal to [62, 63]:

102407 M3
TBH = — 4.1
Negy  mip

where the Planck mass is mp; = 2.176-107 g and N, 7 1s the number of particle species
with masses smaller than the black hole temperature:

Tpy = —LL 4.2)

To avoid a conflict with BBN the black holes should had been evaporated before cosmo-
logical time ¢ ~ 10~2 s [64] and thus their mass would be bounded from above by

1/3
v < 175108 (Nerr) g 4.3)
100

The temperature of such PBHs should be higher than 3 - 10* GeV and correspondingly
N.sr > 102 On the other hand, as is discussed in what follows, the PBH mass is
bounded from below e.g. by Equation 4.16. This is the mass range of PBHs considered

65
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here. Such PBH are not constrained by any astronomical data, which are applicable to
heavier ones [64, 65].

Primordial black holes should interact in the early Universe creating gravitational
radiation. Below we estimate the efficiency of GW emission in several processes with
PBH. In section 4.1 some mechanisms of PBH production and PBH evolution in the
early Universe are briefly described. We stress, in particular, a very important role played
by the clumping of PBH due to gravitational instability at the matter dominated stage.
In section 4.2 we consider the initial interaction between the PBHs when they started to
“feel” each other and accelerate with respect to the background cosmological expansion.
In section 4.3 the quantum bremsstrahlung of gravitons at PBH collisions is discussed,
which is quite similar to the electromagnetic bremsstrahlung at Coulomb scattering of
electrically charged particles. Next, in section 4.4 we consider the classical emission of
GW at accelerated motion of a pair of BHs in their mutual gravitational field. In sec-
tion 4.5 we evaluate the energy loss of PBHs due to their mutual interaction. It may be
relevant to the estimation of the probability of formation of PBH binaries. The gravita-
tional radiation from PBH binaries in high density clusters is discussed in section 4.6.
In section 4.7 we calculate the present day energy density of gravitons produced at PBH
evaporation.

4.1 Production and evolution of PBH in the early universe.

Formation of primordial black holes from the primordial density perturbations in the
early Universe was first considered by in [66] and later in [67, 68]. PBHs would be
formed when the density contrast, 6p/p, at horizon was of the order of unity or, in other
words, when the Schwarzschild radius of the perturbation was of the order of the horizon
scale. If PBH was formed at the radiation dominated stage, when the cosmological
energy density was p(t) = 3m3,/(32x1%), and the horizon was I, = 21, the mass of PBH
would be:

t
M(1) = 2t:4-1038(—> 4.4
(1) mp,; Soc g 4.4)

where ¢ is the time elapsed since Big Bang.

The fraction of the cosmological energy density of PBH produced by such mecha-
nism depends upon the spectrum of the primordial density perturbations. We denote this
fraction ©, and take it as a free parameter of the model. The data on the large scale
structure of the Universe and on the angular fluctuations of the cosmic microwave back-
ground radiation (CMB) show that the spectrum of the primordial density fluctuations is
almost flat Harrison-Zeldovich one. For such spectrum the probability of PBH produc-
tion is quite low and Q, « 1. However, the flatness of the spectrum is verified only for
astronomically large scales, comparable with the galactic ones. The form of the spec-
trum for masses below 10'° g is not known. Inflation predicts that the spectrum remains
flat for all the scales but there exist scenarios with strong deviation from flatness at small
scales. In particular, in ref. [69, 70] a model of PBH formation has been proposed which
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leads to log-normal mass spectrum of the produced PBH:

(M — Mo)2]

1

— =Cexp [ 4.5)
where C, My, and M are some model dependent parameters. Quite naturally the central
value of PBH mass distribution may be in the desired range My < 10° g. In this model
the value of Q, may be much larger than in the conventional model based on the flat
spectrum of the primordial fluctuations. We will not further speculate on the value of
Q,, and on the form of the mass spectrum of PBH. In what follows we assume for an
order of magnitude estimate that the spectrum is well localized near some fixed mass
value and that €, is an arbitrary parameter. Different mechanisms of PBH production
are reviewed e.g. in [71, 72].

We assume that PBHs were produced in radiation dominated (RD) Universe, when
the cosmological energy density was equal to

2
_ 3mp,
3272

If we neglect the PBH evaporation and possible coalescence, their number density would

OR (4.6)

remain constant in the co-moving volume, npy(t)a’(t) = const. In what follows the
instant decay approximation for evaporation is used. The cosmological evolution of
PBHs with more realistic account of their decay was studied in [73].
Since the black holes were non-relativistic at production, their relative contribution
to the cosmological energy density rose as the cosmological scale factor, a(t) :
QBH(Z’) = Qp (@> s (47)

dp
where a,, is the value of the scale factor at the PBH production and at RD-stage a(t)/a, =

(t/t,)"/. The moment 1, of the black hole production is connected with the PBH mass
through Equation 4.4. Hence

M
= —> . 4.8)
Mpy
Thus if PBHs lived long enough, they would dominate the cosmological energy density

and the Universe would become matter dominated at ¢ > f,,, where

M Tg
teq = 2 2 = _2 s (49)
my Q2 202

and ro = 2M /mf,l is the gravitational (Schwartzschild) radius of a black hole. In what
follows we assume that all PBHs have the same mass M, but the results can be simply
generalized by integration over the PBH mass spectrum. Evidently at RD stage the
number density of PBHs drops as:

a, 3 t) 3/2
npu(t) = np (M) =np (7> , (4.10)
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while at MD stage

D\ (1)
I’lBH(I) =np <t_> (T) . (411)
eq

Cosmological mass fraction of BH as a function of time behaves as

Qua(r) = "M _ 10T o), @12)
Pe 3
i.e. Qpy ~ r'/2 at RD stage. After the onset of the PBH dominance, Qgy approached
unity and remained constant till the PBH evaporation when Qpg quickly dropped down
to zero and the universe became dominated by relativistic particles produced by PBH
evaporation. All relics from the earlier RD stage would be diluted by the redshift factor
(teq/TBH)Z/ 3. In particular the energy density of GWs produced at inflation would be
diminished by this factor with respect to the standard predictions. Such dilution may
cause problems with baryogenesis. However, these problems may be resolved if baryo-
genesis took place at the process of PBH evaporation through the mechanism suggested
in [74] and quantitatively studied in [75, 76]. Somewhat similar model of baryogene-
sis by heavy particle decay (e.g. by bosons of GUT) created at PBH evaporation was
considered in [77, 78, 79, 80].
To survive till equilibration the PBHs should live long enough so that their evapora-
tion time f,, would be larger than t,, or gy > 1., — 1, which can be translated into the
bound on the PBH mass:

1/2 12
Nepr \'2 ! o [ Netr mpy
M> (=41 — 1] ~56-102 (=) 22 (413
><3.2.1o4> "\ 0) o @9

where Q, « 1 and M is mass of PBHs at production *. Both constraints, Equation 4.3
and Equation 4.13 would be satisfied if

N 1/6
Q,>07-107" (=) 4.14
b < 100 (414)
For example, if Q, = 10719, the black holes should be heavier than 1.2 - 10* g.

When the Universe became dominated by non-relativistic PBHs, primordial density
perturbations, A = dp/p, should rise as the cosmological scale factor. They could reach
unity at cosmological time #; satisfying the condition:

2/3
A, (’_1> o1, (4.15)

leg

*In fact in equation (4.13) there must be the PBHs mass at the equilibrium time, M(z,,). Due to
evaporation the PBH mass as a function of time is given by M(f) = M(t,)(1 — t/7py)"/? and it is easy to
see that for Tpy > 1,4 it gives M = M(t,) ~ M(t,,), so hereafter we refer to M as the mass of PBH at
production.
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where A;, is the initial magnitude of the primordial density perturbations. To be more
accurate, the evolution of density perturbations depends upon the moment when they
cross horizon, see below, Equation 4.19. For the moment we neglect this complication
to make some simple estimates.

The initial density contrast is usually assumed to be of the order of A;, ~ 107 —
10~* which is not necessarily true at small scales and may be much larger, especially in
the model of [69, 70]. Evidently the BH life-time, 7y, must be long enough, so that the
density fluctuations in BH matter would rise up to the values of the order of unity. The
condition #,, > t; or equivalently Tgy > t; — 1, leads to the following restriction on the
PBH mass:

Nesr \"* mp s (1070 [107\ " N\ 2
M>M10W:<3.2.104> QPA%gl.z.lo :(q ™ &) @6

mn

We can see that Equation 4.16 puts a stronger lower limit on PBHs mass than Equa-
tion 4.13. The limits are comparable only if A;, ~ 1. Using Equation 4.16 and (4.3) we
get a stronger than Equation 4.14 restriction on Q,:

1074 3/4 N £f 1/6
1011 el.
Q,>07-10 <_A,~n > (—100) . 4.17)

After A reached unity, the rapid structure formation would take place and high density
clusters of PBHs would be formed. As we see in what follows, generation of gravita-
tional waves would be especially efficient from such high density clusters of primordial
black holes.

Let us assume that the spectrum of perturbations is the flat Harrison-Zeldovich one
and that a perturbation with some wave length A crossed horizon at moment #;,. The
mass inside horizon at this moment was:

My (tin) = mbtin. (4.18)

It is the mass of the would-be high density cluster of PBHs. This initial time is supposed
to be larger than 7., Equation 4.9, i.e. the horizon crossing took place already at MD-
stage. For flat spectrum of perturbations density contrast, A = p/p, at horizon crossing
is the same for all wave lengths. After horizon crossing the perturbations would continue
to grow up as the scale factor, A(f) = A, (t/t;,)%>. Such rise would continue till moment
t1(tn) such that:

At (ti)] = Al (ti) /1] = 1 01 11(tin) = tinlr, (4.19)

1(Zin in|11{Zin )/ tin 1\Zin inB;, " .

m

The radius of the PBH cluster rose almost as the cosmological scale factor till ¢ =
t1(tin). After the density contrast has reached unity the cluster would decouple from the
common cosmological expansion. In other words, the cluster stopped to expand together
with the universe and, on the opposite, it would begin to shrink when gravity takes over
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the free streaming of PBHs. So the cluster size would drop down and both ngy and pp
would rise. The density contrast would quickly rise from unity to A, = pp/p. > 1, where
pc and pp, are respectively the average cosmological energy density and the density of
PBHs in the cluster (bunch). It looks reasonable that the density contrast of the evolved
cluster could rise up to A = 10° — 10°, as in the contemporary galaxies. After the size
of the cluster stabilized, the number density of PBH, npy, as well as their mass density,
pBH, would be constant too. But the density contrast, A, would continue to rise as (7/t )2
because p. drops down as 1/ *. From time ¢t = #; to t = Ty the density contrast would
additionally rise by the factor:

Alran) = A(n) (—H>2 - 80 (377 )4, (4.20)

n Mlow

where #; and My, are given by Equation 4.15 and Equation 4.16 respectively.
The size of the high density clusters of PBH would be
Ry = A PEPH 4.21)

1 Vin
and the average distance between the PBHs in the bunch can be estimated as:

~1/3

dy = (M/My)' PRy = AP0 = 2723, P10, Y, (4.22)

It does not depend upon ¢;,. Here Equation 4.15 and Equation 4.9 have been used. The
virial velocity inside the cluster would be

M A 1/6 A 1/2
v= [ S =220)°A) ~ 0.14 (-@) ( ’”4> : (4.23)
mPle 10 10—

So PBHs in the cluster can be moderately relativistic. Later, when ¢ = 7y, black holes

would decay producing relativistic matter and the Universe would return to the normal

RD regime. However, the previous history of the earlier RD stage would be forgotten.
For the future discussion it is convenient to introduce the average distance between

the PBHs at arbitrary time, d = n;,;/ 3, where npy = ppu/M is the number density of
PBHs. Since
2rtMn, 327 [t,\°
Q=27 7 <£> : (4.24)
pC 3mPl 3 dp
the average distance between PBHs at the production moment is equal to
d, = (4r/3)Pr,0, ' (4.25)

When the mutual gravitational attraction of PBH may be neglected, d rises as cosmolog-
ical scale factor, a(t).

Gravitational waves produced in the early universe will be hopefully registered in
the present epoch. The sensitivity of GW detectors strongly depends upon the frequency
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of the signal. The frequency f, of GW produced at time ¢, during PBH evaporation, is
redshifted down to the present day value, f, according to:

f=r [M} =0.34f*?[

(4.26)

ao

100 13
8S(T*)} ’

where Ty = 2.725 K [81] is the temperature of the cosmic microwave background ra-
diation at the present time, T, = T(z,) is the plasma temperature at the moment of
radiation of the gravitational waves, and gg (T ) is the number of species contributing to
the entropy of the primeval plasma at temperature 7. It is convenient to express T in
frequency units, Tp = 2.7K = 5.4 - 10'° Hz.

The temperature of the primeval plasma after the PBH evaporation can be approxi-
mately found from:

my  wg.(T.)T}

_ _ , 427
P = 6ni2 30 (4.27)

where g, (T,) ~ 107 is the contribution of different particle species to the energy density
at temperature T, and t; < t < t,,. For relativistic plasma g.(7) = gs(T). Since
lev = TpH + tp ~ Tpy, We obtain from Equation 4.27 at time t, = Tpy:

30 1/4 Negs 1/2 m%2
T = . 4.28
«(7an) [67r3gs (T*)] (3.2 : 1o4> M2 (4.28)

Substituting the numbers we find:

100 14 Neyy V2 mpyy 3/2
T ~00tmp | ———|  (T2) (B2)7. 4.29
«(TBH) mp; {gs(T*)] ( 100 ) " (4.29)
For comparison at the PBH production moment the temperature of the primeval plasma
was:
mp\ 1/2
T, ~ 0.2mp (ﬁ) . (4.30)

Using Equation 4.26 and Equation 4.29, we find that the present day frequency of the
GWs, emitted at T, Equation 4.28 with frequency f;, would be equal to:

f= 17.1012Hz[ 100 }]/]2 ( 1OO>1/2 <£> (£>3/2 (4.31)
' gs(Tx) Neyrr mpy) \ mpj ' ’

If we take the maximum frequency of the emitted gravitons figex ~ ry b= m%l /2M, the

GW maximum frequency today would be:

1/2 1/2

M M

finax ~ 8.6-10"Hz [ — =58-10"°Hz [ — . (4.32)
mpj 10°g
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4.2 Onset of GW radiation

Once PBHs enter inside each other cosmological horizon they start to interact and thus
to radiate gravitational waves due to their mutual acceleration. The corresponding time
moment 7, is determined by the condition 2#;, = d(#;) and remembering that it happened

still at RD stage, we find
1 (4n\*? o
ty = 33 rgQ, . (4.33)

For t > 1y, the curvature effects can be neglected and the PBH motion is completely
determined by the Newtonian gravity:

.. Mpy r
e (4.34)
my,r® 1
with the initial conditions r; = |r;| = d(t;) and |r;| = H(#;)|r;|, where r is the position

vector of PBHs. For ¢; = 1, their relative initial velocity |r,| = y; = 1 and non-relativistic
approximation is invalid. To avoid that we should choose #; > f; such that v; <« 1. The
solution of the equation of motion demonstrates that the effects of mutual attraction at
this stage and production of GW are weak.

After PBHs enter inside each other horizon and Newtonian gravity can be applied,
their acceleration toward each other becomes essential when their Hubble velocity drops
below the capture velocity. The corresponding time moment, 7., when it happened, is
determined from the condition:

[H(t)d(1) P < —22t

< W (4.35)

1
EVZ(IC) =

| —

If it took place at the RD regime, the corresponding time moment would be equal to:

872 1y
t. = ? Q_%)’ (436)
and the density parameter of PBHs at r = 7. would be
1/2
t 4
Qpulte) = Q, <—> - I, 4.37)
tp 3

Thus at ¢ = ¢, the universe is already matter dominated and we have to use the non-
relativistic expansion law, a ~ 23, starting from the moment ¢ = ¢4, Equation 4.9.
Accordingly the average distance between BHs, when 7 > 1., grows as:

feq 12 N2/
d(1) = d, (T) <t—> . (4.38)
P eq

TThe cosmological horizon is the distance which PBHs started interacting with each other exchanging
gravitons and should not be confused with the black hole event horizon.
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Now we find that the condition that the Hubble velocity, vy = (2/3f.)d, is smaller than
the virial one, for average values, reads:

3
4d;,

3/2.1/2
Orgty “1eq

<1. (4.39)

One can see that this condition is never fulfilled. However, this negative result does
not mean that the acceleration of BHs and GW emission are suppressed, because of the
mentioned above effect of rising density perturbations.

4.3 Bremsstrahlung of gravitons.

PBH scattering in the early Universe should be accompanied by the graviton emission
almost exactly as the scattering of charged particles is accompanied by the emission
of photons. The cross-section of the graviton bremsstrahlung in particle collisions was
calculated in [82] for the case of two spineless particles (here black holes) with masses
m and M under assumption that m « M. In non-relativistic approximation, p> « m?, the
differential cross section reads:

64M>m? dé 3 1+ 4/1—¢&
oc=———2|5/1-¢6+z2-8In——— |, (4.40)
15m, & 2 1—\/1—¢

where £ is the ratio of the emitted graviton frequency, w = 2xf, to the kinetic energy
of the incident black hole, i.e. £ = 2mw/p>. We will use Equation 4.40 for an order
of magnitude estimate assuming that it is approximately valid for arbitrary m and M, in
particular, for m ~ M.

The energy density of gravitational waves emitted at the time interval ¢ and ¢ + dt in
the frequency range w and w + dw is given by

docw do
o Vrelltgp @ <@> dr, (4.41)

where npy is the number density of PBH and v,,; is their relative velocity. The en-
ergy emitted in the frequency interval w € [0, Wyqy| per unit time is proportional to the

integral
p Emax 3 1 1= f
HWmay) = — 2-¢8)In —— | . (4.42)
TR [ O —f]

The maximum value of the frequency of the emitted gravitons should be smaller
than either the kinetic energy of the colliding BHs, E;;, = p*/(2M) or the BH inverse
gravitational radius, 1/r, = m%,/2M, depending on which of the two is smaller. Their

ratio is Eginrg = M*v?/m3,, so for M < mpp~" the maximum frequency would be the

Pr
PBH kinetic energy and in this case &, = 1. It corresponds to the situation when PBH
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is nearly captured. It looses practically all its kinetic energy, which goes to the graviton.
For PBHs in the high density clusters, when v ~ 0.1, the maximum frequency would be
Wmax ~ 1/rg for all PBHs heavier than 10mp;. In this case &qx = (mp;/Mv)?.

The first, rather exotic case, when M < mp;/v can be realized only if Q, = 0.01,
see Equation 4.13. If &, = 1, then Wy, ~ p?/2m and the integral can be taken

analytically:
25 p> 25
H(@pax = p*/2M) = ?;’—m ~ e (4.43)
In this case the energy taken by GWs is of the order of the kinetic energy of PBH and
correspondingly Qgw ~ Mnbhv2/,DBH =2
Below we will consider more natural situation when M > mp;v—!. Integral Equa-

tion 4.42 in the limit of small &, is

2
[(@nax = 1/rg) = ;—M Emar [8 + 310(4/Emar)] (4.44)

This expression is accurate within 30% up to &, = 1. So in what follows we will
use this result as /(Wmax) ~ 25Wmax/3, keeping in mind that normally wpx = 1/r, <
P?/2M.

The fraction of the cosmological energy density of the emitted gravitational waves
which has been produced during time interval ¢ and ¢ + df, which is smaller than or
comparable to the cosmological time #; < ¢ < t, >~ Tpy, can be obtained by the
integration of Equation 4.41 over w from 0 to w,,,, taking into account that the energy
density of GWs goes with the redshift as (14-z)*, and the integration over cosmological
time, ¢, which is connected with the redshift by the relation?

d
dr = — < (4.45)

H, (1 —i—Z) [.QBH*(I +Z)3 + Qr*(l +Z)4]1/2 ,

where H., Qpp, and Q,, are respectively the Hubble parameter, the matter density
parameter, and the radiation density parameter evaluated at cosmological time ¢, = Ty,
just before the PBH decay. Recall that we use the instant decay approximation, so the
Universe at ¢ = Ty was still at MD stage. In this case all quantities such as H, and p,
are taken at this stage: Hy = 2/3t,, p. = m%,l/67rT%H, Qg+ = 1,and Q. = 0.

We need to calculate the energy density of GWs at the moment of the PBH evapo-
ration. The rate of GW production is given by Equation 4.41. To take into account the
redshift of the energy density of the gravitational waves we have to divide dogw /dw by
(1+ z)4, to substitute w = (1 + z)ws, where w, is the GW frequency at t = 7y, and to
express time through the redshift as dr = (3/2)7gx(1 + z)~>/2dz. As a result we obtain
att, = Tpy:

32]Wzvrel (cluster)

docw (Tar) = P (14 2) 7 flws(z + D]A[(1 + 2)ws]dz (4.46)

6
Smp,

HIn this paper we consider flat space with curvature k = 0 and neglect cosmological constant, A = 0.
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(cluster)

Here pg,, is the energy density of the PBHs in the cluster (which is denoted above
as pp). Note that pgg ) _ const before the PBH decay. We parametrize this quantity
as pggmr) = pg}){(TBH)A(TBH), where pgz](TBH) = m3,/(6n73,,) is the average cos-

mological energy density of PBH and A(trpy) is given by Equation 4.20, see also the
discussion above this equation. Function f(w) is the function of & = 2mw/p® in the
square brackets of Equation 4.40.

To find the cosmological energy fraction of GWs at t = Ty we need to integrate the
expression above over frequency, using Equation 4.43, and over redshift and to divide it
by the total average cosmological energy density ngL(TBH) = m3,/(6n7%,,). Since we
have to average over the whole cosmological volume, one factor A disappears and we

remain with the first power of A. So the cosmological energy fraction of GWs would be:

Qew (Wmaxs Ta) ~ 160 (%) (1305) (1\1[0’8( > (“’1""4’”) . (4.47)

Here coefficient Q reflects the uncertainty in the cross-section due to the unaccounted
for Sommerfeld enhancement [83, 84]. Note that A may be considerably larger than 10°.
With v, = 0.1, A = 10°, Q = 100, and Jmax =rg ! the fraction of the cosmological
energy density of the GWs emitted by the bremsstrahlung of gravitons from the PBHs
collisions, when the Universe age was equal to the life-time of the PBH, could reach:

10°g\°
QGW(TBH) ~38- 10717 <7g> . (448)

It looks that for very light PBH, M < 50mp; , the fraction of GW might exceed unity,
which is evidently a senseless result. However, one should remember the lower bound on
the PBH mass Equation 4.16 and that mp;/M < Q,,/20 and mp;/M < 1077(Q,,/107°).

It may be interesting to calculate the contribution to Qgw(7py) from the earlier
period before the cluster formation. The mass density of PBHs at that stage was equal to
the cosmological energy density but since it was quite high and the effect is proportional
to the density squared, the contribution from this period might be non-negligible. The
result can be obtained from Equation 4.46, where ppy is taken equal to the average
cosmological energy density. Since p. evolves with time we need to insert into the
integral over dz the factor (1 + z)® where the redshift is taken from some initial time,
presumably #; = f.,, down to the moment of the cluster formation, #;. So the energy
density of gravitational waves produced by bremsstrahlung from ¢ = t,,, Equation 4.9,
till t = #;, Equation 4.15 would be:

32szrel (c)

dp, = s ()P (14 2) 7 flws(z + D]A[(1 + 2)ws]dz,  (4.49)

Pew = 6
Smy,

where 91(90121 = m%,/(6mt}) and (1 + z) runs from 1 up to (1, Jteq)?/3. We have introduced
an upper index (1) to indicate that this is the energy density of GWs generated before
the cluster formation time ¢t = ¢;. The integration over z gives the enhancement factor
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(1+ Zmax)l/ 2 = (t1/ teq)l/ 3, According to Equation 4.9 and Equation 4.15, this ratio is
Ai;l /2

density p()(#;) = p') (ty)(tu/t1)*. The other factor pg},(ﬂ) disappears in the ratio
Qcw = pGW/p(C). On the other hand, Qg is redshifted by (TBH/Il)z/ 3. Correspond-
ingly

~ 10%. Another enhancement factor comes from a larger cosmological energy

(1) —-1/2 (1)
QGW(TBH) B LA, " v, <TB;H>1/3, (4.50)

Qow(tpy)  AlTpm) Vyel \ 11

where the coefficient 11 came from the ratio of the integrals over z of Equation 4.46 and
Equation 4.49 and

1/3 1/3 2/3
<7'3;H _ 32170 -Q127/3 ﬂ ) (4.51)
4 Nery mpj

The ratio of relative velocities of PBHs before and after the cluster formation, vgl) /Vrels

is tiny, according to the estimates of section 4.2, and this introduces another strong sup-
pression factor to the production of GWs at an earlier stage. In accordance with Equa-
tion 4.20 the density contrast rises as A = A(t;) (7 /t1)?, where A(t;) is supposed to be
large, say, 10* — 10° due to the fast rise of density perturbations at MD stage after they
reached unity. Thus the generation of GWs in high density PBH clusters is much more
efficient than at the earlier stage.

The density parameter of the gravitational waves at the present time is related to
cosmological time f, as:

Qaw (1) = Qow(tx) (%)4 (%:)2 ; (4.52)

where Hy = 100h¢ km/s/Mpc is the Hubble parameter and iy = 0.74 £+ 0.04 [33, 85].
Using expression for redshift Equation 4.26 and taking the emission time ¢, = 7py we
obtain:

100 1/3
—gs (T(TBH))> QGW<TBH) . (4.53)

Now using both equations Equation 4.48 and Equation 4.53 we find that the total density

Qgw(to) = 1.67 x 107k <

parameter of gravitational waves integrated up to the maximum frequency is:

2 21 105g ?
h()QGW(IO) ~0.6-100° K <7> , (454)

where K is the numerical coefficient:

= () () (i) () Groy) - 69

Presumably K is of order unity but since A may be much larger than one, see Equa-

tion 4.20, K may also be large.
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4.4 GW from PBH scattering. Classical treatment.

Classical radiation of gravitational waves by non-relativistic masses is well described in
quadrupole approximation, see e.g. books [17, 16, 86]. However, as we have seen, in
high density clusters of PBH, their relative velocity could be high, see Equation 4.23, and
relativistic corrections may be non negligible. This problem was studied by Peters [87],
who considered emission of the GWs by two bodies with masses M and m, where the
former is supposed to be heavy and at rest and the latter, lighter one, moves with velocity
v. For non-relativistic motion, when v « 1, and the minimal distance between the bodies
is larger than their gravitational radii, the energy of gravitational waves emitted in a
single scattering process is equal to:

v«l1, (4.56)

where b is the impact parameter.
For the relativistic motion, 1 — 1> < 1, the emitted energy is:

M>*m?

0Egw = .
b3mgl(l —2)3/2

4.57)

The frequency of the emitted gravitational waves in this process is peaked near w ~
27/6t, where 6t is the transition time which, for non-relativistic motion is 6t = b/v
according to ref. [87], while for the relativistic one it is equal to 6t ~ b(1 — v*)!/2. For
an order of magnitude estimate let us take M ~ m, then the radiated energy, as a function

of frequency, would be:
4

M
SEgw(w) ~ — . (4.58)
Mpy

This and the previous equations are true for sufficiently large impact parameter, b >
re for which the space-time between the scattered PBHs may be considered as flat and
their gravitational mass defect can be neglected. The energy loss in a single scattering
event cannot be larger than

SEmax = ﬁq, (4.59)
where p = Mv,,; is the relative momentum of two scattered PBHs and ¢ is the momen-
tum transfer which by an order of magnitude is ¢ = 1/b. Here and in what follows we
use non-relativistic approximation. So equations Equation 4.56 and Equation 4.57 can

be true only for

37n M?>

b > bmin = —_— .
3
15 my,

(4.60)

For smaller impact parameters the radiation of gravitational waves would be consider-
ably stronger but the approximation used becomes invalid. For the (near) “head-on”
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collision of black holes a bound state of two BH (a binary) or a larger black hole could
be formed and the energy loss might be comparable to the BH mass due to gravitational
mass defect. However, we are interested in gravitational waves at the low frequency part
of the spectrum, such that they could be registered by existing or not-so-distant-future
GW detectors. For such low frequency gravitational waves the approximation used here
is an adequate one.

The differential cross-section of the gravitational scattering of two PBHs in non-
relativistic regime, q2 & 2M?, can be taken as:

M? dg*  2M?
do = = =L = Zbab. (4.61)
Mp 4 Mpy

The differential energy density of GWs emitted at time and frequency intervals [z, 7+ dt]
and [w, w + dw] respectively can be calculated as follows. The rate of the energy
emission by GWs is

docw = doni,v,e0EGw , (4.62)

where we take for E non-relativistic expression Equation 4.56. We assume that the
impact parameter is related to the radiated frequency as w = 2nv,,;/b, as is discussed
below Equation 4.57. With bdb = b3dw/(27tv,;) we find:

T4nvier 5 M* dw

—_ — —dr. 4.
15 PP on (469

dogw =

The energy density parameter of GW at the moment of BH evaporation can be obtained
integrating this expression over time and frequency. Thus we obtain:

2 S
Qew(tpn) = 21071 (%) (%) <%) <107g> . (4.64)
If we do not confine ourselves to the impact parameter bounded by condition Equa-
tion 4.60 and allow for b ~ rg, the energy density of GWs at the moment of PBHs
evaporation might be comparable to unity.

Let us now take into account the redshift of GWs emitted at different moments during
the the life-time of the high density clusters. The energy density of GWs emitted at some
time 7 is redshifted to the moment of BH decay as 1/(z + 1)*. The frequency of GW is
redshifted as w = (z + 1)ws, where wy is the frequency of GWs at ¢t = 7. Integration
over time or redshift is trivial and we find from equation Equation 4.63 that the energy
density parameter of gravitational waves per logarithmic interval of frequency or the
spectral density parameter, Equation 3.10, at time ¢ = Tgy is equal to:

re A N M
Qow(fs;TH) ~ 8.5 (%) (1—0b5> ( lojg) (m—2> S (4.65)

Pl
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Figure 4.1: Log-log plot of density parameter today, h(z)QGW, as a function of expected
frequency today in classical approximation for N.sr ~ 100, gg ~ 100, A, ~ 10°, and
Vyer ~ 0.1 for different values of PBH mass M ~ 1 g (solid line) and M ~ 10° g (dashed
line).

Now using Equation 4.31 and Equation 4.53 we can calculate the relative energy density
of GWs per logarithmic frequency at the present time:

12
2 ) A~ 1012,/ L 10°g
heQew(fito) ~ 1.23- 10 “a <GHZ) ( i > , (4.66)

where o is the coefficient at least of order of unity:

(v (Do) (Nes NP 100\
“ - (51) <W><100> <gs<T<rBH>>> | (407

It may be much larger if A, » 10°.

As we mentioned above, the classical approximation is valid if the impact parameter
is bounded from below by Equation 4.60. Since the frequency of the radiated GWs is of
the order of v/b, the maximum present day frequency of GWs, produced at cosmological
time ¢ = Ty, for which the classical non-relativistic approximation is still valid, would

be:
100\ 7100\ (105"
ax ~ 9+ 109Hz (24 <_ _> ( > <—> . (4.68)
f <0.1> gs(T(tan)) Nerr M (

For M = 10° g the minimum impact parameter is b,,;; ~ 10~13 cm. The frequency of the

order of 1 Hz today corresponds to the impact parameter 6 orders of magnitude larger.
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If we demand that the impact parameter should be smaller than the average distance
between PBHs in the clusters, then using equations Equation 4.22 and Equation 4.60 we
find that it can be true if the following condition is fulfilled:

105g 3/4 105 1/4 10_4 3/4
. 76 — —
Q,<18-10 ( > <Ab> < A > . (4.69)

4.5 Energy loss of PBHs

We calculate here the total energy loss of PBHs in the high density clusters, in order
to understand how probable could be the formation of the PBH binaries. First, let us
estimate the total energy loss of PBHs due to the graviton bremsstrahlung. The loss of
the kinetic energy per unit time due to the graviton emission is:

dEy, > “re ( do-)
— | — = NBHVrel dow| — ) (4.70)
( dr brem " ‘J‘ dw brem

where wp,, is defined in section 4.3. The total loss of kinetic energy of a single PBH
during the time interval equal to the PBH life-time, 0Ey;,, = —Ek,-,,TBH, normalized to
the original kinetic energy of the PBH can be estimated as

SEx 2
kin _ 6. 10%, <@> , 4.71)
M

_(OLN (A (Nesr) (2
2= (vre1> <105> <100> (10) ' (4.72)

Clearly the energy loss is essential for very light PBHs which could form dense clusters

where

only if Q,, is sufficiently high, see Equation 4.16.
The energy loss due to classical GW emission might be somewhat more efficient.
According to the previous section the energy loss by a single PBH per unit time is:

o]

AEclass = NBHV f db (

'min

do

= ) - SE(D), (4.73)

where 6E(b) and b,y,;, are given respectively by Equation 4.56 and Equation 4.60.
Taking the integral over b and time we find for the fractional energy loss of PBH due
to classical emission of the gravitational waves:

ABaass _ g o3 Do Nerr mer

. 4.74
Eiin 105 100 M (4.74)

One should remember however that this energy loss comes from the PBHs scattering
with rather large impact parameter b > b,,;;,,. For smaller b, when the simple approxima-
tion used in this work is inapplicable, the energy loss might be much larger. Moreover,
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according to Equation 4.9, Equation 4.15 and Equation 4.20 the density amplification
factor A, may be much larger than 10°:

. s o (100N [/ M\*
Ap(tpr) = 107 A(t1) A;, Q) <Kf7’> (m_Pl> , (4.75)
where we may expect e.g. that A(¢;) ~ 10°, Ajy ~ 1074, and Q, ~ 107°.

PBHs in the high density clouds could also loose their energy by dynamical friction,
see e.g. book [88]. A particle moving in the cloud of other particles would transfer
its energy to these particles due to their gravitational interaction. However, one should
keep in mind that the energy redistribution in the case of dynamical friction is essentially
different from the energy loss due to gravitational radiation. In the latter case the energy
leaks out of the system cooling it down, while dynamical friction does not change the
total energy of the cluster. Nevertheless a particular pair of black holes moving toward
each other with acceleration may transmit their energy to the rest of the system and
became gravitationally captured forming a binary.

For an order of magnitude estimate we will use the Chandrasekhar’s formula which
is valid for a heavy particle moving in the gas of lighter particles having the Maxwellian
velocity distribution with dispersion 0. The deceleration of a BH moving at velocity
vpy With respect to the rest frame of the gas is given by

d

— Py = —471612\,MBH,017 lnAvéiH [erf(X)

4.76
dt Vey ( )

B 2Xexp(—X2)}
—

where X = vpy/(/20), erf is the error function, pj, is the density of the background
particles, and InA ~ In(M,/Mpy) is the Coulomb logarithm, which is defined as in

[88]:

2 2
biaxiip, o

InA =1In .
Mpy +m

Here b,y is the maximum impact parameter, o> is the mean square velocity of the gas
and m is the mass of particles in the gas. Numerical simulations show that b,,,, can
be assumed to be of the order the radius of the cloud, Rp, which is given by equation
Equation 4.21. Since 0> ~ M,/ (mIZDIRb), a reasonable estimate of A is M,/ Mpp.

Equation 4.76 was solved in [89] in two limits v > o and v < o. In both cases the
characteristic dynamical friction time was of the order of:

i, ( o )3 25 100\ /MY /106 Wi
Tne — ~ [ — — — | Ty (4.
PP 4n Mgupyin A~ \0.1) [In(10-6/Q,) | \Neps ) \1g/) \ A )

For PBH masses below a few grams dynamical friction would be an efficient mechanism

of PBH cooling leading to frequent binary formation. Moreover, dynamical friction
could result in the collapse of small PBHs into much larger BH with the mass of the
order of Mj, Equation 4.18. This process would be accompanied by a burst of GW
emission.
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4.6 Gravitational waves from PBH binaries

Binary systems of PBH could be formed with non-negligible probability in the high den-
sity clusters. As we have seen in the previous section, PBHs could loose their energy due
to emission of gravitational waves and due to dynamical friction [88]. As a result they
would be mutually captured. Determination of the capture probability is a complicated
task, which could probably be solved by numerical simulation. Since it is outside of the
scope of the present work, we simply assume that the mass or number fraction of PBH
binaries in the high density bunches of PBH is equal to €, where € is a dimensionless
parameter which is hopefully not too small in comparison with unity.

Gravitationally bound systems of two massive bodies in circular orbit are known
to emit gravitational waves with stationary rate and fixed frequency which is twice the
rotation frequency of the orbit. In this approximation orbital frequency, w,», and orbit
radius, R, are fixed. Luminosity of GW radiation from a single binary in the stationary
approximation is well known, see e.g. book [17]:

) 10/3
. 32Mi M5 (M + Ma) _32 5, (Mcworb> ) (4.78)

LS =F SRSm%I 5 mPl 2

Mp,

where M, M, are the masses of two bodies in the binary system and M, is the chirp
mass which is defined as

(M, M)/
M, = ——— 4.79)
(M + My)'/5
and
M+ M
2 1 2
orb — mIQDIR:; (480)

In the case of elliptic orbit with large semi-axis a and eccentricity e the luminosity
is somewhat larger (if R = a):
L 32MIM5 (M + M) < 73¢> . 37e4>
7/2 :
5a5m8, (1 — €2) / 24 96

(4.81)

The emission of GWs costs energy which is provided by the sum of the kinetic
and potential energy of the system. To compensate the energy loss the radius of the
binary system decreases and the frequency rises making the stationary approximation
invalid. As a result the system goes into the so called inspiral regime. Ultimately the
two rotating bodies coalesce and produce a burst of gravitational waves. To reach this
stage the characteristic time of the coalescence should be shorter than the life-time of
the system. In our case it is the life-time of PBH with respect to the evaporation.

In the inspiral regime the initially circular orbit may remain approximately circular
if radial velocity of the orbit, R, is much smaller than the tangential velocity, w,,»R. This
regime is called quasi-circular motion and is valid as long as (see e.g. book [18]):

Dorp & W2 (4.82)

orb*
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Equation 4.82 can be translated into the lower bound on the radius of the orbit:

(eff) _ M+ M>

R>»r = — (4.83)
g 2
Mpy

which is the condition of the validity of the Newtonian approximation. It was shown
by Peters [90] that the orbits with initial ¢y = 0 would remain quasi-circular as far as
condition Equation 4.82 is fulfilled, while for the orbits with eg # 0 the eccentricity
rapidly approaches zero due to back reaction of the gravitational radiation.

Most probably binaries are formed in elliptic orbits with high eccentricity. However
in the calculation of the GW emission by binaries we assume for simplicity that all orbits
are circular. The result would be a lower bound on GW emission, hopefully not too far
from the real case.

In what follows we will consider both stationary and inspiral regimes since they both
might be realized for different values of the parameters. We will use the instant decay
approximation, when the PBH mass is supposed to be constant till # = 75y and then
BH would instantly disappear. The case of the realistic decrease of PBH mass will be
considered elsewhere.

The stationary orbit approximation is valid if time of coalescence, 7.,, is much
larger than the BH life-time, 7., > 7py. The former can be found as follows (see e.g.
book [17]). According to the virial theorem the total (kinetic plus potential) energy of
the system is E = —MM,/(2Rm%,). Since luminosity, Equation 4.78 is L, = —dE/d1,
the radius varies with time according to

_64M1M2(M1 + Mg)

R = (4.84)
6
5R3mS,
Correspondingly
1/4
1 —1
R(1) = Ro (—0 oo ) : (4.85)
Tco
where R is the initial value of the radius, #; is the initial time, and the coalescence time
is given by:
5R*m®
Top = 0Pl (4.86)

256M1M2(M1 + Mg) '

The condition 7., > Tgy can be translated into the lower bound on R (for M; = M5):

1/4 1/2
R > Ryin = 4.6 - 10° (;}00 ) (135 > rg . (4.87)
eff g

Keeping in mind that the frequency of GWs emitted at circular motion of the binary is
twice the orbital frequency, f; = w,rp/m we find from Equation 4.80 that lower bound,
Equation 4.87 leads to the following upper bound on the GW frequency:

N 3/8 105 7/4
fy < Wnax/7 ~ 2 - 10%Hz ( 18’8‘) ( Mg> . (4.88)
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On the other hand, the radius of the binary orbit should be smaller than the average
distance between PBHs in the cluster, Equation 4.22 and probably quite close to it. Using
Equation 4.22 and Equation 4.87 we find:

, 1/3 ' Q. \ 43 1/2
Ruin 1 31075 (22 B L M . (4.89)
dy 105 10-4) \10-6 105¢

So it seems natural that R, < dp and the PBH binaries should be mostly in the quasi-

stationary regime. R,,; would be equal to d; roughly speaking for quite large mass
fraction of the produced PBHs, Q, > 1073, The condition Ry, = dp gives a lower
bound on orbital frequency, wyp:

AN A N2 QN2 /105
~ 17 =1 b in P g
Worh > Wmin ~ 9.4 - 10" "sec (105> (10_4> <106> ( i > . (4.90)

During the inspiral phase, for which 7., < Tgy, we expect that binaries emit GWs in the

frequency range:

Nerr\ Y (1097 10°
2. 10%*Hz <ng> <%) < f<06-10%Hz (%) . 4.91)

The upper bound corresponds to w ~ 1/r,.

The frequency spectrum of the gravitational waves in inspiral but quasi-circular mo-
tion can be found in the adiabatic approximation as follows. Since the gravitational
waves are emitted in a narrow band near twice the orbital frequency, the spectrum of the
luminosity, Equation 4.78, can be approximated as:

o 32MiM;5 (M) + M)
SR3(1)mb,

5 (w —2werp(R)) dw (4.92)

To find the energy spectrum we have to integrate this expression over time from initial
time, tyi, = fo, t0 Maximum time tqx = min[tpy + 15, Tco + to], where #o and ¢, are
respectively the time of the binary formation (it may be different for different binaries
but here we neglect this possible spread) and the time of PBH formation (it is different
for PBH with different masses). Note that the coalescence time, 7., is also different for
binaries with different initial radius Ry.

Using Equation 4.80 and Equation 4.84 and the expression for the differential time
dt = (dR/dt) ™ (dR/dworp)dweys, We find:

dE 21343 MM,

dlnw 3 mi§3(M1 + M)/

(4.93)

in agreement with [18] and [91]. This expression is valid for the frequencies in the
interval determined by Equation 4.80 with R,,,x = Ro and Ryin = R(tmax)-
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In Equation 4.93 we have not taken in account the redshift which is different for dif-
ferent frequencies and thus this leads to spectrum distortion. According toEquation 4.80
and Equation 4.85, frequency w is emitted at the time moment:

o\ 8/3
1) = 1o + Teo [1 _ (%) ] , (4.94)
where
M M 1/2
Omin = 2 (%) R, (4.95)
M,

is the minimal frequency emitted at initial moment ¢ = #3. To the moment of the PBH
evaporation the frequency of the GWs emitted at 7 = #(w) is redshifted by the frequency
dependent factor:

e [ e 1P
@ = 1+z(w) N |:lp +TBH:| @ (4.96)

where w; is the frequency of GWs at t = 1, + 7py. This equation implicitly determines
w as a function of wy.

The spectrum of the gravitational waves at PBH evaporation can be obtained from
Equation 4.93 dividing it by (1 + z) (the redshift of the graviton energy, E) and with
substitution w = (z + 1)w,. Correspondingly

z+1
dp— 2L 4.97
© T T 0. (dgfdw) o
As a result we find:
dE, 21/30)1/3 MM, [1— ws (dz/dw)rl (4.98)
dlnw, 3 mi,/f(Ml 4 My)1/3 (1+2)173

Here z(w) should be taken as a function of w, according to Equation 4.96 and w, varies
between wy, and wy,, divided by the corresponding red-shift factor. In particular,
Wi(min) = Wminlto/(tp + TBH)]Z/ 3. Note that Ry enters explicitly into Equation 4.98),
while in Equation 4.93 it enters only through the limits in which w varies. Because of
that the frequency spectrum depends upon the distribution of binaries over their initial
radius, Ry. As is shown below, it is especially profound in the case of long coalescence
time when the frequency spectrum of a single binary with fixed R is close to delta-
function.

In the stationary approximation, when the change of the orbit radius can be ne-
glected, we expect that a single binary emits GWs in a narrow band of frequencies close
to twice the orbital frequency. However the distribution of binaries over their initial ra-
dius, dng;y = F(Rp)dRy spreads up the spectrum. Here dng;y is the number density of
binaries with the radius in the interval [Ry, Ry + dRy]. Since in this approximation the
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radius is approximately constant we do not distinguish between R and Ry. The cosmo-
logical energy density of the gravitational waves emitted per unit time is equal to:

way  2F(R)Rny, d
dplen) — RIR Mgy dw ) (4.99)
3w
BH

w

where ng j; 1s the number density of PBH in the high density bunch (cluster), n%,, is the
average cosmological number density of PBH, R = R(w,,») according to Equation 4.80,
and we used the relation dR = —2(R/3) (dw/w). Distribution, F(R), is normalized as:

J dRF(R) = npiy = enby, . (4.100)

We assume for simplicity that F(R) does not depend upon R in some interval [R, R;]
and vanishes outside it. So F(R) = en,,/(R| — Ry).
A more realistic fit to the PBH distribution over radius could be a Gaussian one:
1 2h 2
F(R) = engp ex [f R—(R 20'] : (4.101)
(R) Joro p|—(R—{(R))"/

where o is the mean-square deviation of R from the average value (R).

The small factor S,/ n% 5, enters Equation 4.99 because we are interested in the cos-
mological energy density of GWs averaged over the whole universe volume. The cos-
mological number density of PBH is expressed through their energy density as npy =
oa/M = p.(t)/M. The number density of binaries in the cluster is parametrized ac-
cording to:

npiv (1) = €(r) ny (1) = €(t) pe()A(1) /M, (4.102)

where, we remind, p.(¢) is the total cosmological energy density and A(z) = pp/p. > 1
is the density contrast of the cluster. The time dependence of n%H disappears when
the cluster reaches the stationary state, see discussion in section 4.1, and A(t) evolves
according to Equation 4.20. When the stationary orbit approximation is valid, € remains
constant.

Collecting all the factors and integrating Equation 4.99 over time with an account
of the frequency redshift, w = wy (1 + z) and the total redshift of the energy density of
GWs, pow (1:) = pew (1)/(1 + 2)*, we find:

273 | n,, (1 M>M?)(tpy +t !
ol (w,) = ?[ BHi BH)] (M M) (s lézF(R)winw* | xody,
nBH (Ml + M2)1/3mPl Xmin

where x = a(t)/a(ts) = 1/(1 + 2), Xpmin = a(to)/a(ts), to is the time moment of binary
formation and we make use of equation Equation 5.49. Dividing this result by the critical
energy density just before PBHs complete evaporation, npy (1) ~ pc(tsu)/M, we
find the cosmological fraction of the energy density of GWs at t = 7y per logarithmic
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interval of frequency f = w/(2n) (below we assume that all BHs have equal masses,
M):

QU (fpm) = (4.103)

85 R — R, my, n

8/3
3 ‘217/3 €- (fp -|-TBH) (ﬂ'f*M> / [1 —x17/6

where for the sake of a simple estimate we assumed that F(R) = const. We assume also
that all the binaries are formed at the same time, #y) € 7y and so x,;;;, < 1. Note that the
frequency of GWs coming from the binaries with radii between R; and R, is confined
according to Equation 4.80.

To make an order of magnitude estimate of the fraction of the energy density of GWs
at the moment of PBH evaporation we take (Rj —Rz) ~ R; ~ R(w), where R(w) is deter-
mined by equation Equation 4.80 and take into account that the stationary approximation
is valid if the radii of the binaries are bounded from below by Equation 4.87. Hence, if
the stationary regime is realized, the spectral density parameter today would be:

hzg(smz)(f,to)%w,ge Neyy 2/3 100 V18 ar 113 L 10/3(4‘104)
06w 100 gs (T (tsu)) 10°g GHz

10-14_:
10-21_:

2 4
hOQGW 10-28 g

10—35_:

. , . , .
10° 10° 10* 10° 108 1010
Frequency [Hz]
Figure 4.2: Log-log plot of density parameter today hSQGW as a function of expected

frequency today for PBHs binaries in the stationary approximation for 8 ~ 1, € ~ 107>,
Negr ~ 100, gg ~ 100, PBH mass M ~ 107 g (solid line) and M ~ 1 g (dashed line).

The expected range of the present day frequencies of the GWs from the binaries in
the stationary approximation is given by Equation 4.90 and Equation 4.88. The emitted
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frequency is determined by the binary radius, so a single binary emits GWs with a very
narrow spectrum. However, the distribution of binaries over their radius could lead to
a significant spread of the spectrum. In principle the frequencies emitted may have any
value in the specified above range. The minimal present day frequency of such GWs
today can be found by plugging Equation 4.90 into Equation 4.31:

s N 12
f>43Hz8 (1(])‘4g> : (4.105)

where (8 is given by

(A 1/2 Ay, 3/2 Q, 2 100 12 7 100\ 12
=) (05) (5) (o) () - @

For binaries formed with R > R,,;,, see Equation 4.31, Equation 4.87 and Equation 4.88,

the frequency of emitted GWs today is bounded from above by:

£<57-10" Hz <$> v < 100 )1/8 (ﬁ) v (4.107)
o gs (T (tam)) Neyy M . '

Let us estimate now the energy density of GWs in the inspiral case, when 7., < Ty
and the GW emission from a single binary proceeds in a wide range of frequencies due
to shrinking of the binary radius. The radiation frequency spans from f s, which is
the GW frequency at the initial PBH separation, to fi . which corresponds to GWs
emitted at R ~ r,. The energy spectrum of GWs is given by Equation 4.93 where, in
what follows, we change to cyclic frequency, f = w/2x.

After the cluster evolution was over, the number density of PBHs in high density
clusters remained approximately constant till the PBH evaporation, but in the inspiral
phase the fraction of binaries, €(¢), decreased due to their coalescence. So the tail of
the distribution function at small initial Ry is eaten up, and the average value of R drops
down. In distribution function, F(Ry), we have to substitute instead Ry its expression
through R and time according to

1/4
R [R4 N (256M1M2(M1 + Mz)) - t0>] “108)

6
Snip,

with the corresponding change of Rngo — R3dR.

To calculate the cosmological energy fraction of GWs at the PBH evaporation mo-
ment we can proceed along the same lines as we have done deriving Equation 4.98
introducing additional factor F(Ry)dRy which depends upon time according to Equa-
tion 4.108. However, at the level of calculations in the present model with many un-
known parameters it can be sufficient to neglect such subtleties and to use a simplified
estimate:

dpocw ety (1) dEgw
d(log f;) "%

_—, 4.109
a(log 1) (+109
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where €., is the fraction of binaries with coalescence time shorter or equal to PBH life-
time. For an estimate by an order of magnitude we assume also that the number of
binaries is independent on the redshift. To some extend the decrease of the binary num-
ber may be compensated by their continuous formation. We neglect possible difference
of binary masses and take M| = M,. We approximately take the redshift into account
from the moment of the coalescence to the PBH decay, (z¢, + 1) ~ (T /Teo)?>. This
corresponds to the assumption that the binaries radiated all GWs only at the moment of
Teo- SO the fi = f(1 + z,). Thus we obtain as an order of magnitude estimate:

2/3

co M —

QGW(f*sTBH):% (ﬂf’; ) (zeo + 1)713. (4.110)
Mp)

Using Equation 4.31 and Equation 4.53, we find that the energy density parameter of
gravitational waves today is equal to:

5/18 1/3 2/3 1/3
12w (f) ~ 510 % [ — MNP NP (100
’ “\&s(T(sn)) 100 1012Hz M ;

(4.111)
where we neglected possibly weak redshift dilution of GWs by the factor (7., / TBH)Z/ 2,

If the system goes to the inspiral phase, then according to equation Equation 4.91
we would expect today a continuous spectrum in the range from f,;, ~ 0.9 - 10’ Hz to
finax ~ 3 - 10*Hz. However if we take into account the redshift of the early formed
binaries from the moment of their formation to the PBH decay, the lower value of the
frequency may move to about 1 Hz.

4.7 Gravitons from PBH evaporation

In the previous sections we have considered only gravitational waves emitted through
mutual acceleration of PBHs in the high density clusters. On the other hand PBHs could
directly produce gravitons by evaporation. This process in connection with creation of
cosmological background of relic GWs was considered in [61] and later in [92]. In the
last reference a possible clumping of PBHs at the matter dominated stage was also con-
sidered. Though such clumping does not influence the probability of the GW emission
by PBHs, it may change the mass spectrum of PBHs due to their merging.
The PBHs reduce their mass according to the equation:

f— N\ 13

M(t) = My <1 - ”) , (4.112)
TBH

where M is the initial mass of an evaporating BH and ¢, is the time of BH produc-

tion after Big Bang. Equation 4.112 shows that the BH mass can be approximately

considered as constant till the moment of the evaporation and may be approximated as

6(t—1t,—71pu). Due to evaporation a BH emits all kind of particles with masses m < Ty
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and, in particular, gravitons. The total energy emitted by BH per unit time and frequency
w (energy) of the emitted particles, is approximately given by the equation (see, e. g.
book [93]):

E 2N.rr M? 3
<d >: 2@ 4.113)

drdw m miy, e/Ton — 1 ’

where T is the BH temperature Equation 4.2. Due to the impact of the gravitational field
of BH on the propagation of the evaporated particles, their spectrum is distorted [63] by
the so called grey factor g(w), but we disregard it in what follows.

Let us now estimate the amount of the gravitational radiation from the graviton evap-
oration. After their production PBHs started to emit thermal gravitons independently on
the PBH clustering. Hence the thermal graviton emission depends only on PBH number
density, ngy. The energy density of gravitons in logarithmic frequency band emitted in
the time interval # and ¢ + dr is

dpew(w; 1)
dw

= 10"2npy(t) ( dfi)) dr, (4.114)
where factor 1072 takes into account that about one percent of the emitted energy goes
into gravitons. The density parameter of GWs per logarithmic frequency interval at
cosmological time t,, = Ty can be obtained by integrating Equation 4.114 over redshift
with an account of the drop-off of the graviton energy density by (1 + z)~* and the
redshift of the emitted frequency so that at 7, = 7py: w = w4«(1 + z). Note that in the
instant decay approximation the BH temperature remains constant. One has also to take
into account that the number density of PBH behaves as npp (1) = np(t,)(1 + z)3, so
if we normalize our result to npy (), the integrand should be multiplied by (1 + z)3.
Finally we obtain:

d 0.03N,rrMw?
loow (Ws, TH) _ efi’ Wy (3tn) s (tam) I < W ) , (4.115)
dIn w, T, Ty
where . 12
I<w*>5 e dz (1+2)" (4.116)
Tsy exp[(z+ 1)ws/Tpu] — 17
and
b <>/ <r_)/ _ <32170>” (ﬂ)“” of. @i
max Teg Ip Neff mpy " .

where the effective time of integration is equal to 37py because of the instant decay
approximation. One can check that in this case the total evaporated energy would be
equal to the PBH mass.
The spectral density parameter of GWs at t = 7y is equal to:
2.9 - 10°M*wi}

w
Qow(ws; Tr) ~ —I—. (4.118)
nmy, Tu
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The spectrum is not a thermal one, though rather similar to it. It has more power at small
frequencies due to redshift of higher frequencies into lower band and less power at high
wx. The spectral density parameter reaches maximum at w?** /Ty = 2.8. Accordingly
the maximum value of the spectral density parameter when PBHs completely evaporated
is equal to:

QP (Wl Tpy) ~ 3.8 1072, (4.119)

10"
10785
10'9-:
n2Q -10-
o~=Gw 107

10-114

10714

10—13_

Frequency [Hz]

Figure 4.3: Log-log plot of the density parameter per logarithmic frequency,
h2Qaw (f;10), as a function of frequency today, f, for the case g5 ~ 100, Ness ~ 100,
black hole mass M = 1 g (solid line) and black hole mass M = 10° g (dashed
line). We can see that the spectrum has a maximum which is sharp and of order

heQGw (fpear) ~ 1077,

Integrating Equation 4.118 first over w, and then over redshift, we find that the total
fraction of energy of GWs is 0.006 which is reasonably (in view of the used approxima-
tions) close to the expected 0.01. At BBN the energy fraction of such GWs would be
about 0.005. So the total number of additional effective neutrino species would be close
to 0.045, where 0.03 comes from neutrino heating by e* e~ annihilation and 0.01 comes
from the plasma corrections (see e.g. review [94]). Of course the GWs produced by the
considered mechanism are safely below the BBN bound [60]. Using Equation 4.53 and
taking into account the redshift from ¢ = 7y to the present time, we find that the total
density parameter of GWs today due to PBH evaporation would be about 1077,

The total energy density of GWs from the PBH evaporation is quite large but it
is concentrated at high frequencies. According to Equation 4.31 the redshifted peak



92 CHAPTER 4. RELIC GRAVITONS FROM PRIMORDIAL BLACK HOLES

frequency emitted at time #,, = Tpy becomes today:

1/12 1/2 12
f(peak) —2.10" Hz M m i . (4.120)
100 Nesy 10°¢g

The energy density of GWs at small f drops down in accordance with Equation 4.119.
The spectral density today can be calculated from Equation 4.118 with an account of the
redshift to the present day:

N, 2 10°g 2 f 4 2n - f
R2Qcw(fito) = 13610727 [ =<1 g2 @i
oStaw (f:fo) (100 M 1010 Hz To (“-121)

where we used w = 27f and Ty is the BH temperature redshifted to the present time:

1/12 1/2 1/2
Ty = {“(TB”)] Tpy = 4.53- 10" Hz (—100 > < 100) < M > .
a(to) gs (T (tam)) Nerf 105 g
(4.122)




Chapter 5

Mixing of gravitons with photons
in the post recombination epoch

In chapter 4 we discussed some GW production mechanisms by PBH. These different
mechanisms produce a spectrum which extends from few Hz up to 10'® Hz creating a
rather substantial background of GWs of high density parameter . The lover part of
the spectrum (~ 1 Hz) is potentially detectable by the future space interferometers DE-
CIGO/BBO, see subsection 2.4.2. However, the high frequency part of the spectrum (BH
evaporation) is not covered by any present day interferometer but different prototypes of
high frequency GW detectors are under construction (at very initial stage), which in the
future may reach an adequate sensitivity at these high frequencies.

In this chapter we discuss an alternative way on detecting the high frequency part of
the spectrum which does not look very difficult due to the process of GW transformation
into photons in external magnetic field. In pioneering paper [95] the inverse process
of photon to graviton transformation in magnetic field was studied. It followed by sev-
eral works dedicated to graviton to photon transition [96, 97, 98, 99, 100]. Below we
calculate the probability of GWs transformation into electromagnetic radiation in the pri-
mordial magnetic field after the hydrogen recombination and argue that the registration
of this radiation might be feasible. The calculations presented in the following sections
regarding the intensity of the electromagnetic radiation closely follow those described
in[101].

This chapter is organized as follows. In section 5.1 we derive equations of motions
for the graviton-photon system in static magnetic field in the case when the graviton
wavelength is smaller than the magnetic field coherence length. In section 5.2 we de-
rive the mixing probability for graviton to photon oscillation using the wave function
approximation. The oscillation probability is analogous to oscillation between neutrinos
with different flavors. In section 5.3 we calculate oscillation probability at a qualitative
level using the wave function approximation at various stages during the cosmological

93
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history, namely at recombination and the contemporary epoch. In section 5.4 we do
the same thing as in section 5.3, using the density matrix approach in order to take into
account coherence breaking due to scattering of photons in plasma. In section 5.5 we
discuss observable effects of graviton to photon conversion at the present time and in
section 5.6 we discuss the graviton to photon oscillation in the resonant case.

5.1 Equations of motions of the graviton-photon system

The total action describing gravitational and electromagnetic fields is given by the sum
of two terms:
S =38+ Sem, (5.1

where S, is the usual Einstein-Hilbert action equal to:
1 4
Sg =7 [dxv—sR (5.2)

and S, is the action of the electromagnetic field minimally coupled to gravity:
1 o? -
Sw=-7 f d*x/—g 88" FuyFpo + S0 J d'x /=g [(Fu ) + 2 (FuF)7].
e
(5.3)

The first term above is the Maxwell action and the second quartic one is the Heisenberg-

]

Euler contribution [102, 103] originating from the electron box diagram. This term de-
scribes nonlinear corrections to the classical electrodynamics in the limit of low photon
frequencies, w « m,. As we will see below the second term gives the photon an effective
refraction index in vacuum with external magnetic field. Using this expression for the
action confines the validity of the results presented here to sufficiently low frequencies.
However, they can be easily generalized to higher w.

The essential quantities are defined as follows: k = V161G, G = 1 /m%,l is the
Newton constant, mp; = 1.2 - 10! GeV* , @ = ¢?/(4n) is the fine structure constant
and m, is the electron mass. F, is the electromagnetic field strength tensor and F wy =
(1/2)€uypo FP? is its dual. The metric tensor of a weak gravitational wave propagating in
flat space-time can be written as follows:

8uv = Tuv + Kh,uy(Xa t)7 5.4

where 7, is the flat Minkowski metric tensor and Ay, are small perturbation around
flat space-time, |h,,| « 1. Considering terms up to the second order in £, we rewrite
gravitational action Equation 5.2 as

S, = —% Jd“x [0,hapd*h® — 0,hd"h + 20, 0,h — 20, K] (5.5)

*In the literature another notation is often used, namely, k = 87G.
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and electromagnetic part Equation 5.3 becomes:

1 K y a? 7,
Sem = =7 fd“x FuF™ + 3 fd“x B TH + — Jd“x [(FF*™)* + Z(FWF’”)Z],
e
(5.6)
where T, is the electromagnetic energy-momentum tensor, 7, = Fy, F’ D1y FopF /4,

Total Lagrangian density Equation 5.1 is given by the sum of linearized actions Equa-
tion 5.5 and Equation 5.6.

The Euler-Lagrange equation of motion for fields /4, and A, are obtained by taking
the variation of the total action with respect to these fields with usually imposed the
Traceless Transverse (TT) gauge condition: ho, = 0,0;h;j = 0, hf = (. The equations of
motions determined by S ¢ + S, are the coupled Einstein-Maxwell equations of motion:

Ohyy = —kT5 (5.7)
v a2 L\ LUV v
Oy (F“ - MHFZF’” +7(F - F)F* ]> = kOu[WPFy — PFR],  (5.8)

where we made use of the fact that the electromagnetic field tensor is traceless and
defined F2 = F, wF* and FF=F wF*, the indices here are raised by flat metric tensor
M-

In Equation 5.8 the electromagnetic field tensor, F,, is the sum of the free field
(incident wave) tensor f,, and the static external field tensor F ;(;) s Fup = F flf,) + fuvs
where |F /(f,)| » |fuv|- At this point one can see that the second and the third terms (the
Heisenberg-Euler ones) in Equation 5.8 modify the usual vacuum Maxwell equations
creating refraction indexes in external magnetic field, which give rise to birefringence
effects [104, 105]. For the transverse and parallel modes these indexes are equal to

n% —1= 4pB§ sin’ ¢, transverse mode, 5.9

n% —1= 7pBg sin® ¢, parallel mode,

where B, is the strength of the external magnetic field, e is the electron charge, ¢ is the
angle between the incident wave and the direction of the external magnetic field B,, and
p is defined as,

p = (a/457)(e/m?)>. (5.10)

Deviation of the refraction index from unity destroy equality of the photon momentum,
k, and frequency, w, and gives rise to effective photon mass, m%, = w?> — k*> # 0, as one
can see from the solution of the homogeneous part of Equation 5.8.
Since we are working in the TT gauge the spatial parts of Equation 5.7 and Equa-
tion 5.8 describing propagating waves now read
Oh;j = —KTZ‘“, (5.11)
[0 —m2] A7 = ko [W*FY — WA F, (5.12)
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where in the r.h.s. of Equation 5.11 we took into account only terms which are bilinear
in F,, and f,,, see below Equation 5.14.

Let us consider now plane gravitational wave propagating through a region with
magnetic field vector B, assuming the latter to be homogeneous at the scale of the grav-
itational wave length. We expand as usually the gravitational wave tensor in its Fourier
components:

hij(x,1) = > ha(x)efe ™, (5.13)
A=X,+
where A denotes the GW polarization index and e;; is the gravitational wave polariza-
tion tensor, Equation 1.29. The energy-momentum tensor of the electromagnetic wave
generated in the process of the graviton-photon transformation is given by:
T/ = EE} + BiB) — %5{(152 + B?), (5.14)
where lower index e refers to the external electromagnetic field.
Let us introduce vector potential, A/, of the electromagnetic wave:

Aj=i) et(k)Ae ™, (5.15)
A

where ej is the photon polarization vector and the magnetic field of the propagating
electromagnetic wave is given by By = (V x A);y = €x0jAr. Now plugging Equa-
tion 5.13 and Equation 5.15 into equations Equation 5.11 and Equation 5.12 we obtain
the following system of equations:

(w* 4+ 02)hy = —ikdxA (X)Br , (5.16)
(w® + 02)A; + (K — w?)Ay = —ikdxhi(X)Br (5.17)

where Br is the strength of the transverse external magnetic field.

The system of Equation 5.16 and Equation 5.17 is not easy to handle but one can
simplify the work assuming that the coherence length of the background magnetic field
Ap is much greater than the photon wavelength A,,: Az » A,,. Under this assumption the
operator w? + 02 can be expanded as w? + 02 = (w+idx)(w —idx) ~ 2w(w +idx) where
(—i0x) = k is the momentum operator and we assume that refraction index n slightly
differs from unity, |n — 1| « 1, and w + k ~ 2w with w satisfying the general dispersion
equation k = wn. In this case the system of Equation 5.16 and Equation 5.17 becomes

K

(a) + l&x)hl ~ _EA/I(X)BT , (5.18)
( + i0x)Ay + w(n — 1)Ay ~ —gh,l(x)BT , (5.19)

where 7 is the total refraction index. It includes respectively the QED effects due to
vacuum polarization, the plasma effects due to refraction of the photon in the medium
and birefringence effects such as the Cotton-Mouton effect,

n = NQED + Mplasma + CM - (5.20)
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Here the plasma refraction index is given by

wl

plasma
Nplasma = — 202 (5.21)
where the plasma frequency is as usually wilasma = n.e? /m with > = 4na, and n, is the

number density of free electrons.
The refraction indices for two polarizations states of photon, n; and n,, are given by
equation (5.9) and in the case of weak magnetic field they can be approximated as

4
ny =1+ EpBg sin’ @, transverse mode , (5.22)

7
ny =1+ EpBg sin’ ¢, parallel mode,

where n; = ny and nx = ny. The Cotton-Mouton effect arises when the photons travel
through gas-like medium and as a consequence the difference between the two refraction
indices is given by
néy — ney = CApB2, (5.23)
where C is the Cotton-Mouton constant.
The system of equations Equation 5.18 and Equation 5.19 can be written in the

matrix form:

w(n—1)+ Br/mp 0 0 A (%)
. By /mp; 0 0 0 i (x)
& -0
(w +i0x) + 0 0 wn—1)yx Br/mp Ax(x)
0 0 Br/mpj 0 hix (x)

which will be the starting point of the next section.

5.2 Graviton-photon mixing

In the previous section we have derived the equations of motion for the graviton-photon
system in presence of an external magnetic field. In order to solve Equation 5.24 it
is necessary to make some assumption on the nature of the magnetic field. The sys-
tem of Equation 5.24 was derived in the approximation of a background magnetic field
with coherence length much larger than the photon or graviton wavelength. System
Equation 5.24 can be further simplified by making some reasonable assumptions on the
nature of the background magnetic field. In this section we assume that the background
magnetic field is homogeneous on a sufficiently large coherence length Ap.

In order to solve the system of equations Equation 5.24 notice that there is no mixing
between the photon or graviton states + and x. Correspondingly system (5.24) of four
equations decouples into two independent systems of two equations each:

[(a) +idg) + [Af; A;)

¥ (x) _
. (X>] -0, (5.25)
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where we have defined

. AL(x)] - Ay
¥, (x) = [h:((:)) R = [hx((:;] : (5.26)
M, = [m+ mgy_ R My = [mx mgy] , (5.27)
Mgy | mgy 0
and
my =wn—1)4, my=wn—1)x, mg = Br/mp. (5.28)

Since there is no mixing between + and x states, we can concentrate on one of the
reduced matrices, M, where from now we drop index +. In this case the Schrodinger-
like equation of motion, to be solved, has the form

(w+ i0x)P(x) + MP(x) = 0. (5.29)
Equation 5.29 can be solved using the unitary transformation of field ¥(x):
¥(x) = U¥(x), (5.30)

where U is the unitary matrix with the entries:

U co§0 sin @ ' 5.31)
—sing coséd

In the new basis the equation of motion reads
(w + iox) ' (x) + MV (x) = 0, (5.32)
where M’ is the diagonal matrix, M’ = diag[m;, m;]| and m; and m; are the eigenvalues

1
mip = 5[my + A/ mE 4+ dm2,). (5.33)

The formal solution of Equation 5.32 is given by

of matrix M:

X/

¥ (x) — exp{ifo (@ + M')ax' 1 (0) (5.34)

Now we can go back to the old basis by multiplying the left hand side of Equation 5.34
by UT and obtain

/

S

P(x) = exp{i f ) UTM'U ax'}¥(0), (5.35)
0

where common phase ¢l was absorbed in field ¥. The explicit expressions for photon
field, A, and graviton field, A, are

A(x) = (cos® g™ X 4 sin® 6e™21X) A (0) + sin 6 cos B(e™ X — ™| )n(0),  (5.36)
h(x) = sin@cos 6(e™ X — ¢™X)A(0) 4 (sin? g™ X + cos? 6™ X)n(0), (5.37)
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where 6 is the graviton-photon mixing angle defined as:

2m
tan20 = —. (5.38)
m4
At this point one can easily calculate the probability of the graviton conversion to
photon by assuming that initially there are only gravitons and no photons, that is, 2(0) =
1 and A(0) = 0:

Persy = [CR(O) AP = sin®(26) sin®(y/m2 /4 + md, [x]).  (5.39)

Equation 5.39 gives the oscillation probability of a graviton to convert into a photon
and vice-versa. We can also notice that the expression for the oscillation probability
is completely analogous to the oscillation probability between neutrinos with different
flavors [106].

5.3 Mixing strength: qualitative description

In the previous section we have calculated the probability of graviton to photon transfor-
mation and in this section we study various regimes of Equation 5.39. For an order of
magnitude estimate, we neglect for the moment the absorption or scattering of the pho-
tons in the surrounding medium, the expansion of the Universe, and the Cotton-Mouton
effect.

In order to estimate the oscillation probability we present the numerical values of the
three terms in the right hand side of Equation 5.20. The plasma effects are included in

term mpjasma = —wﬁlasma/ 2w and its numerical value is':
leV
Mplasma = -3.5- 10_17 {_:| [ ne_3] Cm_l’ (540)
w cm

where n, is the electronic number density. The QED effects are included in the term
mQED'JF which reads:

0 Br 2
moEp = [E] [B_c] w, (5.41)
where B, = m?/e = 4.41 - 10'* Gauss and the numerical value of MQED 1S:
—27| W Br ? -1
moep = 1.33 - 10 [R—V] {E} cm—!, (5.42)
The mixing term is mg, = Br/mp; and it is equal to:
Mgy =8-107% [f—é] cm ™! (5.43)

TFrom now on we omit index + in m.

#In fact the expression for mqgp should include the factor 2 or 7/2 depending on the mode considered in
the calculations. Here we omit these factors since in the case considered below the plasma effects dominate
over the QED effects and the contribution from these factors are not essential
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Equation 5.39 has different limiting forms, depending on the value of mixing angle 6.
a) Weak mixing
In this case # « 1 which corresponds to m,, « m (remind that m is either m or my).
Equation 5.39 in this case becomes
X X
Pey(|X],6) = 467 sin’ [@] = 46 sin’ [i] : (5.44)

0sC

where the oscillation length is defined as losc = 27/m. Now if the oscillation length is

greater than path |x|, the oscillation probability is given by the simple expression:
Pysy([x]. 6) = (mgy|x])*. (5.45)

It is interesting to see when the weak mixing condition is fulfilled during the evolution
of the Universe. In other words we need to check when m,, « m that is:

2
_ Br _ w Br _ leV Ne
810726 | 22| «| 1.33-10 27[—] ST _35.10717 | =22 [ ] . (5.46
{IG} « evl|1G o | Lol - G40

Evidently the Lh.s. of this relation vanishes at the frequency equal to:

12
Wres — 16105 eV (;—G> ()™ (5.47)

T Cl’i’lf3

This is the so called resonance frequency when the mixing angle is close to /4.

Let us see whether the mixing could be weak or strong in the present day universe. To
this end we need to know three parameters which are the strength of magnetic field, By,
the frequency of gravitons, w, and the electronic density, n,. Large scale magnetic fields
are constrained by the CMB observations since they can create an anisotropic pressure
which in turn requires an anisotropic gravitational field in order to maintain equilibrium.
Gravitational instabilities in the post recombination era, created by the magnetic fields
generate fluctuations in the CMB spectrum due to the Sachs-Wolfe effect [107]. In
[108] the authors, using the 4-year Cosmic Background Explorer (COBE) microwave
background isotropy measurements infer an upper limit on large scales magnetic field
strength B(19)*

B(to) =~ 5 x 107 f12(Qoh3,)'*  G. (5.48)

where f is a shape factor of the order of unity. Recent limits based on the WMAP 7 year
and South Pole Telescope (SPT) data, allow to conclude that the primordial magnetic
field on scales, 15 < 1 Mpc is bounded by B(#p) < 3 nG at 95% (CL) [109, 110, 111].
Primordial magnetic field also induces the Faraday rotation of the linear polariza-
tion of CMB and can induce non zero parity odd cross correlations between the CMB
temperature and B-polarization anisotropies. The authors of [112] put upper limits on
the amplitude of the large scale magnetic field in the range 6 - 1078 G to 2 - 107° G.

$From now we omit index ”T” in By, where the magnetic field strength refers to the transverse part.
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More stringent constraints on large scale magnetic fields at the present day wave length
Ap ~ 0.1 Mpc come from BBN bound on gravitational waves. If primordial magnetic
field was generated before BBN, it would create an anisotropic stress in the 1.h.s. of the
Einstein equations which in turn would create perturbations in the curvature of space-
time, namely GWs. The authors of [113, 114] argued that the large scale magnetic fields,
produced at the electroweak phase transition must be weaker than B < 10727 G and the
magnetic field produced at inflation weaker thanB < 1073° G. These results were criti-
cized in [115]. Here we assume validity of the CMB bounds on the large scale magnetic
fields, quoted above.

At the present epoch the free electron number density is not a well known quantity
and just for an order of magnitude estimate we take it equal to its upper bound, assuming
that almost all matter is ionized

3H;Qp
8nGm,,

ne(to) < np(ty) = = 1.123 - 107> (h5Qp)em > ~2.47-10 " em™?, (5.49)
where according to WMAP 7 years measurements [33] Hy = 100ho km/s/Mpc with
hy ~ 0.7; h(z)QB ~ 0.022 is the present day baryon density parameter and m,, is the
proton mass. More accurate estimates are presented below.

According to Equation 5.46, the validity of the weak mixing condition depends upon
the photon frequency. As a guiding example let us take w = 103 eV, B(tp) ~5-107° G
and n,(to) ~ 2.47 - 10~7 cm~> and obtain:

2

‘ Mplasma ’

lose = ~ 7.26 - 10*cm, (5.50)
where clearly the plasma effects dominates over QED effects and m ~ |mpjasmal. So for
the path of the graviton of the order of the present day Hubble radius |x| = H~!(zy) ~
1.32 - 10?8 cm, the oscillation probability today would be:

Pery ~2-1070. (5.51)

Here we used Equation 5.38, Equation 5.40, Equation 5.43 and Equation 5.44. Equa-
tion 5.51 shows that for the present day value of the magnetic field B(y) equal to its
upper bound Equation 5.48, n,(tp) determined by Equation 5.49, and for the gravitons
with frequencies w < m, the condition for the weak mixing regime is satisfied. Thus the
probability of graviton transition to photon is small but not negligible, which can lead to
some observable effects.

It is instructive to estimate the graviton-photon transition probability at different pe-
riods of the cosmological evolution. Before the matter-radiation decoupling at z ~ 1090,
one might expect that the magnetic field was larger than that at the recombination be-
cause under condition of the magnetic flux conservation the field strength evolves as the
inverse scale factor squared. This would be true if the cosmological magnetic field was
generated at some earlier epoch, before recombination.
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If magnetic field was generated before the BBN era, its strength could be constrained
by the observed abundances of light elements. In particular, an impact of magnetic field
on the cosmological expansion, an increase of the decay rate of neutrons, and other phe-
nomena, described e.g. in [116, 117], would change the abundances of light elements.
In the pioneering papers [118, 119, 120] the upper limit on the field strength at BBN
was derived: B < 10'2 G. In more recent studies of the effect of magnetic field on the
abundances of light elements, especially of “He, somewhat weaker bound, B < 10'3
G, was inferred [121, 122, 123, 124]. So huge magnetic fields are formally allowed at
BBN.

On the other hand, the electronic number density increases with decreasing scale
factor as n,(a) ~ a3 ~ T3. This leads to an increase of the plasma effects, so they
dominate over the QED effects. Thus in this case the weak mixing condition is real-
ized, as one can see from Equation 5.46. The very small mixing angle gives negligible
transition probability of gravitons to photons with frequencies w « mi,.

Things start to change near recombination when the plasma temperature was 7 =~
0.26 eV. The electronic density (plasma density) can be parametrized as

Ne(trec) = Xe np(10)(T/To)?, (5.52)

where np is the total baryon density, ng = n, + ny, with n, and ny being respectively
the free proton and neutral hydrogen densities, X, (z) is the red-shift dependent ionization
fraction, defined as X, = n, /np. The condition of electric neutrality, n, = n, = Xeng,
is of course assumed. Since the present day baryon number density is given by Equa-
tion 5.49, we obtain

Me(tree) =~ 1.123 - 107X, (1 + 2)* (h2Qp) cm 3, (5.53)

where T /Ty = 1 + z is substituted. Ionization fraction, X,(z), can be calculated by solv-
ing the out of equilibrium Saha-like non linear differential equation. Near recombination
time, the solution is well approximated by the expression [125, 126]:

(hZQM)1/2 14z 12.75
X,(z) =7.2-1032 ., (800 1200), 5.54

where h(z)QM is the present day matter density parameter. Inserting Equation 5.54 into
Equation 5.53 we get

1+z

15.75
-3
]090> cm (800 < z < 1200). (5.55)

Ne(trec) =~ 104.71 (Qyrh3)"/? (
Since according to WMAP 7 year data the redshift at recombination is 1 4+ z = 1090 and
the matter density parameter is Q742 ~ 0.15, the free electron density at recombination
would be 71, (free) ~ 40.5cm ™3,
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Assuming that the observed contemporary magnetic field originated from primordial
magnetic field seeds without much dynamo effects, one finds that on the horizon length
at the recombination time, the field strength was:

B(tee) ~ B(to)(1 +2)> =3- 107G, (5.56)

where we took B(fo) ~ 3 - 1077,
Taking B(tec) ~ 31073 G and n, ~ 40.5 cm—3, we find that the ratio of the plasma
term to the QED term at recombination:

Mylas lev]?[1G1?
p_ Impasmal ) 210 {—e ] [—] [ ”83] (5.57)
MQED w B cm—

is larger than unity for all frequencies below w < 3.4 - 10% eV. Recall that the approxi-
mation used here is valid only for w « m,.

With these values we estimate the oscillation probability at the recombination epoch
when the Hubble radius was equal to:

H(tee) ™" = Hy ' /[Qn + Qu(1 +2)°]Y? ~ 6.7 10%cm, (5.58)

where HO_1 = 1.32-10% cm, Qp ~ 0.7 and Q) ~ 0.3. The oscillation length in this
case reads

2
N 443.10%cm, (5.59)

losc =
’mplasma‘

which is 3 orders of magnitude smaller than the Hubble distance at recombination. Tak-
ing B(tree) ~ 3 - 1073 G, n,(tee) ~ 40.5 cm™3, and graviton initial energy w; ~ 103 eV
and using Equation 5.38, Equation 5.40, Equation 5.43 and Equation 5.44, we find that
the oscillation probability is

2 2 —3\ 2
; B; 40.5cm
Pe, ~ 10715 [ - ’ . 5.60
=y (105ev> <3-10—3G> ( ne ) (5.60)

One can see that probability Equation 5.60 depends on the frequency of the graviton

and noticeable amount of high energy photons can be produced if the original graviton
spectrum is not cut-off at high frequencies [14].

b) Resonance

At the resonance r = 1, Equation 5.57, and thus m = 0, so the mixing angle becomes
large, = nr/4. In this case the expression for the oscillation probability is

Py, = sin’(my, - |x]). (5.61)

If the resonance is wide the complete transition of graviton into photon is possible. Note
that near the resonance the two regimes of weak mixing and maximum mixing have the
same expression for probability, Equation 5.45, in the case when the oscillation length
is larger than the path. However, the excitation of resonance depends upon the effects of
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damping and loss of coherence and so its proper treatment demands the density matrix
formalism. This is done in the next section.

Even if the resonance is not excited, as is the case when w < m,, the density ma-
trix formalism leads to an essential enhancement of the photon production because the
photons loose coherence due to scattering on electrons and do not oscillate back. This
happens if the coherence loss rate is faster than the Universe expansion rate.

5.4 Oscillations: density matrix description

In the previous section we have calculated the probability of the graviton-photon os-
cillations in the wave function approximation. Graviton conversion into photons in the
present day universe in the wave function approximation was also considered in [127]
but their results are significantly different from ours as we will see below. This approx-
imation is sufficiently accurate if the loss of coherence due to non-forward or inelastic
scattering of the participating particles (i.e. of the photons in the considered case) may be
neglected. This is realized if the mean free path with respect to such scattering is greater
than the oscillation length. In the opposite case the graviton-photon system becomes
open (i.e. not self-contained) and the density matrix formalism should be applied. The
corrections to the wave function approximation are especially important in the resonance
situation when the oscillation length becomes large:

2w 2w

losc = > - > 5
2
\/m* /4 + my, g,

where m = 0 at resonance.
Generally speaking the density matrix operator the is 4 x 4-matrix describing tran-
sitions between photon and gravitons with different helicity states:

(5.62)

ﬁE ‘A+’h+’A><9h><>®<A+,h+’A><’h><‘7 (563)

where the C-valued density matrix p;; is obtained by averaging the matrix elements over
medium, p = {p). However, since there is no mixing between states |+ ) and | x ) the
density matrix is reduced to two independent 2 x 2-matrices separately for |+ ) and | x )
states having the form
p =¥, (5.64)
where W is two-dimensional column describing the graviton and photon states ¥ =
[W,,¥,]" of either polarization |+) or |x ). Here upper index “T” means transposition.
The density matrix operator satisfies the Liouville-von Neumann equation:
dp ~
i— = |H,p 5.65
5 = [H.A] (5.65)
where H is the total Hamiltonian of the system. If the system is open the total Hamil-
tonian is not Hermitian and the anti-Hermitian part of the Hamiltonian describes coher-
ence breaking due to scattering and absorption. In general case it is expressed through



5.4. OSCILLATIONS: DENSITY MATRIX DESCRIPTION 105

the collision integral modified to include the matrix structure of the process. For the
case of neutrino oscillations the equation for the density matrix was derived in [128], see
also [129, 130]. It is a non-linear integro-differential equation due to presence of com-
plicated collision integrals. However, for an an order of magnitude estimate the equation
can be linearized in the usual way':

.dp
11— =

P [M,p] — {T, (0 — pext)} (5.66)

where M is given by Equation 5.27, p., is the density matrix of the corresponding
particles in the medium, the time derivative has been replaced with derivative respect to
position in space, d/dt = d/dx for ¢ = 1 and T is the damping factor which in our case

has the form:
r, 0
r=|7 5.67
[0 0] 567

where I', is the inverse mean free path due to Thompson scattering| of photons on elec-
trons I'y = orn, with o7 = 6.65 - 1072 ¢cm~2 being the Thompson cross section. The
damping of gravitons is neglected due to weakness of their interactions. We also neglect
Pexts assuming that the medium is not populated by photons. The latter can be easily
taken into account.

In the previous section we estimated the oscillation probability at various stages dur-
ing the evolution of the Universe, namely at the present time and at the recombination
but the universe expansion was not explicitly accounted for. To do that in the cosmolog-
ical FRW metric we notice that for a given function f(p, ) the total derivative is given
by:

df _of of _of . 0f

= - = ) 5.68
da o " Pop T o T Pop (5.68)
Here we have taken into account the redshift, p = —Hp, where H = a/a is the Hubble
parameter and a is the cosmological scale factor. Hence Equation 5.66 can be rewritten

as

iHa% = [M,p] — i{T, p}, (5.69)

where we made use of the fact that in the FRW metric 0, = Hao,.

Let us write the off-diagonal density matrix elements as: pyg = pg, = R + il, where
R is the real part and I is the imaginary part. The diagonal components pg, and p,,
are the number densities of gravitons and photons, respectively, so they are real and
non-negative. Thus after the split between the real and imaginary parts we obtain the

TAs usually [,] denotes the commutator between two operators a and b and {,} denotes the anti-
commutator.

IThe photoelectric effect on the neutral matter is another damping effect which reduce the number of
produced photons. However, for the frequencies considered in this chapter this effect is not too large and
we neglect it.
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following system of differential equations:

—2mgyl — T’y pyy

Pyy = i : (5.70)
Phy = % (5.71)
o mI—HI;yR/Z, 5.72)
[ _mR_FVI/z_mgy(ng_Pw), (5.73)

Ha

where prime means derivative with respect to a and the initial conditions are taken at
the initial value of the scale factor a = a; as: py(a;) = 1,py(a;) = 0,1(a;) = 0, and
R(a;) = 0. To solve this system of equations we need to know how parameters m, m,,,
and Iy (in units cm™ ) depend on the scale factor:

myg(a) = 8-107% [1%} [%]2 (5.74)
Ta) = 2.12-10"2X,(a) [%]3 (5.75)
m(a) = 1331077 (%)2 = (%)5 C 112107 4X,(a) (12_\/> (%)2

where initial values B; and w; are taken at the cosmological recombination time, #; = fec
and we expressed n,(a) = X, (a)np(tec) With np(tec) = np(to)(1 + z)> ~ 320 cm=3.
The ionization fraction is governed by the following differential equation [34]:

dx rsxt4x,—1
e _ _CW’lB (1 + IB ) < e T Xe > , (5.76)
da Ha Ty + 87/ 3np(1 — X,) S

where H is the Hubble parameter, I'»; = 8.22458 s~! is the two-photon decay rate of 2s

hydrogen state, 1, = 1215.682 - 1078 c¢m is the wavelength of Lyman a photons, a(T)
is the case B recombination coefficient and S (7') is the coefficient in the Saha equation,
X(1 + SX) = 1. Both @ and S depend on temperature 7 which can be expressed in
terms of scale factor a as follows:

T — <g*s (Ti)> 3 (ﬁ) T; (5.77)

g5 (T) a

where g.s(7T) is number of the entropy degrees of freedom. Generally it depends on

temperature but after recombination the only effective massless particles in the standard
model are 3 neutrino species and the photon. Thus the number of the degrees of freedom
is constant which is equal to g.s(7) = 3.91. In this case the temperature drops down
as T = Tj/a where T; = (1 + zrec)To, = 2970.25 K. In what follows we take a; = 1
corresponding to recombination time, #; = t.. Coefficient & depends on the scale factor

as [131, 132]:
1038 - 10712400166

(@) = 0 350a 05

(5.78)
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while S (a) is equal to
S(a) = 6.221 - 10719731584 =3/2, (5.79)

Coefficient S which is also a function of temperature can be expressed through a as
follows
Bla) = 3.9 -1020q73/2¢ 1328y, (5.80)

With the these parameters Equation 5.76 was solved numerically. Some values of
the ionization fraction X, (a) as a function of the scale factor are presented in Table 5.1
and plots of X,(a) and X,(T') are shown in Figure 5.1 and Figure 5.2. Below we solve
numerically equations describing evolution of the mixed graviton-photon density matrix
together with Equation 5.76 introducing into them a factor describing reionization of the
cosmic plasma.

a X,(a)

1 0.13

1.04 0.0813
1.18 0.0160
1.23 0.00947
1.5 0.00171
2 0.000731
4 0.000373
10 0.000278
30 0.000246
51.9 0.000239
136.25 1

1090 1

Table 5.1: Ionization fraction X, as a function of the scale factor for h(z)QM ~ 0.15 and
h(z)QB =~ 0.022 calculated from eq. (5.76). We have also presented two additional pieces
of data for a = 136.3, which correspond to the period of reionization, and to the present
day a = 1090 where the intergalactic medium is almost fully ionized with constant
ionization fraction, X, ~ 1

The resonance condition, m(a) = 0, is fulfilled at

1G
w =29MeV X, (a) (F) a? . (5.81)

The ratio of the oscillation length to the mean free path in this case is

l(res) B - ry

osc

1
=1.66-10* [?G] ) (5.82)

i

Lfree Mgy

In this case the resonance frequency at recombination would be about 10 MeV for
B; ~ 10~ G. For possibly larger B; resonance shifts to smaller w. Even out of the
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Figure 5.1: Ionization fraction X, as a function of cosmological scale factor a. The plot
is shown in the interval starting from recombination, a = 1, till @ = 51.9 corresponding
to the beginning of re-ionization.
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Figure 5.2: lonization fraction X, as a function of temperature 7" in Kelvin. The temper-
ature T changes in the interval T = 2970.25 K corresponding to recombination time to
T = 57.22 K corresponding to onset of of re-ionization.



5.4. OSCILLATIONS: DENSITY MATRIX DESCRIPTION 109

resonance inequality /5. > [, may remain true and use of the density matrix formal-
ism is obligatory.

We need to mention however, that very energetic gravitational waves with energy
w >» m, would create photons whose scattering on electrons is weaker than the Thomp-
son one, roughly speaking, by (m,/E)?. This effect would diminish the damping factor
I", by the same amount and can be easily taken into account. However, in this chapter we
consider graviton energies smaller than the electron rest mass, w < m,. In the process of
the cosmological expansion the graviton-photon transition could pass through resonance
if their frequency satisfies resonance condition, Equation 5.81. However, since we con-
sider graviton energies, w < m,, the resonance condition Equation 5.81 is not satisfied
in the post-recombination epoch.

Next we need to evaluate factor Ha. Since, we are interested in the cosmological
epoch just after recombination till the present time, when the Universe is dominated
by nonrelativistic matter, the Hubble constant as a function of the redshift is given by
Equation 5.58. In terms of the scale factor, the product Ha is given by

Ha = H(t;) [Qu/a + Qpa®]V2. (5.83)

For redshift z > 1 we can neglect the contribution of the cosmological constant into
the energy density of the Universe since it becomes important only for z < 1. We
take Qy ~ 1 and 1/Ha = 6.7 - 102a'/? cm for the former case and 1/Ha = 6.7 -
1023[0.3/a + 0.7a2]_1/ 2 cm for the latter case. According to our notations the redshift
z = 1 corresponds to the scale factor a = 545 with respect to the recombination time.

For 7 < z < 11 the universe is re-ionized by the first generation stars. According to
[133] if the universe went into a sudden complete ionization, the re-ionization redshift
Zreion = 0 18 excluded at 99% (CL) in favor of zi.jon = 11. Using the WMAP 5 year
data the authors of [133] suggest that the universe underwent an extended period of
partial re-ionization starting at z ~ 20 and ending with a complete ionization for z ~ 7
instead of a sudden re-ionization. For z ~ 20 the value of the scale factor with respect
to recombination is a = 51.9 and for z = 7, a = 136.25.

In Figure 5.3, Figure 5.4, Figure 5.5, Figure 5.6, Figure 5.19 and in Figure 5.8 the
probability of photon creation, p,, is presented as a function of the cosmological scale
factor for various values of the initial background magnetic field and for graviton energy
w; = 10° eV. For such w, the resonance does not occur but still the probability is much
higher than the simple estimate in the wave function formalism. We can see that in
all Figure 5.3, Figure 5.4, Figure 5.5, Figure 5.6, Figure 5.19 and in Figure 5.8 the
oscillation probability rapidly increases for a < 20 and remains almost constant for
a > 20 until onset of the period of re-ionization at a ~ 52. The rapid increase of
Pyy for a < 20 is due to two reasons: a quick drop of the ionization fraction from its
value at recombination and sharp decrease of the oscillation frequency. For 20 < a <
52 the ionization fraction practically remains constant with p,, slowly rising. From
beginning of the reionization period at a ~ 52 till @ ~ 545 or z ~ 1, p,, slowly
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decreases with superimposed oscillations of decreasing amplitude. For a > 545 the
vacuum energy density dominates over the matter energy density. At this period the
photon creation probability remains almost constant. The oscillation probability drops
from a ~ 100 up to a = 1090 roughly speaking by 20-30 %. The value of the magnetic
field at recombination has been evaluated by the anti-redshift of the present day large
scale magnetic field as given in [109, 112].

8.x1071 F
7.x 1071 F .
6.x 107" F .
pyy(a) 7

5.><10‘“} *

41071 F .

st b
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a

Figure 5.3: Probability Pg, = p,, of photon production by graviton as a function of
cosmological scale factor a in the interval 1 < a < 200 for graviton initial energy
w; = 10° eV and background magnetic filed B; ~ 3 - 1073 G..

5.5 Models of an early production of high frequency gravi-
tons.

In section 5.5 we calculated the probability of graviton-to-photon transition taking into
account both redshift and coherence breaking in plasma and found that for graviton
energy of the order of w ~ 0.1 MeV the oscillation probability is quite large, Py, ~
10" for B ~ 1073 G up to 107 for B ~ 1.2 G. The number density of the produced
photons, which could be directly observed as X-ray background, is proportional to the
initial density of the gravitons. The amount of GWs at present time is usually expressed
through the density parameter in gravitational waves which is defined in Equation 3.10.
Since we are interested in GWs of cosmological origin, we consider here only those
emitted before BBN.

The abundances of light elements produced at BBN depend upon the energy density
of relativistic species at t ~ 1 — 100 sec, see e.g. book [41]. According to the recent
data [134] an additional energy density at BBN, equal to that of one massless neutrino is
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Figure 5.4: Probability Py, = p,, of photon production by graviton as a function of
cosmological scale factor a in the interval 200 < a < 1090 for graviton initial energy
w; = 10° eV and background magnetic filed B; ~ 3 - 1073 G . For a > 200, the
production probability remains almost constant.
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Figure 5.5: The same interval for the scale factor as in Figure 5.3 and for graviton initial
energy w; = 10° eV and for background magnetic field B; ~ 1.2 - 10~!
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Figure 5.6: The same interval for the scale factor as in Figure 5.4 and for graviton initial
energy w; = 10° eV and for background magnetic field B; ~ 1.2 - 10~!
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Figure 5.7: Probability P,, = p,, of photon production by graviton as a function of
cosmological scale factor a < 200 for initial magnetic field B; ~ 1.2 G and graviton
energy w; = 10° eV.
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Figure 5.8: Probability P,, = p,, of photon production by graviton as a function of
cosmological scale factor a > 545 for initial magnetic field B; ~ 1.2 G and graviton
energy w; = 10° eV. We can clearly see an almost constant Pyy with a slowly variation
with the scale factor

allowed and even desirable, N — N, < 1. The particles which carry this additional energy
are not known. They are called generically dark radiation. At BBN the energy density
of one neutrino species (that is of neutrino plus antineutrino with vanishing chemical
potential) is approximately equal to that of photons. However after e™ e~ -annihilation
the ratio of neutrino to photons energy densities dropped down approximately by factor
four. The density parameter of additional degrees of freedom at BBN is bounded above
by Equation 3.40 and it would be interesting if N — N, ~ 1 is explained by primordial
GWs.

The oscillation probability strongly depends on the graviton frequency and spectrum.
The models of primordial GW production mostly predict low frequency of stochastic
background of GWs, mainly concentrated at the present day frequencies of GWs near
f < 1 Hz. For example, as we saw in chapter 3 inflationary models predict an al-
most scale invariant spectrum at large wavelengths, and their density parameter depends
mainly on two factors, the GW frequency and the Hubble parameter H at inflation. In
the frequency range f = 10~!> Hz up to f ~ GHz the density parameter is very low,
h%QgW (o) ~ 10~13. Other post inflationary models such as pre-heating phase [47, 48],
first order phase transitions [54], and topological defects [59], in particular, cosmic
strings [57, 58] predict in the high frequency range f ~ GHz the density parameter
of the order h3Qy (o) < 1078,

All the above mentioned GWs production models, though predict a substantial den-
sity parameter, have maximum frequency today not more than 10~ eV. We calculated
numerically the graviton-photon oscillation probability for frequencies f ~ 107> eV
and found that it is of the order, 1073°. With this low value of the probability the total
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density parameter in photons of most of post-inflationary GWs models at the maximum
frequency f ~ GHz would be

hEQ, (10) = hiQuw(t0) - pyy ~ 1078, (5.84)

Such a small value of the density parameter makes improbable observations of photons
from these GWs. However, as we saw in chapter 4 the GW emission could exceed that
produced by other mechanisms. Among the mechanisms considered there, we single out
the graviton evaporation, where the emitted peak frequency of quasi-thermal gravitons
would be in the range from f ~ keV up to f ~ MeV today. The peak frequency in this
model depends on the BH mass which turns out to be in the interval from the Planck
mass, up to < 103 g.

Let us consider, for example, gravitons with the initial energy w; = w(frec) = 10° eV.
Their frequency today would be w = w;/(1+4zgec) = w;/1090 = 91.7 eV and they would
produce photons with the same frequency. The value of the graviton density parameter
at this frequency according to the above quoted scenario, could be thgW(to) ~5.1078.
And so the corresponding density parameter of the produced photons could be in the
interval(or even two orders of magnitude higher):

BEQ, (10) = hgQuwl(to) - Pgy ~3-10718 —4. 1071, (5.85)

where Py, ~ 5.5 - 10~ — 9. 107° is the probability of graviton to photon conversion.
The energy flux of such photon background at the present time would be

dE
F, = (dA_ng;> Py =TS+ Pgy = chiQuw pe - Pyy, (5.86)
where Tg(‘)v = pPgw is the 00 component of the GW energy-momentum tensor and we
restored the light velocity in order to express the photon flux in the standard units
(erg/cm?’s). Taking the present day photon energy wph ~ 0.1keV,c = 3- 1019 cmys
and p. = 1.878 - 1072 gr/cm™> we obtain the energy flux

Fy~15-10"" —2.107" [erg/cm? ], (5.87)

which is comparable to the energy flux of most AGNs in the soft X-ray spectrum [135,
[36] and even higher.

5.6 Resonant mixing at higher energies

In the previous sections we limited our considerations to the case of gravitons with en-
ergy smaller than the electron rest mass, w « m,. In this section we abandon this restric-
tion and consider resonance graviton-photon transformation. In the resonance case it is
possible for the gravitons to reach an analogue of the MSW resonance in complete anal-
ogy with neutrino oscillation in matter. As we saw at the beginning of this chapter the
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Euler-Heisenberg effective Lagrangian is valid in the limit of low photon energy, when
2

the kinematic variables s = (k; + k»)? and |¢| = |(k; — k3)?| are much smaller than m?2.
Here k) and k; are 4-momenta of the initial photons and k3 and k4 are the final ones. It is
essentially means that the Euler-Heisenberg approximation is valid for sufficiently low
photon energy, w <« m, in the center of mass. For the photon scattering in external (mag-
netic) field, which we consider in what follows, the restriction is much milder, w may
be much larger than m, in the laboratory frame.The amplitude of the graviton-photon
transformation depends upon the photon refraction index which in turn is proportional
to the amplitude of the forward scattering of photons in the medium. We assume that
the external magnetic field is homogeneous at macroscopically large scale Az and slowly
varying in with characteristic time #z. It means that the energy and momentum of the
external field can be estimated as 1/t and 1/15. The momentum and energy transfer to
the incoming photon are respectively 1/4p and 1/t5. Correspondingly the characteristic
value of effective kinematical variable s is of the order of s ~ (w/Ap+ w/1p), so even for
w » m, the Euler-Heisenberg effective Lagrangian would be valid. Thus for the calcu-
lations of the graviton-photon transformation we can apply equations used in section 5.2
in the Euler-Heisenberg approximation. This approximation is valid for a wide range of
frequencies as far as w « (2m,/3)(B./B) [137, 138, 139] and depends essentially on the
strength of the background magnetic field. In fact, if the strength of the magnetic field
is a few -10° G we have that Equation 5.9 is valid for present day graviton energies of
w « mp;. This emphasize the fact that the Euler-Heisenberg Lagrangian and vacuum
refraction indexes Equation 5.9 are valid for almost desired graviton energies as far as
we deal with large scale cosmological magnetic fields.

The relevant terms contributing to the damping depend essentially on the energy
of the formed photon through the mechanism of graviton to photon oscillation. The
most important interactions of photons with matter in the energy range from few eV
up to 100 GeV are the photoelectric effect, Compton scattering on electrons and pair
production in the field of atomic nuclei. The photoelectric effect is the most important
effect of absorption of photons from atoms in the energy range from few eV up to few
keV. In the energy range from few keV up to few MeV the Compton scattering is the
dominant process of photon interaction with matter. For higher energies it turns that pair
production on atomic nuclei is the dominant process starting from few MeV up to 100
GeV. However, as we shall see in the next section we limit our consideration for present
day energy range of from keV up to 100 keV. At the recombination time which is our
starting point on studying the graviton to photon oscillations, the interval 1-100 keV
correspond to an energy range at recombination (roughly) 1-100 MeV, where 1 + zzc =
1090. Evidently in this case the photoelectric effect is completely irrelevant because we
consider an energy range on which this effect is completely negligible [140] for present
day energies w ~ 1—100 keV and for higher energies this effect is completely negligible
in comparison to Compton scattering. The absorption of y-rays by heavy elements at
later stage due to photoelectric effect might be important but the cosmological density
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of heavy elements is low, so for this reason we neglect it [141]
Expression for the differential cross section due to Compton scattering is given by
the Klein-Nishina formula [142]

do 2o\ o o
Q) e () |2 LY Gn2el, 5.88
()3 (5) (G5 oo

where r, is the classical electron radius, «' is the photon energy after scattering and
W'Jw = m,/[m, + w(1 — cos@)] with 0 being the scattering angle. The total cross
section due to Compton scattering is given by integrating Equation 5.88 over all angles
and it reads

3 [2+x(1+x)(8+x) n (xz_zx—Z)log(1+2x)], (5.89)

TKN = 40T x2(1 4 2x)? 2x3

where x is the ratio of the photon energy to the electron rest mass energy, x = w/m,.
The total cross section due to pair production is not an easy task to find for almost
all elements, however, for photon energies in the range 1 « x « 1/aZ'/3 there is an
approximate expression which reads [140]

aZ(Z+1) [28 218}
0T - .

-— ln(2x) ﬁ

7 (5.90)

Opp =
In the case of ultra-relativistic energies of all particles participating in the process and
complete screening by atomic electrons, x » 1/aZ 173 the total cross section due to pair
production is

Opp = 36

In the case of ultra-relativistic energies we can clearly see that the total cross section
is independent of the photon energy but it depends essentially on the atomic number
Z. Both Equation 5.90 and Equation 5.91 take into account the cross section of pair

aZ(Z + 1)O_T [%m(l%/zm) _ i} . (5.91)

production in the nuclei field and in the electron field. Contribution from only atomic
nuclei is proportional to ocZ? while if we take into account also pair production in the
electron field one has to replace Z> — Z(Z + 1).

Taking into account all damping terms due to interactions of photons with the medium,
the damping matrix I" with elements, [y = (¥, |IA“|‘P,U>6 2w Which enters Liouville-von
Neumann equations is given by I' = diag[I",,0]. The damping term for photons, I, is
given by

Ty = neogy + . nich,, (5.92)
l
where n, is the free electron number density, »; is the number density of the i-th atomic
specie, oy is the total cross section due to Compton scattering and o, is the total
absorption cross section due to pair production. The damping term due to Compton
scattering is given by (in units of cm™!)

ai

r$(a) = 1.6 - 102X, (a) F(a; ) [2]3, (5.93)



5.6. RESONANT MIXING AT HIGHER ENERGIES 117

where F(a;w;) = F(x) with F(x) being the expression within the square brackets in
Equation 5.89. However, in what follow we take X,(a) = 1 in the case of Compton
scattering. In fact, in the energy range w > m,, the energy of the formed y-photons is
very high so they are very penetrating and as a result these photons will scatter not only
the free electrons in the plasma but even the atomic electrons of the hydrogen and helium.
The total damping term which arises due to pair production is the sum of damping on
hydrogen and helium nuclei. By noting that for hydrogen the atomic number is Z = 1
and for helium Z = 2 we can easily see that (75,1;6) = 30'(;,1).
per co-moving volume of hydrogen atoms is ny ~ np and the total number density of

The total number density

primordial atomic helium is ng, ~ Y,ng/4(1 — Y,) where Y, = 4np./(4np, + ny) is
the fractional abundance by weight of primordial helium. Taking this into account, the
damping term due to pair production on hydrogen and helium atoms is given by (in units
ofcm™1)

3 Y a:13
77 ~ 985105 (1+>2—" ) Gla: w; [—] 5.94
Y + 4 Yp - 1 (a’wl) a 5 ( )

where G(a;w;) = G(x) is the function within square brackets in Equation 5.90. In
Figure 5.9 are shown I $ and Ff;p due to Compton scattering and pair production. We
can see that for initial graviton energy w; = 10° eV, T’ fy’p (red dashed color) is larger than
Fg (red color) for a < 10, here we use the normalization a; = 1 at recombination time
and Y, ~ 0.24. Fora > 10 1"5 takes over Fly’p which goes to zero at the beginning of
re-ionization epoch. In the case of graviton initial energy w; = 103 eV, l"f;p ~ F$ for
a < 5andfora > 5, Ff;p rapidly decreases to zero when the photon energy is below
the threshold of pair production w(a) < 2m,. Therefore, Fﬁp due pair production is
important only for photon energies above 10® eV and completely negligible for lower
photon energies.

As in section 5.5, here we solve equations of motions for the elements of the density
matrix p in the case of w > m, in the post-recombination epoch. In the energy range
w > m, and for some particular value of the graviton energy the oscillation of gravitons
into photons is in resonance and an enhancement of the oscillation probability occurs.
The resonance is reached when there is a level crossing between the QED effects due
to vacuum polarization and plasma effects. In this case there is a maximum mixing
between the graviton and the photon. Level crossing occurs, when m(a) = 0 and in this
case the resonance energy as a function of the scale factor is given by Equation 5.81.
Given a graviton with energy as a function of the scale factor w(a) = w;/a, its energy
would eventually cross the resonance energy when wres(a) = w(a). Since the resonance
energy depends on the ionization fraction and due to the fact that an analytical form of
the last is unknown, in Figure 5.10 we present a graphical solution of wyes(a) = w(a).
We can clearly see that the resonance is crossed in general relatively early respect to the
recombination epoch and in some cases it is crossed twice as in the case of gravitons
with initial energy w; = 107 eV and initial value of magnetic field B; = 3 - 1073 G.

The background of GWs at recombination epoch is assumed to be unpolarized and
isotropic and therefore the following initial conditions p,, (a;) = 0, pge(a;) = 1/2,R(a;) =
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Figure 5.9: Plot of Fg and F";p as a function of the scale factor a. For initial graviton

energy w; = 10° eV it is shown I $ (in red color) and I“ip (in red dashed color). For
initial graviton energy w; = 103 eV it is shown 1“5 (in blue color) and Fip (in blue
dashed color).
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Figure 5.10: Plot of the resonance frequency wys and graviton frequency w as a function
of the scale factor a. In black color and in black dashed color are presented respectively
the the graviton energies as a function of « for initial graviton energies w; = 10% eV and
w; = 107 eV. In red color and in red dashed color are presented the resonance energies
respectively for initial value of magnetic field B; = 3 - 1073 G and B; = 1.2 G.
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0 and I(a;) = 0 are imposed on solutions of Equation 5.70. The factor 1/2 in the initial
conditions for the graviton probability takes into account the statistical weight of the
polarization state .. However, since we are working on the reduced density matrix of
the system, namely we solve its equation of motion for a given polarization state A, at
the end we should multiply p,, by a factor two in order to take into account that the
initial background of GWs is composed by two independent polarization states. In Fig-
ure 5.11 and Figure 5.12 it is shown the photon survival probability as a function of the
scale factor a starting from recombination epoch until the present epoch. In deriving our
results we took into account the universe re-ionization. In Figure 5.11 and Figure 5.12 it
can be clearly seen that once the onset of re-ionization starts a ~ 52 the photon survival
probability starts contemporarily oscillating and decreasing until the universe start being
dominated by the vacuum energy at a ~ 545 where afterwards the probability remains
practically constant.
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Figure 5.11: Plot of photon survival probability as a function of the scale factor for initial
graviton energy w; = 107 eV and initial value of magnetic field B; = 3 - 1073 G.

The photon production probability depends on several factors such as the energy of
initial gravitons and the matter content in the post recombination epoch. In fact we can
see in Figure 5.11 and Figure 5.12 a rapid increase on the oscillation or survival proba-
bility starting from relatively early a < 10 in the case of initial value of magnetic field
B; = 3 - 1073 G where the resonance is crossed twice and an increase that starts from
a ~ 50 in the case of B; = 1.2 G. Such rise is partly explained by a rapid decrease of
the ionization fraction which starts to grow at a ~ 1 and approaches asymptotically a
constant value at a ~ 20. Another factor leading to an increase of the production prob-
ability is the resonance effect due to a decrease of the graviton energy. In Figure 5.13,
Figure 5.14, Figure 5.15, Figure 5.16 are shown the photon production probabilities at
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Figure 5.12: Plot of photon survival probability as a function of the scale factor for initial
graviton energy w; = 107 eV and initial value of magnetic field B; = 1.2 G.

present epoch as a function of photon energy. We can clearly observe that the probability
is quite high in comparison with the non resonant case with a difference of three orders
of magnitude. The peak of the production probability depends essentially on the initial
value of magnetic field at recombination. For B; > 1 G the peak probability is reached
in the frequency range 1 — 10 keV and for B; < 1 G it is reached approximately for
energies of 100 keV.
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Figure 5.13: Probability Pg, = py, of photon production by graviton as a function of
photon energy at present a = 1090 for initial value of magnetic field B; ~ 3 - 1073 G.



5.6. RESONANT MIXING AT HIGHER ENERGIES 121

4.x107 4

-6

3.x1070 F g

2.5><10’6;“‘““‘www\\“w“‘\;
0 20 40 60 80 100

wlkeV]

Figure 5.14: Probability Pg, = p,, of photon production by graviton as a function of
photon energy at present a = 1090 for initial value of magnetic field B; ~ 0.12 G.

0.00028 Ty T T T T T

0.00026 ]
0.00024 - ]
Pyy [W]

0.00022 - ]

0.00020 - h

0.00018 ; S S O S S U e oS R RS RS ;
0

wl[keV]

Figure 5.15: Probability P, = p,, of photon production by graviton as a function of
photon energy at present a = 1090 for initial value of magnetic field B; ~ 1.2 G.

In section 5.6 we discussed several mechanisms of GWs production in the early uni-
verse and calculated probability of the graviton-photon transformation in the high energy
part of the graviton spectrum. The production probability of photons as a consequence
of transformation of gravitons into photons resulted completely negligible for most of
models apart from the model proposed in [14] where the amount of GWs produced by
PBHs is substantial and concentrated in frequency range of eV or keV. Here we present
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Figure 5.16: Probability P,y = py, of photon production by graviton as a function of
photon energy at present a = 1090 for initial value of magnetic field B; ~ 2.37 G.

detailed calculations about the spectrum of formed photons for higher energies, namely
in the energy range of few keV. As discussed in chapter 4 a black hole emits a wide
spectrum of particles with mass m < Ty and reduces its total energy E according to
Equation 4.113. Taking into that the emitted gravitons as a result of BH evaporation
accounts for roughly 1% of the total energy, the flux of GWs emitted by a BH with mass
Mpy at present is given by using Equation 4.121

2 2
o a0 (@ \* 10°gr Neyrr w keV
Faw(wifo) = 83510 <1keV) ( - i00) 7o) |amzs | 699

where Tpho is the present day temperature of an evaporating BH in the instant decay

approximation and we use the fact that for a stochastic background of GWs the energy
flux is given by Fgy = chgv = ¢pLdy With Tg(‘)V being the energy momentum tensor
of GWs and p. ~ 5.27 keV/cm? is the critical energy density. In Figure 5.17 and Fig-
ure 5.18 it is shown the energy flux in photons at present epoch F (w) = pyy(w)-Few(w)
as a result of graviton to photon oscillation in the case of PBHs with mass Mgy ~ 103
g Nesr ~ 100 and Q, = 1073, We can clearly see a substantial contribution to the
CXB in the case of initial value of magnetic field B; ~ 2.37 G which corresponds to
present day field of B(fy) ~ 2 - 10~® G. The maximum of the spectrum is approximately
Wmax ~ 2.8 Tgyo and correspond to the photon energy wy,.x ~ 2.25 keV and a flux of
F, ~ 18 keV/cm? s~!. In the case of B; = 3 - 1073 G the peak of the flux is several
orders of magnitude smaller and has a value of approximately F, ~ 3 - 1073 keV/cm?
s—h
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Figure 5.17: Plot of photon energy flux F, by transformations of gravitons into photons
as a function of photon energy w at present a = 1090 for initial value of magnetic field
Bi~3-1073G
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Figure 5.18: Plot of photon energy flux F, by transformations of gravitons into photons
as a function of photon energy w at present a = 1090 for initial value of magnetic field
B; ~2.37G.
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Figure 5.19: Energy flux of the extragalactic X-ray background spectrum from 0.2 to
400 keV as given in [143]. Most of the energy flux is concentrated in the energy band of
10-100 keV where the spectrum presents a peak at 30 keV with flux of approximately of
40 keV/em? s~



Results

In this thesis we have analyzed the formation and evolution of light primordial black
holes in the early Universe which created a transient matter domination regime in con-
trast to the present standard cosmology, where the early Universe after inflation was
normally radiation dominated. PBHs with masses less than M ~ 10® g evaporated be-
fore primordial nucleosynthesis leaving no trace. Thus the fraction of the energy density
of such PBHs, Q,, in this case is a free parameter of the model, not constrained by any
existing observations.

At MD stage the PBHs could form high density clusters which would be efficient
sources of the primordial GWs. PBHs could have dominated the Universe for a short
time of the order of their lifetime, 7py, generating relic gravitational waves by various
mechanisms of their mutual interactions as well as due to their evaporation. In the former
case we have shown that production of GWs is most efficient after BH density started
to dominate over radiation. After that moment, high density clusters of PBHs could
have been formed, leading to an efficient production of GWs. To survive till cluster
formation the PBH mass at production must be bounded from below by M ~ 4 - 107>
g Q;lAif/ 4Nelﬁ, Equation 4.16, which leads to a lower bound Q,, > 10*14A;3/ 4Nelﬁ.
According to the standard cosmology the amplitude of primordial density perturbations
is of order of ~ 10, which in our case leads to a lower bound on the density parameter
of PBHs, Q, = 10711

In this context we have calculated the density parameter of GWs today from scat-
tering of PBHs in both classical and quantum regime, GWs emission from binaries,
and from black hole evaporation. We have shown that a substantial amount of grav-
itational waves has been emitted by all mechanisms considered here. In the case of
scattering of PBHs we considered only scattering between them neglecting the possibil-
ity of PBHs merging, which results in an underestimate on h(Z)QGW. Even in this case
the density parameter is substantial at high frequencies reaching values of the order of
h2Qgw ~ 1077 at f ~ GHz for classical scattering, Equation 4.66 and the total density
parameter hjQgw ~ 107'° for very light primordial black holes. In the low frequency
limit the density parameter in the classical case is of the order of hSQGW ~ 107171072
in the frequency range f ~ 10~! — 10% Hz which falls into the detection band of DE-
CIGO/BBO.
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The number of PBHs that form binaries after cluster formation is subjected to un-
certainties and in this paper we parametrized it through factor €. The exact value of this
parameter could be calculated elsewhere by numerical calculations. Since the density in
such clusters is very high we expect that € is not very small in comparison with unity.
In Figure 4.2 the expected value of the density parameter of gravitational waves today
is presented. We can see that a large amount of gravitational waves has been emitted in
the high frequency regime with h(z)QGW ~ 1071 — 1072 at frequency f ~ 10'° Hz,
Equation 4.104, on the BH initial mass.

In the low frequency part of the spectrum the spectral density parameter is utterly
negligible making it impossible to detect GWs produced by this mechanism at present
and probably in the near future. In our derivation we have considered both stationary and
inspiral phases of binaries leading to a wide range of the frequencies emitted. We have
considered only binaries in circular orbits and the problem with elliptical orbits will be
treated later. If elliptical orbits were frequent, the amount of GWs will be presumably
higher over a wide range of frequencies. We assumed that all binaries are formed with
initial radius less than the average distance between PBHs and greater than the gravita-
tional radius r,. In this case the frequency spectrum has a cutoff in both low and high
frequency bands of the spectrum.

Another mechanism of graviton productions considered here is the PBHs evapora-
tion. This mechanism is independent on the structure formation during the PBH domi-
nation. In Figure 4.3 we show the density parameter as a function of frequency for BH
masses 1 g and 10° g. Having a near blackbody spectrum, the frequency of the emit-
ted gravitons can have any value, but unfortunately the GWs spectrum has a peak in the
high frequency region which today make a substantial contribution into the cosmological
energy density of the order of h3Qaw (fpear) ~ 1077, Equation 4.121.

The mechanisms considered in this paper could create a rather high cosmological
fraction of the energy density of the relic gravitational waves at very high frequencies
and gives an opportunity on investigating the high GWs spectrum by present and future
detectors. Unfortunately at the lower part of the spectrum Qg significantly drops down.
Still the planned interferometers DECIGO/BBO could be sensitive to the predicted GWs.
It is noteworthy that the mechanism of GWs generation suggested here kills or noticeably
diminishes GWs from inflation by the redshift of the earlier generated GWs at the PBH
(MD) stage.

In connection with the high frequency part of the GW spectrum emitted by PBHs as
thermal gravitons, we have shown that the non-resonant probability of the graviton-to-
photon transition in large scale cosmological magnetic field after recombination epoch
could be in the range Py, ~ 10710 — 107> at frequencies in 0.1 keV range (in the
present day values). An efficient oscillations between graviton and photon could exist
at higher frequencies too, but here we limit only at energies below the electron mass.
For smaller frequencies, e.g. 1 eV, the transition probability would be smaller, by about
2-3 orders of magnitude. The oscillation probability strongly depends on the external
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magnetic field and the graviton energy. For higher values of these parameters, as our
numerical calculations show, the oscillation probability can increase by several orders of
magnitude.

The photons produced by such mechanism could make considerable contribution to
cosmic electromagnetic background if the density of the original gravitational waves,
h%ng, is sufficiently high. We have estimated efficiency of the photon production in
various models of primordial GW generation discussed in the literature. Mostly, in the
considered inflationary and post-inflationary models the density of photons produced by
the GWs is quite low and is not observable at the present time.

The mechanism discussed here gives a large number of photons (for fixed values of
the magnetic field) only for high frequency gravitons. We think that given the present
GWs production models the only mechanism before BBN that could generate a measur-
able flux of photons is the graviton production by primordial black holes. Since PBH
emit thermal gravitons (if one neglects gray body corrections) the spectrum of the GW's
today would be rather close to the original one with some distortion induced by the
different cosmological moments of GW creation.

After hydrogen recombination the plasma density drops down and the interaction
of the photons, created by the graviton-photon transition, with electrons becomes much
weaker in complete analogy with the CMB photons. Such photons could make observ-
able contributions to the cosmological electromagnetic background, in particular, to X-
rays or extragalactic light. If we consider a conservative present day density parameter
thgW(to) ~ 1077 — 1078, the energy flux in X-rays by the proposed mechanism would
be of the order F, ~ 10719 —10~15 erg/cm?/s, Equation 5.87, where the flux upper limit
is 10 percent less than the observed energy flux in the soft X-rays [144, 145, 146]. If we
assume that the total density of the gravitational waves reaches its upper bound allowed
by BBN (and explains the possibly observed dark radiation), thgW(to) < 1073, and
that their frequency is close to 0.1 keV, the energy flux today would be in the range,
Fy ~ 1078 — 10713 erg/cm?/ s. This energy flux could a possible explanation of the low
part spectrum of the cosmic X-ray background being its dominant part without requiring
any obscured AGN.

In the case of gravitons with energy w; > m, the calculated photon production prob-
ability is quite high in comparison with the non-resonant case where the conversion
probability is by several orders of magnitude smaller. Even in this case the effective La-
grangian which takes into account non linear terms of QED reduces to the well known
Euler-Heisenberg Lagrangian where the energy of gravitons can be several orders of
magnitude higher than the electron mass. In this limit the resonance oscillation is possi-
ble whenever the term m = 0 Equation 5.70 is zero which corresponds to the resonance
energy given by Equation 5.81. Once the resonance is crossed the graviton-photon mix-
ing is maximum with a mixing angle § = /4 and a complete transition is possible. A
clear evidence of resonance transition can be seen in Figure 5.11 and Figure 5.12 where
a rapid increase occurs relatively early after recombination where the increase in the
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transition probability is also due to a rapid decrease of the ionization plasma. The prob-
ability of photon production apart on depending on the factors mentioned above it also
depends on the mechanism of produced gravitons before recombination time, namely
graviton production by PBH evaporation. In Figure 5.13, Figure 5.14, Figure 5.15 and
Figure 5.14 we show photon production probability by graviton to photon oscillation as
a function of photon energy at present time where the probability reaches high values
such as p,, ~ 1073, In Figure 5.17 and Figure 5.18 we show the spectrum of produced
photons in the case of PBHs with mass of Mgy ~ 108 g.

Depending on the value of the magnetic field at recombination and on the PBH mass,
the produced photons in the resonant case could also make an important contribution to
the extragalactic background light as in the non-resonant case. In fact, if the PBH mass
is about Mpy ~ 108 g and B; ~ few - G the produced spectrum of electromagnetic
radiation is the dominant component of the CXB in the the energy band of 0.1 — 10 keV,
Figure 5.17, Figure 5.18 and Fig. 5.19. In the case of B; ~ few -1073 and My ~ 108 g
the contribution to the CXB is smaller but still comparable with the flux of some AGN
averaged over all sky. In the case of lower PBH mass (for example Mpy ~ 10° — 107 g)
the spectrum is shifted to the lower part of CXB and in the ultraviolet and the oscillation
probability in this energy range is several orders of magnitude smaller than the resonant
case. In fact, the peak energy is proportional to the PBH temperature essentially through
the combination Wy, Tproc(M/N,sr)"/> keV!/? due to the redshift of the graviton
energy from the evaporation moment to the present time. So in principle heavier is the
BH the greater is the peak energy where the energy flux is maximal. If one assume that
the contribution to N, ¢ comes only from the standard model with N,ss ~ O(10?) and
requiring that PBHs evaporate before BBN, the maximum mass of PBH allowed is about
10 g with a spectrum of produced photons given in Figure 5.17 and Figure 5.18. On the
other hand if extra contribution beyond the standard model are taken into account with
Nepr = 103 the allowed PBH maximum mass by BBN can be higher than 10% g. Since

the redshifted PBH temperature is Tpy ~ O.Z(MBH/IOSg)I/QN;C}/2

that the PBH mass is bounded from above Mgy < 3.88 - 107N61]/C;

4 Ne_f}/ 3 keV, one can conclude that higher is the effective number of particle species the

keV and knowing
g and that Tpy <

smaller should be the PBH temperature in order to evaporate before BBN. Consequently
higher is the number of particle species, smaller is the redshifted PBH temperature at
present Tgyo. So, if we assume for example that, Nogr ~ 10° the maximum value of
the PBH mass from BBN is about M ~ 10° g and the ratio of MBH/Neff is smaller
in comparison with the case of a PBH with a mass of M ~ 108 g and N, rr ~ 100.
This would imply that for a BH with a mass of Mgy ~ 10° g the spectrum of produced
photons is shifted to the lower part of CXB and ultraviolet. This is a consequence of the
BBN bound on the maximum PBHs mass.

Thus what we have been discussing so far can be also used to constrain several pa-
rameters if others are known. In fact from observation of CXB, observation of other
energy bands where the graviton to photon conversion is efficient and based on the pre-
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dicted energy flux of this mechanism, it is possible to constrain either the magnitude of
cosmological magnetic field B or the PBH mass and its density parameter production

Q,.






Bibliography

[10]

[11]

[12]

[13]

A. Einstein. Uber Gravitationswellen.  Sitzungsberichte der Koniglich Preufischen
Akademie der Wissenschaften (Berlin), Seite 154-167., pages 154-167, 1918.

Thibault Damour. An introduction to the theory of gravitational radiation . 1986.

P. Havas. Equations of motion and radiation reaction in the special and general theory of
relativity. In J. Ehlers, editor, Isolated Gravitating Systems in General Relativity, pages
74-155, 1979.

M.H. Poincaré. Sur la dynamique de llectron. Rendiconti del Circolo matematico di
Palermo, 21:129-175, 1906.

Albert Einstein and N. Rosen. On Gravitational waves. J.Franklin Inst., 223:43-54, 1937.

Arthur Stanley Eddington. The propagation of gravitational waves. Proc.Roy.Soc.Lond.,
A102:268-282, 1922.

R.A. Hulse and J.H. Taylor. Discovery of a pulsar in a binary system. Astrophys.J.,
195:1L.51-1L.53, 1975.

T. Damour and R. Ruffini. Certain new verifications of general relativity made possible
by the discovery of a pulsar belonging to a binary system. Academie des Sciences Paris
Comptes Rendus Serie Sciences Mathematiques, 279:971-973, December 1974.

J. H. Taylor and P. M. McCulloch. Evidence for the existence of gravitational radiation
from measurements of the binary pulsar PSR 1913+16. In J. Ehlers, J. J. Perry, and
M. Walker, editors, Ninth Texas Symposium on Relativistic Astrophysics, volume 336 of
Annals of the New York Academy of Sciences, pages 442—446, February 1980.

K.S. Thorne. Multipole Expansions of Gravitational Radiation. Rev.Mod.Phys., 52:299—
339, 1980.

T. Damour. Gravitational radiation reaction in the binary pulser and the quadrupole for-
mula controversy. Phys.Rev.Lett., 51:1019-1021, 1983.

L.P. Grishchuk. Amplification of gravitational waves in an istropic universe.
Sov.Phys.JETP, 40:409-415, 1975.

Alexei A. Starobinsky. Relict Gravitation Radiation Spectrum and Initial State of the
Universe. (In Russian). JETP Lett., 30:682—-685, 1979.

131



132

(14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

(29]

(30]

(31]

BIBLIOGRAPHY

Alexander D. Dolgov and Damian Ejlli. Relic gravitational waves from light primordial
black holes. Phys.Rev., D84:024028, 2011.

Alexander D. Dolgov and Damian Ejlli. Conversion of relic gravitational waves into
photons in cosmological magnetic fields. JCAP, 1212:003, 2012.

Charles W. Misner, K.S. Thorne, and J.A. Wheeler. Gravitation. 1974.

L.D. Landau, E.M. Lifshitz, (Ed.) Schopf, H.G., and (Ed.) Ziesche, P. TEXTBOOK ON
THEORETICAL PHYSICS. VOL. 2: CLASSICAL FIELD THEORY. (IN GERMAN).
1987.

Michele Maggiore. Gravitational Waves. Vol. 1: Theory and Experiments. 2007.

Richard A. Isaacson. Gravitational Radiation in the Limit of High Frequency. I. The
Linear Approximation and Geometrical Optics. Phys.Rev., 166:1263-1271, 1967.

Richard A. Isaacson. Gravitational Radiation in the Limit of High Frequency. II. Nonlinear
Terms and the Ef fective Stress Tensor. Phys.Rev., 166:1272—-1279, 1968.

J. Weber. Evidence for discovery of gravitational radiation. Phys.Rev.Lett., 22:1320-1324,
1969.

J. Weber.  Anisotropy and polarization in the gravitational-radiation experiments.
Phys.Rev.Lett., 25:180-184, 1970.

M. E. Gertsenshtein and V. I. Pustovoit. On the Detection of Low-Frequency Gravitational
Waves. Soviet Journal of Experimental and Theoretical Physics, 16:433, 1963.

R. L. Forward. Wideband laser-interferometer gravitational-radiation experiment. Phys.
Rev. D, 17:379-390, Jan 1978.

V. B. Braginsky and A. B. Manukin. Measurement of weak forces in physics experiments.
1977.

C. M. Caves, K. S. Thorne, R. W. P. Drever, V. D. Sandberg, and M. Zimmermann. On
the measurement of a weak classical force coupled to a quantum-mechanical oscillator. 1.
Issues of principle. Reviews of Modern Physics, 52:341-392, April 1980.

Pau Amaro-Seoane, Sofiane Aoudia, Stanislav Babak, Pierre Binetruy, Emanuele Berti,
et al. eLISA: Astrophysics and cosmology in the millihertz regime. 2012.

Naoki Seto, Seiji Kawamura, and Takashi Nakamura. Possibility of direct measurement
of the acceleration of the universe using 0.1-Hz band laser interferometer gravitational
wave antenna in space. Phys.Rev.Lett., 87:221103, 2001.

S. Kawamura, T. Nakamura, M. Ando, N. Seto, K. Tsubono, et al. The Japanese space
gravitational wave antenna DECIGO. Class.Quant.Grav., 23:5125-S132, 2006.

Seiji Kawamura, Masaki Ando, Takashi Nakamura, Kimio Tsubono, Takahiro Tanaka,
et al. The Japanese space gravitational wave antenna: DECIGO. J.Phys.Conf.Ser.,
120:032004, 2008.

G.M. Harry, P. Fritschel, D.A. Shaddock, W. Folkner, and E.S. Phinney. Laser interfer-
ometry for the big bang observer. Class.Quant.Grav., 23:4887-4894, 2006.



BIBLIOGRAPHY 133

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Jeff Crowder and Neil J. Cornish. Beyond LISA: Exploring future gravitational wave
missions. Phys.Rev., D72:083005, 2005.

E. Komatsu et al. Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Obser-
vations: Cosmological Interpretation. Astrophys.J.Suppl., 192:18, 2011.

Steven Weinberg. Cosmology. 2008.
Bruce Allen. The Stochastic gravity wave background: Sources and detection. 1996.

Michele Maggiore. Gravitational wave experiments and early universe cosmology.
Phys.Rept., 331:283-367, 2000.

L.P. Grishchuk. Discovering Relic Gravitational Waves in Cosmic Microwave Back-
ground Radiation. 2007.

Alan H. Guth and So-Young Pi. The Quantum Mechanics of the Scalar Field in the New
Inflationary Universe. Phys.Rev., D32:1899-1920, 1985.

L.F. Abbott and D.D. Harari. GRAVITON PRODUCTION IN INFLATIONARY COS-
MOLOGY. Nucl.Phys., B264:487, 1986.

E. Lifshitz. On the Gravitational stability of the expanding universe. J.Phys.(USSR),
10:116, 1946.

Edward W. Kolb and Michael S. Turner. The Early universe. Front.Phys., 69:1-547, 1990.

R. Fabbri and M.d. Pollock. The Effect of Primordially Produced Gravitons upon
the Anisotropy of the Cosmological Microwave Background Radiation. Phys.Lett.,
B125:445-448, 1983.

L.F. Abbott and Mark B. Wise. Constraints on Generalized Inflationary Cosmologies.
Nucl.Phys., B244:541-548, 1984.

E. Komatsu et al. Five-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observa-
tions: Cosmological Interpretation. Astrophys.J.Suppl., 180:330-376, 2009.

Hiranya Peiris and Richard Easther. Slow Roll Reconstruction: Constraints on Inflation
from the 3 Year WMAP Dataset. JCAP, 0610:017, 2006.

S.Y. Khlebnikov and I.I. Tkachev. Relic gravitational waves produced after preheating.
Phys.Rev., D56:653-660, 1997.

Richard Easther and Eugene A. Lim. Stochastic gravitational wave production after infla-
tion. JCAP, 0604:010, 2006.

Richard Easther, John T. Giblin, and Eugene A. Lim. Gravitational Waves From the End
of Inflation: Computational Strategies. Phys.Rev., D77:103519, 2008.

Michael S. Turner and Frank Wilczek. Relic gravitational waves and extended inflation.
Phys.Rev.Lett., 65:3080-3083, 1990.

Arthur Kosowsky, Michael S. Turner, and Richard Watkins. Gravitational radiation from
colliding vacuum bubbles. Phys.Rev., D45:4514-4535, 1992.



134

[51]

[52]

(53]

[54]

[55]
[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

BIBLIOGRAPHY

Arthur Kosowsky and Michael S. Turner. Gravitational radiation from colliding vacuum
bubbles: envelope approximation to many bubble collisions. Phys.Rev., D47:4372-4391,
1993.

Marc Kamionkowski, Arthur Kosowsky, and Michael S. Turner. Gravitational radiation
from first order phase transitions. Phys.Rev., D49:2837-2851, 1994.

K. Kajantie, M. Laine, K. Rummukainen, and Mikhail E. Shaposhnikov. The Electroweak
phase transition: A Nonperturbative analysis. Nucl.Phys., B466:189-258, 1996.

Christophe Grojean and Geraldine Servant. Gravitational Waves from Phase Transitions
at the Electroweak Scale and Beyond. Phys.Rev., D75:043507, 2007.

Alexander Vilenkin. Cosmic Strings and Domain Walls. Phys.Rept., 121:263, 1985.
A. Vilenkin. COSMIC STRINGS AND OTHER TOPOLOGICAL DEFECTS. 1986.

Craig J. Hogan. Gravitational Waves from Light Cosmic Strings: Backgrounds and Bursts
with Large Loops. Phys.Rev., D74:043526, 2006.

Matthew R. DePies and Craig J. Hogan. Stochastic Gravitational Wave Background from
Light Cosmic Strings. Phys.Rev., D75:125006, 2007.

Anupam Mazumdar and Ian M. Shoemaker. Extreme gravitational waves from inflaton
fragmentation. 2010.

B.P. Abbott et al. An Upper Limit on the Stochastic Gravitational-Wave Background of
Cosmological Origin. Nature, 460:990, 2009.

A.D. Dolgov, P.D. Naselsky, and I.D. Novikov. Gravitational waves, baryogenesis, and
dark matter from primordial black holes. Phys.Rev.D, 2000.

S.W. Hawking. Black Holes and Thermodynamics. Phys.Rev., D13:191-197, 1976.

Don N. Page. Particle Emission Rates from a Black Hole: Massless Particles from an
Uncharged, Nonrotating Hole. Phys.Rev., D13:198-206, 1976.

B.J. Carr, Kazunori Kohri, Yuuiti Sendouda, and Jun’ichi Yokoyama. New cosmological
constraints on primordial black holes. Phys.Rev., D81:104019, 2010.

Amandeep S. Josan, Anne M. Green, and Karim A. Malik. Generalised constraints on the
curvature perturbation from primordial black holes. Phys.Rev., D79:103520, 2009.

Y. B. Zel’dovich and I. D. Novikov. The Hypothesis of Cores Retarded during Expansion
and the Hot Cosmological Model. azh, 43:758, 1966.

Stephen Hawking. Gravitationally collapsed objects of very low mass.
Mon.Not.Roy.Astron.Soc., 152:75, 1971.

Bernard J. Carr and S.W. Hawking. Black holes in the early Universe.
Mon.Not.Roy.Astron.Soc., 168:399—-415, 1974.

Alexandre Dolgov and Joseph Silk. Baryon isocurvature fluctuations at small scales and
baryonic dark matter. Phys.Rev., D47:4244-4255, 1993.



BIBLIOGRAPHY 135

[70]

[71]
[72]
[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]
[87]
[83]

[89]

A.D. Dolgov, M. Kawasaki, and N. Kevlishvili. Inhomogeneous baryogenesis, cosmic
antimatter, and dark matter. Nucl. Phys., B807:229-250, 2009.

Bernard J. Carr. Primordial black holes: Do they exist and are they useful? 2005.
M. Yu. Khlopov. Primordial Black Holes. Res.Astron.Astrophys., 10:495-528, 2010.

J. D. Barrow, E. J. Copeland, and A. R. Liddle. The evolution of black holes in an ex-
panding universe. mnras, 253:675-682, December 1991.

Y. B. Zel’dovich and A. A. Starobinskii. Possibility of a cold cosmological singularity in
the spectrum of primordial black holes. Soviet Journal of Experimental and Theoretical
Physics Letters, 24:571-573, December 1976.

A. D. Dolgov. The quantum evaporation of black holes and the baryon asymmetry of the
universe. Zhurnal Eksperimental noi i Teoreticheskoi Fiziki, 79:337-349, August 1980.

A. D. Dolgov. Hiding of the conserved (anti)baryonic charge into black holes. Phys. Rev.
D, 24:1042-1044, Aug 1981.

J. D. Barrow. Primordial baryon generation by black holes. mnras, 192:427-438, August
1980.

J. D. Barrow and G. G. Ross. Cosmological constraints on the scale of grand unification.
Nuclear Physics B, 181:461-486, April 1981.

J. D. Barrow, E. J. Copeland, E. W. Kolb, and A. R. Liddle. Baryogenesis in extended
inflation. II. Baryogenesis via primordial black holes. prd, 43:984-994, February 1991.

Daniel Baumann, Paul J. Steinhardt, and Neil Turok. Primordial Black Hole Baryogenesis.
2007.

D.J. Fixsen. The Temperature of the Cosmic Microwave Background. Astrophys.J.,
707:916-920, 2009.

B.M. Barker, S.N. Gupta, and J. Kaskas. Graviton bremsstrahlung and infrared diver-
gence. Phys.Rev., 182:1391-1396, 1969.

A. Sommerfeld. Uber die Beugung und Bremsung der Elektronen. Annalen der Physik,
403:257-330, 1931.

A.D. Sakharov. INTERACTION OF AN ELECTRON AND POSITRON IN PAIR PRO-
DUCTION. Zh.Eksp.Teor.Fiz., 18:631-635, 1948.

K. Nakamura et al. Review of particle physics. J.Phys., G37:075021, 2010.
Bernard F. Schutz. A FIRST COURSE IN GENERAL RELATIVITY. 1985.
P.C. Peters. Relativistic gravitational bremsstrahlung. Phys.Rev., D1:1559-1571, 1970.

J. Binney and S. Tremaine. Galactic Dynamics: Second Edition. Princeton University
Press, 2008.

Cosimo Bambi, Douglas Spolyar, Alexander D. Dolgov, Katherine Freese, and Marta
Volonteri. Implications of primordial black holes on the first stars and the origin of the
super—massive black holes. Mon.Not.Roy.Astron.Soc., 399:1347-1356, 2009.



136

[90]

[91]
[92]

(93]

[94]
[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

BIBLIOGRAPHY

P.C. Peters and J. Mathews. Gravitational radiation from point masses in a Keplerian orbit.
Phys.Rev., 131:435-439, 1963.

E.S. Phinney. A Practical theorem on gravitational wave backgrounds. 2001.

Richard Anantua, Richard Easther, and John T. Giblin. GUT-Scale Primordial Black
Holes: Consequences and Constraints. Phys.Rev.Lett., 103:111303, 2009.

(ed.) Frolov, V.P. and (ed.) Novikov, I.D. Black hole physics: Basic concepts and new
developments. 1998.

A. D. Dolgov. Neutrinos in cosmology. physrep, 370:333-535, November 2002.

M. E. Gertsenshtein. Wave resonance of light and gravitational waves . Sov. Phys. JETP,
14:84, 1961.

N. V. Mitskevich. Fizicheskie polya v obschej teorii otnositelnosti (Physical fields in
general relativity). Nauka, Moscow Russia, 1970.

D. Boccaletti, V. Sabbata, P. Fortini, and C. Gualdi. Conversion of photons into gravitons
and vice versa in a static electromagnetic field. Il Nuovo Cimento B Series 10, 70:129-146,
1970.

V. K. Dubrovich. Generation of an electromagnetic wave by a plane gravitational wave in
a constant magnetic field . Izv. Spet. Astro. Obs., 6:27, 1972.

Ya. B. Zel’dovich. Electromagnetic and gravitational waves in a stationary magnetic field
. Sov. Phys. JETP, 38:652, 1974.

Daniele Fargion. Prompt and delayed radio bangs at kilohertz by SN1987A: A Test for
gravitation - photon conversion. Grav.Cosmol., 1:301-310, 1995.

Georg Raffelt and Leo Stodolsky. Mixing of the Photon with Low Mass Particles.
Phys.Rev., D37:1237, 1988.

W. Heisenberg and H. Euler. Consequences of Dirac’s theory of positrons. Z.Phys.,
98:714-732, 1936.

Julian S. Schwinger. On gauge invariance and vacuum polarization. Phys.Rev., 82:664—
679, 1951.

E. Brezin and C. Itzykson. Polarization phenomena in vacuum nonlinear electrodynamics.
Phys.Rev., D3:618-621, 1971.

Stephen L. Adler. Photon splitting and photon dispersion in a strong magnetic field. An-
nals Phys., 67:599-647, 1971.

Carlo Giunti and Chung W. Kim. Fundamentals of Neutrino Physics and Astrophysics.
2007.

R. Durrer, P.G. Ferreira, and T. Kahniashvili. Tensor microwave anisotropies from a
stochastic magnetic field. Phys.Rev., D61:043001, 2000.

John D. Barrow, Pedro G. Ferreira, and Joseph Silk. Constraints on a primordial magnetic
field. Phys.Rev.Lett., 78:3610-3613, 1997.



BIBLIOGRAPHY 137

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Daniela Paoletti and Fabio Finelli. Constraints on a Stochastic Background of Primordial
Magnetic Fields with WMAP and South Pole Telescope data. 2012.

Daniela Paoletti and Fabio Finelli. CMB Constraints on a Stochastic Background of Pri-
mordial Magnetic Fields. Phys.Rev., D83:123533, 2011.

Daniela Paoletti, Fabio Finelli, and Francesco Paci. The full contribution of a stochastic
background of magnetic fields to CMB anisotropies. Mon.Not.Roy.Astron.Soc., 396:523—
534, 2009.

Tina Kahniashvili, Yurii Maravin, and Arthur Kosowsky. Faraday rotation limits on a
primordial magnetic field from Wilkinson Microwave Anisotropy Probe five-year data.
Phys.Rev., D80:023009, 2009.

Chiara Caprini and Ruth Durrer. Gravitational wave production: A Strong constraint on
primordial magnetic fields. Phys.Rev., D65:023517, 2001.

Chiara Caprini and Ruth Durrer. Limits on stochastic magnetic fields: A Defense of our
paper [1]. Phys.Rev., D72:088301, 2005.

Arthur Kosowsky, Tina Kahniashvili, George Lavrelashvili, and Bharat Ratra. Faraday
rotation of the Cosmic Microwave Background polarization by a stochastic magnetic field.
Phys.Rev., D71:043006, 2005.

Massimo Giovannini. The Magnetized universe. Int.J.Mod.Phys., D13:391-502, 2004.

Dario Grasso and Hector R. Rubinstein. Magnetic fields in the early universe. Phys.Rept.,
348:163-266, 2001.

J.J. Matese and R.F. O’Connell. Neutron Beta Decay in a Uniform Constant Magnetic
Field. Phys.Rev., 180:1289-1292, 1969.

R. F. O’CONNELL and J. J. MATESE. Effect of a constant magnetic field on the neutron
beta decay rate and its astrophysical implications. Nature, 222(5194):649-650, 05 1969.

GEORGE GREENSTEIN. Primordial helium production in [ldquo]magnetic[rdquo] cos-
mologies. Nature, 223(5209):938-939, 08 1969.

Peter J. Kernan, Glenn D. Starkman, and Tanmay Vachaspati. Comment on ‘Con-
straints on the strength of primordial B fields from big bang nucleosynthesis reexamined’.
Phys.Rev., D56:3766-3767, 1997.

Bao-lian Cheng, Angela V. Olinto, David N. Schramm, and James W. Truran. Constraints
on the strength of primordial magnetic fields from big bang nucleosynthesis revisited.
Phys.Rev., D54:4714-4718, 1996.

Peter J. Kernan, Glenn D. Starkman, and Tammay Vachaspati. Big bang nucleosynthesis
constraints on primordial magnetic fields. Phys.Rev., D54:7207-7214, 1996.

Dario Grasso and H.R. Rubinstein. Limits on possible magnetic fields at nucleosynthesis
time. Astropart.Phys., 3:95-102, 1995.

N. A. Zabotin and P. D. Naselskii. The Neutrino Background in the Early Universe and
Temperature Fluctuations in the Cosmic Microwave Radiation. sovast, 26:272, June 1982.



138

[126]

[127]

[128]

[129]

[130]
[131]

[132]

[133]

[134]
[135]

[136]

[137]

[138]

[139]

[140]
[141]

[142]

[143]

BIBLIOGRAPHY

B. J. T. Jones and R. F. G. Wyse. The ionisation of the primeval plasma at the time of
recombination. aap, 149:144-150, August 1985.

M.S. Pshirkov and D. Baskaran. Limits on High-Frequency Gravitational Wave Back-
ground from its interplay with Large Scale Magnetic Fields. Phys.Rev., D80:042002,
2009.

A.D. Dolgov. Neutrinos in the Early Universe. Sov.J.Nucl.Phys., 33:700-706, 1981.

G. Sigl and G. Raffelt. General kinetic description of relativistic mixed neutrinos.
Nucl.Phys., B406:423-451, 1993.

A.D. Dolgov. Neutrinos in cosmology. Phys.Rept., 370:333-535, 2002.

D. G. Hummer. Total Recombination and Energy Loss Coefficients for Hydrogenic Ions
at Low Density for 10 T/E/Z/2 10/7K. mnras, 268:109, May 1994.

D. Pequignot, P. Petitjean, and C. Boisson. Total and effective radiative recombination
coefficients. aap, 251:680-688, November 1991.

J. Dunkley et al. Five-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observa-
tions: Likelihoods and Parameters from the WMAP data. Astrophys.J.Suppl., 180:306—
329, 20009.

Alain Coc. Primordial Nucleosynthesis. 2012.

I. Lehmann, Gunther Hasinger, M. Schmidt, R. Giacconi, J. Truemper, et al. The rosat
deep survey: vi. x-ray sources and optical identifications of the ultra deep survey. As-
tron.Astrophys., 371:833-857, 2001.

M. Akiyama, K. Ohta, T. Yamada, N. Kashikawa, M. Yagi, W. Kawasaki, M. Sakano,
T. Tsuru, Y. Ueda, T. Takahashi, I. Lehmann, G. Hasinger, and W. Voges. Optical Identi-
fication of the ASCA Large Sky Survey. apj, 532:700-727, April 2000.

Wu-yang Tsai and Thomas Erber. Photon Pair Creation in Intense Magnetic Fields.
Phys.Rev., D10:492, 1974.

Wu-yang Tsai and Thomas Erber. The Propagation of Photons in Homogeneous Magnetic
Fields: Index of Refraction. Phys.Rev., D12:1132, 1975.

W. Dittrich and H. Gies. Probing the quantum vacuum. Perturbative effective action
approach in quantum electrodynamics and its application. Springer Tracts Mod.Phys.,
166:1-241, 2000.

W. Heitler. Quantum theory of radiation. 1954.

R. Cruddace, F. Paresce, S. Bowyer, and M. Lampton. On the opacity of the interstellar
medium to ultrasoft X-rays and extreme-ultraviolet radiation. APJ, 187:497-504, Febru-
ary 1974.

O. Klein and T. Nishina. Uber die Streuung von Strahlung durch freie Elektronen nach
der neuen relativistischen Quantendynamik von Dirac. Zeitschrift fur Physik, 52:853—-868,
November 1929.

Roberto Gilli. The x-ray background and the deep x-ray surveys. 2003.



BIBLIOGRAPHY 139

[144] M. Ajello, J. Greiner, G. Sato, D.R. Willis, G. Kanbach, et al. Cosmic X-ray background
and Earth albedo Spectra with Swift/BAT. 2008.

[145] Guenther Hasinger. Formation and evolution of supermassive black holes in galactic cen-
ters: Observational constraints. AIP Conf.Proc., 666:227-236, 2003.

[146] Gunther Hasinger, Richard Burg, Riccardo Giacconi, Maarten Schmidt, Joachim Truem-
per, et al. The ROSAT Deep Survey. 1. X-ray sources in the Lockman Field. As-
tron.Astrophys., 329:482-494, 1998.






Appendices

141






Appendix A

Basics of cosmology

A.1 Cosmological Principle and FLRW metric

Today we know very well that the earth is not the center of our Universe. Moreover, our
solar system, our galaxy or our local group of galaxies does not occupy a special position
in the Universe. This would suggest that all positions in the Universe are equivalent, in-
dependently where the observer is located. In fact, a large portion of modern cosmology
is built on the Cosmological Principle, which states that on large scales our universe is
homogeneous and isotropic. Homogeneity here applies only to large scales of the order
of kpc where we consider a portion of universe averaged on large scales and doesn’t
apply to the universe in detail because on galactic scales our universe is inhomogeneous
rather than homogeneous. However, homogeneity on large scales doesn’t guarantees
that the entire Universe is smooth, but we can safely assume as a work hypotheses that a
region at least as large as our Hubble volume is smooth.

The Cosmological Principle should be putted in a mathematical framework in order
to describe the evolution of the Universe. The first step to be done in this direction, is
to choose a coordinate system equivalent for all observers and this can be achieved by
choosing a spatial coordinate x’ with origin x' = 0 at earth or on our Milky Way. Having
fixed the origin of our coordinate system, we can choose the axes directions in such a
way that the coordinate direction is fixed by the line of sight from the earth to some
typical object or galaxy and with a scale distance defined by the apparent luminosities
of distant galaxies. The time coordinate can be defined by using the Universe evolution
as a standard clock. From CMB observations we know that its temperature has been
monotonically decreasing since the last scattering time, so we can choose for example
the CMB temperature 7', and define the time event as a function of the temperature #(7, ).
The chosen coordinate system (x, 7) so defined is called the cosmic standard coordinate
system.

The metric for a space which obeys to the Cosmological Principle is the maximally-
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symmetric Friedemann-Robertson-Walker (FRW) metric which reads

2

ds* = —di* + d*(1) ( + r?d6* + r* sin’® 9d¢2> ; (A.T)

1 —Kr?
where a(7) is the scale factor which is defined as x(¢) = a(t)r with x() being the proper
distance, (1,1, 0, ¢) are called comoving coordinates, K is the spatial curvature which can
have the values +1,0, —1 respectively for spaces of constant positive, negative, or zero
curvature. Here we will considerer only an Euclidean space with flat spatial geometry,
namely K = 0 and Equation A.1 becomes

ds* = —d* + a&*(t) (dr* + rdeZ) , (A.2)

where dQ is the differential solid angle.
It is interesting to consider the geometrical properties of the metric given by Equa-
tion A.1 which has the following metric components

(1)

T k2 gop = az(t)rz, 8op = az(t)r2 sin” 6. (A3)

800 = -1, 8rr =

Maximally-symmetric spaces have the property that the Riemann tensor can be simply
written as

vaaﬁ = K(gavgyﬁ - gﬁvgya)’ (A4)

and with the help of metric components given by Equation A.3 the non zero spatial
components of the Riemann tensor, Ricci tensor and Ricci scalar are given by

K 2K 6K
3 3 3
ijkl 2(1‘) (glkglj gllg]k> ij 2(t)glj 2([) ( )

A.2 Cosmological redshift

The Friedmann metric Equation A.1 is non static because of the time dependence of the
scale factor a(t). Since a(f) multiplies the spatial coordinates, any proper distance d(t)
will change with time in proportion to a(t)

d(r1) = alt) L rﬁ.

(A.6)
In the case of an Euclidean space, we have a flat geometry with K = 0 and the proper
distance is simply given by d(t) = a(t)r.

In order to establish if the scale factor a(r) is a decreasing, increasing or constant
function, is important to see how the electromagnetic radiation propagates in the FLRW
metric. Since electromagnetic radiation (photons) propagates on null geodesics, their
line element in any space is ds> = 0. If we consider the electromagnetic radiation

coming toward the origin (us) in the radial direction, the condition ds* = 0 gives

d
dt = +a(t)—

—_— A7
Vo (A1)



A.3. FRIEDMANN EQUATIONS 145

Thus, if the light ray leaves the souce located at the co-moving coordinate r; at the proper
time #; it will reach the origin r = 0 at the time #( given by

o dt " d
J == f S — (A8)
I3l a(t) 0 V 1 — Kr2
Differentiating Equation A.8, we get the following relation between the interval 6¢; of
two departure signals and ¢y of their arrival intervals
ot ot
el S i (A.9)
a(n)  a(t)
Since 6t; and d¢y are respectively the times between two successive wave crests of the
emitted and detected light, the corresponding wavelength of the emitted and detected
light (1 = 1/6¢) is related to the scale factor a(¢;) and a(ty) as follows
A a@)

= . A.10
Ao a(t) ( )

If a(t) is increasing (decreasing) this led to a redshift (blueshift) of the light from the
source. Thus, the change in the scale factor in cosmology is defined through the term

1 + z which is defined as
h_ A
fo A’

where f is the light frequency. In the case of redshift z is positive and in the case of

1+z= (A.11)

blueshift 7 is negative. If a source is located near to us we can expand the scale factor
a(t) in power series and get
a(t) = a(to) + a(to)(t — t0) + ... = a(tp)[1 + Ho(t — 1) + ...], (A.12)

where the coeflicient Hy is called the Hubble constant

Hy = H(ty) = (A.13)

A.3 Friedmann equations

With the metric components given by Equation A.3 let us now derive the Friedemann
equations and see how the Universe evolve with time. The dynamics of the Universe is
governed by Einstein field equations which we can write in a convenient form

1
R,y = 871G (T, — Egm,T). (A.14)

First of all we need to calculate the Ricci tensor which is given by

Ry = 0,1, — 0,10, + ooy, — DT, (A.15)
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where the Christoffel symbols are given by Equation 1.3. We need to calculate only Ry
and R;;. We don’t need to calculate Ry because its a three vector and must vanish in the
FRW metric. Before calculating the components of R,,, let us see which components of
the affine connection are different from zero. Thus we have

Y, = aah, (A.16)
; a
r, = 6. (A.17)
. 1
Iy = Egll(akglj + 0jgi — 0igjk)s (A.18)

where g;; = az(t)h,-j and ¢;; being the Kronecker symbol. The non zero components of
the Ricci tensor now read

. d (a a\’ i
k
ROO = _aOFé)i - F(j)krol- = —35 (;) -3 (5) = —3; (A19)
Rij = 2d*h;+ aih;j +°R;j = (2a° + aa + 2k)h; (A.20)
Ryi = 0. (A21)

Next step is to have an expression for the energy-momentum tensor which satisfies the
requirements of isotropy and homogeneity. This means that the components Ty; = 0
and the most general form of the energy momentum tensor is that of a perfect fluid
characterized by a time dependent energy density p() and pressure p(z). The expression
for the energy- momentum tensor of a perfect fluid is given by

" = pg" + (p + p)u'u’, guit'n” = —1, (A.22)

where the fluid four-velocity is normalized in such a way that #¥ = (1,0,0,0). The
components of T}, are given by

Too = p(t), Toi =0, Tij=d*(t)p(t)hi. (A.23)

Let us define S, = T,y — g T /2, then the S and S; 7 components read

1 a?
Sij = Tij— Ehijaz(T,]f + Tg) = E(p — p)hij (A.24)
1 1
S = Too+ (T +75) = 5(p+3p) (A.25)
Soi = 0. (A.26)

Now we have all needed quantities in order to solve the Einstein field equations, Equa-
tion A.14, which gives the following equations for Ryp and R;;

a? K
=+ 2a—2 = 47G(p — p) (A.27)
3d

a

p
- 42
a

47G(3p + p). (A.28)
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We can sum together Equation A.27 and Equation A.28 by multiplying first Equa-
tion A.27 by a factor three. As a result we get the following Friedmann equation
_8&Gp K
3 a?’

In order to have a complete set of equations for the dynamics of the Universe we

H? (A.29)

miss an equation describing the conservation of energy in the FLRW metric. We can
get such an equation by simply writing down the conservation of the energy-momentum
tensor in the FLRW metric. Since the space-time is curved, the conservation of energy-
momentum tensor in general relativity reads

v, T* = 0. (A.30)

Since we are interested in the energy conservation, Equation A.30 for the components
T gives

v, T% = oT% + )TV + T, T = 0. (A.31)
Taking into account both Equation A.16 and Equation A.17 and introducing into Equa-
tion A.31 we get the following equation

p+3H(p+p) =0 (A.32)

The energy conservation, Equation A.32 and Equation A.29 are the two fundamental
equations in cosmology which can completely describe the dynamics of the Universe
once we know how the pressure p is related with the energy density p. The most simplest
relation between the two is the equation of state p = wp, where w is a constant. In this
case the solution of Equation A.32 for a flat geometry, K = 0, is simply given by

poca 30w, (A.33)

The most important cases in cosmology are respectively for matter, radiation and vacuum
domination energy density which correspond to (w = 0,p/3,—1) respectively. For
matter dominated Universe the energy density scales as

3
o(t) = p(to) (%) . (A.34)

Introducing Equation A.34 into Equation A.33 we get the following solution for the scale
factor
a(t)oct =23, (A.35)

which gives the following relation of the Hubble parameter with cosmological time,
H =2/3t. (A.36)

Combining Equation A.36 with Equation A.29 we get the following relation of energy
density with time for the Einstein-de Sitter model

p(1) = 1/67Gr*. (A.37)
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For an Universe dominated by radiation (RD) the energy density scales with the scale

factor as 4
pl0) = ple) (420 (A38)

and the scale factor scales with the cosmological time as
a(r)oct'? (A.39)

In this case the relation of the Hubble parameter with time is H = 1/2¢ which gives the
following relation of the energy density with time

p(t) = 3/322Gr. (A.40)

In the FLRW metric the connection between the curvature and the energy density is
given by Equation A.29. This equation can be written in a more convenient form such

as %
where Q is called the density parameter which is defined as
3H?
=L - (A42)
Oc 8nG

where p, is called critical energy density. From Equation A.41 we can easily see that if
K =1, p > p. then Q > 1 which implies that the geometry of the Universe is closed
and it will contract up to a singularity at @ = 0. For K = 0 the geometry of the Universe
is flat (Euclidean) and © = 1. In this model the Universe will expand forever since
a(t) > 0. In the case of hyperbolic geometry (open Universe) K = —1 and Q < 1 and
the Universe will eventually expands forever.

In general the energy content in the Universe is a mixture of non-relativistic matter,
relativistic matter and vacuum energy, namely p = ). p;, where p; is the contribution
from the i-th mixture. One can obtain very useful relations by expressing the total energy
density p as a function of the density parameter of the i-th mixture. In general by an ar-
bitrary constant curvature K and using Equation A.42 we obtain the following important
expression for the total energy density as a function of time

plt) = pelto) [QM (%) + 0 (2)"+ QA] , (A43)
where ), is the present epoch density parameter of matter, Q is the present epoch
density parameter of radiation and Q, is the present epoch density parameter associated
to the vacuum energy. Still using Equation A.42 we can define a density parameter
associated the curvature of the Universe, which at present is Qg = —K/ a(Z)H(Z) where the
total density parameter satisfies the relation

Qu + Qr + QA + Qg = 1. (A.44)
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By introducing Equation A.43 into Equation A.29 and after some algebraical manipula-
tions we get the following equations for the differential time

dx
HoxA/Qn + Qxx~2 + Qux=3 + QRx_4’

where x = a/ag = 1/(1 + z). Integration over time gives an important relation of the

dt =

(A.45)

cosmological time as a function of redshift

1 jl/(1+z) dx
~ Ho Jo x4/ Qp + Qxx—2 + Qpx—3 + QRx_4'

1(2) (A.46)

A.4 Thermodynamics in the FLRW metric

As we saw in the previous section, the universe has been expanding since its formation
and passed different stages of cosmological evolution. Despite, the fact that thermo-
dynamic equilibrium is not maintained in an expanding universe, CMB observations
suggest that during its early stages, the particles composing the early plasma can be con-
sidered to a good approximation in local thermodynamic equilibrium with each other.
For a particle in local thermodynamic equilibrium the number density, energy density
and pressure are given by

_ 8 3
e L)} (A47)
b= g | FPEGRDARD, (A48)
_ 8 3 M
P oo | e (A49)

where g is the is the number of degrees of freedom, p is the particle momentum and
f(|p]) is the equilibrium distribution function which in the FLRW metric depend only
on the scalar momentum, p = |p|. If the considered particles are in kinetic and chemical
equilibrium, their distribution function can be written as

1

FE) = o a1 (A.50)

where E = \/]m, u is the chemical potential which satisfies Y, u; = 0, T is the
plasma temperature and the sign + takes into account for the different statistics satisfied

by bosons (-1) and fermions (+1). Inserting Equation A.50 into Equation A.47 we get
the following expressions for the particle number density, energy density and pressure

n o= ijw E(E? —m?)'/? (A.51)
272 ), exp[(E—p)/T]+1° ’
g o9 EZ(EZ _ m2)1/2
P = 2], FslE =1 (A->2)
p = 2 g (ELom) (A.53)
612 ),  exp[(E—u)/T]£1
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Let us assume that the i species under consideration have mass, m; and temperature
T; not necessarily in thermal equilibrium with the other particles. Let also T = T, be
the temperature of photons in the plasma, then the total energy density and pressure of
all particles in equilibrium with the i species would be

4 0 20,2 _ 2\1/2
T; 8i u(u” — x;)
= 1t —) = 4 l , A.54
g Z<T> znZL. Pl —y] £ 1 (A4
T\ ¢ (© (u? — x2)%?
= 714 L L R d A.55
g Z(T) AR e (A%

where we have defined u = E/T,x; = m;/T and y; = p,;/T. If the species in considera-
tion are relativistic T >» m, then from Equation A.51 we get the following expressions
for the energy density for bosons and fermions

2

2
p = 30 gT4 (bosons), p= <z> ﬂ—gT4 (fermions). (A.56)

8/ 30

In the primordial plasma most of the particles were relativistic, 7 >» m and since the

2 expl—(m—
1)/T], their contribution to the energy density of the plasma can be safely neglected. In

energy density and pressure of non relativistic particles scale with energy as oc(mT)

this case to the energy density and pressure would contribute only the relativistic parti-
cles and the expressions for the energy density and pressure read

2 4
Pr = %8*(T)T (A.57)
n? 4
pr = p/3= %g*(T)T , (A.58)

where g, (T) is the total number of effectively massless (m; « T) degrees of freedom
and is a function of the temperature

g(T) = )] gi<%>4+% > gi<?>4. (A.59)

i=bosons i=fermions

During the evolution of the universe g, changes with temperature and as a results its
value at different epochs is important since it tells us the number of effectively massless
species contributing to the plasma. In fact, for T > 300 GeV according to the standard
model of particle physics the number of relativistic particles is made of 3 generations
of quarks (u, d, t) and leptons (e,u,v), 8 gluons, 3 vectorial bosons and 1 complex
Higgs doublet. In this case the effective numbers of degrees of freedom accounts for
g+ = 106.75. For 1 MeV < T < 100 MeV would contribute to the plasma the photon, 3
species of neutrinos and et and g, = 10.75. For temperature T « MeV the only species
contributing to the plasma would be 3 neutrino species and the photon which account
for g, = 3.36.
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As as far as local thermal equilibrium is concerned, a quantity which remains con-
stant during the universe expansion is the entropy per co-moving volume. It can be
derived by starting from the second law of thermodynamics in an expanding universe
dE = TdS — pdV where S is the entropy and Voca?(t) is the co-moving volume. By
writing E = pV and § = sV where s is the entropy density, the second law of thermo-
dynamics reads

av
dp=(Ts—p— p)7 + Tds. (A.60)

Using the fact that the energy density depends only on the temperature p = p(T), the
first term on the right hand side of Equation A.60 must vanish. Thus we get the following
expression for the entropy density s,

§=—. (A.61)

Both the energy density and the pressure are dominated by the relativistic particles, so
intreating both Equation A.57 into Equation A.61 we get

s = "—gusT>, (A.62)

where g.s is the effective number of relativistic particles for conserved entropy

g(T) = )] gi<?>3+% > gi<%>3. (A.63)

i=bosons i=fermions

Comparison between Equation A.59 and shows that as far as the temperature of rela-

tivistic species is the same there is no difference between g.(7) and g.s. Conservation

3

of the entropy in a co-moving volume, § = a’s = constant implies that

xS a’T? = constant, (A.64)
/3

whenever the factor g.s enters Equation A.64 the temperature of the universe evolve

and therefore Tocg;S1 a~!. If gus is constant we get the familiar result Tocl/a but
differently in comparison with the familiar result 7ocl/a. Physically this means that
whenever a particle disappears or does annihilate its entropy is transferred to the other
particles in the plasma and therefore its conserved. This does happen for T « MeV
where the electron and positron do annihilate and transfer their entropy to the photons
and neutrinos. Equation A.64 is an important result and is widely used throughout this

thesis.
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