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Introduction

In recent years, cosmology and astrophysics have entered a new era of multi-
messenger observations, where Gravitational Waves and electromagnetic signals
are studied together to provide a more comprehensive picture of the Universe.
In particular, gravitational waves (GWs) might offer new insights on the earliest
phases of evolution of the Universe and open a possible observational window on
the interplay between Quantum Mechanics and General Relativity, the so-called
Quantum Gravity. With the forthcoming advent of new generation GW antennas
it will be possible in principle to probe primordial cosmological models via primor-
dial Gravitational Waves (pGW) that are generated in the earliest epochs of the
Universe, and they evolve unaltered to our epoch, since gravitational waves couple
very weakly to matter, and might be able to shed light to cosmological epochs that
are currently not directly observable via electromagnetic (EM) signals.

Several classes of theoretical models predict the existence of a stochastic back-
ground of pGWs, each with distinct spectral features. Among the most widely
studied are inflationary models, where quantum fluctuations of the metric are am-
plified and stretched to cosmological scales [10-16] by a mechanism akin to the
one that generates Hawking radiation of black holes [17]. The mechanism respon-
sible for the “classicalization” of the quantum vacuum metric fluctuations which
is responsible for the generation of pGWs is the same as the one that generates
curvature perturbations, that are the seeds of late time structure formation in the
Universe. The latter is indirectly probed via Large Scale Structure (LSS) surveys
and via Cosmic Microwave Background (CMB) anisotropies, hinting that a naive
quantization of the geometry is able to reproduce the observed two point corre-
lation function of the curvature power spectrum, and the existence of a quantum
mechanical description for the space-time geometry able to explain the macro-
scopic observations. The mechanism responsible for the inhomogeneities of our

observed Universe (galaxies, clusters,...) has its origin in the earliest epochs of the
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yet to be completely known evolution of the Universe, but the same mechanism
consistently generates also a Stochastic Gravitational Wave Background (SGWB)
that should be present today and in some primordial cosmological models, de-

tectable by future gravitational antennas.

With these premises, this thesis focuses on an alternative paradigm to the slow-
roll inflationary one [18], the so-called pre-Big Bang scenario [19-21] inspired by
string theory and its dualities (S and T-duality), that neatly connect expanding
and contracting geometries (T-duality), and links tensor (pGW) and scalar power
spectra (S-duality), providing qualitatively different predictions for the tensor
and scalar spectra with respect to standard inflationary cosmology. Disentangling
these signatures represents both a theoretical challenge and a promising observa-
tional target which may lead to some indirect evidence for string theory.

From the observational side, the next generation of ground- and space-based in-
terferometers, including LISA [22-24], the Einstein Telescope [25, 26], and DE-
CIGO [27-29] will greatly extend the accessible frequency range and forecasted
sensitivities, enhancing the prospects of directly probing the early Universe with
gravitational waves. Moreover, recent results from Pulsar Timing Array (IPTA)
col- laborations, including NANOGrav [30, 31|, the Parkes PTA (PPTA) [32, 33],
the European PTA (EPTA) in partnership with the Indian PTA (InPTA) [34, 35],
and the Chinese PTA (CPTA) [36], have provided tantalizing hints of the presence
of a common-spectrum stochastic process, potentially consistent with a gravita-
tional wave background in the nanohertz frequency band. While astrophysical
sources, such as supermassive black hole binaries, offer a compelling explanation,
the possibility that this signal has a cosmological origin remains an exciting and

actively investigated hypothesis.

In this context, it becomes crucial to refine the theoretical predictions for primor-
dial gravitational wave spectra stemming from the pre-Big Bang scenario. The
thesis has two main focuses, the first more technical which aims to address the
bouncing transition from the pre-Big Bang epoch to a standard phase cosmological
evolution, where a full non-perturbative description of string theory, both in the
string length o', and string coupling g, expansions, is required. The second focus
is what are the phenomenological consequences on the pGW spectrum produced
in this scenario.

The thesis is organized as follows:
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In Chapter I, a discussion on gravitational wave propagation in general non
vacuum background is given (partially based on [6]), this Chapter also serves to
clarify the conventions used throughout the thesis. For later application the neat
example of GW propagation in an FLRW geometry in the presence of viscous

fluids is presented.

In Chapter II, a brief review of the standard cosmological model is given, with
particular emphasis on the standard known flatness, horizon and curvature prob-
lems. Moreover the mechanism of amplification of tensor vacuum fluctuations in

primordial epochs is presented.

In Chapter III, a concise introduction to the effective action of the massless
multiplet of string theory is given and a basic introduction to the pre-Big Bang

scenario.

In Chapter IV [5], I show how a smooth bouncing transition from the Dila-
ton Driven phase (DDI) of string cosmology to a standard cosmological epoch is
achievable by implementing all order o’ corrections and a non-perturbative dilaton

potential.

In Chapter V [4], the phenomenological imprints on the SGWB of the “minimal”
pre-Big-Bang scenario is calculated and analyzed in light of the future gravitational
wave antennas (LISA, ET, DECIGO), showing that a detectable signal can be

produced in the forecasted working frequencies and sensitivities.

In Chapter VI [3], I show that the breaking of S-duality in the high-curvature
phase on the pre-Big Bang (called the string phase) can lead to pGW spectrum
compatible both with the observed PTA signal and with the future gravitational

antennas sensitivities.

In order to give a concrete realization of the S-duality breaking mechanism in terms
of viscosity, in Chapter VII [1] I analyze the effects of viscosity in isotropic but

not necessarily homogeneous cosmological space-time.

Finally in Chapter VIII [2] T show some physically motivated scenarios (in the
context of string cosmology) where a signal compatible with PTA is produced

using anisotropic cosmological fluids and viscous fluids.

In summary, this thesis aims to contribute to our understanding of the interplay

between string theory, cosmology, and gravitational-wave physics, with the hope
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that forthcoming observations will allow us to confront fundamental ideas about

the origin of our Universe with data for the first time.



Chapter 1

General Relativity and
Gravitational Wave propagation

in a generic curved space-time

In this section [ will give a brief review of the main features of the Einstein’s theory
of gravitation, namely General Relativity (GR) and its formalism. Given that one
the main foci of this thesis will be the analysis of the tensorial perturbations on
a given generic curved background, this section will also discuss some basic, yet
relevant features concerning this topic. Part of the results of this Chapter can be

found in full details in [6].

Let us suppose that the space-time is described by a pseudo-Riemannian 4-dimensional
manifold My, characterized by a metric g, with signature (4, —, —, —), that con-

trols how the invariant interval is evaluated

ds® = g, (v)datda”, (1.1)

where the coordinates z#, u =0, ..., 3 are a parametrization of M, called “chart”
and the 0-th component is a time-like coordinate. One of the cornerstones of GR
consists of the general covariance principle. This states that physical laws must
retain the same form regardless of the coordinate system adopted to describe
them. From the technical viewpoint, if two different coordinate systems x and z’
are linked by

t — 2 = M (x), (1.2)

>
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where the functions f* are invertible, continuous, differentiable and with differen-
tiable inverse, namely diffeomorphisms, then theories must be formulated in terms
of geometrical objects that belong to the tensorial representation of the diffeomor-
phism group. In particular a geometric object T' is represented by a contravariant
tensor of rank r (total number of indices) if under the action of a diffeomorphism,

transforms in the following way

B oz’ 0z
Oz 9B T

T (x) — T (') T (), (1.3)

oz'H
oz

tation of the same geometrical object T is called the covariant representation and

where is the Jacobian matrix of the given transformation. The dual represen-

transforms as follows

, . 0x% OxP
T#V(I) — Tﬂy<x) - ax/u ax/y Tt aﬁ(‘r)7

(1.4)

with gj; the inverse Jacobian transformation. The scalar products are performed

by “contracting” (summing over) pairs of covariant and contravariant indices
T (@) . () = T ()T}, (). (1.5)

Moreover, also mized forms (n,m) behaving as rank n tensors with respect to
the contravariant representation and as rank m covariant tensors are allowed, and

transform as follows

= ax/lu 8x’V al‘)\ @x’y af... ( )
= axa axﬁ e ax’P ax’o' ‘e Ay... x).

s (@) (1.6)
It is important to remember that the tensorial representations are a subclass of
geometrical objects called tensorial densities that are characterized by two pa-

rameters, the rank r and the weight w. The transformation law for these objects

is given by
dx'* Ox’ oz’ "
\VALE — Ve () = o Voaﬁ... il 1.7
(«) ()= @5 (17)
where ‘%—”i‘ = det (%—fc/). The most relevant example of a tensorial density with
w = 1 is provided by the infinitesimal 4-dimensional volume element
ox’'
d'v — d'a' = d'z|—|. 1.8
x x z| 5 (1.8)
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1.1 Metric, connection and the covariant deriva-

tive

The basic hypothesis of the Riemannian geometry is that the infinitesimal line
element ds? is represented by a quadratic homogeneous form of the coordinates

which is also invariant under diffeomorphisms
ds”® = ds* = gls(2")da'*da'"’ = g, (x)da"dzx”. (1.9)

A direct consequence of this requirement is the following transformation rule for
the metric 20 5P
x¢ Ox
/ no__
Gu2) = 55 Gas (@), (1.10)
thus the metric transforms as a rank 2 covariant tensor. Moreover it can be easily

shown that the determinant g = det(g,,) transforms as follows

-2

o\ (1.11)

,—_
9_8:1:

It is crucial to notice that the determinant is negative, so that —g is positive, we

then have that
ox' |
/=g = \/_—g’_ax , (1.12)

and the combination d*xr\/—g¢ that defines the invariant volume element, trans-

forms as a scalar. Aside from ds?, all the scalar products must be invariant under

diffeomorphisms and can be defined using the metric tensor
A"B,, = A" 90008 - . - BB = Aa[;mg“ag”ﬁ ...B. (1.13)
The main consequences are that the metric can raise and lower indices
Ay = gAY AP = gl A, (1.14)

and from A, = ¢, A" = gL9""Aa

Guwg”" =0, (1.15)
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It is important to remember that the differential of a vector in this context does

not transform as a vector, in fact

ozt
At = A" 1.16
Ly (116
differentiating both sides we get
Ozt Ot
dA* = —dA"Y + ——— A"da'*. 1.17
(993”’ + ax/aaxlu x ( )

The second quantity (the one with double derivatives) is vanishing if the trans-
formation z#(2’) is linear i.e. Lorentz transformations, and only in this case the
differential transforms as the vector itself. However in general it is required a new
definition of the differential that preserves the geometric nature of the differen-
tiated object, such that the differential of a vector transforms as a vector, the
differential of a tensor transforms as a tensor and so on. To this aim we introduce
the affine connection I',5"(x) that acts as a gauge field and define the covariant

differential D as
DA! = dA" 4+ §A* = dA" +Tup Pdx® AP, (1.18)

We impose the covariant transformation property so that

ox#

DA! =
amlu

n
(DAYY = Oz

= 61’”’

dA"” + T/ 5 da" AP . 1.19
B

Using Eq. (1.18) in the latter, we are able to define the transformation law of the

affine connection

ox'* Oz OxP ox'™  9%xY
R = — I — 1.20
op Oz Ox'™ '8 + 0z Ox'*0x'8 ( )

It is easy to notice that I" does not transform as a tensor, but its antisymmetric

Tag?’—Tga”
2

part does, namely '3 7 = = Qaﬂ7 which is called the “torsion”. From

Eq. (1.18) we can now define the covariant derivative as
Vo AF = 0, AP 4+ T 5" AP, (1.21)

and

VoA, = 0,A, —Tay"A,. (1.22)
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In general for a mixed tensor we obtain

Wy... JIZ pU.. Vrpp...
v, T By =0, T" .. + T, tT By + 1, "T Gy, T

e e (1.23)
aB Y- ay Bp.. T

To fix completely the geometric structure of the space-time we can impose two
constraints on the affine connection. The first one is the torsion-free condition,

which implies that the connection is symmetric in the first two indices
a7 =0, (1.24)
and the second is the metricity condition

Va9 = 009w —Lap 90 — Lo P94, = 0. (1.25)

By circularly permuting the indices of the latter it can be proven that

L = { ) } = %9""3 (0uGvp + OuGup — OpGur) (1.26)
7%
which defines the so-called Christoffel connection, and it will be used from now
on.

It will be useful for the next sections to give some remarks on the covariant diver-
gence, the covariant D’Alembertian, and the covariant Gauss theorem. First of all

let us evaluate the covariant divergence of a vector
vV, V¥ =0,V¥ +T "V (1.27)

By means of Eq. (1.26), we have

1

r,. ==
2

Qo

9" OG- (1.28)
Moreover using the known relationship between the determinant and the trace
det(A) = ¢t (1.29)

it is easy to show that the differential of the determinant of the metric is

i = gD = Y (g = Y 5. (130)
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The last equality is obtained using 0 (¢""¢,.) = 5(55) = 0(4) = 0. Using
Eq. (1.30) in Eq. (1.27) we finally arrive at

1 o L g (yave
\/___g(aa\/_—g)v _\/__gaa (V—=9V*®). (1.31)

The evaluation of the covariant D’Alembertian is straightforward and yields

V.V =0,V +

1
V., Vi) = ——0, (V—99"0,0) . (1.32)
To conclude we show how the Gauss theorem can be stated in this context. First of
all, as we have already stated previously, the invariant space-time volume element
is given by d*z/—g¢, so this is the correct measure to be used while stating the

Gauss’s theorem
/ d'z\/=gV, V" = / d*zd, (V—gV*) = / dS,.\/—gV*, (1.33)
0 0 a0

where (2 is a closed hypervolume in 341 dimensions bounded by an orientable
hypersurface 0€2, and dS,, is taken to be outgoing with respect to the same hyper-

surface.

1.2 Geodesic curves and the curvature tensors

Let us consider a curve in the space-time My, described by the parametric equation
at = &M (1), where 7 is a scalar (invariant under diffeomorphisms). The tangent
vector to the trajectory is expressed as usual as u* = %. The covariant differential
is given by

Dut = du" + T op"deu”, (1.34)

and the curve is called “self-parallel” or geodesic if Du* = 0,

Du*  du
di‘_ = % + Tog Puca? = 0, (1.35)

It can be shown that this is the equation that describes the motion of a free
particle in a given space-time geometry, but for the sake of brevity we will avoid
to provide a proof for this statement. The geodesic equation can be rewritten in

the following way (the dot will denote the derivative with respect to the scalar
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parameter)
Eh 4 Dopteee? = 0. (1.36)

It is crucial to notice that locally I' can be set to 0, giving the Newton’s second law
for a free particle. The real effects of gravity can be calculated only taking into
account tidal forces, that act on extended bodies. To this aim let us consider two
nearby test particles with the trajectory described by & () and &" (1) + A¥(7),
where A#(7) is the displacement. Writing the geodesic equations for both and

subtracting, it is possible to obtain the so called equation of geodesic deviation

D2A* (7)
dr?

= —AVRyqp"EE8, (1.37)
where the Riemann curvature tensor is defined as
Ruva” = 20T 00 + 201 "Tiuja s (1.38)

where we use the following notation for the symmetric and antisymmetric part of

a tensor

CMV_CVI
O[HV] - 2

. C/,LV+CV,U,
Clwy = =57

The Riemann tensor can also be written as follows, for a generic vector A”
V., V,]A? = R, A" (1.40)

After all the technical definitions it is necessary to give some physical interpre-
tations about the basic assumptions of the Einstein formalism. First of all the
diffeomorphism invariance allows us to perform a local coordinate transformation
that is able to recast g, (zo) = 7, where 7, is the usual Minkowskian metric.
Moreover since we have chosen I' to be torsion-less, it can be seen from Eq. (1.20)
that the Christoffel connection does not transform as a tensor, so it is possible to
set it locally equal to 0. These two properties are the mathematical features that
encodes the property of gravity to be locally eliminable by a coordinate trans-
formation. On the other hand the Riemann tensor is able to highlight without

ambiguities the presence of gravity, because cannot be set locally to 0, so it is
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the geometric property of space-time that represents the physical effects due to

gravitational fields.

Properties of the Riemann tensor

From the definition given in Eq. (1.38) the following properties can be proven

Ruvap = Rapu

and

R;wozﬁ - _Ryuaﬁ - _Rul/ﬂa - R[uu] [@B]-

Moreover the Riemann tensor satisfies the two Bianchi identities:

1st Bianchi identity
Ripe)” =0

2nd Bianchi identity
VP\R/W]QB =0.

(1.41)

(1.42)

(1.43)

(1.44)

By contracting the indices of the Riemann tensor it is possible to construct lower

rank tensors that still encodes the curvature properties of the space-time. We can

define the Ricci tensor

Rl/a = Rw/a b= Roa/

and the Ricct scalar as

R=¢"R,,.

To conclude we can define the FEinstein tensor

1
GHV = R‘wj - ng,R

that satisfies the Contracted Bianchi identity

(1.45)

(1.46)

(1.47)
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V,G" = 0. (1.48)

This last equality is crucial to preserve the consistence of the Einstein field equa-
tions with the diffeomorphism invariance. Now we have all the necessary ingredi-

ents to find the equations governing gravity, namely the Einstein equations.

1.3 The Einstein equations and the second order

variation of the gravitational action

Throughout this thesis we will use h = c =k, =1 = )\12) = 87G. The action is

given by
S =Sgy + Sm + Sycn, (1.49)
where
1
Spy = ——=— | d*z/—gR (1.50)
2)2 J,
and
S = / 02 /G L (4, V0, ) (1.51)
Q

The matter Lagrangian density £,, is obtained by the special relativity one with
the substitutions d, — V,, and 71, — g,.. The York-Gibbons-Hawking action
Syqn is required to compensate for the boundary terms that appear in Sgy be-
cause it contains in addition to the standard kinetic terms ~ (9g)°, terms that
do not vanish on the boundary ~ 9?¢. In order to recover the Einstein equations
from the action we will proceed with a standard variational technique, but we will
perform it up to the second order, in order to find the evolution equations for the
metric perturbations.

Let us define the full metric to be the superposition of a background and a per-

turbation on top of it

Guv = G = Guv + 09 = G + Py (1.52)
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and we impose the action to be stationary, namely 65 = 0. First of all it is
convenient to apply the formalism of functional derivatives and expand the action
in Taylor series around the background metric g,,. Given an arbitrary function

A= A(g,0g,...),we perform the metric expansion (1.52) so

A(g,07,...)=A(g,0g,.. )+ WA+ DA+ (1.53)
where
5A
5<1>A:( ) 87, 1.54
5§MV 0 g# ( )
1/ § 6A
@4 = = 1.
5 2 <5gpo 5§uu)059paégwj’ ( 55)

and the subscript “0” denotes the evaluation has to be done on the unperturbed

metric g,,. Moreover the functional derivative is defined in the common way

0A(g,0q,...) 0A 0A
00 + =———0Guw + .. ., 1.56
5guu ag;u/ I a(ax\guy) X0 ( )

where we used the commutation property 00\g,, = 0x0g,,. As a useful example
we give an evaluation of the functional derivatives of the contravariant metric

tensor A = g*

_ ogh” ogh” Ogx
5(1)g;w _ ( J ) 8Gas = ( J ) 8Gas = —g”)‘g”p (__P) 8Gus = —h™
0Gas) o " \0Gas )y " 0Gas )y "

(1.57)
and
1/ 6 o™
s g = —( - ) 005009

2 59/)0 6gaﬁ 0 P :
(1.58)

1

= 3 (gupgaaguﬁ + guagupg/ﬁa) 0Gps00ap = 'Ry .

Using these last two equations in Eq. (1.53), we get



Chapter 1 15

guy :guV_hMV_l_hNO‘haV—{—,,., (159)

and it can be easily checked that Eq. (1.15) holds up to O (h?)

Gon 0" = (Gop + hap) (6" — B + h**h, ") = 6,7 + O(R?). (1.60)

From now on we will neglect the boundary terms given by the York-Gibbons-
Hawking action, and we will focus only on the gravitational and matter action,

given that every non-vanishing boundary term is balanced. The action reads

S = 2)\2 d4x\/ g[—R+2XL,] (1.61)

and its variation

5525(1)S+5(2)S+... 12 d4$5 |: \/_gR+2)\]2)\/ _QLM}
2)\ (1.62)

+ 5@) [~V=gR+ 2\ V=gLn] + - =0

In the next two sections the two terms will be evaluated, following the arguments in
6], showing how the first reproduces, as expected, the standard Einstein equations,

while the second is the actual action for the metric perturbations.

1.3.1 The 1st order variation of the gravitational action:

Einstein equations

Starting from Eq. (1.62) we are interested in the first term

1

o))
S = N

2/d4;c5<1>[ V=9gR+2X\/=gL,] | (1.63)

and we define the dynamical stress-energy tensor as

0V=9Lm = v, (1.64)

0 Gy
Writing the Ricci scalar as in Eq. (1.46) and using Eqs. (1.30) and (1.64), the

variation of the action (1.63) becomes
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1 174 1 7 174 4
VS = 2_/\2/ d'z /=g [(R“ — 59" R = XTI ) 6 — 9" 0WR,, | = 0.
» JQ
(1.65)
The last term is the afore mentioned non-vanishing boundary term that is com-
pensated by an appropriate boundary action. To show this let us rewrite the term

§W R, using the “contracted Palatini identity” [37]

0WR,, =V, (0T, %) =V, (60T, %) (1.66)

where the covariant derivative is performed with respect to the background metric

guv- Moreover the explicit computation of VT, @ (see [6]) yields

1
oM, « = 59 (Vihup + Vil = Vb)) (1.67)
Inserting Eq. (1.66) in Eq. (1.65) and using the metricity condition (1.25) and the

covariant Gauss’s theorem

/ dz \/—gg"”c?(l)RW = / d*z/—gVa (g’“’é(l)f‘wo‘ — go‘”é(l)I‘py p)
Q Q

(1.68)
= / dSa /=g (¢ 6T, * — g6, 7).
o2

Aside from terms ~ dg that vanish on the boundary, there are terms ~ 0dg that
are non-vanishing, but compensated by the boundary action Syqy. Finally we
can conclude that the first order stationary condition 6)S = 0 for the action

yields the famous Einstein equations

v 1 v 2 v
RY — g™ R = X;T". (1.69)

From this last equation another useful relation between the Ricci scalar and the

trace of the energy-momentum tensor 7' = g, T"" can be retrieved

NT =—R (1.70)

P

Since we are interested in the cosmological applications of the Einstein theory, it
is worth to mention that in the Einstein-Hilbert action (1.50), it is possible to add
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a constant term A, usually referred as cosmological constant, that does not violate

the diffeomorphism invariance of the theory

Sy = —/ d*r/—gA, (1.71)
Q

whose variation leads to an additional term in Eq. (1.69) that becomes

1
R — g R= X, (T" + Ag). (1.72)

It is worth to mention that the cosmological constant term is the currently ac-
cepted form of Dark Energy. To conclude let us state that the “contracted Bianchi
identity” Eq. (1.48) forces V, 7" = 0 for consistency. This property is verified
if and only if the on-shell energy-momentum tensor is invariant under diffeomor-

phism.

1.3.2 The 2nd order variation of the gravitational action:
evolution of the metric perturbation and gravita-

tional waves

Let us now compute the second order variation of the action (1.62)

1

P S —
2)\2

/ d'z6® [—/=gR +2X2\/=gL.] . (1.73)
Q

From the definition of the second order expansion term from Eq. (1.55), the sta-

tionarity condition becomes

1 )
658 = —/d%[ — (/=R +2)2/=qL,) | 89,509, =0. (1.74
4)\12) (9] 6gpa 5g,uu( g P g ) 0 gp g,u ( )

We can exploit the results of the previous section, in particular Eq. (1.65) to

rewrite the last equation as
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1 1
6?8 = n d4 [5 <\/_—gR’“’ — 5\/_—99“”3 — A=y TW)} Gy
. (1.75)
~ e [ A0V (V=99 00 R + 2799 6O R, ] =
P

In Ref.[6] we have shown that the last two terms cancel out because are equal
but with opposite signs. Factoring out §(% (g”‘“gﬁ”\/—g) we have as equation of

motion for the metric perturbations, the following

1
o) <Ra5 — §ga53) = X260 T, 5. (1.76)

The latter are exactly the perturbed Einstein equations (1.69). Eq. (1.76) can be

expanded and recast as

1
SM Ryp — 55“) (9apg™ Ruw) = A6WTop =

1 1 1
= 6W R,z — Shos R+ 5 gaph Ry = igagg””é(l)Rw, = \26WT,s.  (L77)

To write explicitly all the terms in the last equation, we recall that from Eqs. (1.66)
and (1.67), the following identities can be easily checked

1
SWR = 3 (V. Vahs" + YV, Vsho " — V?has — Vo Vh) (1.78)

and

g"sYR,, =V, V,h" — VA, (1.79)

where we have set h = ¢"dg,, = g"h,, and the D’Alembert operator is V? =
gV, V,. Moreover it is useful to rewrite the first two terms of Eq. (1.78) using
the commutation rule for the covariant derivatives on mixed tensors. The formula
can be obtained by exploiting the result in Eq. (1.40) and writing a generic mixed
tensor Cg¥ = AgB"” = g,3A?BY
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[V#, Va] Cﬂ Y= [V/u va] ngApBV = B [vuv Voc] gpﬁAp + ngAp [vw Voz] BY
= G5 (Ruas "A°B” + Ruas VA’ B®) = RyuassC® + Ruas"Cs°,
(1.80)
where we have used the metricity condition. We can write the first two terms in
Eq. (1.78) using the last equality and the properties (1.41) and (1.42) as

V. Vahg"+V, Vgho" =V V, hg"+VeV ho ' = 2R 00" + Ravhg " + Rygha "
(1.81)
Finally after substituting Eqs. (1.78), (1.79) and (1.81) in (1.77), we find the

evolution equations for the metric perturbations in an arbitrary background metric

V2has + 2R paph™ + Rhag — Gagh Ry — ha"Ryg — hg” Rya — V5V ha "+

~VaVuhig" +VaVsh = gag (V2h = V, V1) = —2X260T,5. (1.82)

For a vacuum geometry (R, =0 =R, T,, =0 = 0YT,,), Eq. (1.82) simplifies
significantly

V2hag + 2R,u05,.0" = 0. (1.83)

However the main topic of this thesis is the analysis of the evolution of Gravi-
tational Waves (GW) in a cosmological scenario, where the geometry is not the
vacuum one. To this aim let us introduce the so called “T'T gauge” conditions,

where TT stands for Transverse and Traceless

vV, =0 h=g"h,, =0 . (1.84)

It is crucial to remember that the diffeomorphism invariance always allows for
additional constraints, but it is not guaranteed that these constraints can be im-
posed. Using Eq. (1.84) in (1.82) we are left with
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V2hap + 2Ruap ™ + Rhog — ha " Ryg — hg " Ry = —2X20MT . (1.85)

Taking the trace of this last equation we find, for consistency with the gauge con-
ditions, that the following condition must be satisfied (this condition is necessary,

but not sufficient to impose the TT gauge)

2Raph™ = g*PX26WT, 5. (1.86)

Finally we can rewrite Eq. (1.85) in a simpler form, using the Einstein equations

V2has + 2Rap b = 2 (ha "Tys + hg " Tyo + %gagg’wé(l)TW — 25(1)Ta5) .
(1.87)
It is clear that GWs propagate differently in a general non-vacuum background
with respect to the vacuum one. As a useful example hereafter I am presenting the
science case of the propagation equation in an FLRW geometry in the presence
of a viscous fluid since this source will be taken into account in Chapter VI and

specialized in the string phase of the pre-Big Bang scenario.
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The Standard Model of
Cosmology

In this chapter I will give a brief review of the standard model of cosmology and
its assumptions. The so-called concordance model has been extremely successful
in describing our current observations of the Universe, but recent observations
seem to indicate that some problems are arising with the improvements of mea-
surements, such as the Hubble tension [38-44] and the recently possible evidence
from DESI of the time dependence of the Dark Energy equation of state [45].

First of all, the most relevant question that has to be asked is: why is a relativistic
theory of gravity needed in order to construct a model of the cosmos? It is known
that the Newtonian gravity can be successfully used to study the effects of gravity
from laboratory scales up to galactic distances, however this approzimation fails
on length scales of the order of the Hubble radius Ry = ¢/Hy ~ 10?®cm, which is
the maximum distance we are able to observe. Let us evaluate the mass M within

a sphere of radius Ry, defining the mean energy density today as pg = p(to)

ar= Ao (e (2.1)
3 \Hy) '
The absolute value of the Newtonian potential is given by
GM 47 Gpo

R s m

21
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The Newtonian approximation is valid as long as the gravitational potential energy

of a test mass is negligible with respect to its rest energy, namely

‘%’ <1, (2.3)

but using the current observed value of py/c* ~ 107*gcem™ and Hy ~ 1071871,

we get

@ _ 4m Gpo -
c? 3 2H}

(2.4)

The last result clearly underlines the necessity of using GR to build a cosmological
model, or of a modified version of it coming from string theory [46, 47] and its

higher curvature corrections [48-50], or f(R) models [51, 52], or others.

The main assumptions of the concordance model are the following:

1. The unique force that drives the evolution of the Universe on large scale is

gravity and it is correctly described by GR.

2. On large scales, the energy content of the Universe is homogeneous and
isotropic. On smaller scales, where inhomogeneities and anisotropies occur,
still homogeneity and isotropy are restored in a weaker statistical sense. This
allows us to describe the Universe as made of perturbations built on top of

a homogeneous and isotropic background, i.e. FLRW metric.

3. The matter sources of the gravitational field are non-interacting, barotropic
perfect fluids. The main components of the cosmological fluid are:
i) a pressureless fluid, also known as matter fluid, with equation of state
(EoS) p=0,
ii) a radiation fluid with EoS p = £ and,
iii) the Dark Energy fluid, with EoS p = —p = —A, that is equivalent to the

cosmological constant of Eq. (1.72).

4. The radiation is in thermal equilibrium.

The third assumption will be dropped later in this thesis, allowing for dissipative
barotropic fluids as a source for the geometry. The dissipative properties will be
encoded in two parameters called the shear viscosity 1 and the bulk viscosity (,

as we shall see in the next sections.
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2.1 The Friedmann-Lemaitre-Robertson-Walker

geometry

Let us begin by embedding a space-like N-dimensional hypersurface ¥2,, with con-
stant curvature in a (N+1)+1-dimensional Minkowskian space, parametrized by
the coordinates X“. The line element in the (N+1)+1 dimensional manifold is

given by

ds? = napdXAdX? A B=0,1,....N+1, (2.5)

with the constraint

FXN) =0 = §,X'X7=¢ ij=1,... ,N+1 (2.6)

If k£ > 0 the equation describes a hypersphere with radius R? = 1/k, conversely if
k < 0 it describes an N+1-dimensional hyperboloid. Our aim is to evaluate the
induced metric on the embedded manifold >,,. In order to do so we introduce the

“stereographic” coordinates, {z*,a =1,..., N}

XA =642 A=1,...,N

(2.7)
XN — g
From the condition Eq. (2.6), the N+1 coordinate is constrained to be
1
y* = —dma'a’ + o, (2.8)
and differentiating
ydy = —0xtda’, (2.9)
finally we get
zaxpdrtda®
dy? = k=" 2.10
Y 1— kx,z® ( )

The induced line element on ¥,, is then
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kx,x
2 == A B fr— 2 / /2 —_ 2 / ;b
ds® = TapdX*dX b*(t")dt a“(t") | dap + Ty—

} dx"dz’. (2.11)

The two functions b(t'), a(t’) can be inserted because they do not change the
symmetries of the spatial part of the metric and moreover can take into account the
expansion of the Universe. The symmetry group of the spatial part of this metric
is SO(N) and the translation group, so there exist in general w +N = w
Killing vectors. A Killing vector £ is the generator of a transformation that leaves
the metric locally invariant, namely ¢ (z) = ¢"(x).

Let us consider a space-time manifold M, with D = 4 dimensions and with space

sections that are 3-dimensional manifolds with constant curvature, thus maximally

symmetric. It can be written from Eq. (2.11) the following line element

k(x - dx)
ds® = b*(t")dt? — *(t') ||dx|* + ——— 2.12
=P - ) o+ T 212

or in spherical coordinates (z! = 7 cos ¢sinf, x? = rsinfsin ¢, x* = r cos f)

ds? = B(¢)dt? — () 202
1—kr?
dQ? = df* + sin® Odg°. (2.13)

The coordinate system in which the line element assumes the expression in (2.12) is
called “comoving” because an initially static observer u* = (T}f’)’ 0) remains static
during the evolution. In other words a static observer has no relative motion with

respect to the coordinate system.

2.1.1 Synchronous and conformal gauge

The use of comoving coordinates to parametrize the FLRW geometry identifies the
comoving observers as privileged in this geometry and can be used to synchronize
clocks. We can parametrize the time coordinate to coincide with the proper time

of these observers

V() dt? = dt*. (2.14)
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This choice of coordinates is called the Synchronous gauge and the time coordinate

t, the cosmic time. In this frame the line element takes the form

k(x - dx)
ds® = dt* — a*(t) ||dx|* + ——2 2.1
=t - ) |Jax + £ 2.15
or
ds* = dt* — a*(t) dr + r2d? (2.16)
1 — kr2 ' '

Another viable option that results to be particularly convenient when the curva-
ture is null (it happens to be negligible), is the so-called Conformal gauge. The

conformal time is defined by the following relation with the cosmic time

t dt/
a(r)dr=dt = 7= / . (2.17)
o a(t)
Neglecting the curvature, the line element takes the form
ds® = a*(7) [dr? — |dx|*] . (2.18)

Given the simple form, we will use the conformal time extensively throughout the

thesis.

2.1.2 Cosmological horizons

Another interesting kinematic effect due to the FLRW expanding geometry con-
cerns the possible presence of causal horizons. We first illustrate what aparticle
horizon is: let us consider a light-like signal emitted from the position r; at a
cosmic time t; and received at a position r = 0 at time ¢y, with ¢; < ty. Since
ds* = 0 and dQ? = 0, from Eq. (2.16) we arrive at

/“ ar /to dt
o V1—kr? noa(t)

Suppose now that we can extend Eq. (2.19) to the earliest time in the past ¢,

(2.19)

reachable along the manifold such that t; — t,,;,. We then have that the corre-

sponding source at that time has proper distance given by
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dy(to) dit) >

a(t)

Ein

FIGURE 2.1: Graphic interpretation of the particle horizon.

t dt/
dp(t()) = CL(to) /tmm M (220)
If this distance is finite, we then say that the Universe admits a particle horizon.
Since this quantity regards light-like signals reaching the observer from the past,

this quantity can be intuitively thought as the radius of the past light-cone.

Another important horizon is called the event horizon. First of all let us imagine
that a signal is emitted today %y from the position 79, and it propagates towards
the origin » = 0 and it reaches it at t = t, > ty5. The proper distance between the

receiver and the emitter at the time ¢y is given by

dtto) = atte) | —=E =atto) [ % (2.21)

If we extend Eq. (2.21) to the maximum future time t,,,, reachable along the
manifold such that to — t,,,., we have that the corresponding source at the time

to has proper distance given by

() =afte) [ 22)

de t() =a to / — . 2.22
to a(t/)

To conclude this section, we observe that the presence of horizons depends on

a(t) (i.e. the energy content of the Universe) and on the temporal domain of the

manifold ,,:, <t < tmae-
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tmax

de(to) de(to)

FIGURE 2.2: Graphic interpretation of the event horizon.

2.2 The material content of the Universe: the

ACDM model

As for now we have only described the geometry that is commonly used to describe
the Universe, but no mention of what material sources should be responsible for
its expansion has been presented. The main aim of this section will be to give a
brief review of the energy content that will allow us to determine the parameters
describing a FLRW geometry, namely the curvature k& and the scale factor a(t).
According to this model, the Universe used to be warmer in the past, allowing for
thermonuclear reactions to take place that produced the elements that we observe
today (this process takes place at energy scales of the order of the MeV). Moreover
the expansion described by the FLRW geometry allows us to interpret in a natural
way the Cosmic Microwave Background (CMB) and the redshift that characterizes
the cosmological sources as a function of the distance (the Hubble law). Despite all
these outstanding results, the so-called ACDM model is far from being complete, as
it lacks an explanation for the isotropy of the CMB, increasing evidence points to
a large discrepancy of the value of the Hubble’s constant measured using different
techniques (the Hj tension), novel evidence is pointing towards a non-constant
Dark Energy source, and it predicts a singularity in the past (i.e. the geometry is

not geodesically complete).
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2.2.1 The Friedmann-Lemaitre-Robertson-Walker equations

To fully solve for the scale factor the Einstein field equations must be solved

1
R,” = A2 (T#” - §5ZT) . (2.23)

In order to solve these equations, some assumptions must be made on the energy-
momentum tensor. In the ACDM model all the energy sources are modelled as

barotropic perfect fluids whose energy momentum tensor is given by

T;w - (P + p) UpUy — PYuv, (224)

where p = p(t) is the energy density, p = p(t) is the pressure and u,, is the velocity
field. A derivation of the above formula will be given in the section dedicated to
the relativistic fluid dynamics. To be consistent with the homogeneity assumption,
both the energy density and the pressure do not depend on the spatial coordinates.
The velocity field w,, is taken to be time-like, since it is taken to be comoving with
the geodesic of test-particles. We hence have to a physical observer that moves
inside the light cone of the fluid

Gutu” = 1. (2.25)

This implies that the velocity field is given by w* = (u°,0), with v = 1 as a

consequence of Eq. (2.25). Rising one of the indices, we can finally write

T," = diag(p, —p, —p, —p) (2.26)

and

T =p—3p. (2.27)

In order to find the Einstein equations, we still have to evaluate all the Christoffel
symbols of the metric (2.16) in order to compute the Ricci tensor. For the sake of

conciseness, we only report the non-null component of R, [53, 54]
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i
R, = —3-
0 av
J a 2 k J 2.98
a a

RP=0 ifa#4.

where

~—

H(t)

a(t
a0 (2.29)

~—

is the Hubble parameter that plays a pivotal role in the dynamics of a FLRW
geometry.
The r.h.s. of Eq. (2.23) is readily written from Eqgs. (2.26) and (2.27) as

1,1
T,° = 5T =5 (p+3p)

SR . (2.30)
T — ~T6 = —= (p—p) &
510 =—5(p=p)9;

The combination of Egs. (2.30) and (2.28) yields the Friedmann equations

a Ag

a_ 2.31

- 6(ﬂ+&ﬂ (2.31)
i EA
Z4o2H?Z 42 =P (Hh_p). 2.32
s +25 2@ D) (2.32)

Once the equation of state p = p(p) and the curvature k are known, the Fried-
mann equations can give the evolution of the energy density p(¢) and of the scale
factor a(t). The two equations above can be rewritten eliminating the explicit
dependence upon g by using the relation H = % — H?. Doing so the Friedmann

equations take the more familiar form

Eo )2
H>+ - =22 2.33

and

: k
2H+3H2+E§:—Aﬁ. (2.34)
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A third equation has to be added to these two, the covariant conservation law
for the energy-momentum tensor, V, 7,,” = 0, but this equation is not indepen-
dent from Eqs. (2.33) and (2.34). The spatial components of this equation are

identically satisfied while the 0-th component reads

p+3H (p+p)=0, (2.35)

which can be interpreted as the adiabatic evolution (T'dS = dU + pdV = 0) for
a fluid in a comoving patch of volume V = L3a?®, where L is a fixed coordinate
distance of the patch of Universe under consideration.

We end this section by rewriting the Friedmann equation in conformal time. From
Eq. (2.17) we have

)\2
H> + k= Eppcﬂ, (2.36)
2H' + H? + k = —Xopa’ (2.37)
and
P +3H(p+p)=0. (2.38)
, where we denote with “’” the derivative with respect to the conformal time and
H=d/a.

2.2.2 The cosmological fluids

In the context of the standard cosmological model, all the fluids are perfect, non-
interacting and barotropic, namely the total energy density, the pressures and the

equations of state are given by the following identities

pP=2 Pn P=2n Pn = WnPn . (2.39)

The assumption that each fluid does not interact with another corresponds to the

fact that each component satisfies its own energy conservation law

pn + 3Hpy (1 +w,) = 0. (2.40)
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The solution to this equation is straightforward (after recalling the definition of
H) and reads

a —3(1+wn)

Qo
According to the last solution each fluid component of the mixture dilutes in a
different way, so in general there is always one component prevailing over the
others. Each of these stages takes the name of Cosmological Epoch. Moreover this
simplification allow us to solve the Friedmann equation (2.33) when the curvature

contribution k is negligible

da\? )\;23 q \ 230 Hwen) t ST w)
4 wafe)

where ¢y is a fixed cosmic time and ay = a(tp). It is customary to set to as the
cosmic time today, also known as the age of the universe and ag = a(ty) = 1.
The + appears because the Einstein equations are symmetric under time-reversal
transformations, but we will consider only the positive branch that represents an
expanding universe.

For completeness reasons we give the same solution in terms of the conformal time

7 because it will be useful later

a(t) = ag (il) i , (2.43)

T0

where

7o — /O 0 a‘(lz). (2.44)

The matter fluid

The matter in the Universe is modelled after a pressureless perfect fluid with
EoS p,, = 0 = w,, = 0. It is important to stress that by matter we mean
every astrophysical object that is non-relativistic, including cold dark matter.

The simple reason behind this assumption is an observational fact, the matter
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we observe is non-relativistic. From the equation of a perfect gas in thermal

equilibrium we have

pV = NT, (2.45)

with k&, = 1 and T the temperature. From statistical thermodynamics we know

that

T ~ mv?, (2.46)
thus remembering the relation between the mass and the energy £ = M¢c? with

M = Nm, Eq. (2.45) becomes

1)2

D ~ ng ~ 0, (2.47)

hence the assumption of a pressureless fluid.
For a matter dominated universe we can write how the scale factor evolves over

time using Eq. (2.42)

alt) ~ t3 (2.48)

and in conformal time

a(t) ~ 72 (2.49)

To conclude, using Eq. (2.41) the matter fluid scales with the scale factor as

P = Pom (3) h (2.50)

Qo

The radiation fluid
The radiation contribution in the Universe is modelled with a traceless energy-

momentum tensor

T," =0. (2.51)
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FIGURE 2.3: Energy density evolution as a function of the scale factor for a
matter fluid w,, = 0 and a radiation fluid w, = %

By radiation we mean every massless particle (photons, gravitons) and every ultra-

relativistic massive particle like neutrinos. Eqs. (2.27) and (2.51) yield

Pr 1
. = — = = = 252
pr =g = W= g (2.52)
Using the last equality in Eqs. (2.42) and (2.43) we can write the following ex-
pressions for the scale factor in cosmic time and conformal time in a radiation

dominated Universe

a(t) ~ t2 (2.53)

a(t) ~ 1 (2.54)
To conclude, using Eq. (2.41) the radiation fluid scales with the scale factor as

or = Por (3) - (2.55)

Qo

As can be seen from Fig. (2.3) the Universe had been dominated by the radiation
fluid until the scale factor reached a.,. Only after this equality time matter energy

density starts to drive the cosmic expansion.
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The A fluid, Dark Energy or cosmological constant

Recent observations [55] have discovered that the Universe is undergoing an accel-
erate expansion. According to the matter plus radiation fluids, neither of the two
cosmological sources makes the Universe accelerate. In fact given a generic scale

2
factor a(t) ~ t30+wn)  we have that

a 2 (14 3w,
a__20+3w) (2.56)
a 9(1+4w,) t2

so to have an accelerated expansion, the condition w,, < —% must be met. Clearly

this condition is not fulfilled neither by the matter fluid w,, = 0 nor the radiation

1
3

one w, = The observed value for this fluid component is wy ~ —1, although
recent observations from DESI [45] suggest that the Dark Energy component might
be evolving as w = wy + w,(1 — a), with wy > —1 and w, < 0. Interestingly
enough the interpretation of this exotic component is not yet understood and
could be just the manifestation of one of the assumption of the cosmological model
being wrong. Some attempts have been carried out to interpret dark energy as
the quantum vacuum energy, however when doing the calculation, the theoretical
value is wrong by 120 orders of magnitude [56]! The current concordance model
assumes the presence of a dark energy as a cosmological constant component; in
the following a A dominated Universe will be studied. Nevertheless it is important
to stress that we are not living currently in a dark energy dominated universe, even
though its contribution is greater than the one from the matter fluid, their orders
of magnitude are comparable.

Given the particular value of wy = —1, all the already evaluated formulas for
the scale factor cannot be applied because every exponent diverges. The energy

momentum tensor for the cosmological constant is given by (pa = A)

T,” = diag(A, A, A A). (2.57)

Inserting p = —A into Eq. (2.35) yields an interesting property of this fluid, namely

it does not dilute over time

pr =0=pp =A. (2.58)

The scale factor can be evaluated from Eq. (2.33) as
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FIGURE 2.4: Evolution of the scale factor throughout the standard phases of
the ACDM model

22
alt) = ageV 320 = getHali=to) (2.59)

where we have defined Hy = 1/ %A. To evaluate how the scale factor evolves in

terms of the conformal time we use Eq. (2.43)

a(t) ~ (—Ha1) " (2.60)

The minus sign is necessary because a € [0, +00) = 7 € (—00,0).

Final remarks on the ACDM model

We can conclude this section giving a summary about the full ACDM model. At
the beginning, the Universe was smaller and radiation dominated, as it expanded,
the matter energy density prevailed, leading to a subsequent matter domination
phase and recently, the Dark Energy contribution took over starting the exponen-

tial expansion.

It is crucial to remark that this model cannot account for a mechanism able to
explain the isotropy of the blackbody radiation of the CMB [57] that was generated
during the recombination era. Moreover it predicts an initial singularity, because
Pm, pr and the curvature tensors and scalar diverge for ¢ — 0. Although we do
not have a unique formulation for a Quantum Gravity theory, it is expected that
at such high curvature and high energies regimes, quantum behaviors should play
a crucial role, making the predictions of a “classical” theory of gravity such as GR

not reliable.
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2.3 The early Universe: the Inflation mechanism

In this section we will show some of the main problems at early times of the concor-
dance model and how an initial period of accelerated expansion called inflationary
period can solve them. Firstly we will provide a brief analysis of the possible scale
factors able to solve the problems linked to the early phases of the ACDM model
and then we will focus on two possible models, the de Sitter inflation and the more

realistic slow roll inflation.

2.3.1 The flatness problem

The flatness problem is a fine tuning problem that arises when we analyse how
the ratio between the spatial curvature and the space-time curvature evolve over
time. In an FLRW geometry the curvature parameter k is related to the square
of the inverse of the spatial curvature, namely k£ = %. However we know that a
proper length scales as the scale factor, so we can introduce a proper length Ly (t)

that characterizes the radius of curvature

Li(t) = (%) (2.61)

On the other hand, by direct computations of the curvatures of the FLRW geome-
try, it is possible to associate to the space-time curvature a proper length Ly that

is related to the so-called Hubble radius

Ly(t) =Ry =|H|" (2.62)

If we consider the ratio of the two we have

Ly spatial curvature

(2.63)

space — time curvature’

and its square coincides with the modulus of € (¢). The experimental result

suggest that today the spatial curvature is smaller than the space-time one, ry <

Y

0.1. Going back in the past and assuming a scale factor a(t) ~ t*, with 0 < a < 1

(recalling that o = § radiation, & = 2 matter), we can evaluate Eq. (2.63)



Chapter 2 37

r(t) ~ a% ~ é ~ e — 0. (2.64)
As a consequence the Universe was highly asymmetric during its early stages and
at the Planck time r, < 1073!. This asymmetry should be understood as a spatial
curvature strongly suppressed with respect to the space-time one, giving rise to a
Fine-tuning problem. Starting from more “natural” conditions given by r ~ 1, we
can suppress 1 to suitable values that are required to preserve the small value of r
observed today. The problem can be solved with a phase of accelerated expansion

a(t) ~ t# with 8 > 1, in fact in this case we have

~ P
r(t) ~t o (2.65)

A phase with this property is called inflationary because it corresponds to an

accelerated scale factor

>0 4=8E10 (2.66)

|
SRISE

|
Rlis

2.3.2 The horizon problem

A more severe problem arises while analyzing the isotropy and the thermal equi-
librium of the CMB. According to the ACDM model not all the regions that we
are able to observe today were not causally connected in the past. How did they
thermalize without the possibility of information exchange? This conundrum is
called the Horizon problem, and it can be solved by an initial period of inflation
as well.

Let us begin by considering the region of space inside the particle horizon at time
t, in a FLRW geometry with scale factor a(t) ~ t*, 0 < a < 1. By Eq. (2.20) we
get

bodt t a
d, () :a(t)/o T e T} (2.67)

On the other hand the radius of the trhee-dimensional sphere enclosed in the
particle horizon evolves as the scale factor ~ t“. As a consequence we have that

the ratio of the particle horizon and the radius gets smaller as we go back in time
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r(t)

~ tl—(X

v

FIGURE 2.5: Evolution of r(¢) to solve the flatness and horizon problems.

horizon radius H!
. — ~ ~r(t) ~ T — 0. (2.68)
radius space region a t—0

The direct consequence is that the space accessible to our observations was bigger
than the particle horizon, so it contained regions separated by d > d, and so
causally disconnected. The problem once again can be solved by an initial period
of accelerated expansion a(t) ~ t# with 8 > 1, that allows for thermalization to

take place before the region becomes causally disconnected.

It is important to notice that a fluid with p < —£ could, at least in principle, resolve
also the initial singularity problem. A necessary condition (but not sufficient) for a
space-time manifold to be “geodesically complete” (without singularities) requires

that for each time-like or light-like geodesic the following constraint must be met

R, utu” <0, utu, >0, (2.69)

where u* is the 4-vector tangent to the geodesic curve. Using the Einstein field
equation to rewrite the Ricci tensor and the velocity field of a comoving fluid
u,ut =1 and u# = (1,0), Eq. (2.69) becomes

T
Tutu” — 3 < 0. (2.70)

From the energy-momentum tensor of the perfect fluid Egs. (2.26) and (2.27) we

have
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1
§(p+3p)<0=>p<§. (2.71)

Interestingly enough, the condition to have an accelerated expansion from Eq. (2.31)
is the same.
In the next section we will analyze all the possible scale factors that can solve the

problems at early time of the concordance model.

2.3.3 Inflationary kinematics

In the previous section we have seen that the early times problems of the ACDM
can solved by a decreasing r = % factor.

As a first attempt, we can consider a power-law scale factor with 5 > 1

a ~tP, g >1
H :§>0, 0<t <+o0
B
H =-5 <0, (2.72)
i _pB-1
a 12
r(t) =7,

This phase is characterized by an accelerated expansion, while the curvature is
decreasing since both the moduli of both H and H goes to 0 as t — +oco. These
models can have an initial singularity for ¢ — 0F.

The r parameter can be decreasing also for power law behaviors (with 5 < 0) but

with negative cosmic time, in particular

a ~ (_t)67 6 < 07
H ——i>0, —oo <t <0,
(—1)
o _g <0, (2.73)
i _pB-1
a t?
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In this case both H and H grow for ¢t approaching 0 from the left, evolving towards
a final singularity for ¢ — 0~. This inflationary scenario is called superinflation
because we have an accelerated expansion with an increasing curvature.

Finally the r factor can be decreasing even for a contracting universe, in particular
for (0 < p < 1)

a ~ (—t)?, 0<p <1,
H = i>07 —oo <t <0,
(=)
H :—§<0, (2.74)
i@ _pB-1_,
a 12

Also in this case the curvature increases during the inflationary phase towards a
singularity in the limit ¢ — 0~ and moreover there is an accelerated contraction.
For future practical applications it is convenient to express all these different scale

factors in conformal time

a(t) ~ (=7)%, —o0 < a < +oo, —oc0o <1 <0. (2.75)

Our aim is to link the range of values § for the scale factors expressed in cosmic
time to the exponent «. For this reason we use the relation between the conformal
time and the cosmic time given in Eq. (2.17) (dt = adr) and integrate both sides

to obtain

—(l+a)t~(—7), (2.76)

SO

a~ (=) ~[-(1+a)t), 8= (2.77)

In the table we summarize all the possible models both in conformal time and

cosmic time with their exponents.
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Inflationary models Cosmic time a = |t|* Conformal time a = (—71)
Power law g>1, t>0 a< -1, 7<0
De Sitter f =400, —oo0<t< 400 a=-1, 7<0
Superinflation g <0, t<0 —-l<a<0, 7<0
Accelerated contraction 0<pB<l, t<0 a>0, 7<0

TABLE 2.1: Four possible cases of inflationary kinematics.

In the next section we will analyze the simplest inflationary model which describes
a space-time with constant curvature, geodesically complete and regular, the de

Sitter model.

2.3.4 de-Sitter inflation

The simplest model of inflationary phase can be realised by taking as source a
perfect fluid that behaves like the cosmological constant (see Eq. (2.57)). Hence,
in order to obtain the EoS p = —p, we need to investigate whether there exists
any kind of (exotic) dynamical degree of freedom whose EoS is the one of A. The
system we are looking for is a self-interacting scalar field minimally coupled with

the geometry, whose lagrangian density is given by

Lo = 39,096~ V(9), 279

when frozen in the minimum of its potential. Given that the covariant derivatives

act on a scalar field we can write

V. oVie = g 0,00, 0. (2.79)

For completeness and later use let us write the whole action

1
222 Jq

S = d*z/—gR + /Q dix \/—_g%g’wauqba,,qb —V(g). (2.80)

We have to check if a scalar field in the minimum of its potential is able to solve
its equation of motion (EoM). The equation of motion for the field ¢ is given by

the usual Euler-Lagrange equations
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08
— = 2.81
= (281)
thus:
8\/ _gﬁm a\/ _ng o
5% O ho 0. (2.82)
An easy and direct calculation yields
" oV
Oy (v —99 3u¢) + v —ga—¢ =0, (2.83)

and using the definition of the D’Alembert operator in a curved space-time (1.32)

ov
’ — = 0. 2.84
V. Vi + 00 (2.84)
If V(¢) has a minimum for ¢ = cost = ¢y, we have <a_\q/;)¢ o 0 and it is a
solution of the equation of motion (2.84) '
ov
¢ == qb(], - == 0, V(qbo) == Ainf; (285)
ad) $=do

where A;,r is not the same as the cosmological constant! The last step is to evaluate
the energy-momentum tensor and verify that the constant solution reproduce the

one of a perfect fluid with coefficient w = —1. From Eq. (1.64) we get

2 ya
Tw/ = 0 g£m7 (286)
V=g g

and after evaluating the derivatives using Eq. (1.30), we are left with

2 — 1 o "I ca
T;w = \/—_—g {_gguu (59 Baa¢aﬁ¢ - V(¢)> + géu558a¢aﬁ¢
Ty = 0,00,0 = 2 (90)" + 9,V (9), (2.87)

where (9¢)> = 9*P0,0050 = V,V. Using Eq. (2.85) in the energy-momentum

tensor formula for a scalar field we arrive at
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T, = V(g0)d, = Ainsd;, = diag (Ains, Aint, Aint, Aint) - (2.88)

The kinematic properties of the cosmic geometry have been already discussed for
this particular case when we were describing a cosmological constant dominated
Universe Egs. (2.59) and (2.60). However we report once again the results in this
section because, although they are equal from the mathematical point of view,
their physical meaning is completely different. The dark energy contribution is
not equal to the de Sitter vacuum energy despite the fact we have used the same

letter (A) to refer to their energy densities,

1
Aing2 2
a(t) = eHAinft’ HAin = (—mf p) ,
" ’ — 00 <t < 400 (2.89)
a
H(t) = HAinf’ a = H/Q\inf7
with the line element given by
ds® = dt* — e*intt|dx|?, (2.90)
In conformal time
1 Ainthy 2
o) =g iy = ()
Hy, 7 ' 3 —00<T1T<0 (2.91)
a 1
H(T) = 0 o Pl
with the line element in the conformal gauge
ds® = ;2 (dr* — |dx[|*) . (2.92)
(HAinfT)

The main drawback of this inflationary scenario is the absence of a mechanism
to exit from the inflationary period. Once the scalar field, called the Inflaton
from now on, is in a minimum of its potential the inflationary period lasts forever.
Some efforts have been done to implement some kind of macroscopic tunneling
effect from a metastable state to a stable state at lower energy, but they were not

successful.
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2.3.5 Slow-roll inflation

A possible way out from the endless inflation previously described can be provided
by relaxing the stationarity condition for the Inflaton field. Supposing that the
field is “slow rolling” along a potential that is varying slowly g—‘; =V, =0, it
is possible to achieve a quasi-exponential expansion with decreasing curvature,
while resolving the problem of the inflation exit. The main aim of this section
is to describe the main features of a slow roll scenario in a spatially flat FLRW
metric and the evaluation of the scale factor a(t).

Let us begin with some assumptions, since we have an homogeneous background

metric, we assume the same property for the Inflaton field, namely

¢ = ¢(t). (2.93)

Moreover from Eq. (2.87) it is possible to write its energy-momentum tensor, that
is necessary in order to be able to write the Friedmann equations (Egs. (2.33) and
(2.34)) and the EoM for the field (Eq. (2.84))

T,'=12+V T,i=—§ (%(b?_\/) , (2.94)

2 7

The direct comparison with the energy-momentum tensor of a perfect fluid given
in Eq. (2.26) yields

p(t) =30 +V  pt)=3¢° =V . (2.95)

Having the expressions for the energy density and the pressure, we can substitute
into the Friedmann equations (Egs. (2.33) and (2.34)) setting k = 0

1.
3H? = X\ <§¢2 + V) : (2.96)

and using the last equality together with (2.95) in (2.34):

2H = —\2¢". (2.97)
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This set of equations has to be completed with the EoM for the scalar field
Eq. (2.84), but unless ® = 0 which implies the de Sitter inflation, the equation of

motion is not linearly independent from the Friedmann equations

V.V + Vs = 0= ¢" (9,0, — Ty “0a) 6 + Vi = 0. (2.98)

From the homogeneity of the inflaton field and the Christoffel connection for a

spatially flat FLRW metric, the latter becomes

¢+3Ho+V,=0. (2.99)

The slow roll conditions
Let us suppose that the Hubble parameter varies slowly with time. We can intro-

duce the slow parameter £ such that

e=-t <1, ¢=0. (2.100)

A direct double integration of the above Eq. (2.100) leads to

1

a(t) ~ tt. (2.101)

It is not clear if this power behavior leads to a quasi-exponential expansion, but

writing the scale factor in conformal time using Eq. (2.17)

a(t) ~ (—7) = ~ (—7)717F, (2.102)

it can be easily seen that for ¢ = 0 we retrieve the de Sitter solution (2.91) so an
exponential expansion in cosmic time.

To better characterize the slow roll phase, additional constraints must be imposed
on the Inflaton field. A slow evolution requires that the following conditions have

to be met

H| < H?, |§| < [H|, <V . (2.103)
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Under these assumptions we can rewrite Eqs. (2.96) and (2.99) to link the slow

roll parameter € to the properties that the potential has to satisfy

3H? =XV (2.104)

3H) = —V,. (2.105)

If we differentiate the first equation by ¢ and divide by 3H? we obtain

Hy 1V

H 2V’
and using the chain rule on the definition of € (2.100) and Eqgs. (2.104), (2.105)
and (2.106):

(2.106)

A Hyd 1V Ve

T H2T THH 2V 3H?

5 (%)
e=—(-2). (2.107)
222 \ v

The kinematic request of ¢ < 1 implies that the logarithmic derivative of the
potential with respect to the field must be far smaller than the Planck’s length!
Finally the request |¢>] < |H (/5| gives rise to a second slow roll parameter denoted

with 7

n= (%) | < 1. (2.108)

The last equation states, similarly to Eq. (2.107) that the convexity of the poten-
tial, with respect to the potential itself is smaller than the square of the Planck
length.

Whether the nature of the primordial phase preceding the standard Hot Big Bang
(the onset of the standard radiation epoch), it is widely believed that the source of
the seeds of structure formation in our Universe should be traced back to quantum
vacuum fluctuation in this epoch. In the following I am going to present some of

the basic ingredients of Cosmological Perturbation Theory.
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2.4 Cosmological Perturbation Theory

An inflationary phase preceding the standard evolution of the cosmos is able to ex-
plain also the small anisotropies that we observe in the CMB and the galactic and
intergalactic structures formation. The origin and the growth of these fluctuations
requires some mechanism outside the standard model of cosmology. The answer
to this problem can be found in a classicalization mechanism of the primordial
quantum fluctuations of the matter and geometry that are amplified during the
inflationary epoch. Although it is possible to apply perturbation theory in order
to study the scalar, the vector and the tensorial primordial perturbations (pri-
mordial Gravitational Waves), to the aim of this thesis we will focus only on the
latter. However it is crucial to analyze in the first place the techniques required to
develop a full and consistent perturbation theory in cosmology. The main focus
of this section will be to evaluate the so-called power spectrum of the tensorial

perturbations.

Acknowledging that General Relativity is invariant under diffeomorphism, it is
necessary to underline that not every quantity we are able to define is identified
uniquely and without ambiguities. We are always allowed to do a gauge transfor-
mation (general coordinate transformation at fixed space-time point) in order to
impose additional constraints. The direct consequence of this feature (shared by
all gauge theories in general) is that only invariant objects can be identified with
measurable physical quantities.

First of all let us write the perturbed, spatially flat FLRW geometry in conformal

time

G (T,X) = g (T) + 69, (7,%), (2.109)

where the unperturbed metric is given by

Juv = a® (T> Ume (2.110)

with 7, = diag(1,—1,—1,—1). As we have already seen, the FLRW spatial part
of the geometry is invariant under SO(3), so we can decompose the perturbation in
irreducible representations of the group (this is a generalization of the Helmholtz
decomposition of a vector field). In general dg,, has 10 degrees of freedom, and

we can decompose the perturbation as follows:
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e dgoo = 2¢, that transforms as a scalar under SO(3);

e dgio = —2(V; + 0;B) ,where V; is a divergence-less vector (2 vector degrees

of freedom) and B is a scalar for a total of 3 degrees of freedom;

® igij = — [—2¢6ij +20,0;F + 20, F}) — hij], where 1) and F are two scalars,
F; is a divergence-less vector (2 vector degrees of freedom) and h;; is a
transverse (9;h" = 0) and traceless (g;;h" = 0) tensor (2 tensor degrees of

freedom), for a total of 6 degrees of freedom.

With this decomposition the perturbed metric takes the form

(G + 0gu) datda” = a? (1 +25) dr? — 2(V; + 9;B) da'dr
(2.111)
— [(CLZ — 2w> (5@‘ + 28131E + Qa(le) - hl]} dl’ldl‘]

The scalar, vector and tensor metric perturbations satisfy evolution equations
which are decoupled at the first order, so they evolve independently. Moreover
in the particular model we are considering, where the sources are perfect fluids
and/or scalar fields !, the tensor perturbations h;; are not coupled directly with
the sources. These perturbations describe the relic gravitational waves background
that is amplified by the inflationary mechanism.

The perturbed scalar field is given by

o(1) = o (1,x) = ¢(7) + 59 (1, %)

(2.112)
69 (7,%) = X,
whereas for the perfect fluid from Eq. (2.24) we have
1,7 (1) = 1,7 (1,x) =T," (1) + 6T," (1,x)
(2.113)

T," (1,%x) = (6p + 6p) uu” + (p + p) (Bupu” + uudu’) — 6pé?,.

It is clear that each perturbation is either scalar (dp,dp, x,du’) or vector (du’)
and it can be shown that they do not couple in the equation of motion with the

tensor perturbations h;;, so it is enough to use the evolution equations Eq. (1.87)

IThis is valid also for viscous fluids
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(notice that in that equation the symbol 67T represents the energy momentum
tensor with the perturbed metric, not perturbed sources!). However if we were
interested in the scalar or vector perturbations it would be necessary to analyze
how each variable transforms under a gauge transformation and construct from
those new gauge invariant quantities called Bardeen potentials, and proceed with

a gauge fixing procedure on those.

2.4.1 The perturbed action for tensorial perturbations in

the TT gauge

Reproducing the calculations already present in [6] we have to compute the per-
turbative action for the tensorial perturbations. In Eq. (1.82) we wrote the EoM,

and it is easy to show that they come from the following action

1
5(2)5 = 8)\2 d4 [VQhag + QRUOC/B)\hJ)\ + R hag - gaﬁhaARg)\—F
— ha“Rog — hg " Roo — VVaho™ — VoVahg* + Vo Vsht (2.114)

where A denotes the two different background sources, namely the fluid which
may be also imperfect and the scalar field. Let us deal with the two contributions
separately and analyze under what circumstances the TT gauge conditions can be
applied. It is important to underline that the following arguments can be extended

to an arbitrary number of scalar field and perfect fluid sources.

The scalar field source
Let us recall that the energy-momentum tensor for a scalar field is given by
Eq. (2.78). Using the theoretical apparatus exposed in Chap. I, we can easily

write
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W T, 5 =60 {aad)aw — o (%gp"apobaaob -V (ob))]
(2.115)
1 1
= hag (V(¢) -5 M¢aﬂ¢> + §ga5h“”8ud)8,,¢.

For consistency with the TT gauge conditions (V;hY = 0, ¢g“h;; = 0, h* = 0)
given in Eq. (1.86) we have

h* Rag = A2h*0,0050. (2.116)

Given that the background geometry is a spatially flat FLRW, R;; o< g;; the LHS is
vanishing for the traceless condition. As a consequence 0;¢p = 0, which represents
an homogeneous scalar source. Using these results we can write Eq. (2.115) as

follows

00T = ~hos (36~ V(0)). (2.117)

We notice that the quantity in parenthesis is the pressure of the scalar field given
in Eq. (2.95) and, as we will see in the next subsection, the same is true for the

perfect fluid.

The perfect fluid source
Using the energy momentum tensor for a perfect fluid given in Eq. (2.24) we can

evaluate the first order perturbation in the metric as

|
00 Top = —phap + 5 (0 + 1) Gashuwt'u” + (p+ p) (uati’hys + usu’hya)  (2.118)

with the standard condition g, u*u” = 1. Using the consistency relation given in

Eq. (1.86) we obtain the following necessary condition for the TT gauge

h** Rag =222 (p + p) (huutu”) . (2.119)

Again the Lh.s in a FLRW geometry is vanishing, and the consistency relation

can be satisfied by a dark fluid p = —p and/or by a comoving fluid v* = (1, 0).
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Taking a comoving fluid we can recast the first order perturbation of the energy

momentum tensor as

W T, = —phag. (2.120)

The viscous fluid source

Using the energy momentum tensor of a viscous fluid

Ty = (p+ P)uptty — PG — 20y (u(muavaup) = V(uup) + é(guu - uuuu)vaua)

(2.121)
where p = p—(V, u* is the effective pressure and ¢ and 7y are the bulk and shear
viscosity respectively. Also in this case as long as the fluid is comoving the TT

gauge condition can be applied and we obtain

ST = —hag(p+ 2Hny) + v hags. (2.122)

The perturbative action
Including an arbitrary number of comoving viscous sources with different viscosi-

ties, ideal fluid sources and scalar fields with different potentials, we get

1 A 1 ideal 1 scalar 1 vis
ST = A0 (1), 4 Y0 (1), 4 Y0 (1), 22
A i j k
where the indices i, j, k run over the different sources of each kind contributing to

the total energy-momentum tensor. Using Eqgs. (2.117), (2.120) and (2.122), the

last equality becomes

3, 6OTA = —hyg [zipi +3 (%é; - X/j(gbj)) + 2k — 3H G + 2an)]

+ Zkz ndhaB-
(2.124)
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The last terms that we have to evaluate in the action given in Eq. (2.89) are

Rhap = —hapA’ [Z (pi — 3pi) + Z (ps, — 3ps,) + Zpk —3(pr —3HG) |

i J

(2.125)

and

1

haa'RBU:)é( zhadéﬁg{Z(pi_?’pi)—i_Z(p‘ﬁj_3p¢j)

(2.126)
+ Z (pk - 3(pk - 3H<k’)):| + h’oaaZT[? U) >
k A

where pg, = %¢JQ+‘/](¢]) and py, = %qb? —V;(¢;). Inserting all the above quantities

in the action we arrive at

1
638 = ——— [ d*x|V?has + 2Rsasnh
8A2 Jo
(2.127)
+ /\f,ha@ <4an> H + ZAZQ)Zndhw} (\/—gg’mgl’ﬂ) 0w,
k k

which leads to the following evolution equation

Vhas + 2Reapnh™ + Nohop(4> v ) H + 202> 1y hag = 0. (2.128)
k k

The equation of motion for the gravitational waves is modified by the presence of
shear viscous fluids, via the sum of all their shear viscosities ), ny, = ny. Also the
bulk viscosity modifies the evolution of waves but in a more subtle way, because
the Hubble parameter H in Eq. (2.128) depends on it?>. However as we have
already mentioned, we will neglect bulk viscous contributions to avoid changes in
the standard cosmological evolution phases.

To conclude this subsection we rewrite Eq. (2.128) for the mixed components

2The Friedmann equations in the presence of a bulk viscous fluid are formally the same upon
the substitution p — p — 3H(.
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2
hi? + (3H + 20\2) b7 — @hﬂ =0, (2.129)
a
and in conformal time
BT 4 (2H 42Xy a) b7 = (k)" hi? = 0. (2.130)

By comparison with the equation without shear viscosity (n, = 0), it is clear that
its presence becomes relevant when H ~ >‘12077V‘ The viscous term introduces an
additional friction contribution that tends to attenuate the amplitude of the waves

during their evolution.

The quantum fluctuations
In order to be able to proceed with a standard quantization scheme for the tensor
perturbations, it is necessary to build a perturbative action for the field h,g. To

this aim it is enough to notice that the following action reproduce the EoM (2.130)

1 Lo ) .
5?8 = o2 / dPxdra® (7 h, "+ hi70phy ") (2.131)
p JQ
where y
a 2
5= H+ Anva, (2.132)

and h;7 has 6 degrees of freedom. Imposing the TT gauge conditions

we are left with only two of them. We can exploit this property to rewrite the

tensor perturbation as

he he 0
hi]’ = hX —th 0 = h+6;-; + hxeixj- (2134)
0 0 O

The + and X represent the two possible independent polarizations modes of a

wave propagating in the Z direction. Using the Pauli matrices, Eq. (2.134) can be
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o, 0 o, 0
hii =h +h , 2.135
] +( 0 0) X ( 0 O) ( )

and from the properties of the Pauli matrices it can be easily checked that

rewritten as

eleld = 254, A B=+,x. (2.136)

Exploiting this decomposition, the action (2.131) can be recasted as (97 = V?)

1
098 = > / d*vdra® (Wyhy + haV?ha) = Sy + Sx. (2.137)
Q

D A=+,x
To proceed to the quantization, it is mandatory to rewrite the action in a canonical

form, so to this aim let us introduce the canonical variable
VA :th (2.138)

where

(2.139)

is the so-called pump-field of the tensor perturbations. After this substitution the

action can be rewritten, up to a total derivative in the conformal time, as

1 1
6?S = 5 / dx dr (v’2 +vV2u + %zﬂ) (2.140)

where we have dropped the polarization subscript because the following com-
putations will be valid for both the polarizations. The last action represents a

Klein-Gordon field with a non-constant mass term, whose equation of motion is

v’ — <V2 + %ﬂ) v =0. (2.141)

This last equation is known as the Mukhanov-Sasaki equation.
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2.4.2 Mukhanov quantization and inflation driven classi-

calization

In this section we will define and evaluate the primordial Gravitational Waves
(pGW) power spectrum arising from the vacuum fluctuations during an inflation-
ary period without shear viscous sources (i.e. @ = a). In order to do so we will
start by quantizing the field v(7,x). Going to the Fourier space, where the Fourier

transform is defined as

+oo
v(T,x) = / Bx e o (1), (2.142)

and assuming

a(r) = (—1>a, (2.143)

Eq. (2.141) becomes

vy + <k2 - M) vy, = 0. (2.144)

2
The most general solution can be expressed in terms of Hankel’s functions of the

first and second kind (v =1 — a)

o(1) = V7 [AHP (k7) + B HY (k7)] . (2.145)

2.4.2.1 Canonical variable quantization

To determine the normalization constants, we must quantize the field and choose
a suitable vacuum state. Let us expand the canonical variable in terms of eigen-

functions of the Laplace operator V2t (x) = —k*thy(x)

1
(2r)°

/d3kz Uk (7)k (%) (2.146)

v(x,T) =

where:
(%) = are™ ™ + be’™™ (2.147)
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and vy (7) satisfies Eq. (2.144). Since v(x, 7) is real, the following relation holds

true
vp(T)ay = vk (7)by. (2.148)

Promoting the canonical variable to an operator, we have

v(x,7T) = /dsk (7)) g ™5® + v (1) af e, (2.149)

1
(2m)°
We want to interpret ay and dL as creator and annihilation operators, so we
follow the canonical quantization scheme for a bosonic field, imposing the following

commutation relations

i | = [al | =0

(2.150)
[ak, aL,} — 5 (k—K),
moreover from the action Eq. (2.140) we obtain the conjugate field:
oL
(x,7) = i v (x,7), (2.151)

and the equal time commutation relation of the field and its conjugate is
[v(x,7),7(x,7)] =i6* (x — x'). (2.152)

Using Eq. (2.149), the commutation relations Egs. (2.150) and imposing that the

last equality is fulfilled, we get the following normalization constraint
(7)o (1) — v (T) v (7) = 4. (2.153)

At this point, we introduce the Bunch-Davies vacuum. This is the state in the

Fock space which is annihilated by the operators ay, in the limit 7 — —o0
axl0) =0 vk (2.154)
and minimizes the vacuum energy

Euqe = / &>z (0].22)0), (2.155)
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where the Hamiltonian density is given by

2 aﬁ T—>—00 1 2 2
H = %v' -L7= 3 (v 4+ (Vv)?). (2.156)
We want to find the expression of vy (7) in order to minimize the vacuum energy.
First of all let us suppose that vy (7) = vg(7), substitute Eq. (2.149) in Eq. (2.155),
acting with the creation and annihilation operators, using the Fourier representa-
tion of the Dirac’s delta and performing the integration over the solid angle, we

arrive at

1 Feo
Bue= g [ R (1 + Rluf). (2157)
(2m)" Jo
We use the following Ansatz
k(1) = rp(7) e (2.158)

and we minimize the contribution given by each mode k to the energy. Inserting
the last equality in Eq. (2.153) yields

1
L= : 2.159
Qy, 2|Tk’2 ( )
We obtain
112 120, 12 ’12 1 20, 12
0] + E7 o™ = |7k ™ + =5 + k| (2.160)
Afr[?
and minimizing with respect to || and |r}| we arrive at
r. =0
e = \/Lz*k (2.161)
o = —kT + const.
In conclusion, up to an arbitrary phase
(1) = e (2162)
V(7)) = ——=e """ .
’ V2k
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Using the following asymptotic relations for the Hankel functions when v is real

and for large values of |z|
(2.163)

we have, by comparing with the Bunch-Davies vacuum solution Eq. (2.161), with

the general solution given by Eq. (2.145), that

T
Ak:\/;7

(2.164)
B, =0.
Finally:
welr) = Z—TH,?) (k7). (2.165)

This last equation allows us to evaluate the pGW power spectrum produced during

the inflationary period.

2.5 The two point correlation function and the

pGW power spectrum

In this section we will evaluate the exact analytical form of the pGW power spec-
trum produced during an inflationary epoch. In order to do so we have to give
some preliminary definitions that are necessary to define the quantity of interest.
Given a field ¢(x,7), we define the two point correlation function as the equal
time expected value at different positions, where the averaging procedure can be

classical or quantum mechanical

§s(r) = (o(x, T)p(x +1,7))



Chapter 2 29

1 ; ! 1/
£¢(r) = (27-‘-)6 /de Bk BE tktk)x ik T by Dre
1 .
Es(r) = = | Phe™ T o], (2.166)
(27)

where ¢y is the Fourier transform of the the field ¢(x, 7). Performing the integra-

tion over the solid angle, assuming that ¢ = ¢, and setting r = 0 we get

(0) = [ k(0 (2.167)
k3 9
Py (k) = ﬁ|¢k| : (2.168)

For the two polarizations of the graviton, identifying ¢, = u using Eq. (2.135)
and Eq. (2.136)

2

(s (3, ) (x, 7)) = / din kPo(k). (2.169)

a2
where we recall that the angular parenthesis represent the classical or quantum

mechanical expectation value. The last equation immediately implies that

Pu(k) = —5"— |vel*. (2.170)

This last quantity is usually referred as the power spectrum.
To evaluate the power spectrum, we have to solve the evolution equation Eq. (2.144)
for the canonical variable. It can be seen that the evolution has two different

regimes
1. The oscillatory sub-horizon regime (k|7| > 1):
vy + kop = 0 (2.171)
v(7) = Cre™™™ + Dye ™7 (2.172)
2. The super-horizon regime (k|7| < 1) for 7., < 7 < 0, where k|7.,| ~ 1

vy — v = 0, (2.173)
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vp(T) = Ap&§(7) + Br&(7) /T ﬁd# =

’Uk(T) = Ak(—T)a + Bk(—T)lia, (2174)

with a #£ %, otherwise the second term has a logarithmic behavior. Care must be
taken to interpret this result. Since the solution depends on «, we can distinguish

3 different behaviors

e If @« < 0, we have a Universe in accelerated expansion and the first term

of Eq. (2.174) is always prevailing for 7 — 0~. In this regime the GW
Ge)
and (2.143) we obtain

amplitude hy, ~ approaches a constant value. Using Eqs. (2.138), (2.139)

hi(T) ~ Ay, + Bi(—7)' . (2.175)

It is clear that given this property, we are interested in the spectrum outside
the horizon, because the super-horizon modes stay constant also after the

subsequent phases of cosmological evolution until they re-enter.

e If 0 < a < 1, the background metric describes an accelerated contraction
and as 7 — 0~ we have that the leading term of Eq. (2.174) is the first if
0<a< %, while it is the second if % < a < 1. In both cases the amplitude of
v, outside the horizon is decreasing but the density of the kinetic energy per
mode k of the tensorial perturbation, namely ah’ in the action Eq. (2.137)

is increasing and grows like (—7)~“.

e If & > 1 the metric describes an accelerated contraction as well, and the dom-
inant term when 7 — 0~ is always the second. However both the canonical

1=a) and the density of the kinetic energy per mode k

variable (vg ~ (—7)
(€W ~ (—7)7%) grow. This poses a serious problem because when the modes
re-enter the horizon, they can have a great energy contribution causing the
back-reaction of the tensorial perturbations to not be negligible and can be
of the same order of the other gravitational sources. As a consequence these
perturbations can disrupt the homogeneity and isotropy of the initial geom-
etry. For this reason we will not consider this inflationary scenarios from

now on.
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However as we have already seen while discussing all the possible inflationary
scenarios, the exponent of the scale factor can be in principle any power of the
conformal time.
In the super-horizon regime the Hankel function in Eq. (2.165) can be approxi-
mated as follows

Elr|l<l
Y

H® (kt) vy (k)" +iq, (k)77 (2.176)

277 cos (mv) I'(—v) 27

* = 2.1
b=t . YEE) (2.177)
2'T
7r
For v >0 (a < 3) and k|7| — 0:
HY (k) ~ ig, (kT) ™", (2.179)

where I'(v) is the Euler’s gamma function. Inserting these relations in Eq. (2.165)

and taking the squared modulus we arrive at

T oy
o |* ~ <Z) g |* (k7)™ . (2.180)

Going back to Eq. (2.170) we get the pGW power spectrum

Pn(k) = —)\2 —k2 lq |2 (kJT)l 2 (2.181)
a2 ' '
Defining the pivot wavenumber
kr = — (2.182)
I . .

T

«
and substituting a = <—;> , we finally arrive at

(Apk[)2 |qy|2 ]{f 2a42 k 2a42
k)= —""—""—|(— =Ar| — . 2.1
Pr(k) - . {5 (2.183)
Spectra that exhibit a decreasing behavior with the wavenumber are called red-

tilted, and this is a general feature for all the inflationary models based on a power

inflation scale factor & < —1. On the other hand if the inflationary period is given
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by an accelerated contraction or by a superinflationary behavior o > —1, the

spectrum is blue-tilted (increasing with the wavenumber).

1
279

string theory [58—-60], in the so-called pre-Big Bang scenario which we will discuss

It is important to remark that inflationary models with o = 3, naturally appear in
in the next Chapter. In this limit case logarithmic corrections arise in Eq. (2.183)
aside from the expected tensorial index ny = 3, because the asymptotic expansion
Eq. (2.176) has a logarithmic behavior for v = 0.
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String Theory and the Pre-Big

Bang scenario

In this chapter we provide only a brief orientation to the basic ingredients of string
theory and the pre-Big-Bang scenario. The discussion is neither self-contained nor
comprehensive and does not aim at a theoretical minimum; it simply fixes nota-
tion and highlights the few elements needed for the subsequent chapters. A more
thorough study of string theory can be found in the literature [61-67] and of the
pre-Big Bang scenario in [20, 68, 69].

3.1 The Bosonic String

We start by writing the action of a string propagating in a D-dimensional manifold
M. In analogy to the point particle case, where the action is proportional to the
line element spanned throughout the evolution (i.e. S = —m [ ds), in the case
of a string, its action is proportional to the world-sheet ¥ area. Introducing two
coordinates &%, a = 0,1, with €% = 7, with —oo < 7 < 400 and &' = ¢ with
0 < o < 7, the induced metric on the world-sheet h,;,, we have the Nambu-Goto

action

2ma!

§— 1 /d2£\/—_h, (3.1)

where hg, = 0,X"(£)0, X" (£)Nw, where 1, is the Minkowski metric of the D-

dimensional manifold M, also known as the “Target Space”, and 2ra’ = A\2.

63
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This action can be brought into the Polyakov form, which is devoid of the square
root, by introducing an auxiliary field v,, that represents the intrinsic metric of

the 2-dimensional manifold X

1

g —
4o

/ BPEN =Y 00 X Op X 1) (3.2)

The Polyakov action is manifestly invariant under conformal transformations of the
intrinsic metric v, — €¥¢)q,;, that does not change the combination /=77, and
under diffeomorphisms, hence one can use these two invariances to fix the intrinsic
world-sheet metric to be flat, i.e. 7, = 74. This fixing procedure however must

be performed after the E.O.M. for the intrinsic metric is evaluated, namely

2 v—k) _, (3.3)

Tab =
V=71

which leads to
Toy = aaXuabenuu - %’Yab’}’ijaiXuanymu =0, (3~4)
while varying with respect to X*
Ou(v/ =770, X,,) = 0. (3.5)

Fixing the intrinsic metric to be flat and denoting with a dot the derivative with

respect to 7 and a ’ the derivative with respect to o, we are left with
X, —X L’ =0 (3.6)

and combining the Eqgs. (3.4) we obtain the so-called Virasoro constraints

%(TOO—FTH)) —imw (X" + X" (XY + X)) =0, .
L (i~ Ti) = L (00— 209 (7 - ) =0 |
Introducing the light-cone coordinates
¢ =1+o, Oy = 0- + 0,
) (3.8)

r=SEHE), o= -6,



Chapter 3 65

we can rewrite the 2-dimensional wave equation and the Virasoro constraints as

0,0_X" =0,
T++ - 8+XM8+XM - O, (39)
_=0_X"O_X, =0,

where the solution to the wave equation can always be written as a sum of left-

moving and right-moving waves,
XH(E) = XL(E7) + XR(€) (3.10)

In this thesis we will focus on the closed string bosonic sector, so, to this aim, we
are going to study strings subject to the following boundary condition X*(7,0) =
XH¥(r, 0+ ).

3.1.1 The closed Bosonic String quantization

The solution for the right moving and left moving waves with periodic boundary

conditions expanded in Fourier modes is given by

Xpe) =10+ e +2\/? > S,

n#0

G NS Sl

n#0

(3.11)

where zf and p# represents the initial position and the momentum, respectively,

and o, = (at)*, &, = (a)* for reality conditions of the coordinates X*. The

—n

general solution is thus given by the sum of the latter, namely

XH(1,0) = + o'p'r + 2\/ Z e 4 Gle o) nT, (3.12)

n;éO
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Now we impose the Virasoro constraints and in order to do so we introduce the

following functionals

1 T »
L, / doT 622m(7—0) 7
0

Y (3.13)
/ﬂ— do T++ €2im(‘r+a)7
0

[
b de%

where again for reality conditions we have L} = L_,, and f/jn = L_,,. Introducing
af = p*\/a'/2 it easy to show using the orthonormality condition of the base
e?me / /7 in L?[0, «r] that the Virasoro functionals take the following form

1 n=-+oo _ 1 n=-4o00
Lm = 5 Z aTannan[m Lm = 5 Z &Mmfn&nu7 (314)
n=—00 n=-—00

with the Virasoro constraints imposed by the conditions L,, = L, =0.

We proceed now to present the results obtained in the canonical quantization
scheme, however we mention that there are several ways to quantize the string (e.g.
BRST, light-cone, covariant, ...). As usual the Fourier coefficients become creation
and annihilation operators (or equivalently we impose the commutation relations
at equal times for the fields X* and their conjugate momenta II* = X*/(27a/)),
such that [II#(1,0"), X¥(7,0),] = in*”d(0c — ¢’) and all other commutators are 0.

Introducing the normalized operators a¥, = y/mat, o, = (a*)', and the same

m?

for the tilde operators, we have

Ak ]

[Oé_n, ml = [dinv &Zm} = \/ﬁn“”(sn_*_m’o, [a!rfT? al;n] = [alrff, &l;n] = nHV(;mm
[PgM’ XéM] = 'L.nlwv
(3.15)
where X{ = 1/m [ doX#(7,0) and the same for Pf,;. The vacuum state of the
Fock space is defined as the eigenstate of the momentum operator |0, p) which is

annihilated by all annihilation operators
aklo,p) = at0,p)y =0, ¥n >0, (3.16)

while a generic state of the Fock space is generated by acting with creation oper-

ators
In1,ma, ..., p)y = (o)™ (ak,,)™ ...|0,p), (3.17)
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however, there are ghosts state such as a2 |0, p) that must be removed via the
quantum Virasoro constraint, namely we consider only the subset of the Fock space
such that L,,|¥) = L,,|¥) = 0. Using the usual normal ordering prescription,
where the annihilation operators are moved to the right, L,, = %Zn sak Lo,
we have that ordering ambiguities arise only for Ly (EO) because of the non-
vanishing commutator, so we impose (Lo — 8)|¥) = (Ly — 0)|¥) = 0, where § is
determined by the normal ordering.

We assume the light-cone also in the target space manifold, X* = { X, X~ X'},
with i = 1,...,D — 2 and X* = 1/v/2(X° 4+ XP~!). In this way the Virasoro
constraints can be linearized and we use the residual conformal gauge to assume
that the motion in the positive direction is translational, i.e. X+ = z§ + 2a/p*r.
In this way all the a) =0 = a;, m # 0 and from the Virasoro constraints we can
express all the a_, (@) in terms of the spatial modes a’, (@’ ). In this way we are
left with D — 2 transverse degrees of freedom.

Finally we note that the Hamiltonian is vanishing from the classical theory H =
JTdo X 1, — L = 1/(2ra) [ do (Tey +T-_) = 2(Lo + Lo) = 0, so we have to
impose the Hamiltonian constraint (Lg + Lg)|¥) = 0 and (Lo — Lo)|¥) = 0. From
Eq. (3.14), in the light-cone gauge and with the normal ordering, (we show the

calculation only for the right moving modes)!

1 o D—2
Loy = 5 (ozgaou + %ﬁ% cat oy, :) = Zpup’ — N — 5 2 n, (3.18)

atat  and the

where we defined as usual the number operator as N = > _ a,a’

last term is given by the commutation relation of the annihilation and creation

operators. We now use an exponential regulator to express the last term

lim » ne ™ = — lim(% Z e ") = —lim 4 (1- 676)_1
n>0

e—0 e—0 e—0 de
n>0
1 2 !

= —limdi— (1—%—1—%—1—@(63))

odee ) (3.19)
d1 € €

=—lim——(14+-+— 3

50 de ¢ ( ot ol >>

. 1 1
:lli%(:z‘ﬁ+0(e>>’

'Recall that in the light-cone gauge the line element is ds* = dX+tdX~ — dX"dX", hence

7 _ .t — 7 7
o oy, =al a; — o al,.
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hence by absorbing the infinite part in 6 we have

o D -2
o o (722,

4 24 (3.20)
_Z i CV/ M N D -2 ’
0 — 4pup 24 )

where N =3 _ a%al,, and from (Lg — Lo)|¥) = 0 the level matching condition
N|¥) = N|¥). Hence we can write the Hamiltonian constraint (p,p* = M?) as
! D -2

H:Q(LO+EO)=%M2—N—N+TZO, (3.21)

which leads to the mass spectrum of the theory

2 -~ D=2
M? = a(N + N — T). (3.22)
Since the number operator is semi positive, we have that the vacuum of the theory
Ip,0,0) is tachyonic signaling quantum instabilities (although they are resolved
in superstring theory) and the first excited state (taking into account the level
matching condition) is |p,1,1) = o*,a",|p,0,0), hence a tensor state. Taking
into account the Virasoro constraint generated by [ ([:1) and contracting with

the polarization tensor €,, we have

n=-+00

1 » .
0=Lylp,1,1) = 5 6 Z taq 0y @ @Y |p, 0,0)

n—=—oo

(3.23)

= &2 g€ 1y [p, 0, 0) = & ag€ufony, oly]lp, 0, 0)
~U 0 o ~v 0
= a”,04€,,|p,0,0) = Ea_lp’“‘eu,,|p, 0,0) =0,

hence a transverse momentum to the polarization tensor p,e"” = 0. Since we have
D — 2 space-like degrees of freedom, this corresponds to a massless state in the
tensor representation of the so-called little group of SO(D — 2). From the mass
spectrum Eq. (3.22) (since N = N = 1) we must fix D = D, = 26 (in superstring
theory due to the introduction of world-sheet supersymmetry, this number is re-
duced to D, = 10).

Finally the particle content of the theory can be extracted using standard irre-
ducible representation of SO(D — 2)

¢

Ez’j = hij —|- Bi]’ + méij’ (324)
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hence a traceless symmetric field h,,, which is the graviton, an antisymmetric
tensor field B,,, which is the Kalb-Ramond and the trace part ¢ which is the
Dilaton. Even though the result has been derived only in the bosonic string case,
the closed string massless spectrum of all formulations of (super)-string theory
contain this massless multiplet, which as we are going to see give rise to a modified

theory of gravity.

3.2 Massless multiplet effective action

Let us consider a string propagating in a general background generated by the

above mentioned fields, we have the following sigma model action

1

S =—
4o’

/ d2e/— (7“b8aX“8bX”gW(X) + €9, X 0, X" B,y (X)
(3.25)

/

a
where 7% is the world sheet metric, @ R is the 2-d Ricci scalar associated to the
metric and € is the Levi-Civita symbol. Since the theory must retain the Weyl
invariance as already noted before, we have to require the vanishing of the beta
functions which fix the allowed backgrounds in which the conformal invariance is

preserved?, which at one-loop are [46]
/
ﬂuy(ﬂ) = a/RNV + a/vllvl/¢ - %H/L)\KHV/\K + O(O/Q) = Oa

Bu(B) = —%V*qb Hyu + %V*HW +0(a?) =0, (3.26)

/

B($) = —a'R — 20/ V2 + o'V .6V ¢ + %HWHW +O(?) =

where H,,» = 3V, B, is the Kalb-Ramond field strength and R, is the Ricci
tensor associated to g, and c is a constant (¢ ~ (D — D.)) . These equations
can be obtained by the following effective action which describes the evolution
of the graviton, the dilaton and the Kalb-Ramond in the so-called string frame

(S-frame), where the dilaton is not minimally coupled to the metric (assuming

2Conformal invariance fixes the background fields configuration
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D=D.,)

Seff -

L H o) £ 0. (3.27)

“on 2/de\/_e (R+ (Vo)* — 3

In the context of string theory we have two kinds of perturbative expansions, one is
the higher-curvature expansion, namely o expansion where additional terms arise
from higher perturbation order in the bosonic string sigma model, (e.g. Eq. (8.1)),
the other is in increasing complexity of the world-sheet topology, the so-called
Genus expansion which is expressed in term of the string coupling g2 = e!?,

We conclude this section by remarking that upon a conformal rescaling of the

2
metric gw, =gl <’\> eﬁd’, the action takes the Einstein-frame form

Sh = — A dPx/—g¥ <RE (v¢) —%e D- 2¢H2) (3.28)

2
where we have defined HY, = (%) Hypy.

3.3 Compactification, Momentum Quantization,

and T-Duality

As discussed in the previous section, quantum consistency of bosonic string theory
requires a critical spacetime dimension. This raises the question of how extra
spatial dimensions beyond those observed can be reconciled with phenomenology.
A natural resolution is to assume that these extra dimensions are compact and

small, such that they remain unobservable at accessible energy scales.

As a simple example, let us consider a target-space of the form MP~!x S, that is,
a (D —1)-dimensional Minkowski spacetime times a circle of radius R. Considering
a closed bosonic string propagating along S!, the momentum along the compact

dimension is quantized as

In addition, the string can wrap the compact circle an integer number of times,

characterized by the winding number m € Z. The general solution of the equations
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of motion for the string coordinate Y along the compact direction is then

! 1 , , .
Y(r,0) =yo+ 20/% T+2mRo +1i4/ % E — (ale® + ake ) e (3.29)
n
n#0

It is convenient to introduce the left- and right-moving momenta

1/n mR 1/n mR
PL—§<}—%+ o/)’ pR—i(ﬁ_ a,)7 (3.30)

so that the solution (3.29) can be recast in the form

Y(7,0) = yo+ 2a'pr(T + 0) + 2a'pr(T — o) + oscillations. (3.31)

The Virasoro constraints in D = 26 dimensions, after separating the internal

momenta pr, pr from the external momenta p,, read

/ /

Lo = O‘ZMZ—a'pg—NH =0, Ly= %MQ—a’pi—NH =0. (3.32)
From their sum we obtain the generalized mass-shell condition

2 RQ _
el Ve (”_+m2—) + N+ N -2, (3.33)
(6%

N —N+nm=0. (3.34)

The resulting mass spectrum depends on the internal quantum numbers (n,m),

and is manifestly invariant under the T-duality transformation

/

R +— 7 n <— m. (3.35)

This symmetry exchanges momentum and winding excitations, while leaving the
physical mass spectrum unchanged.

This symmetry will be later discussed in cosmological backgrounds where it will be
identified in the Scale Factor Duality (SFD) (ZP~* symmetry of the scale factors)
and to O(d, d) symmetry in the presence of non-trivial Kalb-Ramond field.

As a final remark we notice that when R/a’ > 1 the winding modes become heavy
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and hard to excite, while the opposite is true in the opposite limit R/a/ < 1, the
momentum modes become irrelevant. The duality predicts the existence of a self-
dual radius, namely R ~ v/« which is the minimum allowed extension for the

compact dimension.

3.4 S-duality

In this section we will briefly mention S-duality which is a strong weak coupling
duality that exchanges g — g;'. As a simple example we are going to consider the
case of Heterotic superstrings in critical spatial dimensions d = 9. The effective
action of the theory compactified on My x T, with trivial moduli, Kaluza-Klein
vectors and scalars arising from the metric, with a 4D Kalb-Ramond ® and at zero
order in the o/ expansion (neglecting the gauge fields of SO(32) or Egs x FEg) and

in the Einstein-frame reads

1

S=— [ d'av=a[R-§(VeP - e P Huat]. (330

H,,, can be expressed in the formalism of differential forms as H = dB,, with
the Bianchi identity d?By; = dH = 0. We promote the dynamical field to be H o

and enforce the Bianchi identity

1 ro

5" OV Hyop = 0, (3.37)
where nfve? = % is the Levi-Civita tensor, by introducing a lagrange multiplier
o, we can ensure that the Bianchi identity is fulfilled by adding to the lagrangian

the term )

1 va,
SU = —§/d4l'\/—_gO' [57’]“ BVMHVQ5:|

1 1 e
=3 [ i g s io],

where in the last line we used integration by parts. Varying with respect to H,,q

(3.38)

the action S + S,, we find H,,, = —62‘1’77WQBV60, where o is the axionic dual of
the Kalb-Ramond. Finally inserting this relation into the action S + S, we find
that

S = —%/d‘lx \/—_g[R — %(w)? — %e%(vg)Z]. (3.39)

3 Assuming a dependence for the K-R only on the ”external coordinate” z, we are imposing
triviality on 6 vectors By, (x) with a =4...9 and 15 scalars Bg(z).
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We notice that the action Eq (3.39) has an SL(2, R)/U (1) structure, and so the two

fields can be combined into a single complex degree of freedom \ = o + ie™? with

al+b

the SL(2, R) (SL(2,Z) quantum mechanically) symmetry acting like A — &5

with ad — bc = 1. In this case the action takes the simpler form

- _1 4 _ _ ; 75\
S = 2/d x\/_g[R st VAV A (3.40)

Starting with a configuration with constant axion ¢ = o; this symmetry allows a
weak-strong coupling duality for the peculiar values o; = —d/c, and ¢* = 1 with
e? — e~?. In general however we have that under the SL(2, R) group a theory
with small string coupling e® < 1 can be transformed into a theory with large

coupling e? ~ 1.



Chapter 3 74

3.5 The Pre-Big Bang scenario

As we have previously discussed the primordial cosmological problems may be
solved by a period of slow-roll inflation, but we also have shown that other al-
ternatives are possible with superinflation and accelerated contraction. There are
different possible physical mechanisms able to produce periods of superinflation
such as phantom scalar models (w < —1) in GR, and accelerated contraction
driven by stiff fluids w = 1 or Ekpyrotic model. The pre-Big Bang model is able
to bridge in some sense between those two pictures, since the primordial phase
can be seen as a superinflationary model in the string frame (S-frame), and an
accelerated contraction in the Einstein frame (E-frame).

The Pre Big-Bang scenario starts with the assumption that the universe emerges
from the perturbative vacuum of string theory, hence with vanishing coupling
¢ — —oo and curvature. In this regime string theory predicts the existence of a

massless multiplet of fields g,,, B,., and the dilaton field. Moreover it assumes a

2
trivial Kalb-Ramond field strength H,,,, = 0, which in the case of the 4-D theory
corresponds to a constant axion. In this context the action of the theory is simply
given by the gravi-dilaton sector

1
5= o

s

/ A/ Zge? (R + (Vo)2). (3.41)

Assuming a Bianchi I background g, = diag(N?,a$d;;), where N(t) is the lapse
function, and we have a different scale factor a;(t) for every spatial dimension
and there is no sum over the repeated indices. Introducing the shifted dilaton
b =¢— Z?Zl In(a;) we have that the evolution of the fields is governed by the
following equations (the lapse being fixed to 1 by a gauge choice)

o= HZ=0, (3.42)
H,— Hip =0, (3.43)
20— ¢* — Y H?=0. (3.44)

The theory possess a time reversal symmetry ¢ — —t under which the equation
of motion are invariant and an additional Z¢ scale factor duality H; — —H; (or

equivalently a; — a; ') and ¢ — ¢ [70, 71]. This implies that given a solution
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FIGURE 3.1: Graphical schematics of duality related solutions with d-isotropic
spatial dimensions

{H,(t), (E(t)} we have a family of 4 solutions related by the Z¢®@Time Reversal sym-
metry, namely under time reversal {—H;(—t), —gz;ﬁ(—t)}, under Z§ {—H;(t),6(t)}
and under the combination of the two {H;(—t), —gzLﬁ(—t)}. This is a crucial differ-
ence between the string theory Gravi-Dilaton theory and GR, where the Z¢ sym-
metry is absent. It is important to notice that in the expanding pre-Big Bang phase
both the curvature and the dilaton grow, hence approaching a geometric singular-
ity and the breakdown of the genus 0 approximation of the effective theory, hence
higher-curvature corrections (o) and dilaton coupling must be included to cor-
rectly describe the transition between the first branch and its Z¢ ® Time Reversal
counterpart that are disconnected at the tree-level.

To quantitatively illustrate the model we assume an FLRW geometry. In this case
the solution to the Egs. (3.42), (3.43) and (3.44) are (in the synchronous gauge)

(1)

L1
ar(t) =t Vd, = —Int, t >0,

(3.45)

as(—t) = (—0)*VA, Hi(t) =+ t<0,

and hence the dilaton is given by
¢i(£t) = d(£t) + dIn(as(£t)) = (£ Vd — 1) In(Et).

It can be easily seen that the asymptotic trivial string vacuum is reached in the

asymptotic past ¢ — —oo by the solution a_(—t), which starts with vanishing
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curvature H — 0 and string curvature e? = g, — 0 and they both grow until they
reach a regime where non-perturbative effects become relevant both for the o' ex-
pansion and the coupling expansion. As we shall see in Chapter 4, the inclusion of
a non-perturbative dilaton potential and all order o/ correction is able to trigger
a bouncing transition with a frozen dilaton and a constant (or decreasing) curva-
ture. This primordial phase of evolution from the string perturbative vacuum is
called Dilaton Driven Inflation phase (DDI) and may be followed as we are go-
ing to present in the following Chapters by an almost instant bouncing transition
or by a period of constant curvature and linear dilaton called the String-phase.
However this is a superinflationary solution in the S-frame but it corresponds to
an accelerated contraction in the string frame , indeed by applying the conformal
rescaling of the metric gfy = gfyeﬁ‘ﬁ, we have that the Einstein time is related

to the string time by

Npdtp = Ngdtge 71°, (3.46)
d—1
hence in the synchronous gauge tg = tjgﬁ, while the scale factor becomes
1 d2a E

ap(te) = (—tg)i, Hgl(ts) =

, —— <0, tg<0, 3.47
dtg’ — di% F (347)

thus an accelerated contraction.

We are now going to present the most general solution in a Bianchi I geometry with

3 isotropic expanding dimensions and n contracting ones, g,, = diag(1, —a®&;j, —b%,0,n).-
Parametrizing the solution as a(t) ~ (—t)% and b;(t) ~ (—t)” the solution is [68]

(expressed in conformal time dt = adr)

_Bo_ m
a_(_l)l/ﬁo7 bm—<—i>lﬁ0,
1 T1
¢: Zmﬂm‘i‘?)ﬁo_lln _l 3ﬂ2+ZB2 -1 (348)
1= fo ) 0= |

where 7y is a reference time which may correspond to the end of the DDI phase.

3.5.1 Pre-Big Bang perturbation theory

We are now going to present the main results of perturbation theory in the pre-Big
Bang string model. A preliminary remark is due, we have seen that the behavior

of the background evolution depends on which frame one chooses to work with,
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however observables are frame invariant, hence the spectrum of both tensor and
scalar perturbations can be equivalently computed in both frames and they lead
to the same result.

We start by computing tensor perturbations h,,, assuming as in [68] that they
are independent of the n internal coordinates. At linear order we have that the
perturbations of the metric in the internal and external space, decouple, hence we
can focus on the 1+ 3 expanding subspace. The perturbed action after integrating
out the internal dimensions [ d"yy/=gn, = Vi [1,, b is [68, 69, 72, 73]

1
63S = 3 / d*zvdra® | [ bme (W + hV?h). (3.49)

From the standard theory of perturbations presented in the previous Chapter, we
have that the pump-field is &, ~ ae™?/? 1L, 6%2, which is the same in both the
S-frame and E-frame. We notice that the pump field can be expressed in a neat
form as &, ~ ag; !, where g4 = e%/2 = /2=, nbm) ig the 4-dimensional string
coupling. In the DDI phase the pump-field scales as a power of the conformal time
hence the standard results can be readily applied. From Egs. (3.48) we have that

&p ~ (—7)* with
1 .1 1
O‘hzl_—ﬁo[ﬁﬂ"';%_é(;ﬁ”‘?’ﬁo_l) =5 (3.50)

regardless of the dynamics of the internal and external dimensions and of the

dilaton. As a consequence the resulting power spectrum is (up to logarithmic

() ()

where H; = k;/a¥. The same result applies also for the dilaton perturbations

corrections)

hence the dilaton cannot be responsible for the CMB anisotropies observed, both
in amplitude and spectral index, which is n, ~ 0.9649 [38].
However there is another field that is responsible for the CMB anisotropies in the
PBB, the Kalb-Ramond axion. We have previosly seen that the Kalb-Ramond
field has an axionic dual that in the string frame can be expressed as

e?

H,po = ——€asVPio. 3.52
iz \/_—g pvaf ( )
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By perturbing the action up to the second order in do = Y, integrating out the

internal volume, and recalling that for our background ¢ = const, we have

1
sAs, = i / d3xdee¢Hb;n1 (x? + xV3x), (3.53)

and the pump field is &, ~ ae??T],, b'/? ~ ags. There is a duality relation
between the behaviors of the two pump fields which is a consequence of S-duality
symmetry, as a matter of fact the two differ from a weak-strong coupling inversion

g4 — 1/g4 [74]. Given the pump field, the pump field scales as &, ~ (—7)% where

Qg = 2‘??‘):52) spectral index of the axion two point correlation function is given by
1+
ne =34 20, =2 50, (3.54)
1 —fo

so able to generate the desired observed spectrum. It is interesting to notice that
assuming that the n = 6 internal dimensions are contracting with the duality rela-
tion b, = a™!, so B, — —B, we have that the Kasner-like condition Eqs. (3.48),
gives fy = —1/3, hence ny; = 1, so a perfect Harrison—Zel’dovich flat spectrum.

In the context of CMB anisotropies, the axion spectrum is typically dominant
and can act as a source of adiabatic curvature perturbations through the curva-
ton mechanism. After the bouncing transition, the axion field undergoes coherent
oscillations around the minimum of its non-perturbative potential. These oscilla-
tions endow the axion with the role of a curvaton [75], transferring its isocurvature
fluctuations into adiabatic curvature perturbations, while simultaneously acting
as a reheating field by decaying into radiation. Consequently, an axion-dominated
phase after the bounce provides a natural framework for the generation of the
observed adiabatic CMB perturbations. In this context the curvature power spec-

trum is related to the axion spectrum via

2 neg—1
Pr, = [*(03) (%) (kﬁl) , k <k, (3.55)

where

f(O'Z) = C1 + Co + )\pai, (356)

>\p0i
and o; is the non-trivial background value of the axion which emerged after the
inflationary epoch from the (non-perturbative) potential. The constants are de-

termined by numerical analysis [68] as ¢; ~ 0.25, ¢co ~ —0.01, ¢3 ~ 0.13.
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3.6 O(d,d) invariance of Cosmological String Ac-

tion to all orders o’

We conclude this Chapter by introducing the generalized version of the SFD in
the presence of the Kalb-Ramond antisymmetric field. Hohm and Zwiebach [76]
provided a framework in which all the o corrections can be accounted for in string
cosmological backgrounds.

Assuming a time dependent string background

C(n2) 0 R -
g"”‘( 0 —gij@))’ B“”‘(o bij<t>>’ et A

and defining the following 2d x 2d matrices

-1 -1
g —g~b 1 . 1
H (bg_l g— bg_lb> ) t n ty ¢ ¢ 2 Il( S g):

bg~t g—bg'b 0 1
S = 777'[ = 1 1 ) n= ’
g —g—b 10

the effective string action can be rewritten as (we are integrating the d-spatial

(3.58)

dimensions)

Sy = —% / dtne=? [(th’s)z + clTr((DtS)Q)], (3.59)

where ¢; = %. The O(d,d) group is defined as Q € O(d, d) if Q"nQ) = n, and from
n* = 1 we have Q71 = nQTn. It can checked that both H and € O(d,d), and

S§? = 1. The action Eq. (3.59) is invariant under the following transformation
H — QTHQ, & — o, (3.60)

which in the case of b;; = 0 and =7, maps g — ¢g~*, hence to SFD.
Hohm and Zwiebach demonstrated that the most general action to all order o’

preserving O(d, d) invariance can be written as even powers of traces of (D;S)%*,
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namely

S=Sy+ /dt e ? (o/ o0 Tr[(DiS)*] + a3 Tr [(D:S)°]

+ o :04,0 Tr[(D:S)®] + ¢4 Tr[(D,S)*] Tr [(DtS)ZlH

+ o :05’0 Tt [(D:S) "] + 51 Tr [(D:S)°] Tr[(DtS)ﬂ] (3.61)

+a” :0670 Te[(DiS) ] + co1 Tr[(DiS)"] Tr[(DiS)]

+ o2 (Tr[(DiS)°])” + co3(Tr[(DiS)] )3} 4. ) :

where the coefficients ¢y, are prescribed by the string theory considered. In the

simplest case of no multitrace terms the equations of motion read

(Did)* =) o¥ 712k — 1) Te[(DiS)™] = 0,
k=1

D, <6_¢Za’k_l4k ckS(DtS)%‘1> =0, (3.62)
k=1
2D}¢ — (Dig)* = Y o/* oy Tr[(DS)*] = 0.
k=1

We conclude by giving the equation of motion in the simple case of an FLRW
metric n(t) =1, g;; = a®d;;, b;; = 0, which reads

&* + HF'(H) — F(H) = 0, (3.63)
HF"(H) — ¢F'(H) =0, (6.78)
26 — ¢* + F(H) = 0, (3.64)

where the function F(H) is defined as an infinite series of even powers of the

Hubble parameter

H)=2d) (—a/)" ', 22 H*, (3.65)

with (- --)" denoting derivation with respect to H, and the coefficients ¢, are fixed

by the string theory at hand.
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From the string vacuum to FLRW

or de Sitter via o corrections

4.1 Introduction

It is well-known [19, 70, 77] that the tree-level equations of string cosmology in
d spatial dimensions, provided they possess d abelian isometries!, are invariant
under a continuous O(d,d) group of transformations involving the spatial parts
of the metric g,, and Kalb-Ramond tensor B, as well as the dilaton ¢. Such a
symmetry has been argued to hold only at tree level in the string loop expansion
but to all orders in the o’ expansion [79], a property that has been explicitly
checked up to O((«’)?) [80-82]. In the particular case in which B, is set to zero
(to which we limit our considerations in this paper), such a symmetry reduces
to a discrete Z¢ scale-factor-duality (SFD) group together with time reversal T
[71, 83]. In the strictly isotropic case the symmetry is further reduced to the

four-dimensional group Zy*’ @ ZTI.

In a recent impressive paper, Hohm and Zwiebach (HZ) [76] have shown that,
modulo field redefinitions and integrations by parts, the most general reduced
(i.e. just time-dependent) cosmological action takes a particularly simple and

manifestly O(d, d)-invariant form. For the case of an isotropic FLRW Universe

!The generalization to d’ abelian isometries with d’ < d has been discussed in [78].

81
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the HZ action depends on just a single even function F'(H) of the Hubble param-
eter H(t). Further developments of the HZ approach have been given in several

subsequent papers [847 —92].

In a very recent paper two of us [93] have reformulated in a Hamiltonian-like
formalism (see Sect. 2 for more details) the HZ result, and have shown that
this allows to characterise in a simple way the conditions? under which the field
equations lead to regular cosmologies smoothly connecting an initial phase of low-
energy pre-big bang evolution to its SF D ® T-related post-big bang configuration.
Under these conditions, the solutions (that can be interpreted as a class of possible
“string vacua”) rather than breaking (say in the isotropic case) the original Z5’®
ZI symmetry down to nothing (which is the case at lowest order in o, whereby
four distinct solutions are generated by the symmetry group [20]), are instead
invariant under a diagonal Z5 subgroup, connecting just pairs of duality-related
solutions. As a very special case it was easy to recover the regular bouncing

solution found by a trial and error procedure in [96, 97].

Resolving the curvature singularity separating the pre- and post-bounce phases
would remove, of course, one of the most important obstacles facing the pre-big
bang scenario. However, as widely discussed for instance in [21, 60], there are
obvious theoretical and phenomenological shortcomings with a naive cosmology

connecting the two SF D ® T-related solutions.

One of these is related to the choice of initial conditions: in a typical pre-bounce
solution both curvature and string coupling (g2 = e?) grow. Let us recall, for
instance, that in a d-dimensional isotropic cosmology the initial time evolution of

the dilaton and of the Hubble parameter H is given by

1
¢~—<1+x/&)ln(—t), H=— t— —oo, (4.1)
Vd (1)
so that both coupling and curvature go to zero in the far past (¢ — —o0). This
led [98] to invoke a principle of “Asymptotic Past Triviality” governing the Uni-
verse’s initial conditions. Indeed, it was argued in [98] (see also [99]) that generic

(i.e. inhomogeneous and anisotropic) solutions becoming asymptotically trivial in

2These conditions include the requirement that the HZ function F(H), describing the a/-
corrected gravitational Lagrangian density, is non-analytic in the complex-H plane, as expected
[94] from the known coupling between massless and massive string modes. The importance of a
non-trivial branch-point structure in F'(H) has also been stressed in a recent application of this
formalism to two-dimensional black holes [95].
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the far past would be affected, as time grows, by gravitational instabilities lead-
ing, chaotically, to the formation of different trapped surfaces in different parts
of the Universe, with a stochastic distribution of values for both curvature and
string-coupling and a singularity in the future. Inside each trapped surface the ge-
ometry would become increasingly “velocity dominated” (i.e. with sub-dominant
spatial gradients) as one approaches the singularity, and akin to the homogeneous

solutions we have discussed above for the pre-bounce phase.

Thus, in different parts of the Universe, different realisations of the pre-big bang
initial conditions will be effectively generated with a whole spectrum of small initial
curvatures and couplings®. Regions with sufficiently small initial curvature and
coupling would then lead to a long phase of dilaton-driven inflation, as described
by Eq. (4.1). In other words, the principle of Asymptotic Past Triviality justifies
our assumptions on the “initial” evolution of the homogeneous solutions, while
allowing a whole spectrum of initial data (such a principle, by the way, is also
needed for phenomenological reasons [100]). In this paper we will restrict our

attention to cosmologies satisfying this “Asymptotic Past Triviality” requirement.

Turning now to the late time duality-related solution, however, this would pose
serious problems if it could be trusted. In fact, at late times the dual solution to

(4.1) is given by:

6~ (Va—1)mn(t) H:ﬁ, 400, (42)
so that the curvature goes to zero also in the far future but the coupling, instead,
blows up. That means that, while we could trust the tree-level, low-curvature
approximation in the far past, we cannot do the same in the future even if a regular
bounce induced by the o corrections copes with the high-curvature intermediate
phase. Even if the coupling decreases during the short-lived bounce (as it indeed
happens in the solutions discussed in [93]), eventually it will increase without
limits implying that string loop corrections —and even non-pertubative effects—
will eventually come into play (when exactly depends of course on the initial

data).

3This is is due to the presence of two classical symmetries resulting in as many arbitrary
integration constants [98].
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These corrections break the duality symmetry, making the post-bounce evolution
quite unlike its pre-bounce counterpart. Two important consequences come im-
mediately to mind: ) the generation of a non-trivial dilaton potential, and i)
the turning on of cosmological perturbations and particle production. A third
one, more typical of string theory, is the possible stabilization of the extra spa-
tial dimensions (in which strings necessarily live) and the isotropisation of our

three-dimensional space.

In this paper we move a first step in the direction of addressing these impor-
tant problems by considering, on top of the o/ corrections, the effects of a non-
perturbative dilaton potential V' (¢). We shall discuss, via both numerical and
analytical methods, under which conditions these effects result in a stabilisation
of the dilaton and in new kinds of interesting cosmologies at late times. It should
be recalled, in this context, that the unavoidable presence of a non perturbative
potential in a scenario with growing dilaton, and its possible stabilisation effects
on both the curvature and the string coupling, were considered also in previous
papers (see e.g. [101-104] and references therein). In that case, however, the
higher order o' corrections were missing, and the conclusion was that there was
no stable fixed point with frozen dilaton towards which a background starting from
the string vacuum could be attracted. Here we will show how such a conclusion

may change if we work with the HZ-modified string cosmology equations.

The rest of the paper is organized as follows: In Sect. 4.2 we generalize the ap-
proach of [93] by including a non vanishing dilaton potential. We will also make
more precise the meaning of the “Hamiltonian” reformulation introduced in [93]
by connecting it to the so-called Routhian approach to dynamical systems in clas-
sical mechanics [105]. In Sect. 4.3 we shall discuss, for the duality-invariant case
with V' (¢) = 0, some general properties of regular isotropic bouncing solutions,
extending the results of [93] to more complicated evolutions, and arguing that they
all belong to the same topological class of background geometries. In Sect. 4.4,
we will consider the effects of a dilaton potential in the isotropic case. We first
discuss (Subsect. 4.4.1) the case of a potential with a local minimum 1 = 0 and
show that, under suitable initial conditions given in the regime of low-curvature
pre-big bang inflation, there are regular solutions which, after the bounce, asymp-
totically approach a FLRW attractor of matter-dominated type with a stabilized
dilaton. We then consider (Subsect. 4.4.2) the case of Vj > 0, in which similar

initial pre-big bang conditions lead again to late-time dilaton stabilisation, but
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with an associated geometry describing a de Sitter inflationary phase (in both the
String and Einstein frames because of dilaton’s stabilization). In Sect. 4.4.3 we
discuss the range of initial conditions compatible with these final attractors. In
Sect. 4.5 we extend our considerations to the anisotropic case showing that late
time attractors with a constant dilaton (and both V5 = 0 and 1 > 0), when
they exist, must be isotropic. Sect. 4.6 summarizes our results and offers some
concluding remarks. Finally, in Appendix A, we present an example of solution in
which the initial perturbative evolution ends up, at late times, in its time-reversed

counterpart.

4.2 Basic equations in a Routhian formalism

We shall write our equations in terms of the background fields defined in the so-
called String frame (see e.g. [21]), in which the O(d,d) symmetry is manifest.
Limiting ourselves to the gravi-dilaton system with time-dependent field variables
{¢, 9» } and a d-dimensional spatially flat (but possibly anisotropic) spatial metric,
we thus set ¢ = ¢(t), goo = N*(t), gi; = —0;; a2(t), where a; = €.

In such a case, by using the convenient “shifted dilaton” variable, defined by
d=0-> B (4.3)

the effective action for the string cosmology equations, including higher-curvature
string corrections to all orders in o, as well as a non-perturbative dilaton potential
V(¢), can be written, slightly extending [76], as:

S = / dtL = —% / dt Ne™® [N2$2 +F (N*lﬁ'i) +2 (o) IRy (9) |
F=-N72) B+0()+..., (4.4)

where the dot denotes time derivatives!. Here N7'3; = H; is the ith-Hubble
parameter, and the function F'(H;) in the isotropic case reduces to the function

introduced in [76]: it can be written as an infinite (and not necessarily convergent)

4Note that, besides the presence of V, there is also an overall factor (—1/2) w.r.t. the action
used in Ref. [93].
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series of even powers of the Hubble parameter, and includes, in principle, the all-
order o/ corrections predicted by a given string model®. Note that, in order to
keep the usual dimensions for V', and to make it appear in the action with the
same dimensions as the kinetic terms, we have multiplied V by (a/)(4=1/2. In
the following, when o' is not explicitly written, we shall be using units in which

o =1.

By varying the action (4.4) with respect to IV, 3; and ¢, and defining f; = 0F/0H;,

we obtain the following Euler-Lagrange equations in the cosmic-time gauge N = 1:

-2 . - oV = ov
¢ 2 Sttt fi=fio+2g; 0= =2 250 (49
To zeroth order in o/ one has F' = — > H?, and recovers the well known (see e.g.

20, 21]) tree-level low-curvature string cosmology equations.

In such a context, for any given function F'(H;) we have a corresponding scenario
of string cosmology evolution. However, as shown in [93], the models characterized
by a regular bouncing transition, and describing a smooth evolution from the pre-
to the post-big bang phase, must correspond to non-holomorphic functions F'(H;)
that satisfy, on top, quite complicated equations. To select such models it is better
to work with the inverse functions H;(f;), which gives the Hubble parameters H;

as a power series in f; = 0F/0H;.

To this purpose, as shown in [93], one can conveniently adopt a “partial Hamil-
tonian” approach to the action (4.4) (also known as Routhian approach in a clas-
sical mechanics context, see e.g. [105]), and perform a Legendre transformation
on just a subset of the original coordinates N, ¢, 3;, in our case on just the latter
d Lagrangian coordinates ;. Denoting by m; the momentum conjugate to (; one
defines:

™= g—gl = —%e‘¢§—§i = —%e‘¢fi =%z, (4.6)
where we have introduced, for later use, the more useful rescaled momenta z; =

—fi/2. The associated Legendre transformation defines the so-called Routhian

5These are only known, unfortunately, at a relatively low order. In the spirit of the pre-big
bang scenario we have not included a string-scale-size “cosmological constant” which arises in
non critical dimensions (e.g. for d # d. = 9 for the superstring) by simply assuming that (d. —d)
compact dimensions are flat and frozen at the string length scale.
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R(N,§,m) = > mpi—L

i

~ e [;N P ( -y .)+v(¢+z@)],

R _ 5, (4.7)

8 v

where the latter equation is to be used to express BZ in terms of the ;. Introducing,
as in [93], a reduced “Hamiltonian” h(z;), the above two equations can be rewritten

as
R(N, ¢, m;) = Ne™® [%N_QEQ + h(z) +V (5 + Zﬂz)] ;

h(z) z%< Z@%) 22 LO() + ..., gz H,.(48)

Note that the last equation for H; = N~!5; basically inverts the functions f; =
fi(H;), giving H; = H;(z;) = Hi(=3f;)-

Hence, in this new context, a given model is specified by the choice of h(z;) and of
V(¢), and equations (4.5) can be rewritten in Routhian language as a combination
of the Euler-Lagrange equations for N and ¢ and the Hamilton equations for ;,
m;, namely OR/0m; = B, OR/0B; = —m;. Using (4.6), and after setting at the end

N =1, these equations can be finally rewritten in terms of z; as:

=2 : = oV = oh OV
¢ =2h(z)+2V, Zi—ZiQS_a_gb’ ¢ = : Zia_zﬁa_qs’

(4.9)
where, as usual, the first equation (the Hamiltonian constraint) together with the

second set imply the last equation. These are the equivalent of equations (4.5) in

the Routhian formalism.

Later in the paper we shall deal with cases in which some of the scale factors
coincide. In these cases it is more convenient to deal with just the subset of dis-
tinct scale factors. Let us consider, as the simplest example, the fully isotropic

case, 3; = 8. We can easily go over from a given model specified by the function
F (N_lﬁ'l) to the isotropic case by defining F’ (N‘lﬁ) = F <N‘1Bi = N‘lﬂ).
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Note, however, that when going to the Routhian written in terms of the mo-
menta 7 congiugate to 3, we get m = Zle m; — dm; (where we just picked one

representative ;). The relation:

R

H=
on

(4.10)

remains of course valid since it is an immediate consequence of the definition of

R. However, it is now more convenient (although not necessary) to define

(4.11)

so that z and H coincide to leading order in the o expansion Equation (4.10) thus

becomes:

_ 10h(z)

h(z):C—ZzQ—i—O(o/)—i—... ; H(z)—dw

5 =z+0()+..., (412

which can be used, if necessary, to reconstruct h(z) from H(z). For later use let
us rewrite the Routhian equations (4.9) in the present case:
~2 -~ IV

= oh OV

o h(2) 42V = 2 — —r— . (413
Generalization of the above procedure to the case discussed in Sect. 4.5 in which
B;=pBfori=1,....,dand 8; = B fori = d+1,...,d + n is straightforward.
The general equations (4.9), (4.13) will be the starting point of our subsequent

discussion.

4.3 More on regular isotropic bouncing solutions

with V =0

In this section we shall recall a few results concerning exact bouncing solutions
of Egs. (4.13) with o corrections but without dilaton potential, and describing
the smooth evolution of a d + 1-dimensional isotropic background from the initial

regime of Eq. (4.1) to the final, duality-related post-big bang regime of Eq. (4.2).

We will show, in particular, that the curvature bounce illustrated in [93] can be

implemented also in a generalised (and highly non-trivial) way like, for instance,
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through a phase of oscillating background curvature. However, all possible types of
bouncing backgrounds obtained in this context, irrespectively of their (possibly)
complicated kinematics, always belong to the same topological class in a sense
defined below.

Let us first recall that, as discussed in [93] for the V' = 0 case, the possible
existence of regular bouncing solutions is controlled by the analytic properties of
the function h(z) and its associated “companion” in Eq. (4.12), H(z) = —H(—z) =
(1/d)(0Oh/0z). For a regular bounce to occur we must require that h(z), which
grows from zero to positive values for z < 1, exhibits a second zero at z = z5 (and,
of course, also at z = —z5). Assuming h(z) to be continuous and differentiable,
this implies that H(z) itself vanishes at (at least) one point zy < 2o and to have

local extrema at various points (z1,...) in that interval.

Simple examples satisfying such conditions (like, for instance, h(z) ~ (1/2)2%[1 — 22/2])
have been considered and discussed in [93]. There is also, however, the possibility
of more complicated models® described by a function H(z) which has several ex-
trema (or zeros) in the range {0, |22|}. Consider, for instance, the model described

by the following effective Hamiltonian:

h 2 ’
Ejz):l—cosz—g—;[le(%—l) cosz—zsinzl, (4.14)

which gives, via (4.12)

z

2
H(z) =sin = [1+¢(=) | | 415
(2) sz[—i—e 3 ] (4.15)
By assuming ¢ < 0, and using the constraint 5 = ++/2h following from Egs. (4.13)
without dilaton potential, we can then obtain the corresponding model of regular
bounce illustrated in the plane {¢(z), VdH(z)} by the parametric plot of Fig. 4.1.

The left panel of Fig. 4.1 is the plot of the curve H(z). The zeros of H correspond
to the values of z at which the curve intersects the horizontal axis, such as £z,
positions of the points zg, the extrema of H to maxima and minima such as +z;.
The shaded area subtended by the curve, for both the positive and the negative

range of z, vanishes, such that the points 42, marking the end of the shaded

5Some of these models can be excluded a priori by being impossible to realise in string theory.
These includes models in which, at intermediate times or near the bounce, the solution enters
the perturbative region in a way incompatible with the known perturbative effective action.
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FIGURE 4.1: Left: the blue curve is the function H(z) of Eq. (4.15) for d = 3
and € = —0.5. Along a given branch, positive or negative, the total shaded
area subtended by the curve vanishes. Right: the red curve describes the
parametric plot of a numerical solution of Eqgs. (4.13) for the previous H(z)
and for V(¢) = 0. The black dashed bisecting lines (satisfying the condition

& = +VdH ) represent the asymptotic regimes of initial low-energy expansion
from the string vacuum, and final, post-big bang, decelerated expansion.

region correspond to the intersection of the curve with the vertical axis. Also, the
contribution of € introduces a modulation of the peaks which leads to a series of

alternated local minima and maxima.

This last property is present also in the parametric plot of the right panel, pro-
ducing a series of points where |H| reaches a local maximum or a zero (corre-
sponding to a transition from expansion to contraction or viceversa), even for 5
non-vanishing. The existence of these peculiar points leads to the “vortex-like”
red curve of Fig. 4.1. Note that the turning points of the parametric curves around
H =0 and \q3| ~ 2.25 are smooth, even though they might look cusps: this is only
due to the overall size of the plot. It should be stressed, finally, that for e — 0 the
“bottom” of the red curve, corresponding to the point g_b = 0 which formally marks
the transition from the pre- to the post-big bang regime (i.e. from the right to the
left sector of the parametric plane), tends to approximate the origin from below,

H — 0_. In that case one would just recover an example of the cases mentioned
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in the previous footnote 6, as the solution would follow a low energy trajectory

incompatible with the perturbative string cosmology equations.

The given example clearly displays the possibility of regular bouncing scenarios
described by solutions which are always self-dual in the absence of a dilaton po-
tential, but which may be characterised by a high-energy string phase with rapidly
oscillating Hubble parameter, implying sudden (but smooth) transitions connect-

ing expanding <+ contracting geometries.

Hence, in this general context, the word “bounce” in no way should be interpreted
as meaning a localised transition from initial contraction to final expansion. More
appropriately, with the word “bounce” we mainly refer in this paper to the absolute
value of the curvature scale, occurring during a possibly extended (in string units)
epoch needed to convert the initially accelerated, growing curvature expansion to

the final decelerated, decreasing curvature expansion.

The class of solutions compatible with this scenario in principle is large, and con-
trolled by the analytical properties of h(z) (whose correct expression should be
provided by string theory). However (in the absence of a dilaton potential), all
such solutions are topologically equivalent with respect to the following geomet-
ric property of the curve describing the given solution in the parametric plot of
Fig. 4.1: the vector connecting the origin to a point on the curve undergoes a
clockwise rotation of 37/2 as one goes from the beginning to the end of the curve.
The same is true for solutions smoothly connecting a contracting initial phase
to the related final contracting one. The only difference is that the initial and
final parts of the curve lay in the bottom-left and bottom-right sectors of the
plane, respectively, and thus (as already noted in [93]) the rotation occurs in the

anticlockwise direction.

4.4 Regular isotropic bouncing solutions and dila-

ton stabilisation with V £ 0

As discussed in the introduction a tree-level string cosmology, even if it implements
a regular bounce, cannot be realistic. As a first step towards making the model
more realistic let us now include into the effective string cosmology equations the

contributions of a non-perturbative dilaton potential V(¢), which goes to zero in
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the small coupling limit g> — 0 ({ — —o0) with an instanton-like suppression of

—const/ g?, and which becomes non-negligible in the opposite large

the type V ~ e
time limit, thus breaking the duality symmetry and modifying the final, post-
bounce asymptotic configuration. We may expect, in this way, not only a modified
dilaton dynamics but also a modified final evolution of the cosmic geometry (no

longer necessarily duality-related to that of the initial low-energy solution).

We are interested, in particular, in a “realistic” post-bounce scenario with the
dilaton stabilized at a final constant value ¢y such that g2(¢y) = e?°1, and in
which the asymptotic solution can approach the phase of standard cosmological
evolution described by the Einstein gravitational dynamics (with no need of string
loops and/or o corrections). We shall thus consider an effective dilaton potential
which has a local minimum V' = V), needed to stabilise the dilaton, and which

can be parametrised in a phenomenological way (and in units o/ = 1) as follows:

V(g) = Ae PO (¢~ B(9))* +3B(6)| [1 - a B(6)], (4.16)

where ) .
1 1
oA _2rac (4.17)
ag? ae?

B(¢)

and where A, ¢, a, 5, 6 and q are constant parameters controlling various features
of V.

In particular, A (together with ¢) controls the overall magnitude of the potential;
B is some kind of inverse 't Hooft coupling, A;!, in the weak coupling limit (with
a ~ N,, the number of colors) while it approaches from above a finite value, here

conventionally set to one, in the strong-bare-coupling limit”.

In the presence of a local minimum of V' at ¢ = ¢,,, the parameter § controls
Vo = V(¢n) i.e. Vp is non-vanishing if and only if 4 is non-vanishing (as illustrated
in Fig. 4.2). The position ¢,, of the local minimum, if present, is mainly controlled
by ¢ and «, while the parameter § mainly controls the height of the first potential
peak. Also, the asymptotic behaviour of V'(¢) at large positive values of ¢ depends

"This is the idea of the dilaton runaway scenario [106] (see also [107, 108] for its possible
observable consequences) which is based on the assumption [109] that the limit ¢ — +oo is
non singular and characterized by finite (and perhaps realistic) values for both the gauge and
gravitational coupling (in string units). However, our simple description of that regime (through
the relation between B and ¢) is over-simplistic since it ignores the fact that loop corrections,
besides generating a non trivial potential, will also modify the whole kinetic part of the action
[106]. This, in turn, would make the passage from the S-frame to the E-frame more complicated
than in the perturbative regime.
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FIGURE 4.2: The red curves show an example of dilaton potential asymptot-
ically approaching the maximum at large ¢ values, and obtained from (4.16)
with ¢ = 0. The black curves show an example of “runaway” potential, asymp-
totically going to zero for ¢ = 1 and stabilising to a non-vanishing constant
value for 0 < ¢ < 1. Solid curves are plotted with § > 0, and are characterised
by a local minimum Vj > 0. Dotted curves correspond to the same potential
plotted however for § = 0, and with a local minimum Vy = 0. All curves are
plotted for ¢ = 2, &« = 10. We have used A = 0.22, 8 = 3.5 for the red curves,
and A =1, 8 = 2.5 for the black curves.

on the parameter ¢: for ¢ < 0 the potential approaches there its maximal constant
value; for 0 < ¢ < 1 the potential approaches from above a non-vanishing positive
constant®. Finally, for ¢ = 1 the potential is asymptotically vanishing thereby
realizing the so-called “dilaton runaway scenario” of [106] (see also [107, 108]).

Fig. 4.2 gives a simple qualitative illustration of the various possible cases.

The specific “shape” and the amplitude of the potential strongly depend on the
numerical values of the various phenomenological parameters, and the values used
in Fig. 4.2 have been chosen mainly for the purpose of a clear graphical illustration
of the possible differences. What is important to stress is that, depending on
the values of such parameters (and on the initial conditions which identify the
particular background whose evolution we are following from the asymptotic, low-
energy regime), the potential may significantly affect the background evolution
not only during the bounce, but also, and most important, in the final asymptotic
post-bouncing regime. In addition, as we shall see below, the dilaton’s evolution
is best understood in the E-frame, in which it behaves like a minimally coupled
scalar, while the potential in (4.16) refers to the S-frame. We stress again that the

well known connection between the two frames in the perturbative regime can be

8Such a constant is negative if ¢ > 1, but since in this paper we are mainly interested in a
scenario where the dilaton growth is trapped by the potential (see below) without reaching the
large ¢ regime, it will be enough to concentrate our discussion on the range 0 < ¢ < 1.
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strongly modified at large positive ¢ in the runaway scenario of [106]. This being

said we may expect, in general, three possible late-time dilaton evolutions.

The first case is the one in which the potential is unable to substantially modify the
overall dilaton evolution: the dilaton keeps monotonically growing both before and
after the bounce, and (with the appropriate model of o/ corrections) we recover a
regular transition from the expanding pre- to post-bang regime like in the cases
with no potential (see [93] and Sect. 4.3). This will typically happen if the overall
scale A of the potential is small enough as compared to the value of H and ¢
when the dilaton is in the region of sizeable potential. Describing the late time
physics corresponding to that case is not simple and will depend on whether the
Einstein-frame potential falls asymptotically to zero, to a positive constant, or
even grows indefinitely. Since the passage to the E-frame is not simple at large

bare coupling, we shall postpone this case to some future work.

The second case is the one in which the potential is high enough to stop the
growth of dilaton, and the dilaton bounces back towards the small coupling regime,
monotonically approaching the asymptotic limit ¢ — —oo: in that case the final
background configuration after the bounce is exactly the time-reversed of the
initial one, thus implementing a (new type of) regular bounce from expanding

pre- to contracting post-bang regimes (see Appendix A).

Finally, the third (and phenomenologically most interesting) case is the one in
which the dilaton gets trapped in the local minimum of the potential. The rest of
this paper will be devoted to illustrate and discuss this last possibility, which has
three important consequences. With an appropriate choice of the parameters of
Eq. (4.16), the potential can produce i) the stabilisation of the dilaton at a final
asymptotic value ¢ = ¢y = const; i7) a final evolution of the metric of standard
type, corresponding to a dust-dominated FLRW geometry if V(¢o) = 0 or to a de
Sitter geometry if V' (¢g) > 0; 4i7) the isotropisation of the final geometry if we start
from anisotropic initial conditions. The first and second effects will be studied in
this section, where we will concentrate on the case of an isotropic scenario. The

isotropisation phenomenon will be discussed in Sect. 4.5.
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4.4.1 FLRW attractors for a local minimum V; =0

For a first illustration of the dilaton stabilisation mechanism we will start con-
sidering an initially expanding (d + 1)-dimensional isotropic background geom-
etry, asymptotically evolving from the string perturbative vacuum according to
Egs. (4.9), and a dilaton potential given by Eq. (4.16) with § = 0 (such that
V' =0 at the local minimum ¢ = ¢,,, see the dotted curves of Fig. 4.2).

Also, to stress the differences induced by the potential on the evolution of the
background geometry, let us directly present a numerical integration for the same
model of o’ corrections producing the regular bounce first derived in [96]. As shown
in [93], such a model provides a regular solution of the Lagrangian equations (4.5)

corresponding to the inverse HZ function H(f) given by

A
H(f)=—-—=— =— ] . 4.1
(=—va (L (1.18)
Adopting the Hamiltonian formalism for isotropic backgrounds, and using in par-
ticular Eqs. (4.12) (recalling that in the isotropic case, z = —(f/2d)), we obtain

that the above model is described by the effective Hamiltonian®

h(z) = 3 (z2 - 0/%4) : (4.19)

where, unlike in the previous paper [93], we will use units in which o/ = 1.

Starting with this result, we can now easily provide a qualitative illustration of
the dilaton stabilisation (and of the related effects) produced by the potential by
performing a numerical integration of Eqs. (4.13), for any given model of potential
specified by the parameters of Eq. (4.16). We shall consider, to this purpose, a
simple example of runaway potential with ¢ = 1, but the results we are present-
ing can be reproduced for other classes of potentials with 0 < ¢ < 1, and with
different asymptotic behaviour (see Fig. 4.2). It should be stressed, however, that
the value of ¢ (and of other parameters) may be relevant to define the region of
initial conditions compatible with the attraction to the final regime with stabilised

dilaton, as we shall discuss in Sect. 4.4.3.

9The expression given in Eq. (4.19) matches, up to the first o’ correction, the expression of
F(H) for the heterotic string [82].
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expanding pre—bb

FIGURE 4.3: The red curve describes the parametric plot of a numerical solution

of Eq. (4.9), with the potential (4.16) and the Hamiltonian (4.19). We have set

d = 3 and o/ = 1 for the Hamiltonian, A = 0.1, « = 10, 8 =3, ¢c= 2, § = 0,

q = 1 for the potential, and ¢ = —3.5, z = 0.01 for the initial conditions. The

black dashed half-line corresponds to the initial trajectory evolving from the
string perturbative vacuum and described by Eq. (4.1).

We shall impose on our initial conditions, fixed in the region where the dilaton
potential (and the o/ corrections) are still negligible, to satisfy the low energy pre-
big bang equations 5 — +/dH. The numerical solution we obtain, with appropriate
(small enough) values of the initial condition for ¢ and z, gives then the results
illustrated by the parametric plot of Fig. 4.3. As already stressed we have chosen a
potential with 6 = 0 and ¢ = 1, and the numerical values of the other parameters

are specified in the caption of the figure.

Note that we find again a regular bounce, described by a smooth curve turning
clockwise in the plane of the figure (as repeatedly stressed in [93]). With respect
to the case without potential, however, the curve describes a “deformed heart-
like” path (no longer symmetric with respect to the vertical axes), and we have
two types of deformations. A first deformation occurs in the pre-bounce regime
(the upper right quadrant of the figure), where the effects of the potential first
come into play (together with those of the o’ corrections). The physically more
significant deformation occurs however in the final, post-bounce regime (upper left

quadrant), corresponding to a drastic change of the dilaton dynamics because of
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pre—big bang ,'1 r
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VdH(t)

20

FIGURE 4.4: Time evolution of H (red curve) and ¢ (black curve) for the

same numerical solution of Fig. 4.3. The black dashed curve describes the

(unbounded) growth of the Hubble parameter for the low-energy pre-big bang
solution of Eq. (4.1).

its trapping in the potential minimum. The produced result is an oscillating final

regime, as shown in Fig. 4.3.

The final asymptotic effect of dilaton stabilisation and background oscillations
can be explicitly illustrated also by plotting the time behaviour of the numerical
solution for H(t) and ¢(t). The result, shown in Fig. 4.4, again emphasises the
differences between the initial and final regimes which (because of the potential)

are no longer duality related.

The dilaton stabilisation and oscillation effects are even more evident if we consider
the parametric plot of H = H(¢), or its 3d-version (i.e. the same parametric plot
expanded as a function of time). Limiting our attention to the final, post-bounce
regime we obtain the results shown, respectively, by the left and right sectors
of Fig. 4.5. They clearly show that the oscillating background approaches an
oscillating regime where the dilaton asymptotically reaches a final (constant, non
vanishing) value ¢y < 0, and the Hubble parameter is asymptotically decreasing

to zero.

To obtain a more precise information on the type of final geometry and show,
in particular, that it describes a phase of standard (FLRW type) evolution (and
not a post-big bang evolution of the string cosmology type), it is convenient to
discuss the analytical solutions of Eq. (4.13) in the late-time regime where the
final asymptotic value of the dilaton ¢q coincides with the position of the local

minimum ¢y = ¢,,, the trapped dilaton is oscillating around ¢,,, and the potential
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FIGURE 4.5: Left: two dimensional parametric plot of H = H(¢). Right: its
three-dimensional version with explicit time evolution, H(t) = H[¢(t)], for the
numerical solution of Fig. 4.3. In the three-dimensional plot the variables H and
¢ have been multiplied by 10? for a better graphic illustration of the damped

oscillations regime.
can be approximated in functional form as:
1, 2
V(9) = 5m™ (¢ = dm)". (4.20)

If the potential (4.16) has a local minimum, and if 6 = 0, then the minimum
Vo = 0 is located at ¢,,, = —In[a(c® — 1)]. In such a case, by expanding V' (¢) up
to second order around ¢,,, we can also find the value of m? in terms of the other
parameters, and we obtain m? = (24/c¢*)(c® — q)(c® — 1)? exp(—c?/f3).

We also note that, at late enough times (depending on the given initial condi-
tions), the curvature scale is small enough (in units ) so that the higher order

o/ corrections can be neglected. With these approximations, the equations (4.13)
can be rewritten as

((é—dH)Q_dH2+m2(¢—¢m)2,
H=H($—dH) —m (6= o).

dp=dH+dH*+m? (¢ — ). (4.21)
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Looking for oscillating solutions, compatible with the asymptotic limit ¢ = ¢¢ =

¢m and H = 0 for t — +o00, we set:

Mw_%ggﬁmwmw) (4.92)

~

(where 6 is an arbitrary phase parameter), and we find that the above equations
(4.21) are satisfied, to leading order in 1/¢7, provided that v = 1, w = mvd — 1,
and

H®_% A“’)ﬁ+ﬁhwwmwﬂ. (4.23)

Vid(d—1
Finally, by expanding our solution for small values of M and M /Mw, we find
at the first sub-leading order that Mw ~ 2(d — 1)/+/d, and that our asymptotic

solution can be written as:
2(d—1)
th/a

H(t) = % [1 + Vd cos(wt + 9)} . (4.24)

o(t) = ¢o + sin(wt + 0),

We have checked that the percent difference between these analytical expressions
and the previously presented numerical solutions is very small (< 1077) at large

times.

Note that the time-averaged behaviour of the geometry gives (H) ~ (2/d)t™*,
corresponding to a scale factor a(t) ~ t*/¢, which exactly reproduces the time
evolution of a standard, dust-dominated, FLRW cosmology. The role of the effec-
tive dust fluid, in this case, is played by the oscillating dilaton, which produces a
phase of final post-bounce evolution very similar to the dust-like phase of post-big

bang evolution dominated by the oscillations of the Kalb-Ramond axion (see e.g.
[110, 111]).

What may look surprising, however, is that the oscillations in (4.24) have a large
and constant amplitude (relative to the non-oscillating term) forcing H(t) take
both positive and negative values!®. This is due to the fact that, as already
mentioned, the dilaton does not behave in the string frame as a minimally coupled
scalar. On the other hand, we might have expected that the stabilisation of the

dilaton leads to the asymptotic identification of the S and E-frames.

10We are grateful to Robert Brandenberger and Jerome Quintin for having raised this point.
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The computation of the E-frame Hubble parameter (see e.g. [60]) gives, from

Eq. (4.24) (and in terms of the S-frame cosmic time t):

' 2
Hpy(t) = /(=1 (H - %1) = e?/(d=1) (4.25)

We find again the dust-like behaviour, Hg ~ (2/d)t™!, but this time with very
small and damped oscillations due to the presence of ¢(t) in the exponential
factor. For ¢ — const, the E-frame time coordinate is simply given by tp =
texp[—¢/(d — 1)], and one exactly recovers dust dominated evolution Hg = 2/(tg d).
In other words, even if the dilaton has damped oscillations, the passage to the Ein-
stein frame is important for it to behave like a genuine minimally-coupled massive

scalar.

Let us finally discuss, for the above given potential, the range of initial conditions
compatible with the scenario we have discussed, i.e. the trapping of the dilaton
in the V5 = 0 minimum and the final associated regime of standard (dust-like)
cosmic evolution. In particular, we would like to find out whether or not such

initial conditions are highly fine-tuned.

In the isotropic case (see Sect. 4.5 for the extension to anisotropic cosmologies)
the initial conditions consist of giving ¢, ¢ and H at some initial time #, in the
far past. However, for any given model (i.e. for a given h and V') the Hamiltonian
constraint (i.e. the first of Eqgs. (4.13)) can be used to fix the initial value of
¢ in terms of the other two. Furthermore, assuming that the evolution starts
at sufficiently small coupling e?, where V is absolutely negligible, the second of

1

Egs. (4.13) implies the conservation law e %2 = k1, namely:

e? = k 2(a%) ~ kz(Vd H)\V? ~ 1 (VA H)"V ~ g (Vd 2)HVe (4.26)

with k a constant and the various approximate relations becoming exact in the
t — —oo limit. This means that changing s does change the initial conditions.
Instead, changing ¢ and H (or z) while keeping x fixed, amounts physically to the
same initial conditions simply referred to a shifted initial time. In other words,
we expect the basin of attraction to the FLRW late time solution to be one-
dimensional. It is given by some interval(s) in x, a physical quantity given by a
suitable combination of the coupling constant and curvature that remains constant

during the very early time evolution. See in particular sect. 4.4.3 for a discussion
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of the basin of attraction towards a final regime of stabilised dilaton, decreasing

curvature and decelerated expansion illustrated in this subsection.

4.4.2 de Sitter attractors for a local minimum V1, > 0

Another interesting cosmological scenario, still describing a regular bouncing evo-
lution from the string perturbative vacuum but approaching a different final con-
figuration, can be obtained with a slight modification of the dilaton potential used

in the previous section.

Starting again with the general form (4.16) of V(¢), but including also the con-
tribution of a (small) non-vanishing parameter §, one finds that, in the pres-
ence of a local minimum, the latter is still approximately located for small  at
¢ = ¢y ~ —In[a(c* — 1)] (as illustrated in Fig. 4.2), but the associated po-
tential energy is in general non-vanishing. In the limit § < 1, by computing

the potential at the above minimum to first order in § , we obtain in particular
Vo = V() = Ad(c? — q) exp(—c?/B).

Such a difference is important because the local minimum responsible for the
dilaton stabilisation mechanism also controls the asymptotic value of the post-
bounce Hubble parameter, and for 6 > 0, V5 > 0 one finds that the background
geometry approaches a final phase of standard de Sitter evolution. In that case, as
we shall see, the final value ¢ of the dilaton no longer coincides with the position

of the local minimum, i.e. ¢y # Pp,.

In order to illustrate the qualitative aspects of this modified scenario it may be ap-
propriate to present, first of all, the results of a numerical integration of Eqgs. (4.13)
using for h(z) exactly the same model of o' corrections as in the previous sec-
tion 4.4.1, and specified by Eq. (4.19). In such a way all differences are only due

to the modified potential, and in particular to the new contribution of a parameter

5 #0.

We shall impose initial conditions satisfying as before the low-energy pre-big bang
dynamics, specified (for t — —o0) by the constraint 5 — V/dH. The numerical
integration of Eqgs. (4.13) with the particular value § = 0.04 then gives the result
illustrated in Fig. 4.6. The left sector shows again a regular curvature bounce
from the pre- to the post-big bang regime, similar to the case considered in the

previous section and illustrated in Fig. 4.3. The differences from that case are all
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FIGURE 4.6: Left: the red curve describes the parametric plot of a numerical
solution of Eq. (4.13), with the potential (4.16) and the Hamiltonian (4.19)
(with o/ = 1 and d = 3). Differently from the previous figures we have set
0 = 0.04 # 0 to have a non-vanishing Vj at the local minimum, and 8 = 1,
A =1 (to simplify the graphics). All the other parameters are the same as
in the figures of Sect. 4.4.1: o = 10, ¢ = 2, ¢ = 1, and the initial conditions
are z = 0.01 and ¢ = —3.65. The black dashed half line describes the initial
trajectory evolving from the string perturbative vacuum, as in Fig. 4.3. Right:
Parametric plot H = H(¢) for the same numerical solution, in the asymptotic
range of large positive times.

concentrated in the final post-bounce regime (upper-left quadrant), showing that
now the background oscillations due to the stabilisation of the trapped dilaton are
no longer approaching the origin of the axes {¢ = 0, H = 0}, but a new asymptotic
(de Sitter) limit with H = Hy = const, and Hy > 0.

These oscillations around the new final attractor {¢g, Ho} are more clearly shown
if we concentrate our graphic analysis on the post-bounce region of large positive
times, as illustrated by the parametric plot H = H(¢) presented in the right sector
of Fig. 4.6, where we have used the previous numerical solution in the range ¢t > 0.
The final value of Hy is controlled by the value of the parameter ¢ in the dilaton
potential, and for 6 — 0 one recovers the FLRW scenario with H — 0 discussed in
the previous section (see Fig. 4.5). For our illustrative purpose we have plotted a
numerical solution with 6 = 0.04, but it should be stressed that, for small enough
0, the curvature scale Hy of the final de Sitter regime can be fixed at values

arbitrarily smaller than the string scale (Hy < A;!), thus avoiding the need of
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taking into account o/ corrections for an analytical description of this regime®!.

Another important difference from the case with 6 = 0 (not so evident, even if we
compare the right plot of Fig. 4.6 with the similar one of Fig. 4.5), is that the final
value of the stabilised dilaton, ¢ = ¢y, no longer coincides with the minimum of
the potential, ¢ = ¢,, = —In[a(c? — 1)]. A better illustration of this effect can
be obtained by plotting the time evolution of H(t) and ¢(t), shown in Fig. 4.7.
The first plot shows that the final value of Hy is non-vanishing, while the second
plot clearly shows the difference between the stabilised value ¢y and the position

of the local minimum ¢,,.

Vd H)
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0.12
0.10
0.08
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FIGURE 4.7: Time evolution of H(t) and ¢(t) for the same numerical solution
of Fig. 4.6. The final asymptotic regime is characterised by a constant value of
Hy > 0 and a constant dilaton ¢g # ¢m,.

For an analytical discussion of this scenario in the final asymptotic regime and,
in particular, for a physical interpretation of the difference between ¢y and ¢,,,
let us now consider Eqgs. (4.13) in the large time limit where we can neglect o
corrections. By evaluating such equations at the final attractor position, where
¢ = ¢o, H= Hy, » = 0= H, we than obtain the conditions

dHZ = — (g—‘;)¢ , d(d—1)H3 =2V (¢y). (4.27)

UTn any case, the value of Hy, and then of §, cannot be too high (§ < 1), otherwise it is
unlikely for the dilaton to be trapped in a final stabilised configuration.
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They clearly show that i) for a non-vanishing value of Hy the final stabilised
dilaton ¢g cannot be localised at the potential minimum ¢, (where 0V /0¢ = 0);
conversely, i) if the final attractor coincides with the minimum position, ¢y =
®m, then we cannot avoid the final regime of standard evolution with decreasing
curvature and a final value Hy = 0 (consistently with the second equation (4.27)
and with the fact that, as discussed in Sect. 4.4.1, in such a case the potential at
the minimum is vanishing, Vo = V(¢o) = V(¢,,) = 0).

Combining the two equations (4.27) we also obtain a condition on ¢y which can

L% (Vef_ﬁﬂ =0 (4.28)

showing that the stabilised value ¢ corresponds to the minimum of an “effective”

be written as

potential Ve~V exp [2¢/(d — 1)]. Interestingly enough, and consistently with the
scenario of a stabilised dilaton, ‘7(¢) is nothing else that the dilaton potential for
the action (4.4) written in the E-frame (see e.g. [60]). This is, as in the case
of Vo = 0, a consequence of the dilaton being a minimally coupled scalar only
in the E-frame. We stress that the above effective potential contains an explicit
dependence on the number of spatial dimensions, and this, as already noticed,

may affect the late-time post-bounce evolution of the gravi-dilaton background.

The difference between ¢y and ¢,, can be analytically estimated (again, in the
asymptotic regime of low enough curvature scales corresponding to Vo < 1, § < 1)

by perturbatively expanding the potential around the minimum as

2

V(é) = Vot 5 (6 = 6m)”. (4.29)

By inserting this expression into the condition (4.28), and solving for ¢y, we obtain

(to first order in Vy/m?)

2V Vi
~ oy ——— <+ 0 —|. 4.30
On the other hand we recall that for our potential (4.16), and for small values of
d, we have Vy ~ Ad(c* — q) exp(—c?/f3). By computing m? = (9?V/0¢?)4—s,,, and
expanding the ratio Vj/m? in powers of § we obtain
Vo ¢’

= ) I + 0(6%), (4.31)
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so that for § < 1 we have also Vj/m? < 1. In this approximation we can then
obtain an analytical estimate of the de Sitter curvature scale Hy in terms of 1
and we find, from Eqs. (4.27), (4.30):

Hy ~ [d(z—‘fl)] " {1 40 (%)} | (4.32)

The range of initial conditions compatible with a final attractor corresponding to
a stabilised dilaton and a final de Sitter geometry will be discussed in Sect. 4.4.3.
The only difference from the previous case is that d # 0 and Vj # 0.

4.4.3 A numerical study of the initial conditions

Here we provide a numerical study of the initial conditions that are necessary
for reaching a post-bounce phase with a stabilised dilaton. To this purpose we
restrict ourselves to the approach presented at the end of Sect. 4.16 with the
potential given in Eqs. (4.16) and (4.17) in which, we recall, we have set o/ = 1.
We also limit the discussion to the case d = 3 although similar conclusions hold

for generic d.

For the numerical code we set the initial conditions at z;, = 0.01 and have checked
that, as long as z;, < 1, the results are independent of z;, provided we keep x
fixed. We will then discuss how the allowed range of x compatible with a stabilised
dilaton varies as a function of A, 8 and ¢ while keeping fixed values for the other
parameters i.e. « = 10, ¢ = 2 and 6 = 0.01. Concerning this last choice, we
anticipate that the attraction basins do not appreciably change if § = 0, so that
the same discussion can be applied also to the case Vj = 0, corresponding to the
FLRW post-bouncing phase of Sect. 4.4.1. On the other hand, if ¢ is so large
that the local minimum has a height comparable to the peaks of V', the basin of

attraction can be considerably reduced.

Our first results are shown in Fig. 4.8, where we have considered the runaway
potential with ¢ = 1 and varied $ and A. The range of k leading to a stabilised
dilaton is illustrated by the blue regions reported in the figure, showing that the

lower the magnitude of the potential, the larger is the basin of attraction.

In particular, for A = 0.01, K may vary of about two orders of magnitude when

B = 3. This roughly corresponds to an initial amplitude of the dilaton in the
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FIGURE 4.8: The blue regions represent the basins of attraction for a post-

bounce phase with stabilised dilaton, with the initial condition z = 0.01 and

k ranging as a function of 5. We have adopted a dilaton potential (4.16) with

Vo > 0 and fixed the parameters of the potential to be a« = 10, ¢ = 2, § = 0.01

and ¢ = 1. The magnitude of the potential, controlled by A, varies from smaller
(left) to higher (right) values.

range ¢ € [—15,—9.5]. This range drops dramatically to ¢ € [—14.6, —13.6] when
A increases to 0.5. This case also exhibits a shift of the peak value of 8 to the

lower value § = 2.

To give an alternative discussion, in Fig. 4.9 we have set § = 3 and varied k as a
function of A and ¢, exploring then the basin of attraction for different behaviours
of the potential in the limit ¢ — +o00. Independently of the value of A, the
general trend is that a larger range of k is achieved when the runaway potential
tends to vanish at ¢ = +00. On the contrary, the range of k is suppressed when

the potential in the same limit reaches its maximum.

Let us finally note that, for d = 3, if the initial value of x is outside the allowed
range of Fig. 4.9 then the dilaton cannot be stabilised, it “bounces back” to
—oo, and the final background evolution asymptotically corresponds to the time
reversed of the initial one (i.e. to the second one of the three cases mentioned in
Sect. 4.4, and illustrated in more detail in Appendix A). This happens because
for d = 3 the (naively computed) effective potential in the E-frame never goes
to zero as ¢ — +o0o. However, for higher values of d, or for different choices of
the potential, the situation can be different and there are two possibilities for a
non-stabilized dilaton: the dilaton runaway scenario (with growing dilaton both
before and after the bounce) corresponding to the first case of Sect. 4.4, and the

previous case of a bouncing dilaton.

10
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FIGURE 4.9: The blue regions represent the basins of attraction of the post-

bounce phase with a stabilised dilaton with initial condition z = 0.01 and &

ranging as a function of g. We have adopted the dilaton potential (4.16) with

Vo > 0 and fixed the parameters of the potential to be « = 10, ¢ = 2, § = 0.01

and $ = 3. The magnitude of the potential controlled by A varies from smaller
(left) to higher (right) values.

This is illustrated in Fig. 4.10, where we have varied the number of spatial di-
mensions keeping fixed A = 0.1 and with all other parameters fixed at the same
values as in Fig. 4.9. The red regions, appearing for d > 3 and lying outside
the attraction basin, correspond to initial conditions leading to a final unbounded

growth of the dilaton.

1
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FIGURE 4.10: The same as Fig. 4.9, but we have fixed A = 0.1 and varied

the number of spatial dimensions. The blue regions represent the basins of at-

traction of the post-bounce phase with a stabilised dilaton. The red regions

correspond to initial conditions leading to a post bounce phase with unbounded

growth of the dilaton. In the white regions, the final post bounce phase corre-
sponds to the time reversal of the initial one.
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4.5 Dilaton stabilisation and isotropisation by o’

corrections and V =# (

In this Section we consider the case of a generically anisotropic initial (pre-
bouncing) cosmology described by a Bianchi-I type metric, and address the ques-
tion of whether, in the presence of a potential, it can also admit late time attractors
with a stabilised dilaton. Furthermore, we can ask whether such attractors, when
they exist, are isotropic. This is, of course, an important question since we do not
want to fine-tune the initial conditions to be isotropic: like in the standard infla-
tionary scenario we would like initial anisotropy to be washed out at late times.
We remind the reader that the low-curvature Kasner-like solutions of string cos-
mology do not have such a property: the ratio between the initial shear and the
volume-expansion rate remains essentially constant in the lowest-order solutions
[112].

Taking into account o’ corrections and a dilaton potential the situation can change.
We know that, in principle, there are multi-trace terms in the original HZ action
(and consequently in our “Hamiltonian” h(z;)). Such terms, by coupling different
H;’s can mimic effective “viscosity terms”, which are known to be able to wash
out (or limit the growth of) the initial anisotropies (see e.g. [113] and references
therein). However, we have not made yet a systematic study of this possibility,
also because such multi-trace terms are supposed to emerge only at order o (or
higher) in the curvature expansion [76]. Fortunately, late-time isotropisation of an
initial anisotropic metric can also occur as a result of the presence of V(¢) alone,

which induces a non-linear dependence upon »_ ;.

It is known, in fact, that the presence of homogeneous and isotropic sources (like,
for instance, the effective radiation fluid describing the back-reaction of the am-
plified perturbations) may lead to a final asymptotic regime of isotropic expansion
even starting from an initial regime with both expanding and contracting dimen-
sions (see e.g. [114]). In our context the role of the homogeneous source can be
played by the potential energy of the stabilised dilaton, and the implementation
of such an isotropisation mechanism only requires starting from initial conditions
compatible with the final stabilising attractor (see the discussion at the end of
this section). In particular, the following simple result can be obtained from the

relevant equations (4.9):
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Whenever there is a late-time attractor with constant ¢ and z; the at-

tractor must be isotropic, i.e z; = z = 2y, and consequently H, = H = H,.

The proof is simple: If ¢ = ¢9g = const then 5 = — > . H; and the last two
Egs. (4.9) become, in the attractor limit,

oV 1%
(;H]) zi+a—¢:o ; ZziHH—a—QS:O. (4.33)

The first set of equations tells us already that z;, at the attractor, is independent

of i, which is consistent with the last equation and gives

$=do

Then the first of Egs. (4.9) gives the further constraint:

d*H; =2(h)._. +2V (). (4.35)

Zi=2Z20

The system of equations (4.34), (4.35) (equivalent to the previous Eqs. (4.27) if
the attraction point is located in the low-energy regime) is not over-constrained,
and typically admits a finite number of solutions for ¢y and zy, and thus for Hy,

once h(z;) is given.

The existence of such attractors is confirmed by a numerical study of Eqs. (4.9).
Under a suitable choice of the potential and of the initial conditions one can find
indeed regular solutions described, in the parametric plane {5, H;}, by smooth
curves (like those of Figures 4.3, 4.6), connecting the initial anisotropic configu-
ration to the same final fixed point attractor. Let us give immediately an explicit
example for an anisotropic, Bianchi-I type gravi-dilaton background whose dy-

namical evolution is controlled by this simple, o/-corrected, effective Hamiltonian:

1 9 o 4
h(z) = 522 - 02§Zzi. (4.36)
For ¢y = 2, and in the isotropic d-dimensional limit, we recover the Hamiltonian
(4.19) used in the numerical examples of the previous sections. We also note that
(after taking into account the overall factor —1/2 of difference in the definition of

h) this model of Hamiltonian exactly coincides with the model of anisotropic o/
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corrections presented in Ref.[93] but without the multi-trace term considered in

that paper.

For a better graphical illustration of the numerical solution it is convenient to
consider a potential with a non-vanishing local minimum V) > 0, so that the final
isotropic attraction point in the {5, H} plane is different from the origin. We will
thus consider a potential of the “runaway” type with 6 = 0.01, and with all the the
same values of the other parameters as those used in the plot of Fig. 4.6 (except
for the numerical values A = 0.1 and § = 3). Also, we shall work with a d 4+ n-
dimensional space, where d dimensions are expanding with scale factor a; and n
dimensions are expanding with scale factor ao, imposing, as initial conditions at
t — —o0, H; - O that the solution satisfies the low-energy pre-big bang equation
dH? + nH2 = gzﬁ with H; # Hy and Hy > 0, Hy > 0. In this limit, the solution

can be explicitly written as [? |

—i . 2 _ o l ~ — . _
alN(_t) 77 7@>07 Z’YZ _17 Hz_ t7 ¢ (Z%-l—1>ln( t),
(4.37)
and we can define a constant s, as in Sect. 4.4.1, which controls the initial condi-

tions and is determined by the initial values of ¢, H; and Hs as follows:

dH H. —(14+dy14+ny2) d —(14+dy1+n72)
o= ¢ {i} e {ﬂ} o (438)

vd+n vd+n

where the last equality holds in the limit ¢ — —o0, in analogy with what dis-
cussed in the isotropic case. The initial anisotropy is imposed by choosing v; =
V(1 —ne)/(d+n) and 2 = /(1 + de)/(d + n), satisfying, for any €, the Kasner
condition of (4.37) i.e. dy? +nvy3 = 1.

The numerical results are illustrated in Fig. 4.11 for d = 1 and n = 2 (however,
the results is qualitatively the same for different choices of d and n, for instance
d = 3 and n = 6). As clearly shown in the figure, in spite of the very different
(largely anisotropic) behaviour of the d and n spatial dimensions both before and
during the bounce, after the bounce they all converge (after an oscillating epoch)
to the same attraction point, controlled by the dilaton trapped in the potential
minimum. Note that the two parametric curves for H; and H, plotted in the
left sector of Fig. 4.11 are not topologically equivalent in the sense explained at

the end of Sect. 4.3, as one is turning clockwise, the other anti-clockwise, in the
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FIGURE 4.11: Left: parametric plot of a numerical solution of Egs. (4.9) with
the potential (4.16) and the Hamiltonian (4.36), written for co = 2, o/ = 1. We
have assumed an anisotropic configuration with d coordinates with momentum
z1 and n coordinates with momentum z9. The red curve describes the evolution
of the d Hubble parameters H7, the black curve of the n Hubble parameters
Hj. The initial anisotropy is specified by € = 0.3 and we have chosen an initial
parameter (see Eq. (4.38)) x = 0.073. Finally, we have set d = 1, n = 2, and
used the following numerical values for the potential: A = 0.1, o = 10, 8 = 3,
¢=2,0=0.01, g = 1. Right: parametric plot of Hi(¢) (red curve) and Ha(¢)
(black curve) for the same numerical solution, in the asymptotic range of large
positive times. The attraction point is localized at Hy ~ 0.016, ¢9 ~ —3.4,
according to Egs. (4.30)—(4.32).

parametric plane {g_b, H}. This difference from the solutions of Sect. 4.3 is due to

the presence of the dilaton potential.

The final oscillations, as well as the isotropic convergence towards the same final
attractor {¢o, Ho}, are clearly displayed if we restrict the parametric plots to the
large time limit, obtaining the behaviour of Hi(¢) and Hs(¢) illustrated in the
right sector of Fig. 4.11. Given the numerical values of the potential parameters,
and using Eqs. (4.30)—(4.32), we can easily compute the coordinates ¢g, Hy of the

attraction point, and check that they coincide with the result shown in the figure.

Let us now discuss the basin of attraction for this class of anisotropic backgrounds
following the same discussion presented in Sect. 4.4.3. To this purpose we will use
of the definition of k of Eq. (4.38) to study the initial conditions in the parametric
plane {¢,x}. For what concerns the potential, following the results obtained in
the isotropic case, we will consider the illustrative example with A = 0.01, a = 10,
=3, c=2and d = 0.01, choosing d = 1 and n = 2 for the geometrical shear.

This limit € to range from 0 (isotropic limit) to 0.5 (highest anisotropy) in order
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for the 7;’s to be real. The results we obtain are shown in Fig. 4.12 for the cases

g=0and qg=1.
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FIGURE 4.12: The blue regions represent the basins of attraction of the post-

bounce phase with a stabilised dilaton and spatial isotropisation in the paramet-

ric plane {¢,x} in 1+ 2 dimensions. Here we have adopted the dilaton potential

(4.16) with Vy > 0 and fixed the parameters of the potential to be A = 0.01,

a=10,c= 2,6 = 0.01 and 8 = 3. We show the separate results for ¢ = 0
(left) and ¢ = 1 (right).

In both cases the basin of attraction remains quite stable, regardless of the ampli-
tude of the initial geometrical shear. The case of a potential reaching its maximum
at ¢ = 400 (¢ = 0) looks quite intriguing, since in this case a shift towards slightly
higher and multi-valued regions of k emerges. However, the overall permitted am-
plitude of k is quite insensitive to the degree of initial anisotropy: hence, the
mechanism proposed to get a suitable post-bounce phase with a stabilised dila-
tion looks pretty robust to guarantee also a final isotropisation, regardless of the

amplitude of the anisotropy in the pre-bounce perturbative vacuum.

4.6 Summary and outlook

Let us start by summarizing the main results of this paper. We started by making
more precise and general the reformulation given in [93] of the Hohm-Zwiebach

approach to “classical” (i.e at lowest order in the string loop expansion but at all
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orders in o) string cosmology. We did this by appealing to the Routhian formu-
lation of dynamical systems in which part of the degrees of freedom are treated
in a Hamiltonian approach (through the standard Legendre transform) while the
rest of the variables is kept at the Lagrangian level. This approach is known to
be most useful when some of the former degrees of freedom are cyclic variables
leading to corresponding conservation laws. This is precisely the situation for the
d scale-factors of a Bianchi I cosmology to which the HZ treatments applies. We
have also stressed that, in this case, when the Hamiltonian of the system obeys the
conditions spelled out in [93], the regular bouncing solutions preserve a subgroup
of the SFD®T global symmetry, unlike the lowest-order singular ones that break

it spontaneously. These regular solutions can be classified as being “self-dual”.

We have then added to the Lagrangian a non-perturbative, local dilaton poten-
tial. In this case, having assumed the principle of “Asymptotic Past Triviality”
formulated in [98], the above-mentioned conservation laws are still valid in the
asymptotic past but are explicitly broken as soon as the potential starts to be felt.
As a result we are still able to give the initial data in terms of the asymptotically

conserved quantities.

After having specified the potential in terms of a few parameters we have studied
numerically, and in certain simple situations analytically, the evolution of the
system at late times. The main results of this analysis can be summarized as

follows:

e The presence of the potential (always taken not exceeding V' of order one in
string units) does not seem to affect the existence or non-existence of regular
bounces: this seems to depend essentially only on the form of the kinetic
part of the Hamiltonian as discussed in [93]. Nonetheless, the potential can
affect the cosmological evolution both during and, even more dramatically,

after the bounce.

e For choices of the Hamiltonian leading to a regular bounce, the late-time
cosmology is determined by the shape of the potential and by the initial

conditions. Several cases are possible, not all equally interesting for physics.

e In the isotropic case we have seen three possible behaviors at late time: )
the dilaton can go through the potential barriers and ends up again in the

same dual asymptotic solution as the one encoutered in the V = 0 case; i7)



Chapter 4 114

it can be “reflected” by the potential and go back to —oo (see Appendix A
for details), in which case the final cosmology is just the time-reversal of the
initial one; 7i7) finally, and most interesting, the dilaton can be stabilized
at the minimum of an effective potential V (not necessarily identical to the
given V) and the late time evolution is either a matter-dominated FLRW
decelerating cosmology, or a de-Sitter like accelerated expansion, depending

on the value of the potential at the minimum.

e For anisotropic initial conditions the situation is similar with an extra wel-
come feature: whenever the dilaton is stabilized at late times, the attractor
is isotropic so that the regular bounce, with the help of the potential, washes

out any initial anisotropy.
For the future, several interesting questions remain to be addressed:

e To implement in these scenarios a stabilizing mechanism for the internal

compact dimensions (assumed to satisfy the usual T-duality symmetries).

e To add the Kalb-Ramond B, field (possibly in its axionic dual form) in
order to exploit the full O(d,d) symmetry of the HZ action. We recall that
the axion plays an important role in the traditional pre-big bang scenario
via the curvaton mechanism [110, 111]. It is not clear whether, in this new

context, such a mechanism is still needed (see below).

e Computing perturbations in these new scenarios is an important but non
trivial problem since it requires to break the abelian isometries of the ho-
mogeneous solutions. On the other hand, bouncing scenarios, unlike ordi-
nary inflation, do not suffer from a transplanckian problem (see e.g. [115])
so that initial conditions can be given in the perturbative, asymptotically
trivial, regime. In particular, if the final attractor is de-Sitter-like (as in
Sect. (4.4.2)), we may expect various branches in the spectrum of abiabatic
scalar and tensor perturbation (neglecting the isocurvature axionic perturba-
tions discussed in [110, 111]): perturbations going out of the horizon during
the initial perturbative phase of dilaton-driven inflation (leading to a steep
blue spectrum [21]), those coming from the (relatively short) high curvature
bounce and, finally, perturbations generated by the final frozen dilaton de

Sitter phase and expected to be nearly scale-invariant.
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At a more conceptual level we wish to emphasize again the two most important

open issues:

1. Can the Lagrangians, Hamiltonians, or Routhians that implement a regular
bounce correspond to the dimensional reduction of some general covariant action to
the case of an homogeneous background with d abelian isometries? Constructing
such an action, at least perturbatively in the spatial gradients, would be also most

important phenomenologically, in particular for the study of perturbations.

2. This whole approach is deeply routed in the duality symmetries of string theory
but we are still lacking tools for finding out whether the particular duality-invariant
models that looks phenomenologically promising do follow from any specific con-

sistent string theory.






Chapter 5

pGW Spectrum from a minimal

pre-Big Bang scenario

This Chapter reports the result we obtained in [4], not including other primordial

scenarios which are not discussed in this thesis.

5.1 Introduction

Gravitational waves (GWs) are one of the newest and most exciting windows
into the workings of gravity. Thanks to the observation of GWs from binary
systems by the LIGO-Virgo-KAGRA (LVK) network of ground-based interferom-
eters [116, 117], and of a gravitational-wave background (GWB) Quw(f) ~ f%/3
of possibly astrophysical origin in the International Pulsar Timing Array (IPTA)
(30, 32, 35, 36, 118-120], we have acquired a better understanding of the physics
of neutron stars and black-hole binaries, as well as of the behavior of the gravita-
tional force near these compact objects and of its propagation across cosmological
distances. Both LVK and third-generation instruments such as the Laser Interfer-
ometer Space Antenna (LISA) [22-24, 121], Einstein Telescope (ET) [25, 26] and
DECIGO [27-29] will be able to further probe Einstein’s theory and its extensions
to modified gravity and quantum gravity [122-138].

The detection of a relic primordial GWB [139-141] would be a momentous oppor-
tunity to look into the early universe and the gravitational interaction in extreme

curvature or energy regimes. At the level of fundamental physics it is not easy to
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construct robust cosmological models embedded in realistic scenarios of modified
or quantum gravity, and even less so to obtain one such model predicting an ob-
servable signal without invoking an ad hoc matter field dynamics. With a first,
rapid scan of the literature we may find five candidates attempting to fulfill these
characteristics, heterogeneous in terms of robustness and predictive power [133]:
nonlocal Starobinsky inflation [142, 143], Brandenberger-Ho non-commutative in-
flation [144, 145], the S-brane ekpyrotic universe [146-148], string-gas cosmology
[87, 149-153] and multi-fractional inflation [154]. However, only the last four
are possibly able to produce a detectable signal and only crossing the DECIGO
sensitivity curve in the most optimistic cases. A sixth model of quantum grav-
ity, nonlocal and non-minimally coupled with radiation, appeared afterwards with
similar characteristics [136]. Recently, however, a more detailed exploration of the
landscape of quantum and string cosmologies [24] singled out a model with a signal
potentially reaching LISA and the Einstein Telescope, the pre-Big Bng scenario.
The pre-Big Bang model evolving from the string perturbative vacuum, proposed
long ago [20, 21, 69, 155] on the grounds of the string cosmological equations,
which enjoy T-duality [71] and may be characterized by a non-singular bounce
thanks to all-orders (higher-curvature) o’ corrections [5, 93]. This model is based
on the modified gravitational dynamics uniquely fixed, in principle, by the string
unification of all fundamental interactions, at all energy scales including their
quantum limit; however, it also contains phenomenological aspects concerning the
(presently unknown) details of the dilaton dynamics in the strong coupling regime.
In any case, the model above is one among the very few in quantum gravity pos-
sibly able to produce a GWB, arising from the vacuum fluctuations of the metric
tensor, with high enough amplitude in the frequency range of third-generation de-
tectors. The model is characterized by an initial phase of growing curvature scale
(described by a contracting kinematics with the metric of the Einstein frame), pre-
ceding the final decelerated expansion and passing through a non-singular bounce
of spacetime curvature. The presence of accelerated contraction (@ < 0, @ < 0,
H < 0) or of super-inflationary expansion (@ > 0, & > 0, H > 0) in different metric
frames is responsible for a strong blue tilt in the primordial tensor spectrum (i.e.,

growing with the frequency).

For the model an approximate GWB profile is known (first computed in [72, 73,
156, 157] and recently discussed in [155]). The GWB , however, has not been
studied systematically so far, and the question of whether its signal can reach
LISA, ET or DECIGO remains open. It is the purpose of this Chapter to give an
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answer to these questions and to complement the analysis of [133] done for other
models of quantum gravity with a blue primordial tensor spectrum.

We find that within the theoretically allowed parameter space, the GWB of the
pre-Big Bang model reaches the LISA and ET observational window while re-
specting present bounds. In all plots, we use the latest ET sensitivity curve for
a single 10 km triangular interferometer with a signal-to-noise ratio 1 and a one-
year observation run [26, 158]. To the best of our knowledge, the pre Big-Bang
model and those studied in [133] are the only ones motivated by quantum grav-
ity and generating a detectable GWB directly from the primordial tensor sector.
Recently, another bouncing model was proposed where curvature perturbations
evolving through a bounce can trigger the formation of primordial black holes and
also induce a GWB signal with high amplitude crossing also the LISA and ET

windows [159]. However, we do not consider scalar-induced GWBs here.

5.1.1 Basic formulae

Primordial GWs can be described by a small set of quantities and observables,
independently of the underlying model. We denote the primordial tensor and
scalar spectra as, respectively, Py(k) and Ps(k), where k is the comoving wave-
number. From here, one calculates the tensor-to-scalar ratio at any given pivot
scale k = k., »
t
= — s 51
o .1
as well as the tensor and scalar spectral indices
dInPy(k) dInPs(k)
-_— s— 1= ——= 5.2
T T dme " dink (5:2)
The current estimate for the scalar amplitude is Py(k,) ~ 2.1 x 1072 at the cosmic
microwave background (CMB) scale k, = 0.05 Mpc™' [160], while ny = 0.9649 +
0.0042 at 68% confidence level at the same pivot scale, assuming dng/dInk = 0
[161, 162]. The upper bound on (5.1) is r(k.) < 0.036 at the same scale at 95%

confidence level [163].
In general, the amplitude of the GWB is defined as

1 dpk(’i'o)

Q W k) = Y
“ ( TO) pcrit(TO) dlnk:
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where 7y is the present value of the conformal time 7, defined in terms of the
cosmic time ¢t as 7 := [ dt/a(t), where a(t) is the scale factor, peiw = 3MpH? is
the critical density, M2, = (87G)~! is the reduced Planck mass and py(7p) is the
energy density of the k-th Fourier mode of tensor perturbations amplified by the
given model of the early universe and evaluated at the present time 5. For GWs

generated by tensor perturbations, the GWB spectral shape can be recast as

k2

= mﬂ(/@) T?(k, 70)

Qew(f) (5.4)

k=2rf
where f = k/(2m) is the GW frequency measured in Hz, ag is the scale factor
today (ap = 1), Hp is the value of the Hubble parameter today and T (k,7) is
the transfer function encoding how the primordial spectrum evolved after horizon
crossing until today [164-166]. The expressions below are valid for any model
where observable perturbations have re-entered the horizon in the past, either
because they were originally generated inside the horizon and were later expelled
out (e.g., by inflation), or because they were generated outside the horizon in the

first place.

5.2 Minimal pre-Big Bang pGW spectrum

A possible example of primordial tensor perturbations peaked at high frequencies,
with a strongly blue-tilted low-frequency regime of spectrum, is provided by the
so-called Pre-Big-Bang (PBB) scenario [20, 21], based on the scale-factor duality
of the string cosmology equations [71]. Such symmetry is a peculiar property of
string theory, and is a crucial ingredient not only to fix the slope of the primordial
spectrum [72, 156, 157] but also, as confirmed by recent results [5, 93], to imple-
ment a smooth transition from the initial growing curvature (PBB) regime to the
standard regime of decreasing curvature evolution. According to this model, the
evolution of our Universe, characterized by decelerated expansion (at intermedi-
ate times), decreasing temperature and curvature, weak gravitational coupling,
should be preceded in time by an almost specularly symmetric phase of accel-
erated expansion, increasing curvature, increasing density and temperature and
growing coupling. Such a dual counterpart of the present one describes a “pre-big-
bang” evolution from a flat, cold, empty initial state with negligible interactions

to a final high-curvature, high-energy, explosive bounce, marking the transition to
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the more standard cosmological regime (see, e.g., [167] for a recent non-technical

introduction, and [60] for a more detailed and complete discussion).

Here we recall the derivation of the associated GWB in a self-contained way. We
shall introduce the spectral energy density of the relic GW radiation present today
inside our cosmic horizon, and produced by a simple model of PBB scenario which
satisfies all present observational constraints and depends on four constant param-
eters (see also [155]). Two of these parameters control the inflationary growth of
the scale factor and of the string coupling in the high-energy regime preceding the
bounce; the other ones control the beginning and the end of the axion-dominated
phase occurring after the curvature bounce. We recall that the presence of a
dust-like phase dominated by the oscillations of the Kalb-Ramond axion is in
general needed in the PBB scenario to obtain (via the curvaton mechanism) a flat

spectrum of scalar metric perturbations [110, 111].

At present, the first two parameters are largely arbitrary, while the other two may
vary in a rather small range of values. We stress, however, that the dependence of
the amplitude of the GWB on the full set of the above four parameters is given and
discussed, for the first time, in this paper. We have neglected a possible further
parameter, the effective propagation speed of tensor perturbations during the high
curvature string phase, as it seems to have small effects on the energy density of
the GW spectrum.!

Let us now compute the spectral energy density in critical units of the GWB,
eq. (5.3) with kg < k < kq, in such a way that all modes k of eq. (5.3) satisfy the
condition k1y % 1 (i.e., they are all inside our present Hubble horizon, k 2, ky =
75 1). The highest mode k; = 7; ! is the maximum amplified frequency crossing
the horizon just at the end of the phase of PBB inflation. Higher frequency modes
(k > kq) can, in principle, be included into Eq. (5.3), but their amplitude is
exponentially suppressed [169-171] and their contribution to ¢y is negligible.

For the explicit computation of gy, two comments must be made.

The first is that, even if we are working in general with a higher-dimensional space-
time manifold (an unavoidable choice in the string theory context), we are mainly
interested in the tensor perturbations of the four-dimensional metric, 6g,, = A,

assuming that the extra spatial dimensions are today compactified with frozen

LOn the contrary, the effective sound speed of scalar curvature perturbations and of axion
perturbations is important for the production of primordial black holes, as discussed, e.g., in
[168] for the PBB scenario.
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dynamics. However, this does not mean that we are neglecting the possible effects
of the higher-dimensional geometry during its initial, non-trivial evolution: in-
deed, all such higher-dimensional contributions will be included into the canonical

equation which controls the dynamics of h,, [21, 60, 155].

The second point is that, as usual, we are interested in the contributions to gy
arising from the cosmological amplification of the quantum vacuum fluctuations
of the metric tensor. This implies that we can describe the amplification of tensor
perturbations as a quantum (or semi-classical) field-theory process of production
of pairs of gravitons from the initial vacuum state (see, e.g., [60]) and we can write,
for each mode k, the differential energy density of the amplified perturbations as
follows: . y

e = (ng(10)) dInk (5.5)

where 2 is the number of polarization states and (ng(79)) the number density of

dpr(10) = 2k (ni(70))

produced gravitons at the final epoch 7y. The last equality follows from assuming

an isotropic final distribution.

To obtain (ny) and then ¢y, we need now to solve the evolution equation for the
Fourier component of the (Mukhanov-Sasaki) canonical variable, vy (7), defined by

putting in canonical form the quadratic action for the tensor fluctuation mode hy
[12]:
5//

vy + (k‘Q — ?) v =0. (5.6)

Here a prime denotes differentiation with respect to the conformal time, v, = &hy,
and £(7) is the so-called “pump field” which controls, according to the above

equation, the dynamics of the perturbation modes in the given background.

In the model we are considering, the background may be approximated as a se-
quence of various cosmic phases, and in each of them the pump field £ is charac-
terized by a simple power-law behavior. In particular, in the initial PBB regime
—o0 < T < —711, starting asymptotically from the string perturbative vacuum and
approaching the curvature bounce at 7 = —7y, we have two different phases with
the following (canonically normalized) pump field behavior [155]:

Mp, Mp)

~ —(—17)2 T< —Ts ; ~— (=7, <7< -1,

V2 V2
(5.7)
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The parameter 5 describes the high-energy growth of the dilaton and the dynamics
of the internal dimensions, while the time scale 75 is a free parameter which marks
the transition from the low-energy initial phase to a possible late-time attractor,
where spacetime curvature stays frozen at the value controlled by the fundamental
string mass scale [172]. In both phases, the evolution of the pump field takes into
account not only, as usual, the inflationary growth of the scale factor but also
the additional string-theory effects [21, 60], such as the dynamics of the extra
dimensions and the growth of the string coupling controlled by the scalar dilaton
field (see also [73, 172]).

In the subsequent post-bouncing regime —7; < 7 < 79, the cosmic evolution is
decelerated and we may have in principle three phases with the following pump-
field behavior [155]:

§~%7, -7 < T < Ty §~%72, Te < T < Tg; §~%7, Tg < T < Teq-

(5.8)
Here we are assuming that the extra-dimensional geometry and the string cou-
pling (i.e., the dilaton) are frozen after the bounce, so that the pump field simply
coincides with the scale factor. Here, again, we have two free parameters: the time
scale 7,, marking the beginning of the dust-like phase dominated by the axion os-
cillations, and the time scale 7,4, marking the epoch of axion decay associated with
the conventional reheating (source of the CMB radiation that we are presently
observing) and corresponding to the beginning of the standard post-big-bang evo-

lution?.

As discussed in previous papers [110, 111, 155], instead of 7, and 74 we can con-
veniently use as parameters the corresponding curvature scales H, := H(7,) and
H, = H(7y) which can be expressed in terms of the (unknown) mass m of the

Kalb—-Ramond axion and of its initial amplitude o; after the bounce:

4 2
o m

H,~m , Hy~m||—| . 5.9

(Mpl) ! (MP1> ( )

For a consistent model, the allowed values of the parameters m and o; must satisfy
the scale hierarchy Mp; 2 H; 2 H, 2 Hy. In addition, we have the obvious

2There is also the final matter-dominated phase completing the cosmic evolution from the
equality epoch 7.4 down to the present epoch 9. However, such a phase only affects the very low
frequency modes k < keq = Te’ql, whose amplitude is so small (because of the strongly blue-tilted
spectrum) to be fully negligible for this thesis.
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condition Hy > Hy, where Hy ~ (1 Mev)?/Mpy is the nucleosynthesis scale of the

standard cosmological scenario.

Given the full model of background evolution from the initial state at 7 — —o0
down to the present epoch 7y, and given the power-law behavior of £ in the var-
ious phases, we can now work in the so-called “sudden approximation” [170] by
imposing on the pump field to be continuous at the transitions scales, and solving,
in each phase, the canonical equation (5.6). We recall that, in general, for a pump
field given by & = (Mp1/v/2)|7 /71|, the exact solution for h; obtained from (5.6)

can be written in terms of the first- and second-kind Hankel functions, H ,Sl), H,@,

as
om \2 |7 |
i) =% = (33 ) | 2] e en) + A-0EP D) G10)
5 Mp1 T1
where v = —a + 1/2. The complete solution for hy(7), describing its evolution

from —oo to 79, is then obtained by solving the canonical equation in the various

phases and matching hy, and h) at the transition scales.

In our model, in particular, we have four transitions (at 75, 71, 7,, 74), which
means five different phases of background evolution (see egs. (5.7) and (5.8)),
which implies five different solutions like (5.10), and thus ten different coefficients
A, (k) to be determined at the various epochs. The continuity of hj and hj only
gives eight conditions. The two remaining conditions are obtained by imposing on
the canonical variable to initially describe a positive-frequency mode normalized
to the quantum fluctuations of the Bunch-Davies vacuum, namely, by imposing
vp = (1/V/2k) exp(—ikt) for 7 — —oo: this implies (using the large-argument
limit of the Hankel functions [60]) A_ = 0 and A, = /7/4 for the solution

describing perturbations in the initial regime 7 — —oo0.

With such a canonical normalization, the sought value of the number density
(ng(70)) of produced gravitons is then automatically obtained from the coefficient
A_ (k) of the first-kind Hankel function describing the perturbation mode hy(7) in
the final regime 7 — 400 (actually, for our purpose, in the limit 7 — 74). More

precisely, one finds (see, e.g., [60])

(o)) = ~ A (B, - (511)
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By performing the above computation and varying k£ in the allowed frequency
range we find that there are, in principle, four different branches of the energy
density spectrum (5.3), (5.5), depending on the epochs of horizon crossing of the
various modes. Noting that the axion-dominated phase is expected to occur soon
after the bounce, in order to have a short duration with respect to the preceding
high-curvature string phase (namely, 74/7, < 71/7s) we may consistently assume
that all modes re-entering the horizon before, during, or soon after the axion phase
are amplified modes leaving the horizon during the high-curvature string phase.
This means, in other words, that we can work with the following hierarchy of
wave-number scales: ky > k, > kg > k,, where k; := Ti_l is the limiting frequency

of a mode crossing the horizon at the transition epoch 7;.

To obtain the explicit (parameter-dependent) form of the GWB, it is useful to
first compute the frequency ratios of the four scales k;. We note that in our model
there are two phases of radiation-dominated evolution (i.e., a ~ 7 ~ H~/2) for
—71 < T < 7, and for 7 > 74, one phase of matter-dominated evolution (i.e.,
a ~ 7%~ H283) for 7, < 7 < 74, and one phase where the string frame scale
factor undergoes a de Sitter-like evolution (i.e., a ~ |7|™1) for —7, < 7 < —7. By

defining the convenient parameters

Ts kl To kl Td kl
s = — = -—, o = — = -, = — = — y 5 ]_2
© T ks © T ks “ T kg (5.12)

controlling the time extension of the pre-bouncing high curvature regime and of

the two post-bouncing, non-standard phases, we find® (using eq. (5.9))
1 1 — -9
ks H,a, H, -~ \ Mp, Mp My, ’
1 _2 4
zd_kU_Hgag_(Ha)B (m)?’(ai)?’
2 ka Haaq Hy -~ \ Mp Mp ’
_1 7 2
ze kg kqky Hjaqa, H, 2/ m \®/( o; \3
Ze _ M4 _Nab_ HdGfo (2L o . (5.13)
za ks ik Hyay ay Mg, Mp, Mp,
3Conventions: we denote with w the usual (time-dependent) proper frequency evolving in
time like the inverse scale factor, w(t) = k/a(t). Hence, the proper frequency crossing the
horizon at the given time ¢1, wy = Hy = H(t1), and evaluated at a general time ¢, is given by

w1 (t) = H(t1)a(ty)/a(t) = Hyay/a. The time-dependent scale factor obviously disappears in the
ratios of two frequency scales so that, for instance, wy /w, = Hia1/Hyas = k1 /ko.

N

q
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By inverting the above relations we can also express ¢; and m in terms of H; and

of the parameters z,, z, and z, as follows:

1 1
o; Hy\¢ 1 _1 m H, )3 "
~(—] 2727, — | — ] z; 2. 5.14
Mp (MP1> a Mp, <Mp1 d (5.14)

Let us now give an example of full computation of the spectral distribution (5.3)
for the highest frequency branch of the spectrum (k, < k < k1) and for a generic
epoch 7 (late enough, however, to have all such modes inside the horizon, k7 > 1).
To this purpose, let us express the energy density of the perturbations in terms
of their (time-dependent) proper frequency w scaling in time like the inverse scale

factor, w(7) = k/a(7). From egs. (5.3) and (5.5), we obtain

w4

7T2 pcrit (T)

Qaw(k,7) = (ny,(7)), ke <k < k. (5.15)

The modes we are considering are amplified by the pump field (5.7) of the high-
curvature string phase, and the canonical equations (5.10), (5.11) then give [60]

(no(7)) ~ (%) S (kﬁl)_l_g_%. (5.16)

Also, it is convenient to express the critical density pei in terms of the critical
fraction of radiation energy density, €, = p,./pait, so that, referring to radiation

produced at the axion-decay scale, we have

==t (&)

(5.17)

Finally, for each mode of proper frequency w(7) we can express its w* contribution

to eq. (5.15) as 4 4 4
R ORGICO

Combining all these results and using eq. (5.9) we then find, for the considered

band of frequency,

Q, L 3—[3-28
QGW(kaT) = Q(T) QPBB (l{;_) , ko- <k< kl, T > T4, (519)
r0 1

where Q9 = Q.(79) ~ 4.15 x 107°h~2 is the present critical fraction of radiation

energy density (including neutrinos) and we have defined the constant (parameter
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dependent) dimensionless amplitude

Hl 2 mMm 4/3 Hl 2 2y 2
Q = Q| — =Q | — — ] . 2
PBB r0 (MP1> ( O'Z'Q r0 MPI 24 (5 O)

For simplicity we have absorbed all numerical factors of order of unity into the

unknown scale Hy. Obviously, the result (5.19) is also valid if applied in particular

to the present epoch 7 = 79, with Q,(7) = Q.

By following the same procedure for the other (lower frequency) branches of the
spectrum, and turning to the more conventional frequency variable* f = k/(27),

we obtain that the full GWB can be written synthetically as

s f 3—13—-25|

QppB (E) ; fo S TSN
3-13-25| 1-[3-25)

Qo (1) (%) (fi) SISt

Qo) = (5.21)
£ 1-[3—28 f 3—[3-28] o
QGW(fO’) (E) (E) ) fs ~ f ~ fd

3-|3-26] 3

O

where the three ratios of frequency scales f,/f1, fia/fs, fs/fa can be expressed
in terms of the parameters z;, z,, zq (or m, o;, Hy) according to eq. (5.13).
We may note, for a better explanation of the above spectrum, that the higher
frequency regime with interval f € [f,, f1] concerns modes which exit the horizon in
the string phase and re-enter in an early radiation-dominated phase, while modes
with f € [fa, f»] exit in the string phase but re-enter in a matter-dominated phase:
hence the transfer function is different and yields the additional f~2 spectral factor
for 5 =~ 0. Also, modes with fe[fs, fa] exit the horizon in the same phase as
before and re-enter in the standard big-bang radiation phase. Finally, the lowest
frequency modes f < f, with the strongly blue spectrum Q ~ f3 exit the horizon
in a low-energy phase which is stiff and contracting in the Einstein frame, with

pump field £(7) ~ (—7)'/2. Very simple plots for the time evolution of the effective

“Note that the initial normalisation of the spectrum to the quantum fluctuations of the
vacuum, leading to the results (5.11), (5.15), is performed as usual in units i = 1. Hence,
w=2nf.
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horizon, illustrating how modes belonging to different spectral regimes may cross

(in and out) the horizon, can be found, for instance, in [58, 60].

It is also important to note that, for f > f;, the spectrum is exponentially sup-
pressed as Qqw(f) = Qppp exp{[—(f — f1)/f1}], so that a smooth interpolation of

all the branches can be given by the following expression proven in Appendix B:

Qulf) = Sown f (P +£2) 7 (P (PR (P T
X exp{ (—% + arctan %) } . (5.22)

The smoothing of the piecewise profile (5.21) does not change the underlying
scenario because the transition epochs from one phase to another are of very

short, negligible duration compared with the time extension of such phases.

There are now two important points to be stressed. The first is that the overall
GWB, and in particular the peak amplitude, is controlled not only by the bouncing
curvature scale H; but also by the parameters m and o; and, thus, by the details
of the post-bounce evolution. This implies, in particular, that the amplitude
may result strongly suppressed with respect to the natural value fixed by the
fundamental string mass scale Mg, even for the highest frequency modes crossing

the horizon at such scale.

The second point concerns the number of parameters controlling the shape of the
spectrum. There are four time (or curvature) scales and one dimensionless number,
the power [ of the pump field in the string phase; see (5.7). However, these five
parameters must satisfy an important phenomenological condition. The PBB
scenario we are considering, in fact, besides producing relic GW radiation must
also produce a suitable large-scale background of scalar curvature perturbations

with a nearly flat spectrum, in order to be compatible with CMB observations.

This is known to be possible via the curvaton mechanism [75, 173, 174] triggered
by the Kalb—Ramond axion [110, 111], but this imposes constraints on the previous
spectral parameters [155|. In particular, the primordial scalar amplitude Ps(k.)
and spectral index ng must be in agreement with the observational results reported
below (5.2). By imposing such conditions on the scalar perturbations produced
by the PBB model we are considering, whose spectrum is controlled by the same
set of parameters as the GWB of (5.21) or its smooth version (5.22), we can then

eliminate one of the previous five parameters and fix, for instance, the transition
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scale H; as a function of z;, 3, m, o; and of the two observables Py(k,) and ns.
This is done in Appendix C.1, where we conclude that the parameter space of the

model is
1By 25,2, 20 § - (5.23)

Without assuming any prior on these parameters, one can plot (5.22) and find
some general trends. For instance, the larger [, the smaller the amplitude, so
that, in practice, only values of 5 near zero generate a detectable signal. Also, as
the parameter z; increases, the spectral shape is squeezed and the peak becomes
narrower but neither its frequency nor its amplitude vary appreciably. On the
other hand, the parameter z, changes the shape but not much the frequency peak
or the amplitude, while the parameter z; which affects both the range and the

amplitude of the intermediate plateau or slope.

However, the four parameters (5.23) do obey a non-trivial set of theoretical priors
determined in Appendix C.2. Within this space, in Appendix C.2.1 we circum-
scribe the region in the parameter space where the peak amplitude of the GWB is
maximized. This happens for 8 = 0, 0; = Mp), z, determined by eq. (C.13) and

the values of 2z, and z; shown in Fig. 5.1.

Any given set of parameters zg, z4, 2, satisfying eq. (C.13) together with all other
constraints, and implementing the additional limiting condition log,,(H1/Mp)) ~
—3.29, produces a GWB with a peak of maximum intensity Q2% ~ 1071110710
(eq. (C.15)). For phenomenological reasons, however, we are interested not only
in the maximal amplitude but also in the maximal extension in frequency (in
particular, towards small frequencies) of the allowed spectral region. This last
property can be easily obtained by choosing, among all possible combinations
of parameters producing the maximal amplitude, the combination selecting the
maximal allowed value of z, (i.e., z, & 10*23), together with the corresponding
minimal value of z4 (i.e., zg &~ 10*!?), together with the associated minimal value

of z, (i.e., z, &~ 1, according to eq. (C.13)).

The GWB (5.22) with the above numerical values of the parameters (satisfying
o; = Mp)) and with 8 = 0 provides the border of the shaded area in Fig. 5.2
within which the primordial GWB of pre-big-bang cosmology with maximal peak
amplitude falls. Such region respects known constraints obtained from the ob-
servations of millisecond pulsars [175], which imply Q¢w < 1078 at a frequency

scale f ~ 107® Hz. It is also consistent with large-scale CMB constraints on the
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FIGURE 5.1: The shaded area shows the allowed region in the (log;q zs, logyg za)

plane for the limiting case 8 = 0 and o; = Mpj, which maximizes the peak

amplitude of the primordial GWB. The maximal allowed intensity is reached for

parameter values lying on the dashed straight line marking the right border of

the region, corresponding to log;,(H1/Mp)) ~ —3.29, as explained in Appendix
C.2.1.

tensor spectrum. In the frequency range of IPTA, the maximal GWB amplitude
is smaller than the signal detected [30, 32, 35, 36, 119] and is therefore consistent

with those observations.

For an illustrative purpose, in Fig. 5.2 we have also plotted a few examples of
GWBs produced by different sets of parameters satisfying all required constraints.
The plotted spectra maximize neither the peak amplitude nor the extension in
frequency but they are well inside the border of the allowed region and they can

still produce a detectable signal within the LISA and the ET frequency range.
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FIGURE 5.2: The shaded area is the maximal allowed region for the GWB (5.22)

extended in the low-frequency range, with all its parameters satisfying the self-

consistency constraints (C.7)—(C.11). We have also plotted four possible spectra

corresponding to different sets of parameters giving rise to different kinematic

details of the phases of earlier, non-standard cosmic evolution, preceding and
following the curvature bounce.

5.3 Discussion

In this Chapter, we have studied the tensor-produced primordial GWB in the
pre-Big Bang scenario [20, 21, 69, 155]. The model strikes a balance between
observability in the high-frequency range and observational. We found that its
primordial GWB has a convex shape with an intermediate flat plateau. The
parameter space of the model is tightly constrained theoretically but it still gives
enough phenomenological freedom, to the point that this GWB can comfortably
fall within the sensitivity window of both LISA and ET. When the parameter (3 is
close to zero, in this range of frequencies the GWB of this model is a single power

law

Qaw(f) ~ [, Now =2+n; ~3—|3—-25|~0. (5.24)
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When 2z, grows, the signal becomes a broken power law,

frevn, f<f

- 5.25
N o)

QGW(f) ~ {

where the slopes depend on where the transition scale f lies in the model’s scales

hierarchy and on whether the intermediate plateau is extended enough:

f="/a: New1 ~3—1[3—-208|~0, newa~1—-[3-25~-2,
f:fs : nGW,]. %3; ngw7223_|3_2/8| zO, (526)
f:fs’ifdi New,1 ~ 3, nGW’2:1—|3—26|z—2.

Both the single- and the broken-power-law shapes (5.24) and (5.26) fit the two
simplest templates commonly used for inflationary models [176] and they could be
submitted to the same type of analysis performed in [177] as well as to a discussion
on degeneracies and model selection when compared with alternative candidates

with similar spectral shapes.

In general, the higher the signal-to-noise ratio, the smaller the error on the param-
eters of the spectral shape, as has been verified for a variety of cases [138, 176, 177].
Thus, for the PBB model one would be able to identify the corner of the parameter
space such that the tilt or tilts of the GWB (and, thus, 8) would be determined
with an accuracy of, say, 1% by LISA and ET in their respective observability

window.

In the case of the broken power law, the sharper the transition from one slope to
the other with respect to the sensitivity curve the more difficult the determination
of the parameters, due to the fact that the binning of the data introduces a certain
level of coarse graining of short-range features [178]. We do not expect to have this
problem for the PBB model, since the aforementioned transition is gentle enough
(Fig. 5.2). These and other aspects of the PBB model (like, for instance, the
possible contributions of shear and bulk viscosity arising at high-energies which

will be accounted for in Chapter VIII.
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Constraints on the Pre-Big Bang
scenario from a cosmological
interpretation of the NANOGrav
data

6.1 Introduction

There is an exciting possibility that the signal observed by multiple Pulsar Tim-
ing Array (IPTA) collaborations, including NANOGrav [30, 31], the Parkes PTA
(PPTA) [32, 33], the European PTA (EPTA) in partnership with the Indian PTA
(InPTA) [34, 35], and the Chinese PTA (CPTA)[36], can be interpreted as the

first detection of a cosmological stochastic gravity-wave (GW) background.

In particular, in a very recent paper [179] the NANOGrav 15-year data set has
been compared with the possible amplitude and frequency scale of the relic GW
spectrum predicted long ago in the context of the pre-big bang (PBB) scenario [20,

21, 180, 181], and thus used to constrain the related string cosmology parameters!.

"We recall that the PBB scenario is deeply rooted in the duality symmetries of the tree-
level cosmological string equations [19, 70, 71, 74, 77, 79], which also constrain theoretically its
parameters.

133
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The results presented in [179] are certainly interesting, but they seem to disagree
with another recent analysis of the primordial spectrum of relic pre-big bang gravi-
tons [4]. In fact, let us recall that the data fit presented in [179] is based on a
string cosmology GW spectrum Qg (f) with two different frequency branches. In
the low-frequency branch, gy scales as f3 up to a transition frequency f,, char-
acteristic of string theory and marking the onset of the high-curvature regime.
Beyond f,, the spectrum retains a power-law form but with a different exponent:

specifically, Qqw ~ f%, where a < 3.

The data fit presented in [179] indicates that, for frequencies f, < f < 107% Hz, the
high frequency spectrum is nearly flat or slightly decreasing and that the spectral

amplitude satisfies
Qaw(fs) = 2.9753 x 1078, fs ~ (1.2 £0.6) x 10"*Hz. (6.1)

Such a spectral amplitude is outside the allowed region of the plane {f, Quw},
determined in [4] on the grounds of a phenomenologically complete model of pre-

big bang evolution.

The main purpose of this paper is twofold. First of all we will explain in Sect.
6.2 why the two discussions of the pre-big bang spectrum presented in [179] and
[4] lead to different results, even if both are correct within their own assumptions.
Second, we will suggest in Sect. 6.3 how the minimal scenario used in [4] could be
generalized to accommodate the production of a relic signal that is also consistent
with the data fit presented in (6.1). Finally, Sect. 6.4 will be devoted to some

concluding remarks.

6.2 A phenomenologically viable minimal Pre-

Big Bang scenario

The first point to be stressed is that the relic GW spectrum discussed in [179] refers
to a preliminary and very simple example of pre-big bang spectrum presented in
various old papers [59, 72, 156, 157]. Such a spectrum, however, may be regarded
as incomplete as it does not include all frequency branches arising in a realistic

and phenomenologically viable string model of the early Universe.
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A viable inflationary scenario must indeed predict, besides the relic GW back-
ground, also a related spectrum of adiabatic scalar curvature perturbations able
to explain the observed large scale anisotropy. This has been shown to be possible
[74, 110, 111] (see also [60] for a more complete review) thanks to the contribution
of the string Kalb-Ramond axion field acting as a curvaton [75, 174], and produc-
ing a cosmic phase of axion dominated oscillations. The inclusion of this important
aspect in the scenario modifies however the standard post-bouncing evolution and
this, in its turn, may affect the sub-horizon propagation of tensor perturbation
modes after their re-entry, thus producing additional frequency branches with dif-
ferent spectral indices in today’s observed GW spectrum (see e.g. [4, 155, 168] for

recent quantitative discussions of such an effect).

The pre-big bang model used in [179] does not take into account this crucial
ingredient determining the final observed GW spectrum, and thus neglects the
important associated constraints. Such an ingredient, on the contrary, is properly
accounted for in the spectrum analyzed in [4]. As a result, the corresponding,
more tightly constrained spectral region does not overlap with the region of the
IPTA signal (see, in particular, Fig. 4 of [4]). It should be stressed, however,
that the spectral model considered in [4] is based on a complete but “minimal”
example of pre-big bang scenario. It corresponds to the simplest description of
a complete bouncing evolution from the string perturbative vacuum down to the
present epoch, in agreement with all string theory constraints (see e.g. [5] for an
exact string model of bounce), but is also based on ad hoc assumptions chosen to
minimise the number of unknown parameters. It may be useful to recall here, in
view of its generalisation to be presented in the next section, the basic aspects of

such a minimal scenario.

First of all it must include, for its completeness, at least two different pre-bouncing
phases as well as other two post-bouncing phases, occurring before the reheating
epoch marking the beginning of standard cosmology. Starting from initial con-
ditions asymptotically approaching the flat perturbative vacuum with vanishing
Hubble parameter, H — 0, such a scenario is thus characterized by four different
Hubble scales: H,, marking the beginning of the string high-curvature regime;
Hy, corresponding to the bouncing from accelerated to decelerated, decreasing
curvature expansion; H,, marking the beginning of the dust-like phase dominated

by the oscillating axion; and Hy, associated to the axion decay that triggers the
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reheating and the beginning of the standard radiation-dominated era. Obviously,
H, < Hi < Mpy, Hy 2 H, > Hy 2 Hy, (6.2)

where Hy ~ (1MeV)?/Mp, is the scale of standard nucleosynthesis, and Mp; =
(87G)~2 ~ 2 x 10'® GeV is the (reduced) Planck mass scale. We also recall, for
later use, that H, and Hy can be expressed in terms of the axion mass m and of

the initial, post-bouncing axion amplitude o; as follows [60, 110, 111]:

4 2

o m
Hy~m|-—"] , Hy~m|—] . 6.3
(Mp1> ¢ (MPI) ( )

The axion field starts oscillating at a scale H ~ m, hence the condition that the

axion is oscillating when it becomes dominant (required for the curvaton mecha-

nism to be efficient) implies m %, H,, namely? o; < Mp.

The amplification of metric perturbations, in this scenario, is thus characterised
by four typical frequency scales: fs, fi, f», f4, where f, is the proper frequency of a
mode crossing the horizon at the beginning of the string phase, f; is the maximal
amplified frequency, while f, and f; are the frequency of modes re-entering the
horizon, respectively, at the beginning and conclusion of the axion-dominated
era. It follows, automatically, that f; 2 f, > fq4, while f, satisfies f; < fi, but
its particular value is free, in principle, with respect to the values of f, and f;.
We shall assume here, as in [4, 155, 168, 182], that f, is smaller than the other
frequencies typical of the pre-big bang scenario, but larger than the frequencies

constrained by the CMB data, i.e. the pivot frequency scale f. ~ 0.05 Mpc™?

, and
the typical frequency of Large Scale Structure (LSS) observations, frss =~ 60 f..
Hence, the model we shall consider here will be characterised by the following

hierarchy of frequency scales:

fo<fuss S fs S fa< fo S N1 (6.4)

Given an inflationary scenario with four typical frequency scales, the amplified
spectrum of Fourier modes of tensor perturbations, hj, will be characterised in

general by four different spectral branches to be computed by solving, for each

2This is effectively the case if, as expected, the axion potential is periodic with a periodicity
smaller than Mp;.
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mode k, the canonical perturbation equation

1
vy + (k:2 - 5—:) v = 0. (6.5)

Here v, = &,(7)hy is the (Mukhanov-Sasaki) variable [12] for which the effective
action for the tensor field hy takes the standard canonical form, the (background
dependent) variable &,(7) is the so-called pump field controlling the GW dynamics
in the various cosmic phases, and a prime denotes differentiation with respect to
the conformal time 7. It should be recalled that the Fourier parameter £ for a mode
re-entering the horizon at a given time ¢ in the post-bouncing epochs described
by a standard FLRW metric background, is related to the proper frequency of
that mode observed at the present time tg, i.e. f(ty), by f(to) = w(to)/2m, where

Wito) = k/a(te) = H(t)a(t)/a(ty).

In order to solve Eq. (6.5) and obtain the GW spectrum, we need the explicit
behaviour of the pump field for tensor perturbations in the various cosmic phases.
The answer is simple for the low-curvature (low energy) regimes, where we can
use the tree-level string cosmology equations. Assuming, as in [4, 155, 168, 182],
to start with a ten-dimensional gravi-dilaton string background with 3 expanding
dimensions with scale factor a, and 6 contracting spatial dimensions with scale
factors b;, which asymptotically evolves from the perturbative vacuum at 7 — —o0o
up to the string scale (i.e. for 0 < H < Hy), we then find for the tensor pump
field the simple form

6 1/2
&n(1) ~ag;' =a (H b¢> e, (6.6)
=1

where ¢ is the dilaton and g, is the effective (time-dependent) 4-dimensional string
coupling. It is well known [183, 184] that this uniquely fixes the power law be-
haviour of ¢ to be &, (1) ~ (—7)"2.

The answer is simple also in the post-bouncing regime if we assume that in our
minimal scenario, at all epochs from H; down to the present epoch Hy, the internal
dimensions as well as the dilaton, controlling the string coupling, are already
stabilised at the string scale. In that case the tensor pump field simply coincides
with the scale factor a(7) describing decelerated, decreasing curvature expansion.
In the radiation-dominated phases, occurring from H; to H, and for Hy > H >

H.q, where H,., is the equality scale, the pump field is then given by &,(7) ~ T,
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while for the dust-like phases, i.e. for H, > H > H; and H < H., we have, as

usual, &,(7) ~ 72

Finally, for the pump field of the high-curvature string phase, i.e. for H ranging
from H, to Hy, we can still use a parametrization based on a power-law behaviour,
but we have to take into account the effects of higher order string o’ corrections, as
well as other possible high energy effects typical of string theory. In the minimal
scenario considered in [4, 155, 168, 182] it has been assumed &,(7) ~ (—7)7 17
where the factor (—7)~! corresponds to having frozen the string-frame curvature
at the string scale® and, /3 is a positive parameter describing the rate of growth
of the four-dimensional string coupling g, (a combined effect of the dilaton and

internal volume time-dependence, see Eq. (6.6)) according to:

_ dloggs

p= dloga

: 05 6<3. (6.7)

Here the lower limit is required for a monotonically growing coupling, while the
upper limit is to avoid quantum background instabilities [185]. The idea of the
scenario is that g, starts very small at the beginning of the string phase and
becomes of O(1) at its end.

It is important to stress that the same parameter 3, in this scenario, also ap-
pears (with the opposite sign) in the axion pump field &, governing the amplifi-
cation of the axion fluctuation during the string phase, which takes in fact the
form &, (1) ~ (—=7)7'7#, according to the S-duality symmetry of string theory
[74]. Hence, the same parameter [ appears in the primordial spectrum Ps(f) of
scalar curvature perturbations produced via the curvaton mechanism, and thus
contributes to the important constraint following from the standard normalisa-
tion of the scalar spectrum at the CMB pivot scale (see e.g. [162]), which implies
[4, 155, 168, 182]

_ . NT2(O'Z-) H, \? s 3—[3+2p] f. ns—1
Pf) =21 %100~ =0 (EEJ (E> <ﬁ) R

and which provides a stringent constraint on all the parameters. Here ny ~ 0.965 is
the scalar spectral index, and T'(o;) is the transfer function connecting the ampli-

tude of axion and scalar curvature perturbations, which can be written (according

3 Attractors of this type have been discussed in [172].
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to a numerical integration of the perturbation equations [111]) as

; M
T(0;) ~ 0.13 (]\ZH) +0.25 ( Pl) —0.0L. (6.9)

0;

Summing up and imposing all above mentioned constraints (given by Egs. (6.7),
(6.8), plus the hierarchy of scales (6.4), plus the condition o; < Mpy), it turns out
that the allowed amplitude of the relic GW spectrum for this minimal scenario
(see [4]) cannot reproduce the results (6.1) obtained with the fit of the NANOGrav
data set (unless we allow § < 0, which is however inconsistent with the physical
interpretation of this parameter, see Eq. (6.7)). We have checked that the same
result is obtained even if we assume higher (and in principle allowed) values of

the frequency fs, changing the hierarchy of Eq. (6.4) and choosing, for instance,
fd5f5<fa7orf05fsr§fl-

6.3 A non-minimal Pre-Big Bang scenario

6.3.1 Parametrization of the non-minimal model and re-

lated constraints

The minimal scenario of the previous section takes into account two typical effects
of the high-curvature string phase: the late-time attractor and the growth of the
dilaton. But there are in principle other possible high-energy string theory effects
like, for instance, the production of a dense gas of primordial, string-size, black
holes or “string holes” [186-188]. Such effects can modify not only the background
evolution but also, and in a different way, the propagation of different types of

perturbations like tensor-metric [6] and axion-field perturbations.

It seems appropriate, therefore, to consider also a more general, non-minimal phe-
nomenological scenario where, during the high-curvature string phase, the tensor
and axion pump fields (£, and &,) can still be described by a power-law behaviour

but with two new parameters, in principle unrelated to § and also to each other



Chapter 6 140

(in case S-duality is broken). We can parametrize them as follows:
fh ~ (_7_)714*54”}’ =
€~ (-7) T =

ﬁa:_6h+€7 656+7

(6.10)

We have ¢ = 0 if the S-duality assumed in the minimal scenario is still valid, while
we recover the previous scenario if both v and ¢ are vanishing. Let us then present

the modified spectrum, and the related constraints, for the non-minimal case with

v # 0 and 6 # 0.

Assuming the same hierarchy of frequency scales as before (given by Eq. (6.4)),
solving Eq. (6.5) in the various phases (with the new tensor pump field), match-
ing the solutions, and computing the final, presently observed GW spectral energy
density expressed in units of critical density p,, i.e. Qaw(k,to) = po ' (to)dpr(to)/dInk,
we obtain (besides a negligible contribution for f > f):

( f 3—3—-28n|
. < f <
(fl) ’ fo ~ f ~ fl
31326 1-[3-284|
=) () LSSt
Qoulfito) _ ) 7 ’
QGW(f17 tO) PERT q
f, 3—[3—-284 fa 1—-|3-28| f 3—[3—284
5 O B ¢ hRisk
(£)3|32ﬁh (ﬁ) 1-[3—284| (E) 3—[3—-28] (1)3’ f<t
\ fl fo‘ fd fs
(6.11)
Note the difference from the results of [4] due to the new parameter v (or rather
Bn)-

In order to discuss the various phenomenological constraints it is useful to work,

as in [4], with the following frequency ratios

_h L _h__h
S fs’ fd’ e fo.,

Ze 2 24> 2 2 1. (6.12)
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In terms of such variables, the end-point amplitude of the spectrum is given by

4):
QWULm%=Qﬁw(£%JZ(%>a (6.13)

where €,.(tg) ~ 107 is the present critical fraction of radiation energy density
(including neutrinos), and we have neglected a possible suppression of Qaw/( f1, to)
due to significant late entropy production [157]. Also, the typical axion parameters
o; and m, controlling the post-bouncing scales H, and H, according to Eq. (6.3),

can be written as:

m H, )1/ —1.1/3 o; ( H, )1/ 1/4 —7/12.
—~ [ — z; 27, ~ [ — zy z, 6.14
Mpy (MPI 4 7o Mp Mpy d ( )

The constraints to be imposed on this scenario can now be explicitly written (in
base 10 logarithmic form, useful for later applications) as follows. The condition

o0; S Mp becomes:

H, 3 7
1 —1 S 1 o- 6.15
og (Mm) 5 log 20 S = log z (6.15)

The condition H; 2 Hy becomes:

H, Hy
1 _31 1 o f'\J 1 Y
og (Mm) 0g zq + log z og (M

) ~ —42 —log4. (6.16)
Pl

The condition frgs < fs (see Appendix B.2 of [4]) becomes:
H1 1
log zs < 26 —log9 + — log — (log z, — log zq4) . (6.17)
Mp 2

The phenomenological normalization (6.8), generalized to the non-minimal sce-
nario, leads to a condition which also include the new parameter 0 (or €, see Eq.
(6.10)):

H1 2 4.27’(’2
] _ log | =" | —94 (1 —ny)(log 1.5 — 27
%(MJ 5—%{%wa} (1 n)(log )

+ (4 —ng — [34+2(8 — ¢)|) log 2 (6.18)

Ng —
+

1
(log z5 — log 24) } S0,

where the inequality on the right hand side has been imposed according to Eq.
(6.2).



Chapter 6 142

All the constraints listed up to now are to be always applied, in general, for the in-
ternal as well as for the phenomenological consistency of the non-minimal scenario
that we are considering. But let us now introduce a further, more constraining
ingredient, by imposing on the lowest energy branch of our non-minimal spectrum
(6.11) to exactly satisfy the numerical values of Eq. (6.1), to be in agreement with
the data fit of [179]. From the first condition of Eq. (6.1) we then obtain

H
2log (M—1> ~ —4+10g2.9+ (3 — |3 —20|) log zs, (6.19)

Pl

while the second condition of Eq. (6.1) gives

%1og (M_Pl) ~ —19 + log 1.93 + log 2z, + % (log zq — log z5) , (6.20)
that makes the inequality of Eq. (6.17) automatically satisfied. In such a context
one should note that the amplitude Qaw/(fs) of Eq. (6.1), reached by the spectrum
at a relatively low frequency scale f, ~ 1078 Hz, is quite close to the experimental
upper bound recently imposed by the data of the LIGO-Virgo-KAGRA (LVK)

network [116], which provides the condition:
Qew(fivk) < 412 x 1078, fivk ~ 35.4Hz. (6.21)

Taking into account that our spectrum (6.11) may be flat, or even increasing, for
f > fs, it follows that we should add to the list of our constraints also the above

condition, suitably imposed on the whole range of spectral frequencies larger than

fs-

In addition, since the string phase should be characterized by a curvature scale of
order the string mass scale Mg, we should in principle restrict the ratio (Hy/Mp) to
lie in the canonical range 1072 — 107!, Nonetheless, in order to consider also some
more exotic possibilities and/or to consistently take into account the approximate
definition of some of our parameters, we will enlarge our parameter space to include

the wider range:

H
-3 5 log (M—l) < -1 (6.22)
Pl

Finally, we should also take into account the possibility that, in the non-minimal
scenario we are considering, the modified axion parameter [, is small enough but
positive, thus describing a spectrum of induced scalar-curvature perturbations

which is growing at high frequency. In that case the lowest frequency branch
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f < fs of the scalar spectrum has then the same behaviour reported in Eq. (6.8)
(with 8 obviously replaced by —f,), while for f % fs we find [110, 111]

~ T2<0i) Hl ? f Bol3m2|

In such a case we have to impose a further constraint, needed for the self-consistency
of our scenario: the condition of negligible backreaction of the produced perturba-
tions on the assumed model of background evolution, Ps(f) < 1,which, imposed

at the peak values of the scalar spectrum, gives the condition:

T(O’Z) H1
o) <
log o2 + log <MP1) < 0. (6.24)

By using our previous result o; < Mp; we can also rewrite the above condition in

simplified form as Hy < o;.

The question is now: is it possible to find a set of parameters {5, By, 2s, 2d, 20, i, M, H1 }
satisfying all physical and model-dependent constraints of the non-minimal sce-
nario, Egs. (6.7), (6.12), (6.15), (6.16), (6.17), (6.18), (6.21), and compatible with

the two conditions (6.19), (6.20) obtained from the analysis of the NANOGrav
data, plus the additional conditions (6.22), (6.24)7

6.3.2 Allowed region in parameter space

The total number of parameters of our non-minimal (yet simple) model is quite
large. The whole set consists of Hy, m, 0;, zs, 24, 2, and the two spectral parameters
B and (,. However, they are not all independent. After several attempts, we have

found the best way to present our results to be as follows.

We first choose a value for o;. Recalling that, before a non-perturbative axion
potential is generated, any value of o; (modulo its periodicity O(Mp;)) is equally
probable, we could sample, for instance, the values o;/Mp; = 1,0.5,0.1. Although
much smaller values of o; may correspond to considerable fine-tuning of initial

conditions, we will allow for the more generous range:

10732 < 2 <, 6.25
o (6.25)
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In any case, as we shall see, an order-of-magnitude change in ¢; has only a modest

effect on the allowed ranges for the other parameters.

Once o; is given, there are enough equations (i.e. (6.14), (6.18), (6.19), (6.20)) to
determine all the remaining physical parameters in terms of the two spectral ones,
Br and B,. Therefore, the constraints (6.22),(6.25), (6.15), (6.16),(6.17) define
a (hopefully non empty) region in an easily plotted {5, 5,} plane, that will be
illustrated in Fig. 6.1.

The two missing constraints are the ones given by LVK bound (6.21) and by the
absence of strong back-reaction effects (6.24). It is easy to check that this lat-
ter constraint is automatically satisfied in the region already defined (indeed, for
Hy/Mp; < 0.1, it only requires o;/Mp; > 0.01). On the other hand, the LVK
bound can be non trivial (depending on the sign of /3;), and cuts off some corner
of parameter space as we shall discuss in a moment. Within the resulting allowed
region, each point represents a consistent spectrum of gravitational and scalar per-
turbations that can be readily drawn as we shall see in the next subsection. Inside
the allowed region we can draw contour lines along which each of the remaining
parameters (Hy,m, zs, 24, 2,) takes constant values (so-called level curves). Luck-
ily, one finds that z, (the total duration of the string phase in red-shift space) is
only a function of the combination 3, — ). This explains why it is convenient to
plot our parameter space in the two-dimensional plane spanned by the coordinates
{Bn, Bo — Brn}, as we have done in Fig. 6.1.

Two further simplifications occur when solving our equations, at least for 3—25, >
0 (which turns out to be largely satisfied by our constraints). These are apparent
in the explicit solutions given in Egs. (D.1) in the Appendix D. The first is that
the level-curves of Hy/M,, are straight lines coming from the origin 5, = £, = 0.
The second is that the level curves of m/Mpy, z5/z4, 2s/2, are all the same (they
are given by the straight lines originating from the point 8, = 5, = 2). That also
means that, for a given o;/Mp; and m/Mp,, the two ratios z,/z4 and z;/z, can
be determined. For the convenience of the reader we also give in the Appendix D

these explicit relations.

After the above discussion it is now straightforward to describe the properties the
allowed region of parameter space shown in the four panels of Fig. 6.1, correspond-
ing to the four choices log(o;/Mp;) = 0,—1/2, -1, -3/2. We stress immediately

that the region has a trapezoidal shape except for a small “tooth” on the lower
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right side. This is precisely the extra constraint due to the LVK bound on (g,
physically due to the fact that the value of Qg (fs) imposed to fit the NANOGrav
data is close to the upper limit of LVK; thus, for a positive [y, it is not trivial to

avoid a clash between the two constraints.

In each panel the o;-dependent correspondence between 3, — ), and zg is clearly
displaced. The level curves for log(H;/Mp)) = —1,—2, —3 are the nearly vertical
straight lines. To these we add the line (dotted in red) representing the condition
e = 0, i.e. B, = —f, and corresponding to models satisfying the S-duality
symmetry. In the duality-symmetric case the corresponding value of log(H;/Mp,)
is a mildly varying function of ¢; and is indicated in the accompanying Table. It
varies between —2.60 and —3.20 for our chosen interval of ¢; and is within the
allowed region for o;/Mp; > 0.1, a value with 90% probability of being realized

assuming uniform priors for the parameters distribution.
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FIGURE 6.1: The shaded blue region represents the allowed parameter space.

The condition €

/Bh = _Bcr-

0 (red dashed line) defines the duality region, where

Vertical black lines correspond to variations in the parameter

log (H1/M,), while horizontal dashed gray lines represent the parameter log zg.
The dashed black lines, marking the curve z3 = z4, delineate the upper bound-
ary of the allowed region. Oblique curves illustrate variations in log (m/M,),
log (zs/z4), log (2s/25), and log (z4/25), as explained in the legend. The colored

dots correspond to the GW spectra reported in Fig. 6.2.



Chapter 6 147

Finally, the nearly horizontal lines are the common level curves for the remaining
quantities m/Mpy, 25/ za, 25/ 2o Whose corresponding values are also given again in
each Table (together with their trivial combination z4/z,). It may be useful to
note, also, that relaxing the lower limit (6.22) of H; has the effect of allowing
higher and higher values of (., as well as lower and lower (negative) values of fy,.
The same effect on the parameter g, is obtained if we relax the lower limit (6.25)
on the axion amplitude o;; in that case, however, the related effects on [, are
much smaller and, in any case, the allowed range of 3, does not increase, but it

tends to sligthly decrease.

Such properties are important to understand the variation in shape of the GW
spectrum under a given variation of its parameters, to be illustrated in the next
Sect. 6.3.3 where we will present some examples of GW spectra coming from the
various regions of Fig. 6.1. In the final subsection 6.3.4 we will also present, for
completeness, the associated power spectra of induced scalar curvature perturba-

tions, leaving to future works the study of their possible implications .

6.3.3 Typical spectra for non-minimal models consistent

with a fit of the NANOGrav data

Given the allowed values of the parameters defined in the previous subsection,
we can now easily illustrate the possible spectral distribution of the relic GW
background (6.11) in the various frequency branches. In spite of the rather small
and compact size of the allowed region of parameter space there is a wide range
of possible spectra that, we have illustrated in Fig. 6.2 in order to compare their
shape with the expected sensitivity of present and near future GW detectors.
We have plotted the spectra using a smooth interpolation between the various
branches?, following the method previously introduced in [4] (in particular, in
Appendix B).

For our illustrative purpose we have plotted in the {f, Q¢w} plane a few spectra
which are all compatible with the bounds of Fig. 6.1 but which describe distinct
physical configurations, such as different extensions of a large spectral amplitude

towards the high frequency range (the red and orange curves), or the possibility of

4The smoothing of the piecewise profile (6.11) does not change the underlying scenario because
the transition epochs from one phase to another are of negligible duration compared with the
time extension of such phases.
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FIGURE 6.2: Possible examples of relic primordial GW spectrum produced in
the context of a non-minimal model of pre-big bang evolution satisfying all
present phenomenological constraints, and consistent with the data fit reported
in Eq. (6.1) (the red dot localised inside the black circle). The corresponding
values of their parameters are shown in Table 6.1. Also shown are the expected
sensitivity of SKA, LISA, ET, DECIGO (the regions inside the dashed curves),
and the upper bounds (the grey shaded areas) imposed by the present results
of the LVK network and by the standard nucleosynthesis. The blue and cyan
curves are example of spectra compatible with S-duality symmetry, while the
red, magenta and orange curves are obtained if such a symmetry is violated in
the high-curvature string phase. The yellow shaded region describes the allowed
spectral region for fs; < f < 1075 Hz suggested by the results of [179].

a growing behaviour for modes with f > f,, amplified during the high-curvature

string phase (the magenta curve).

We have also included, for comparison, examples with a similar spectral behaviour
but produced by models preserving the S-duality symmetry, and thus charac-
terised by a parameter ¢ = 0 (the blue and cyan curves). It may be interesting to
note that, for all duality invariant models, the high-frequency spectral branches
with f > f; must be characterised by a decreasing behaviour, given the negative
allowed range of 55, < 0 along the red dotted lines e = 0 (see Fig. 6.1). The precise
numerical values of all the parameters for the five plotted spectra are listed in
Table 6.1.

In any case, it should be noted that all spectra have their lowest-frequency branch

well inside the expected sensitivity of the Square Kilometer Array (SKA) [189]
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collaboration and that, for most of the spectra, the peak value turns out to be
localised just in correspondence of the value reported in Eq. (6.1) and obtained
from International Pulsar Timing Array (IPTA) collaboration (IPTA) [119], as
illustrated in the figure. Note also that the high-frequency behaviour of the spec-
trum may by compatible (in agreement with the results of [4]) with the expected
sensitivity range of near-future detectors, represented by the regions inside the
dashed curves of Fig. 6.2: in particular those of LISA [24], ET [26], DECIGO [29]
and SKA [189]. Marginally, also with the expected sensitivity of Advanced LIGO
[117]. In addition, all the plotted spectra are automatically compatible with the
well known bound on the standard big bang nucleosinthesys (BBN) [157], which
requires Qqw < 2.2 x 107% in a very wide frequency range f 2 10~® Hz, and which

is illustrated by the shaded grey area of Fig. 6.2.

log z, | log z4 | log z, € On log J\Z_p log ﬁ—; log Mﬂp
15.89 | 9.44 5.32 0.19 0.02 —1.00 | —1.53 | —8.18
1698 | 488 | 3.28 | 0.14 | —0.01 | —1.00 | —1.85 | —4.41
14.14 | 1048 | 4.65 | —0.03 | —0.08 | —0.50 | —2.97 | —10.30
15.70 | 4.74 | 1.29 0 —0.05 | 0.00 | —2.60 | —10.40
15.46 | 6.68 | 2.93 0 —0.06 | —0.50 | —2.80 | —9.10

TABLE 6.1: Numerical values of the parameters for the spectra plotted in
Fig. 6.2

Finally, it may be interesting to check that the allowed spectra of our non-minimal
model are compatible not only with the normalisation (6.1) of the spectral ampli-
tude, but also with the power-law behaviour f¢ suggested at the 90% confidence
level by the data fit of [179] in the frequency range f, < f < 107% Hz, with a
power roughly given by —0.66 < a < 0.18. The corresponding allowed region
for the spectrum is illustrated by the yellow shaded area of Fig. 6.2, well consis-
tent with the allowed spectra of the non-minimal models both with and without

S-duality symmetry.

6.3.4 Remarks on the spectrum of scalar curvature per-

turbations

To complete our presentation of the main physical aspects of the non-minimal
scenario, introduced in order to support a possible cosmological interpretation of

the IPTA signal, it may be useful to briefly illustrate also the properties of the
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primordial spectrum of adiabatic scalar curvature perturbations produced by the
axion through the curvaton mechanism [75, 110, 111, 174}, and associated to the

relic GW spectrum discussed before.

Let us recall, to this purpose, that in the minimal pre-big bang scenario the
(superhorizon) scalar spectrum of metric perturbations Ps(f) at the axion decay
time 74 is simply proportional to the primordial axion perturbation spectrum
P,(f) at all perturbation scales, i.e. Py ~ T?P,, where T is given by Eq. (6.9).
Also, in the minimal scenario, the low frequency branch of the scalar spectrum
(f < fs) has a slightly decreasing power-law behaviour in agreement with the
observed CMB anisotropy, i.e. Pi(f) ~ f"~'. For the high frequency modes,
leaving the horizon during the high energy string phase (fs < f < f1), the power-
law behaviour is determined by the same parameter 3 (but with the opposite sign)
controlling the growth of tensor perturbations, so that P,(f) ~ f=25. Since 8 > 0
it turns out, for the minimal scenario, that the intensity of the scalar spectrum
is always decreasing with frequency, and it becomes fully negligible in the high

frequency limit.

In the context of the non-minimal scenario that we are considering here the situ-
ation is quite similar, but with only one (crucial) difference: the two parameters
controlling the pump field evolution and the spectral distribution, in the case of
tensor perturbations () and of axion/scalar perturbations (5,), are in general
different and in principle unrelated, 5, = —f;, + €, see Eq. (6.10). However, they
are strongly constrained by the whole set of theoretical as well as phenomeno-
logical conditions discussed in Sects. 3.1, 3.2. It turns out, in particular, that
the allowed values of [, are always positive, and small enough so that the high
frequency branch of the scalar perturbation spectrum, according to Eq. (6.22), is

always growing in frequency as Ps(f) ~ %%, B, > 0.

Note that, unlike the GW spectrum, the axion and (as a consequence) the cur-
vature power spectrum do not have breaks in the slope at f; and f,. This is
because axion perturbations re-entering the horizon during the axion-dominated
phase are already non relativistic (since f/(2m) ~ H < m) as discussed in detail
in Appendix A of [111].

This important physical difference between the minimal and non-minimal scenario
is emphasized in Fig. 6.3. We have plotted, for the non-minimal scenario, the pri-

mordial spectra of scalar perturbations exactly corresponding to the GW spectra
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FIGURE 6.3: The five spectra of scalar perturbations associated with the five

GW spectra of the non-minimal models illustrated in Fig. 6.2 and Table 6.1

(with the same colors).The change of slope correspond to the frequency fs ob-

tained from the fit of the NANOGrav data. Note that, contrary to the case of
the GW spectrum, the scalar spectrum is always growing for f > fs.

illustrated in Fig. 6.2, and with the colors exactly corresponding to the list of
five different models reported in Table 6.1. Note that the change of slope, for all
spectra, obviously correspond to the frequency fs reported in Eq. (6.1) and ob-
tained with the fit of the NANOGrav data (the corresponding spectral amplitude

is different, of course, as it describes primordial scalar perturbations).

It should be stressed, finally, that such a class of scalar spectra is well compatible
with present phenomenological bounds (see e.g. [190], [191]), and may have inter-
esting applications on the possible production of primordial black holes (PBH), as

we are planning to discuss in a future paper.

6.4 Outlook

The conclusion of this paper is that the interpretation of the TPTA signal [30—
33, 35, 36] as due to a stochastic background of relic gravitons produced in a string
model of pre-big bang evolution, as suggested in [179] on the ground of a simple
but phenomenologically incomplete GW spectrum, and referred in particular to a
fit of the NANOGrav 15-year data set, may still be valid, and consistent with all
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constraints, if based on GW spectra obtained from more general, “non-minimal”

string cosmology scenarios.

In this paper we have followed the results of [179], and we assumed ab initio that
the frequency obtained with the fit of the NANOGrav data can be identified with
the frequency f, of the transition from the dilaton to the string-curvature phase
(see Eq. (6.1)). One could ask what happens if f; is left as another parameter
of the model to be best-fitted to the data. While we are convinced that choosing
fs > fpra = 1.2 x 107®Hz would not be able to reproduce observations (because
of the fast drop of the spectrum below fy) it is not clear to what extent the case
fs < fpra can be ruled out. We could ask, also, to what extent the results of
this paper may change if, instead of starting from the fit of Eq. (6.1), one would
attempt a global fit of the complete set of IPTA data. Answering these questions

would amount to finding out to what extent our non-minimal model is fine-tuned.

We will give a possible string-theoretical interpretation of the approximately flat
GW spectra which seems to be needed just above f,, if we want to attribute the

IPTA signal to a cosmological scenario of this type in Chapter 8.



Chapter 7

Viscosity in Isotropic
Cosmological Backgrounds in
General Relativity and

Scalar-Tensor Gravity

In this Chapter I will present some of the results obtained in [1] which are func-
tional to the analysis of Gravitational Wave propagation in the presence of shear
viscous fluids during the string phase in the pre-Big Bang scenario. In particular
I will show that in a general class of homogeneous but not isotropic space-time
(which includes the FLRW case), comoving shear viscous fluids do not alter the
background geometry evolution. This result is valid both in the Einstein frame
and in the Jordan frame and some useful transformations will be derived for the

dissipative coefficients of a viscous fluid when changing frame.

7.1 Introduction

In the last years the study of the gravitational and electromagnetic luminosity
distance has been considered, because it is an excellent test for general relativity,
in which the two distances are equal in Friedmann-Lamaitre-Robertson-Walker
(FLRW) backgrounds [127, 192-205]. In relation to this topic, in a recent paper

153
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[206], the authors expand on our previous results [6, 8, 207] on the ratio be-
tween the gravitational wave luminosity distance and electromagnetic luminosity
distance in a viscous dark matter cosmological model in Einstein and Starobin-
sky gravity [208-211]. They claim that the presence of shear viscous fluids in
Starobinsky gravity is able to change the electromagnetic luminosity distance d*,
and they perform cosmological parameter estimation using Supernova Ia, Cosmic
Chronometers and Gamma Ray Bursts with two types of evolution for the shear
viscosity ny .

However we find that the very first assumption on the influence of the shear vis-
cosity on the background evolution contradicts our previous results obtained in
8], where we claimed that in a standard FLRW cosmology, shear viscosity does
not modify the Friedmann equations and, leads to a luminosity distance for elec-
tromagnetic waves unaltered by its presence. This feature is preserved also in
modified gravity theories, such as F'(R) gravity and in the Gravi-Dilaton sector

coming from String Theory.

The motivation for this Chapter is to point out from general geometrical arguments
that the time component of the divergence of the stress-energy tensor V, T, re-
gardless of the gravitational theory under exam, cannot be affected by the presence
of anisotropic stresses (that is the case for comoving viscous fluids), for a larger
class of isotropic but non-homogeneous space-time that includes the FLRW case
(Sect. 7.2), both in the Einstein Frame and in the Jordan Frame (Sect. 7.3)
[212-215], where we show how viscous coefficients and the continuity equation
transform under conformal rescaling. These results are useful for a comprehensive

understanding of the final Chapter 8.

7.2 The continuity equation in a class of isotropic

geometries

In this section we demonstrate that regardless of the gravitational theory under
study, the covariant derivative of the stress-energy tensor for a comoving dissi-
pative fluid, in a particular class of isotropic, but non-homogeneous space-time

is independent from the shear viscosity. We work in the Eckart reference frame,
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where the 4-velocity is taken to be parallel to the particle flux and heat trans-
fer is manifest. The 4-velocity can be expressed as u#(x) and it is a time-like
vector u,ut = 1. We can decompose the energy-momentum tensor in terms of
projections parallel and perpendicular to u* by defining the following projector
Py
to the 4-velocity, h,,u” = 0. In this frame we identify the energy density p, the

= g — Uuly, With the properties h,,h*" = 3, h,,h® = 4}, and orthogonal

pressure p, the bulk pressure II, the heat flux ¢, and the anisotropic stress 7,

(which is related to the shear viscosity), as follows [216]

pP= T;wuuuy,
1
p+1=—-=T,0",
3" (7.1)
qu = h’u /\UV 2%

Ty = Ty,

where the angular parenthesis denote symmetric and traceless part of the tensor

projected on the space-like sub-space orthogonal to w,, namely
1
Ay = (b, ©@lh, 19 — ghWW)Aaﬂ, (7.2)

where we denote the usual symmetrization in round brackets B(,,) = % (Buw + Buy).

With this typical conventions, the stress-energy tensor can be written as
T = puythy, — (p + ) hyy + 2u,q) + Ty (7.3)

The geometrical meaning of each term is now manifest, every term in the stress-
energy tensor is decomposed in the basis defined by the projector tensor h,,, the
4-velocity u,u, and the vectorial part obtained by projecting the stress-energy
tensor on h, *u®. Most importantly the anisotropic stress is the part of the stress-
energy tensor, orthogonal to u, and traceless, so u*mr,, = 0= h*m,, and for this
reason it is the source of the modification in the evolution equation of transverse
and traceless tensor perturbations [6].

We also recall that the bulk pressure II and the anisotropic stress m,, are related
via the bulk (¢ > 0) and shear (ny > 0) viscosity to the expansion rate © and

shear tensor o, respectively, by the following relations

= —-(0=—-Ch;Vu" = —(Vu?,
T = 2Ny 0y = 27)Vh?u|VQU|V> = 2nvV (U,
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where in the last two equalities we used u,V,u* = 0 and, the last term in the
previous expression is the traceless and orthogonal to u* part of the strain-rate
tensor V,u,. After some algebraic manipulation the stress-energy tensor can be

expressed as

Tuu =puy i, — (p - Cvaua)hMV + 2“’(“(]’/)

(7.5)

2
—Ny (uuuavauy +u,u*Vau, — V,u, — Vyu, + ghwvaua),

in concordance with [6, 8, 206]. Now we are going to compute the divergence
of Eq. (7.5). In order to have the energy continuity equation, we evaluate the
projection of the divergence of the stress-energy tensor on the 4-velocity, v, V, T"".

Using the following identities
uuq" =0, V. = —u"0, u, Vuq" = —¢"Vyu,, (7.6)
and the orthogonality relations, we have

w, V,(pufu”) = u"V,p+ pO,
w,Vo[(p + I ] = —(p + I)O,
uMV,,(Qq(“u”)) =V.,¢" —u"¢"V,u,,

U Vo = [ — (Vo) (Var) — (Vo) (Vou) )

2
+ u’u(Vyu,)(Vaut) + 5@2]

= —2’)’]‘/0‘27

where in the last equality we have defined o = 0,,0". Finally using Eqgs. (7.7)

we find
uw,V,T" =u"V,p+ (p+p+1)©+ V,¢" —u¢"V,u, — 2y o (7.8)

The question whether or not the shear viscosity can enter the energy equation is
now a matter of evaluating the shear tensor for a given geodesic in a given space-
time.

For the sake of generality we do not assume homogeneity for our background geom-
etry, namely we use a rotationally invariant (isotropic) metric in the synchronous

gauge, with line element given by:

ds? = dt* — e2\b7) (A(T’)ZdTQ + B(r)deg) , (7.9)
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with dQ2 = d#* + sin®(0)d¢®. The reason behind this choice is to prove, as long
as the fluid is comoving, that shear viscosity cannot enter into the expression
u, V, T"" in more generic space-time that are isotropic but not homogeneous. We
would also like to stress, that for the metric given in Eq. (7.9), a comoving observer,
u* = (1,0,0,0) is also geodesic, u*V , u” = I'py” = 0, so we will assume that our
fluid is comoving with the geometry itself.

Under the assumption of comoving fluid it is straightforward to evaluate the shear

tensor ]
O = V) = Vi) = hyy Vo
1 (7.10)
= V() — ghwvw&
where in the last line we used the geodesic equations. The 0 — g component of
Eq. (7.10) is vanishing because of the orthogonality conditions ¢,0 = u’0,, = 0,

while the ¢+ — 5 components are given by

1
Uij = —F"O

ij ggijFAO A, (7~11)

Defining dpA(t,r) = H(t,r), we have I';;* = —H(t,7)g;; and ['yo* = 3H(¢,7), so
0;; = 0 and we conclude that the shear tensor is vanishing and so o® = 0. We
generically proved that the gravitational equations of a yet to be specified gravita-
tional theory, cannot be affected by the presence of a shear viscous contribution,
as long as the background fluid source is comoving.!. As a consequence the back-
ground evolution is not affected by its presence and, so are null geodesics, implying
that also the luminosity distance is independent on the shear viscosity. It is easy
to check that upon the following identifications, e — a?(t), A(r)* = =
and B(r)? — r?, the line element Eq. (7.9) is the standard FLRW one. The im-

mediate consequence is that no shear contribution can be present in the energy

equation, nor in the background evolution equations, hence it cannot affect the
background geometry evolution.

For completeness we evaluate Eq. (7.8) for a comoving fluid in the space-time given
by Eq. (7.9), including possible heat flux, ¢* # 0. Due to the choice of the metric
and the comoving fluid, the only component of the heat flux that is non trivial is
¢*. This statement can be understood using the orthogonality ¢*u, = 0, which

implies ¢° = 0 and, the Einstein (F(R)) equations. Assuming F(R) = R+af(R),

I Assuming that the gravitational equations are in the form L, = )\%TW, where the tensor
L, is intended to be containing the geometrical information of the theory (e.g. L., = G, in
General Relativity)
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denoting with fr = %}?) and defining

1
Ap,u = fR Rulx + Guv (VQfR - §f) - V,uvufRu (712)
we can write the Einstein (F'(R)) equations as
Gy + Ay = X1, (7.13)

where G, is the Einstein tensor G, = R, — % 9wt and ais a constant. The only
off diagonal terms in these equations are the one given by the 0 —1 component and
they can be sourced only by the term q;ug in the stress-energy tensor. The other
off-diagonal terms are vanishing on the left hand side of Eq. (7.13) and enforce
¢, = (0,¢1,0,0)%. Denoting with a dot the derivative with respect to ¢ and with a
" the derivative with respect to r, we find that Eq. (7.8) reduces to

w,V,T" = p+q¢"* +3H(t,r) [p+p— 3CH(t,7)]

'y 'y (7.14)
+ 3N (t,r)q" + (iér)) + gér)))ql.

Assuming, ( = 0, ¢ = 0, a dust dark matter p = 0, and an FLRW geometry,
namely H(t,r) = H(t), recalling that as consequence of the Bianchi identities,
both in Einstein and Starobinsky theories the divergence of the left hand side of
Eq. (7.13) is vanishing [207], we recover from Eq. (7.14) the standard continuity
equation

uw,V,T" = p+3H(t)(p+p) = 0. (7.15)

We emphasize that no shear viscous contributions are present. However, if we
allow the presence of a non trivial bulk viscosity ¢ # 0, but retaining the FLRW
geometry we find from Eq. (7.14) the well known result

u, NV, T" = p+3H(t)[p+p— 3CH(t)] = 0. (7.16)

We note that the analysis has been carried out without assuming any specific
gravitational theory, and as a general feature, even for the broader class of isotropic
geometries considered in Eq. (7.9), the covariant divergence of the stress-energy

tensor projected along the comoving 4-velocity does not include contributions from

2The presence in General Relativity (o = 0) of a trivial heat flux ¢* = 0, would imply
Go1 = —20,H(t,r) = 0, and would enforce the separability e**") = a(t)C(r). The factor C(r)
can be absorbed by a redefinition of the functions A(r) and B(r) leading to a more restricted
space-time than the one in Eq. (7.9).
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anisotropic stress.

In F(R) and String gravity, this conclusion remains valid even when reformulating
the theory in the so-called Einstein frame: no shear contributions appear in the
continuity equation. However, additional terms can arise on the right-hand side of
Eq. (7.15) due to the conformal rescaling of the metric giy =¥ gfy. These include
terms like Qp@b in the Jordan frame or %(p — 3p) in the Einstein frame, depending
on the comoving frame adopted. While these terms may resemble the structure
of viscous contributions, their form is not arbitrary: they must be consistent with
the Friedmann equations and the dynamics of a minimally coupled scalar field
with potential V(1)) = % and ¥ = —In F’. In the next section, we will
derive the continuity equation for a dissipative fluid in both frames for the general

isotropic space-time given in Eq. (7.9).

7.3 Conformal rescaling and the continuity equa-
tion: absence of shear viscous contributions

in general isotropic space-time

In this section, we provide a detailed derivation to support our claim that the
modification of the continuity equation under conformal rescaling is not associ-
ated with shear viscosity effects. Although modifications of the continuity equation
arise naturally in the Einstein frame (EF) when matter is non-minimally coupled
via the conformal factor, they cannot be interpreted as contributions from shear
viscosity. This holds regardless of the specific gravitational theory considered, as
long as the Einstein frame exists. One can foresee without any explicit computa-
tion that based solely on geometrical arguments, a conformal rescaling can alter
“volume changing” terms, but not deformation terms such as the shear tensor
for the very nature of conformal transformations, since they are volume changing
and angle preserving. It is worth noting that in the Jordan frame, where con-
formal rescaling is not active, such modifications do not occur. Even going from
the Jordan frame (JF) to the Einstein frame (EF), shear viscosity only couples to
the shear tensor, that is vanishing in both frames when an FLRW space-time is
assumed, or the more general class considered in Eq. (7.9). In the following we

are going to give a detailed analysis of this statement.
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Starting with a minimally coupled dissipative fluid in the JF we perform a confor-
mal transformation in the form gl‘fy —e¥ gfy, without specifying the gravitational
theory under exam. For instance the conformal factor ¢ can be identified as the
dilaton field ¢ when going from the so called String frame to the Einstein frame
while dealing with the effective tree-level action of the bosonic massless multiplet

of string theory in 4-dimensions

1
S ~ = [ doV/=g5e (RS + (V) = HyuuH™) + 55(95,.), (T17)

that after conformal rescaling g;f,/ — e¢gfy becomes

/ 1 1 - vo
SsEtrlng d41‘ _gE<RE_§<V¢)2_E€ 2(1)]{,4141%%]{‘u )+S£L(gfye¢7 ) (718)
In F(R) gravity the action can be recasted in a scalar-tensor form via the intro-

duction of a Lagrange mulptiplier y = F'(R)

S = — w d*z\/—g/ (xR — V(x +Sm(g;{y,...), (7.19)

where V(y) = RF'(R)— F(R). A conformal rescaling of the metric and neglecting
total derivatives leads to

SE = w A/~ Eew[ RE--(W)) ()}+sm(gfyew,...). (7.20)

Fixing v = —In x we end up with the following action

SE = W d*zv/—g 2—x7<¢)] + SmlgBe?, ), (1.21)

where V(1)) = %. We emphasize that an exponential pre-factor arise in
the matter lagrangian which couples non trivially the new scalar degree of freedom

1) to matter, namely

d4x\/—gEew£‘](gfye¢, ). (7.22)

This is the starting point of our analysis. We start with a minimally coupled fluid
in the JF and under conformal rescaling we will derive the continuity equation
in the EF, without specifying the particular theory under exam, (as long as a

conformal rescaling can bring the original theory action to an Einsteinian form).
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We will show that also in this case, even if additional terms arise in the case of
Starobinsky gravity, they do not couple to the shear tensor in the isotropic metric
considered in Eq. (7.9), hence in the FLRW case.

The general transformation for the energy-momentum tensor can be evaluated
by varying the matter action in the JF with respect to its metric and applying

the conformal transformation (we evaluate the transformation in general d + 1

dimensions)
1 1 _
0g75m = 3 / d"la/1g’|Te) = 5 / d*a/IgFle T VT, bgl
1
05 Sm = 5/ A/ |gP|T Lg% (7.23)

so by comparing the last two lines we get
T) =e 2 VTE, (7.24)

In the following we are going to assume that, as in F'(R) theories, the stress-energy
tensor is conserved in the JF 2, and we are going to evaluate the divergence on
both sides. We recall that the Christoffel connection transforms as follows

Lo =T " +Cu, Cov ™ = = (650,00 + 050,0 — gl g2l 0,0).  (7.25)

N | —

Using the continuity equation in the JF we obtain the following identity in the EF
0=V, T5 = VE(e B VTE) 4 Cun e T VTR + Cua Ve 3 VTHY,  (7.26)

where we defined VEAW"' = 0,A + Ffp RAPY- 4+ ... A straight forward eval-

uation leads using Eqs. (7.25) to the conservation equation in the EF as
v TE v
ViTY = - 0, (7.27)

where Tp = g1, T} is the trace of the stress-energy tensor in the Einstein frame.

Following the geometrical definitions given in Eqs. (7.1) and demanding that

E
"

J b 1 _ w w_ =% ouw g _ o J o J.J_ WpE
uyuy =1 =wugup, so that vy = e 2ug, h,, =g, —u,u, = eh;, we find

d
7 —e21?,  11%=-¢'(0° + SUE0u), 0f = Vi, (7.28)

3this is not the case for the effective theory coming from string theory when there is a dilatonic
charge 645, = —% [ d¥T'a\/|glodg # 0.
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and recalling the definition of the angular parenthesis given in Eq. (7.2) (in d
dimensions)

0% 1 «
A<HV> — (hﬂ( |h/l/ |6) _ Eh“u,ljh B)Aaﬁ’ (729)
we find for the anisotropic stress

_ 9., L E
27’]‘/0}“/ 277\/6 2 U;U/

E _ B ,E
T = V Uyy,

(7.30)

and finally ¢ = ¢ e~2%. Using Eq. (7.3) we are now able to evaluate the stress-
energy tensor in the E-frame using Eqs. (7.28) and (7.30) and inverting the relation
(7.24)

d
Ty = pPulul — [p” — (¥ (07 + uan)}hE +2ul gl + 2npol,  (7.31)

where we defined the following transformations laws from the JF to the EF

sV’ i =eiipl. (7.32)

The divergence in the EF of the stress-energy tensor follows the same relations of
Egs. (7.7)
V(P upuly) = upVy e + p"er,
uy V(0" + TP = —(p” +117)6",

WEE E AvE: (7.33)
v (QQEUE) \4 qE_qu v1/ wo
EVEWE = —2ni0%,
and the trace of Eq. (7.31) reads
d?
T = p¥ —d(p¥ + IF) = p¥ — dp” + dc¥er + —uan (7.34)

Projecting on the four velocity the right hand side of Eq. (7.27) we finally obtain
the continuity equation in the EF

iy VEpE + (pF + pP + 117)0F

Ul g E E
—5 [P —d" + 1Y)

” (7.35)
m
VEu

+Vigy — updy — 2oy, = 0.

This equation justifies the expectations we exposed at the beginning, the confor-

mal rescaling cannot affect the shear part of the stress-energy tensor if the stress
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tensor is vanishing in one frame, due to Eq. (7.30). To fully conclude our argument
we have to specify a background metric and the motion of our background fluid.
Two possibilities now arise, the fluid is geodesic in the EF, or the fluid is geodesic
in the JF. It is widely known that a geodesic fluid in the JF, under conformal
rescaling is not geodesic in the EF in general and vice versa, and only a radia-
tion fluid stays geodesics (i.e. conformal transformations preserve the light-like
geodesics), so we are going to analyze both cases. As will become evident, modifi-
cations of the continuity equation consistent with shear viscosity do not naturally

arise from the conformal structure, regardless of the frame considered.

7.3.1 Geodesic fluid in the Jordan Frame

Although one can go through an explicit derivation of the shear tensor in the EF,

this is not necessary, since we have already proven that for the general class of

space-time Eq. (7.9), 0 = 7], = 2nj0;,, but making use of the transformations
in Egs. (7.30), also afy = 0, hence 0% = 0 and no shear viscous contributions are

present in the continuity equation (7.35) also in the EF. Being valid for the general
case of Eq. (7.9), it still holds for the particular case of FLRW. This result says
that even from a phenomenological standpoint, the correction to the conservation
equation due to the conformal rescaling, does not involve shear viscosity. We recall
that physical observables such as the luminosity distance are frame independent
[217-219], so no matter the frame, the observed luminosity distance is not affected
by which frame one decide to work with. From the geodesic condition in the
JF w4V (u;) = 0 we have that w;,VE(uf) = 1(0") — upu0,4) and from the
comoving condition in the Jordan frame (we are fixing d = 3 from now on), we have
uly = e%(l, 0,0,0). From g7uf, = 0 we have ¢ = 0, and moreover we know that
the Einstein equations can be written as G, = AT/, where T0) = T}, + T/,
where the stress-energy tensor for ¢/ corresponds to the one of a scalar field with
potential f/(@b) From the symmetries of the metric under study, we know that
also in the EF, where the metric is gfy = e‘¢g;{w the only off-diagonal non-
vanishing components of the Einstein tensor are the 0 — 1, hence ¢4 = (0, g5, 0, 0)
and ¢ = ¥(t,r). Using for the JF metric the one given in Eq. (7.9), we get the
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continuity equation as

pr +3H(t,7)(p" +p® — 3C"H(t,r)e™")
A B’ 3

_2E _¥ /1 1 - 2_ )\/__/ —0.
pw+e2[qE+qE(A+ B+3 2¢>} 0

(7.36)

In the FLRW limit for dust fluid, where ¢ = ¢ (¢) and with vanishing bulk viscosity
we get
pF + 3H(p" + p¥) — 2p"¢ = 0. (7.37)

This confirms our initial statement: in the Einstein frame, corrections induced by
conformal transformations are constrained and cannot reintroduce shear contri-

butions.

7.3.2 Geodesic fluid in the Einstein Frame

For this case we assume that the line element in the Einstein frame is the one
given by Eq. (7.9) and that the fluid is comoving uf, = (1,0, 0,0), hence geodesic
in the EF. For the same reasons given in the previous subsection, also in this case,
the shear tensor vanishes identically, ruling out any shear-viscous contribution to

the conservation equation. In this case the continuity equation reads

pf + 3H(t,r) [pE +pf — 3H(t, r)e*%%E]

. 7.38)
TP E E 3 3y ~E ] 1 A B A (
p 3p 262Cw +qg A+ZB+3)\ =0,

and finally in the FLRW limit and for vanishing bulk viscosity we recover

pF + 3H (p” +p*) — % (p” —3p”) =0. (7.39)

The same conclusions as in the case of a fluid comoving in the JF can be drawn

also in this case.
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7.4 Outlook

In this Chapter, we have shown that shear viscosity does not influence the back-
ground dynamics of isotropic cosmological models, as long as the fluid is comoving
and geodesic. Our analysis relies on general geometric arguments valid for a broad
class of isotropic (but not necessarily homogeneous) metrics, and the result holds
independently of the gravitational theory under consideration. In particular, we
verified that in both General Relativity and F'(R) gravity including Starobinsky
model the shear tensor vanishes identically for comoving fluids in these back-

grounds, implying that anisotropic stresses do not enter the continuity equation.

We extended this result to both Jordan and Einstein frames, showing that con-
formal transformations do not introduce shear-dependent terms into the diver-
gence of the stress-energy tensorwhen starting from a shear-free configuration.
This supports the conclusion that shear viscosity cannot alter the evolution of
the Hubble parameter, and thus cannot affect the electromagnetic luminosity dis-
tance in FLRW, which depends only on the background geometry via the Hubble

parameter.

Overall, while our results do not exclude the possibility that shear viscosity plays
a role in more complex or perturbed settings (e.g. tensor modes as we are going
to discuss in the next Chapter), they suggest that constraints on shear viscosity

cannot be reliably extracted from background observables.
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A simple example of
“non-minimal” Pre-Big Bang

scenario

8.1 Introduction

In a recent paper [3] we have discussed the possible interpretation of the sig-
nal detected by the multiple Pulsar Timing Array (IPTA) collaborations, includ-
ing NANOGrav [30, 31], the Parkes PTA (PPTA) [32, 33|, the European PTA
(EPTA) in partnership with the Indian PTA (InPTA) [34, 35], and the Chinese
PTA (CPTA)[36], as due to a stochastic background of relic primordial gravity-
wave (GW) radiation produced in the context of the Pre-Big Bang (PBB) scenario
20, 21, 180, 181, 220], based on the duality symmetries of the string cosmology
equations [19, 70, 71, 77, 79].

Such an interpretation, as discussed in [3], is impossible for the GW spectrum
produced by the so-called “minimal” version of such a scenario (see e.g. [4, 155]),
as it requires appropriate modification of the GW spectrum amplified during the
high-curvature string phase. The aim of this paper is to provide a simple but
physically motivated example of how such modifications could be implemented
in the context of a “non-minimal” model of PBB evolution still described by the

standard string cosmology equations.

167
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Let us start by recalling the basic elements of the minimal PBB scenario [20, 85,
220]: the cosmological evolution starts asymptotically from the string perturbative
vacuum and, after a low-energy phase of growing curvature and growing dilaton,
reaches a high-energy phase with string-scale curvature, preceding the bounce and
the beginning of the standard, decreasing curvature, frozen dilaton, post-big bang
evolution. The high-energy string phase of the minimal scenario, in particular,
is described by an epoch in which the curvature of the internal and external
dimensions is nearly constant at the string scale, and the effective string coupling,
controlling the string loop corrections, is growing (according to the explicit model
first discussed in [172]).

Let us try to preserve the above-mentioned properties of the string phase also in
the modified version of the non-minimal scenario. To this purpose we recall that
the string phase of the minimal scenario is described by a fixed-point solution
of the vacuum gravi-dilaton equations, including higher-curvature corrections to
first order in the string o/ expansion [172]. Therefore, we will modify such a
scenario by only adding to the background dynamics the contribution of non trivial
(high-energy) effective matter sources; and we will ask whether, depending on the
properties of these sources, the amplified tensor and axion perturbations may be
characterized by spectral powers different from those of the minimal model, so as
to satisfy the constraints discussed in [3] needed to produce the signal detected
by the IPTA collaboration. Finally, we will describe the matter sources as a
higher-dimensional fluid (as usual in the context of homogeneous cosmologies),
with possibly anisotropic pressure (in case of a different dynamics for internal
and external spatial dimensions), and with possibly intrinsic shear viscosity (to

produce a scenario with broken S-duality symmetry [74]).

We have found, with explicit calculations, that there are various models of sources
able to produce the required scenario. For the illustrative purpose of this paper,
and for the sake of brevity, we shall mainly concentrate our discussion on three
cases: 1) radiation, described by fluid sources with traceless stress tensor; ii) gas
of primordial unstable strings [221, 222], described by fluid sources with equation
of state, in an isotropic D-dimensional geometry, given by p/p = —1/(D — 1);
i1i) gas of string holes (i.e. string-size black holes) [186-188, 223, 224], described
by fluid sources whose pressure p is related to the dilaton charge o, in the string

frame (S-frame), by p = /2. We have chosen these three examples because we



Chapter 8 169

may naturally expect the presence of these type of sources in the high-curvature

regime of the string phase.

Finally, let us anticipate here a result which, in our opinion, is probably one of the
most interesting ones of this paper: the new allowed background solutions describ-
ing the string phase, and satisfying the required constrains needed for a successful
non-minimal scenario, may be characterized by spatial dimensions evolving with
an effective Hubble parameter of opposite sign to that of the initial asymptotic
regime. For instance, by an external space which is contracting at constant curva-
ture (or even flat), instead of being expanding. Note that this is not an unphysical
result (as it might seem at first glance) but, on the contrary, an interesting (and
in principle expected) result, since it describes just the same type of kinematics
of the high-curvature phase obtained in the context of regular and self-dual string

models of bounces (see e.g. [5, 93, 96]).

The paper is organised as follows. In Sect. 8.2 we introduce the background dy-
namics and its perturbations for our model of high-curvature, non-vacuum string
phase. In Sect. 8.3 we present and discuss, for the chosen examples of fluid sources,
their effects on the dynamics of the string phase, the resulting modification of the
perturbation spectra,and their behaviour in the spectral plane to be compatible
with the PTA signal. We also consider examples of viscous sources, producing
non-minimal models with broken S-duality symmetry [74]. Sec. 8.4 is devoted
to our concluding remarks. The explicit form of the modified background equa-
tions is reported in App. E, and the canonical evolution of axion perturbations,
including first-order, higher-curvature corrections, is presented in App. E.1. The
main details of the non-minimal GW spectrum, and the theoretical, phenomeno-
logical and self-consistency constraints to be imposed for its compatibility with

the detected PTA signal, are finally summarised in App. E.2.

8.2 A non-vacuum string phase: background and

perturbation equations

Let us start with the S-frame action used to describe the string phase in the
context of the minimal PBB scenario [172], and obtained to first order in o’ from
the two-loop sigma model through a field redefinition (see e.g. [50]) which gives an

action without higher-than-second derivatives in the corresponding equations of
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motion. By including the string antisymmetric tensor' B, = —B,,,, and adding
the source contribution described by the matter action S,,, the total action, in a

general D-dimensional space-time geometry, is then given by

S= S gupms [ VI |R400 - e - alan (R - Vo
—dagH3% 50 <1i2gMNRMN + ZV¢2) — 'agHM* P Hyap (R ™ — VgV ¢)
—a'ag (iHMNLHN raHs MARHRSE éHMRLHN REGMSAHN SA)
+%a’a0RABCDHABMHCD M} . (8.1)

Here \? = 27a/ is the string length parameter, ¢ is the dilaton, Hapc = 4 Bpc +
OpBca + 0cBap, where B is the NS-NS two-form (related in four dimension to
the so-called Kalb-Ramond axion), and aq is a numerical parameter depending
on the given type of string model: in particular, ag = 1/4 for the bosonic string,
and ag = 1/8 for the heterotic superstring. Finally, R%j is the Gauss-Bonnet

quadratic curvature invariant, and capital latin indices run from 0 to D — 1.

8.2.1 Background dynamics of the string phase

Consider a higher-dimensional geometry of Bianchi-I type, describing the product
of two isotropic subspaces with d = 3 (external) and n (internal) dimensions,

represented (using the cosmic time t) by the metric

gaB = dlag (gulu ’Ymn) = dl&g (17 _az(siﬁ _b26mn)7
(8.2)

. T0) h— 0

I J

where Greek indices run from 0 to 3, Latin indices 7, j from 1 to 3, Latin indices

m,n from 4 to 4 4+ n, capital Latin indices from 0 to D — 1 =3 4+ n.

By assuming that the background value of the Kalb-Ramond strength tensor is
vanishing (Hapc = 0) we find, for the given class of geometric backgrounds,

that the action (8.1) reduces to the following effective action for the variables

IThis background field is an essential ingredient for a phenomenologically complete scenario
able to produce the today observed spectrum of scalar metric perturbations [74].



Chapter 8 171

{N, ¢, 8,7}
8§ =5m—3 A;_l %ewnw { [ng? +68% +n(n—1)4* +6n8y — 63¢ — znw]
- (23" + cadB® + (= 38) = 6" + es5(D — B) + eanB2(36 - )| } ,

(8.3)

where N? = g is the so-called lapse function, and where:

n 4n
cy = —g(n—l)(n—Q)(n—?)), cy = ?(n—l)(n—Q), cs = 12n(n—1) (8.4)

(we are using the same notations as in [172]).

As already mentioned we shall use a fluid model of sources, possibly coupled to the
dilaton, with possibly different external (p) and internal (¢) pressure (in agreement
with the spatial anisotropy of the metric (8.2)), and with the possible presence
of intrinsic shear viscosity ny. The variation of the matter action with respect to
the metric and to the dilaton then gives the so-called dilaton charge o and the

canonical stress tensor, defined as usual by

1 65, 2 05y
g___- %m TAB — - ™ (8.5)

2 V—g 0¢ V—909aB
The stress tensor, taking into account the particular spatial structure of the met-
ric (8.2) describing the direct product of 3-d and n-d isotropic subspaces, and
including (in the standard form) the shear viscosity contribution, can be written

covariantly as follows:

Tap = (p+p)uaup —pgap + (¢ — D) vavp — v [U(A|UMVMU|B) — Viaug)] (8.6)

(round brackets denote symmetrisation). Here u# and v# are, respectively, time-
like and space-like vectors satisfying the conditions u u® = 1, v4v4 = —n (see e.g.
225, 226] for the formal description of anisotropic fluid sources in the special case
of D = 14 3 dimensions). Finally, the tilde symbol over the internal and external
pressures denotes as usual the possible presence of the shear viscosity contribution

Ny as follows:

p=p+

vV au?, qg=q+ vV aut. (8.7)

3+n 3+n

An explicit computation for the background metric of Eq. (8.2), performed in
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the comoving gauge where u u? = 0% 6f and vav® = =67 62 6", then gives the

following modified components of the source stress tensor:

5 =p, T? =-0! -B)|, Tp=-6 3(8 — 8.8
o =p T, Pt n( 6)} ™ m{Q+3+n(ﬁ 7| (838)
(note that in the limit of an isotropic geometry, B = v, there are no contributions
of the shear viscosity to the stress tensor and to the background equations, as
expected [6]). We shall assume, in the following, that the non-viscous components

of the source satisfy the perfect fluid equation of state, namely namely:

ag
p = wip, q = wap, 3 = wsp, (8.9)

with w; = const.

The explicit equations governing the dynamics of the string phase are now obtained
by varying the gravi-dilaton part of the action (8.3) with respect N, 3,7, ¢, and by
adding the associated contribution of the fluid sources. After the variation we set
N =1 (cosmic time gauge), and we look, as in the minimal model, for background
solutions with constant curvature and with a dilaton which is linearly evolving
with respect to the cosmic time coordinate. Namely, we impose a/a = ﬁ = const,
b/ b = 4 = const, ng = const, where the dot denotes cosmic time derivative. The
explicit form of the resulting equations, including the fluid source contribution
parametrised as in Egs. (8.8), (8.9), is reported in Appendix E. It can be easily
checked that the sources, to be consistent with the given type of background

solutions, must satisfy the conditions
\P=1e?p = C = const, AP=2p0 e? = Hy = cost. (8.10)

(see Egs. (E.1)—(E.4)).

The equations reported in Appendix E are a system of four algebraic equations for
the unknown constants B, v, ¢5, C, Hy,wy,wsy, w3, and we shall look for non trivial
solutions for appropriate fluid models. In the absence of sources only three of
the above equations are independent and, in the particular limit of an isotropic
geometry, 3 = 4, one can recover the known solutions of the minimal model
presented in [172]. In that case, however, we cannot satisfy the conditions required

to produce a GW spectrum compatible with the PTA signal.
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For an explicit formulation of the required conditions let us now introduce a few
details on the evolution of axion and tensor perturbations in the chosen model of

string-phase background.

8.2.2 Axion perturbations with o’ corrections

Let us report here the basic results needed to compute the axion spectrum (which
is a crucial ingredient, for the PPB scenario, to produce the today observed back-

ground of isocurvature scalar metric perturbations via the curvaton mechanism
(60, 74, 110, 111]).

We will assume that the matter sources are not directly coupled to the Kalb-
Ramond field, so that the resulting axion-perturbation equation will be exactly
the same as that of the minimal scenario. However, we will explicitly take into
account the possible contribution of the o' corrections typical of the string phase?,

and present indeed in the action (8.1).

Let us start with the action (8.1), consider the first order perturbations of the
Kalb-Ramond field strength, Hapc — Hapc + 0H spc, assume that the zeroth-
order background contribution is vanishing, Hapc = 0, and compute from (8.1)
the effective action quadratic in the perturbation dHagc. We are interested,
in particular, in the dynamics of the pseudo-scalar Kalb-Ramond axion field Yy,
i.e. the spacetime dual of the four-dimensional component of the Kalb-Ramond

perturbations. It is defined by

spme = < Sppresy (8.11)
= —=Vx = e, :
VI v—g
where u,v,...=0,1,2,3, n"*? is the four-dimensional totally antisymmetric ten-

sor, and e? = e?//|y| = e?/b" = ¢2 is the square of the effective four-dimensional

string coupling.

We shall now perturb the action (8.1) according to Eq. (8.11) up to terms of
quadratic order (9x)? and, by taking into account that x = x(t, z;), we shall use
the Fourier component of the axion perturbation x;, such that VZy, = 9;0°xx =

—k%x1. By introducing the conformal-time coordinate 7 such that dt = adr, and

2This is a point which, to the best of our knowledge, has never been taken into account for
the axion in previous papers.
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factorising the volume integral [ d™y over the internal spatial dimensions, we then

obtain the following quadratic perturbed action for yy:

1
oS = 3 dr [ZQ(T)Xf — k2xiy2(7)} : (8.12)
Here a prime denotes differentiation with respect to the conformal time, and z
and y are functions of time depending on the background fields (see Appendix
E.1 for an explicit computation and a general definition of these functions). From

the action (8.12) we can immediately obtain the equation of motion for the axion

perturbation yy:

" Z, ! 2y2
Y +252V + 2Ly =0, (8.13)
z 22

and the corresponding evolution equation for the canonical variable vy = zx
which diagonalises the kinetic term of the action (8.12):
P k2

vy + ko — Vi(T)vp = 0, Vi(1) = P (y* — 2°). (8.14)

Let us now take into account that our background describing the string phase is
characterized by constant values of the parameters B, v, ) controlling the curvature
and the dilaton dynamics. In such a case it turns out that the two functions z and
y are proportional (see their explicit expression in Appendix E.1), and are given
by

z=m&,, Yy = aré,, & = ab 2e??, (8.15)

where ay, ap are numerical constants of order one. The canonical equation (8.14)

determining the axion spectrum thus reduces to

2
vy + (k%i - §_J> v = 0, (8.16)

where &, is the so-called axion pump field, and ¢ = ag/a; ~ 1 is the effective
“sound velocity” of the axion fluctuations (see e.g. [168, 182] for the possible

physical consequences of a speed ¢; # 1).

The primordial axion spectrum amplified by this model of string phase has thus a
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spectral index determined (according to standard cosmological perturbation the-
ory [12, 60]) by the power-law evolution of the pump field &,, expressed in confor-

mal time. For the background we are considering we have, in cosmic time,
£y = ab 2e9/? n Pt eI o912 (8.17)
for —oo < t < 4+00. Hence, in conformal time where a ~ (—BT)_I,

116, ! .
& ~ (=Br) M, 5= 55 (1= 6). (8.18)

where 7 < 0 for 8> 0 and 7 > 0 for 8 < 0.

It should be noted that the canonical equation (8.16) determining the axion spec-
trum only contains second derivatives with respect to the conformal time, and is
invariant with respect to the change of coordinates 7 — —7. The definition of
the pump field parameter j, is thus valid quite independently of the sign of £,
controlling the external-space kinematics (i.e. constant-curvature expansion for

B > 0, constant-curvature contraction for 6 < 0).

8.2.3 Tensor perturbations including viscosity

For tensor metric perturbations the procedure is the same as the previous one
used for axion perturbations. We start with the action (8.1) and consider the
first order perturbation dgap = hap of the metric tensor, expanding the metric
as gap — gap + 0gap, and computing the perturbed action up to terms of order
h?. Assuming as before that the background value of the Kalb-Ramond strength
tensor is vanishing (Hapc = 0), we shall concentrate on perturbations propagating
in the d = 3 external space, h;; = h;;(t,z;), and satisfying the usual transverse-
traceless (TT) condition: 8jhij =0 = h;*. Let us first assume that there is no
shear viscosity in the matters sources. The only contributions to the perturbed
action come then from the gravi-dilaton part of the action, and in particular from
the terms of Eq. (8.1) not containing the Kalb-Ramond field: the results are

known, as already computed in previous papers [73].

For the purpose of this paper it will be enough to recall that the quadratic per-
turbed action for the Fourier components of tensor perturbations, hy, is formally

of the same type as in the axion case, Eq. (8.12), and that we obtain exactly the
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same type of Egs. (8.13), (8.14) for the propagation of hj and of its corresponding
canonical variable, v, = zhy. The only difference is that the effective pump fields
z and y, for the tensor modes, are different functions of the background variables
a,b, ¢ (see e.g. [73]).

However, in the special case of a background with constant values of B,ﬁ,gz% it
turns out again that the two functions z and y are proportional, and thus define
a unique pump field &, for tensor perturbations, in a way similar to Eq. (8.15).

One obtains, in particular:
ey~ &y~ abie (8.19)

The canonical equation, determining the tensor propagation spectrum, then takes

the form

9)

(where again ¢, ~ 1, but its precise value is in general different from that of the

1!
vy + (k:%g — —h) v =0 (8.20)

corresponding parameter of axion perturbations).

Like in the axion case, we can express the tensor pump field in conformal time,

and we obtain:

L . 1 /.

Ep ~ el 2 om0 o ()T B = % (¢ - TW) =—fB,, (8.21)
valid as before for both expanding space, 8 > 0 with 7 < 0, and contracting space,
B < 0 with 7 > 0. We note that the obtained relation 8, = —f, is an expected
consequence of the S-duality symmetry [74] satisfied by the model of string phase

that we are considering.

The S-duality symmetry could be broken, however, if we would like to consider a
fluid source with non-vanishing shear viscosity. Such an additional “non-minimal”
ingredient is not necessarily required, as we shall see, to obtain a scenario compat-
ible with the fit of the PTA data; however, it may be interesting (and useful) to
sketch here the basic effects of shear viscosity on tensor perturbations, also in view
of the possibility that future detections of relic GW backgrounds, corresponding to
unexpected amplitude in unexpected frequency ranges, might be better explained

by a spectrum produced in the context of models with broken S-duality symmetry.
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Indeed, let us recall that the shear viscosity of the sources, unlike bulk viscosity,
directly affects the propagation of tensor perturbations, and can thus induce sig-
nificant modifications of their spectrum. We refer to [6] for an introduction to this
effect, and for its detailed discussion. Here we only report the modified form of
the evolution equation for the Fourier components of the 3-d tensor perturbation
modes hyg, in the TT gauge, explicitly written in the same string phase as before
(we put for simplicity ¢, = 1), and modified by the presence of a non-vanishing
shear viscosity: /

hy +2 (2—: + aHv> R}, + k*hy = 0. (8.22)
Here &, is the tensor pump field of Egs. (8.19), (8.21), and Hy is the parameter
depending on the shear viscosity and on the dilaton already defined in Eq. (8.10).
Note that the explicit form of Eq. (8.22) and, in particular, the presence of
the dilaton in the viscosity contribution represented by Hy,, is due to the direct
rescaling of the tensor perturbation equation with viscosity from the Einstein
frame used in [6] to the String frame, used in this paper (see e.g. [60? | for the
details of the transformations between the two frames, in an arbitrary number
of dimensions). It should be stressed, finally, that for the constant-curvature
background that we are considering, the parameter Hy is constant (see instead [§]

for an example of time-dependent Hy in more general background geometries).

According to Eq. (8.22), the presence of shear viscosity defines a new effective

tensor pump field Eh such that

Sho—Sh 4 o H 2
é‘h gh a i1y, (8 3)

and a new “viscous” canonical variable v = &, hy. satisfying the generalised equa-

on
vf 4+ | k> — 2L ) o, = 0. (8.24)
&n

We can easily find the power-law behaviour of the new, viscous pump field gh in

tion

conformal time from Eq. (8.23). Putting &, ~ (—37)%, and solving for K, we

obtain

En(r) ~ (—Br) 1P, b= (d—ny—2Hy) =5, - =L (3.25)
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As before, the above result for Eh is valid for both expanding (B > 0,7 <0) or
contracting (3 < 0,7 > 0) external 3-d space.

We note, finally that S-duality is explicitly broken (Eh # —f,, compare with Eq.
(8.21)), because shear viscosity affects the tensor pump field and the tensor per-
turbation spectrum, but not the corresponding parameters of axion perturbations,
which are left unchanged. It follows that the phenomenological parameter con-
trolling the S-duality violation, defined as € = 3, + Bh in our previous paper [3],

turns out to be directly related to the viscosity of the sources as e = —Hy / 8.

8.3 Examples of physical models compatible with
the PTA signal

Looking at the allowed region of the spectral parameter space presented in [3] it
should be noted, first of all, that the conditions to be satisfied by the variables
A, v, g.b, Hy, ..., characterising the chosen background model, are significantly af-

fected by the presence or absence of the S-duality symmetry.

Let us recall, in fact, that the overall shape of the today-observed relic GW spec-
trum is determined not only by the spectral tilt (controlled by ;) of the modes
amplified during the string phase, but also by many other model-dependent de-
tails such as the duration of the pre-bouncing evolution, the bouncing energy
scale, the durations of the post-bouncing axion-dominated regime and so on (see
Appendix E.2). Hence, for any given couple of values of (3, 55, their localisation
inside or outside the allowed region of a PTA-compatible spectrum also depends
on the variation range of all the other parameters (as illustrated in particular by
Fig. 1 of ref. [3])). The overall allowed region must of course satisfy, in addi-
tion, all existing phenomenological constraints such as the bounds imposed by Big
Bang nucleosynthesis [157], by the CMB observations [162], by the present data
of the LKV network [116] and so on. All such conditions have been summarised

in Appendix E.2, but see [3] for an explicit and detailed discussion.

It follows, in particular, that when the two pump-field parameters gy, 8, are di-
rectly related by S-duality, and if we apply on one of them the needed constraints,
the other one is also automatically constrained. Conversely, when duality is bro-

ken and the two parameters are independent, there is no automatic transmission
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of constraints, and the allowed range of the two parameters is larger. In the first
(S-dual) case where f, = —f, it turns out, from the results of [3], that the GW
spectral parameter for a scenario compatible with the PTA signal must be confined

inside the (rather small) range
0.09 < B S — 0.05. (8.26)

In the second (S-duality broken) case, like for instance the viscous model of the
previous section (with Eh # —[f,) one finds instead that the spectral parameters

must satisfy two independent conditions:

—0.08 < B, < 0.05, 0.10 S B, — B, < 0.21. (8.27)

In spite of these rather strong conditions, we have found various possible exam-
ples of fluid sources, with and without dilatonic charge, with and without viscosity,
producing a spectrum of tensor and axion perturbations determined by the pump
field parameters satisfying the conditions (8.26) or (8.27). In the following sub-
sections we shall present a detailed illustration of simple and physically motivated
models of fluid sources compatible with the mentioned constraints, and useful to

illustrate the typical properties of the non-minimal scenario.

Let us notice, to this purpose, that the above conditions (8.26), (8.27) provide
constraints on the values of 3,4, ¢ (and possibly Hy) obtained by solving the
background equations (E.1)—(E.4), and describing a particular example of string
phase kinematics. The string phase describes an epoch of pre-bouncing evolution,
and thus it is naturally associated to a growing string loop parameter, gzﬁ > 0. In
such a context, it would seem natural to expect also an expanding external space

with 3 > 0, and contracting (or frozen) internal dimensions with 4 < 0.

As already mentioned, however, this is not necessarily the case, as explicitly shown
by the regular, exact (to all orders in /) and self-dual models of bounce [5, 93, 96].
In that case, indeed, the high curvature regime tends to be characterized by a sign
of the effective Hubble parameter which is exactly the opposite of the sign typical
of the asymptotic (initial or final) regimes: namely, a sign which corresponds to a
contracting (or even flat) external space, B <0, and/or to an expanding internal
space, 7 > 0. In the same way, those models also suggests the possibility of

a high-curvature pre-bouncing regime with decreasing dilaton ¢ < 0: in such a
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case, however, the self-consistency of the PBB scenario requires a growth of the
effective four-dimensional string coupling g4 ~ €?/2b="/2, namely ¢, > 0, which

implies <b > nAy.

In the following subsections we will thus consider examples of background solutions
satisfying the conditions (8.26) or (8.27) without imposing constraints, a priori,

on the sign of 3,4, ¢.

8.3.1 Anisotropic fluid sources without viscosity: S-dual

GW spectrum

The simplest and most natural example of source physically compatible with the
high-energy string phase is probably that of radiation, represented by a perfect
fluid with traceless stress tensor, i.e. satisfying the condition 3w; + nws = 1 (see
Egs. (8.8), (8.9)). It might represent the possible effects of the backreaction due
to the amplified perturbations, and it could even correspond to an isotropic spatial
distribution throughout the entire (external and internal) space, with equation of
state p = p/(3 + n), namely with w; = wy = 1/(3 + n). Assuming that there
is no viscosity we have no breaking of the S-duality for the GW spectrum, and
we may look for solutions of the background equations (E.1)-(E.4) (with 7y = 0)
satisfying the stronger condition (8.26), where [, is defined by Eq. (8.21).

In the isotropic case we have checked that there are solution with g varying in the
whole allowed range (8.26). However, they need a non-vanishing dilaton charge,
and are characterized by numerical values of the parameter w3 which do not seem

to have any clear interpretation in terms of physical models of sources.

To this purpose, let us briefly discuss how the dilaton charge density o could be
physically introduced for the (possibly anisotropic) fluid model of source that we
are considering. First of all we note that the the canonical stress tensor (8.6),

without viscosity, can be easily derived from the following effective action,

S = 2 / A" ev/=g [((p+ p) gapu'u® + (g — p) gapv*o® — (p+3p) — n(p — ¢)] ,

2
(8.28)
which generalises to our higher-dimensional metric (8.2) the action for an isotropic

fluid given in [227]. By applying the canonical definition (8.5) and specifying, after
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the variation, the vectors u* and v* in the comoving gauge, we obtain indeed the

previous results (8.8), (8.9) with ny = 0.

Suppose now we introduce for this model of fluid the coupling to the dilaton,
according to the standard string coupling expansion: namely by multiplying the
Lagrangian of the action (8.28) by e where k = —1 for the small coupling limit
of the tree-level contribution, £ = 0 for the one-loop contribution, and so on. We
then obtain a dilaton-dependent action S,,(¢) with the same form of Eq. (8.28),

but with rescaled fluid variables:

p— p(¢) = e*p, p— p(p) = "p, q—q(¢) =€e"q.  (8.29)

In that case, the canonical definition of the dilaton charge (see Eq. (8.5)) imme-
diately gives
— = —kp = —kw1p = wzp. (8.30)

At the tree-level, in particular, we have w3 = w;. We shall now consider three

simple examples of sources.
e Radiation-like sources

Coming back to our radiation-like model of source, and considering the anisotropic
case which satisfies the condition 3w, + nwy = 1, we are now physically motivated
to look for solutions with no dilaton charge, w3 = 0, or with tree-level charge,
w3 = wi. In both cases we find that there are non-trivial solutions to Egs. (E.1)—
(E.4), for the four variables C’,B,ﬁ, (ﬁ, and with C' > 0, for any given value of
in the range (8.26).

If we assume w3 = 0 we find that the solutions are characterized by opposite
values of the sign of § and 4. However, if we want to obtain a growing dilaton and
4-dimensional string coupling, gb > 0, g4 > 0, then we are left with the case 6 <0
and 4 > 0, namely (as anticipated) with a solution describing contracting external
space and expanding internal space, just in agreement with the high-curvature
kinematics of the previously mentioned regular bouncing scenarios [5, 93, 96]. We
have checked that the above properties hold for arbitrary numbers n of internal

dimensions. If we choose, for instance, the typical superstring value n = 6, and
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the particular (allowed) value 8, = —0.06 for the spectral parameter, we obtain

Bp=—006, C~220, [~-0063 +~030, ¢~180, ¢ >0.
(8.31)

If we assume instead ws = w; (tree-level dilaton charge), we find for the allowed
solutions that § and 4 must have the same sign, while gzﬁ and ¢4 the opposite
one: and if we choose, in particular, a growing dilaton, gb > (0, we obtain that the
external and internal space must be expanding, B> 0,4 > 0, while g4 < 0. The
opposite is true if we choose qb < 0. For the typical value n = 6, and, again, for

B, = —0.06, we obtain, for instance:

By =—0.06, C=~0.020, [B~0.037, 4~023,  ¢~139, g, <O0.
(8.32)

e Unstable strings

Another possible example of source, also typical of the high-curvature string phase,
may correspond to the presence of a stochastic distribution of primordial unstable
strings [221, 222], described by a gas which in the isotropic D-dimensional case
is characterized by the averaged equation of state p = —p/(D — 1), i.e. by wy =
wy = —1/(3+mn). In such a case we can find background solutions compatible with
the condition (8.26) but, like in the case of isotropic radiation, the needed value of
the dilaton charge seems to have no direct physical interpretation. In particular,
there are no solutions with a value of w3 which is nonvanishing and compatible

with the model of coupling described by Eq. (8.30).

However, for an anisotropic distribution of unstable strings (without viscosity)
whose stress tensor, of the type (8.9), satisfies the generalised condition 3w; +
nwe = —1, the results are different. There are indeed background solutions com-
patible with the range of Eq. (8.26), and sourced by anisotropic unstable strings
with tree-level dilaton charge: namely by a fluid with wy = —(1 + 3w;)/n and
wz = wy. The properties of such solutions are very similar to those of the pre-
viously obtained solutions sourced by a charged radiation fluid: indeed, we have
again > 0,4 >0, ¢ > 0, g4 < 0 (like in Eq. (8.32)). Interestingly enough,
we recall that the presence of a fully expanding (external and internal) space,
in this case, is not an optional (or casual) property of the obtained geometry,

but an unavoidable result needed for the consistency of the unstable-string model
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[221, 222]. To give here an example of explicit solution we can choose, as before,

n =6, B, = —0.06, and we find

B, =—-0.06, C~0017, [~0036,  +~023,  ¢~137, ¢ <D0.
(8.33)
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e String-hole gas

Let us finally consider a third example of fluid source, which is probably the most
natural and physically motivated one possibly present in the string phase: the
so-called string holes gas (SHG), namely a spatially isotropic distribution of high-
energy, string-size black holes, typically formed when the curvature reaches the
string scale (see eg. [186, 187, 223]). The isotropy gives p = ¢, and the string hole

condition implies, in the String frame, p = 0/2. Hence w; = ws = ws.

We can then consider the particular case w; = —1, which also corresponds to
a very simple (and possibly interesting) physical interpretation of the source in
terms of an exponential dilaton potential. Indeed, let us start with the following

matter action .S,

Sm=— /dDa:\/—g Voe 2, Vo = const, (8.34)

and apply the previous canonical definitions of the stress tensor and of the dilatonic

charge. We immediately obtain
TA B = 55 % e*(]b’ % = _% eid)u (835)

which implies, using the fluid model of Eq. (8.9), w; = we = wg = —1.

Quite independently of its possible interpretation, even in this case we obtain non-
trivial solutions of Egs. (E.1)—(E.4), with n, = 0, for any value of (), compatible
with Eq. (8.26), and for arbitrary values of n. Again we find that a growing dila-
ton, ¢ > 0, must be associated to an expanding (internal and external) geometry,
B > 0,% > 0, but, in this case, even the four-dimension string coupling turns out

to be growing, g, > 0. For the case n = 6 and 8, = —0.06 we obtain, for instance,

B, =—0.06, C=~0.009, [B~0035  4~022  ¢~133,  g>0.
(8.36)

All the previous examples of backgrounds, sourced by isotropic or anisotropic high-
energy fluids, with or without dilaton charge, and without viscosity, are able to
produce a GW spectrum (and an associated, S—duality-related axion spectrum)
which, in the frequency band amplified by the string phase, has a spectral power
controlled by the parameter f;, satisfying the condition (8.26). See Appendix E.2

for the explicit form of the spectral energy density Qgw (f) written in terms of
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FiGurE 8.1: Examples of GW spectra produced by non-minimal but still S-
dual models, with a string phase described by the background solutions of Sect.
8.3.1. All plotted spectra satisfy the constraints of Appendix E.2, but with
different values of 3, and o;/Mp;. In particular: the red spectrum corresponds
to B, = —0.05 and o;/Mp) = 1; the blue spectrum corresponds to 8, = —0.058
and log(o;/Mp)) = —1/2; the orange spectrum corresponds to 35 = —0.073 and
log(oi/Mpy) = —1/2. Also shown is a typical S-dual spectrum with 55, = —0.064
and log(o;/Mp)) = —1/2 (the magenta plotted curve), providing an explicit
example of how this class of models, beside explaining the already detected

signal, could also produce signals in the sensitivity range of future detectors
such as LISA, ET and DECIGO.

Bn and of the other parameters. Of course, as previously mentioned, the today
observed GW spectrum, and in particular a spectrum responsible of the detected
PTA signal, must satisfy many other phenomenological and model-dependent con-
straints reported in Appendix E.2 and discussed in details in [3]. We have shown in
Fig. 8.1 a few example of such spectra compatible with all the imposed constraints,
and chosen in such a way as to qualitatively represent the possibly allowed larger
amplitude (the red plotted curve), the possibly allowed higher frequency extension
(the blue plotted curve), and the limiting case in which the string phase ends with
a bouncing transition just after the horizon-exit of the modes producing the PTA

signal (the orange plotted curve).

In that figure Qgw = fdpew/(pedf) is the spectral energy density in units of
critical energy density p., f is the today observed proper frequency of the wave
modes, and the IPTA signal (with Qgw ~ 2.9x 1078, f ~ 1.2x 107%Hz) is denoted
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by the red dot localised inside the black circle. The low-energy spectrum amplified
before the beginning of the string phase (f < fs) has a steep power-law growth,
Qcw ~ f3, represented by the steep solid line (common to all the plotted spectra)
reaching the red dot at f = f,.

We have also inserted into the figure the expected sensitivities of near-future GW
detectors like SKA [189], LISA [24], ET [26], DECIGO [29] (corresponding to the
regions of the spectral plane inside the black dashed curves). It may be interesting
to note that the spectra predicted by these examples of non-minimal models are
possibly well inside the expected experimental sensitivities. Finally, the grey-
shaded area describes the upper bounds presently imposed by the LKV network
[116] and by Big Bang nucleosynthesis [157]

8.3.2 Viscosity and broken S-duality

To give an example of non-minimal pre-big bang scenario with broken S-duality
symmetry we shall now assume that the fluid source contributing to the dynamics
of the high-curvature string phase has a non-vanishing shear viscosity, 1y # 0, as
explicitly taken into account in Sect. 8.2.1 (see in particular Egs. (8.6), (8.8)).
This may typically happen at high curvature, and has been recently discussed,
in particular, for the SHG case [113] (but the presence of viscosity can affect, of
course, also other models of sources). In such a case the slope of the high-frequency
GW spectrum, controlled by Eh, would be modified as discussed in Sect. 8.2.3,
while the slope of the associated axion spectrum, controlled by f3,, would keep
unchanged: one would then obtain th #+ —0, and € = (B, + Bh = 0, according to
Eq. (8.25). We have, in particular, two possibilities.

The first one is a string phase with an isotropic geometry, f = 4. In that case the
shear viscosity does not contribute to the background solution [6] (see Eq. (8.8))
but only to the evolution of tensor perturbations. Hence, the shear parameter Hy,
is in principle free, and can be modeled ad hoc to try to satisfy the two conditions

(8.27), once the background values of 5 = %, ¢ and C' are given.

The second one refers, as before, to an anisotropic geometry, 3 = 4. In that case
the viscosity explicitly appears in the stress tensor (see again Eq. (8.8)), hence it
also contributes to the background equations of motion, and it is no longer a free

parameter but it turns out to be fixed by the given chosen solution.
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Considering the second, more general possibility we have explicitly checked that
allowed S-duality breaking solutions, giving a non-minimal spectrum compatible
with all constraints, can be obtained by adding the shear-viscosity contribution
to any one of the three types of fluid sources considered in the previous section
(radiation, unstable strings, SHG). However, the corresponding allowed values of
B, Eh do not necessarily cover the whole range of values defined by Eqs. (8.27)

for all types of sources.

For brevity, we present here a single, straightforward example involving a fluid
source that describes anisotropic radiation with shear viscosity and no dilaton
charge: a fluid source with equation of state 3w; + nwy = 1, and w3 = 0. We
choose this model, in particular, to emphasise the main possible difference with
the S—dual examples of the previous section: namely, a GW spectrum with a
blue (i.e. growing) spectral behaviour in the string phase, which requires Eh >0
(see the spectral distribution (E.11)). Indeed, for the other two previous examples
(string holes and unstable strings) there are no allowed background solutions with

this property, even assuming that their viscosity is non-vanishing.

Assuming as before n = 6 we can take, for instance, Bh = 0.01, 8, — B'h = 0.14,
just to use values located around the middle of the allowed region (8.27), and we

then obtain

B, =001, B,—p,=0.14, C~220, Hy, ~0.009,

) _ : (8.37)
3~ —0.06, 4030, ¢ 181

It should be noted that for such solution (but also for solutions corresponding to
different values of the spectral parameters) the dilaton is growing (as expected),
and, just like in the previous examples without viscosity, the solutions again de-
scribe a string phase with contracting external space and expanding internal space
(ﬁ < 0, 4 > 0), just as predicted by the high-curvature kinematics of the regular

bouncing scenarios [5, 93, 96].

Given the above values of the spectral parameters, and taking into account all
spectral constraints reported in Appendix E.2; we are only left (as in the previ-
ous duality-invariant case) with the freedom of shifting the value of the axion-
parameter o;/Mp) using, for instance, the allowed variation range assumed in [3].
We obtain in this way a corresponding allowed region for the GW spectrum of

this non-minimal, non-dual model illustrated by the pink shaded area of Fig. 8.2,
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FIGURE 8.2: The allowed region (the pink shaded area) spanned by the GW

spectra produced by a string phase described by the solution (8.37). The two

limiting GW spectra, represented by the red and blue curves, are both violating

the standard S—duality symmetry with the same symmetry breaking parameter,

e = 0.16. However, the red curve corresponds to log(co;/Mp;) = —0.81, the blue
one corresponds to log(o;/Mpy) = —0.49.

and limited by the spectrum with minimal (the blue curve) and maximal (the
red curve) extension of a string phase producing a slightly growing spectrum with

spectral parameter Bh = 0.01.

It should be stressed, finally, that the plotted spectra and the corresponding al-
lowed region are only a very simple example of a non-dual and non-minimal model
based on high-curvature background equations modified by the presence of viscous,
anisotropic, radiation-like sources. By no means they are to be regarded as de-
scribing the general predictions of a non-minimal scenario with duality-broken
symmetry. Such a general discussion is outside the object of this short paper, and

will be possibly discussed in future works.
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8.4 Outlook

In this paper we have presented, for the first time (we believe) in the literature
of theoretical cosmology, two new results: i) the explicit computation of the per-
turbation equation for the Kalb-Ramond axion field including higher-curvature
corrections to first order in o/; and i) the explicit contribution of shear viscosity
to the tensor metric perturbations of the gravi-dilaton equations written in the

String frame.

We have used such results to discuss examples of high-curvature, non-vacuum,
non-minimal pre-big bang models giving a spectral distribution of relic stochastic
gravitons, Qew (f), which may be the source of the signal recently detected by the
IPTA collaboration. We have shown, also, that the GW distribution of the con-
sidered models, in the spectral plane {f, Qcw (f)}, may have an intensity possibly
detectable even in the higher-frequency sensitivity window of the so-called third
generation GW antennas, such as LISA, ET and DECIGO.

Finally, we have presented a mechanism able to break the string theory S-duality
relating the primordial graviton and axion spectra. The breaking may be induced
by the intrinsic presence of shear viscosity in the fluid sources contributing to
the dynamics of the high-curvature string phase, and it could be important to
interpret (and explain) possible future signals of relic GW backgrounds detected

with unexpected amplitude in atypical (high-energy) frequency ranges.






Conclusions

In this thesis we have investigated the dynamics and observational consequences
of pre-Big Bang (PBB) cosmology, a string motivated alternative to inflation.
The central aim was to understand how higher-curvature corrections and string
dualities affect the possibility of obtaining a smooth cosmological bounce and of
generating a primordial gravitational wave background that can be confronted

with present and future observations.

At the theoretical level, we have worked within the Hohm-Zwiebach framework,
which incorporates the gravi—dilaton system to all orders in o/ at tree level in the
string coupling. By reformulating the dynamics in terms of the Routhian and
focusing on homogeneous Bianchi-I configurations, we showed that this effective
action admits non-singular, “self-dual” bouncing solutions. These solutions evade
the curvature singularity that appears at lowest order, and in particular they
connect pre-bounce and post-bounce branches in a way consistent with scale factor

duality. The result provides a realization of the bounce in string cosmology.

We then explored how the addition of a non-perturbative dilaton potential modi-
fies this picture. Importantly, the existence of regular bounces is controlled mainly
by the reduced hamiltonian, but the late-time fate of the dilaton may differ ac-
cording to the initial conditions. Depending on the shape of the potential and on
initial conditions, the system can rejoin the dual of the vacuum branch, reflecting
back to weak coupling, or stabilize at a finite value, thereby leading either to decel-
erated FLRW expansion or to an accelerated phase reminiscent of de Sitter space.
Moreover, we found that isotropization is a robust feature: even starting from

anisotropic initial conditions, the evolution drives the system toward isotropy.

On the phenomenological side, we considered the production of primordial gravi-

tational waves in minimal PBB model that includes the axion curvaton mechanism
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required to generate adiabatic scalar perturbations and a constant curvature lin-
ear dilaton string phase. Once the post-bounce axion-dominated phase is properly
taken into account, the resulting amplitude in the nanohertz range falls short of
explaining the signal suggested by NANOGrav and the IPTA. This mismatch
demonstrates that the minimal, S-duality-symmetric PBB scenario cannot repro-
duce the PTA data. Nonetheless, this minimal setup is far from unobservable:
it still predicts detectable pGW signals well within the forecasted sensitivities of
LISA, DECIGO, and ET. This shows that even the most conservative version of

PBB cosmology offers falsifiable predictions for the next generation of detectors.

The situation changes if one allows for a non-minimal high-curvature string phase
that breaks S-duality. In particular, we considered the effect of anisotropic sources
and viscous stresses, which provide a concrete way of breaking S-duality. While in
isotropic cosmologies shear viscosity does not affect the background dynamics we
have shown that it contributes to the propagation of tensor modes. This makes it
a natural mechanism to decouple the axion and graviton spectra and to enlarge
the range of viable predictions. Within this generalized framework, it is possible
to reconcile the PBB scenario with the PTA signal while remaining consistent with

all the cosmological bounds.

From an observational perspective, the non-minimal PBB scenarios explored here
is testable. Not only it can account for the nanohertz-band hints reported by PTA
collaborations, but is also generically predict an excess of gravitational wave power
in the milli- and deca-hertz ranges, which fall within the reach of forthcoming
detectors such as LISA, the Einstein Telescope, and DECIGO. This multi-band

signature provides a criterion to test string cosmology.

In conclusion, this work has shown that the pre-Big Bang scenario, with and
without modest departures from exact dualities, can not only achieve a smooth
non-singular bounce but also yield a spectrum of primordial gravitational waves
that is both compatible with present PTA hints and testable by the next generation
of detectors. The near future of gravitational wave cosmology thus holds the
potential to confirm or exclude concrete realizations of string-motivated early-

universe dynamics.



Appendix A

From expanding pre-big bang to
contracting post-big bang

As discussed in Sect. 4.4, one of the possible effects of the potential (4.16) is that of
producing an effective potential barrier which stops the growth of the dilaton and
“reflects back” the dilaton towards the large negative values of the perturbative

string vacuum.

Such an effect, combined with the curvature regularisation due to the o’ correc-
tions, leads to a new interesting type of bouncing scenario where the final back-
ground is no longer described by the duality-transformed initial solution (indeed,
duality is broken by the presence of the potential), but it nevertheless corresponds
to the time-reversed version of the initial solution. Hence, if we start with an ini-
tial (isotropic, (d + 1)-dimensional) pre-big bang configuration describing growing

dilaton, growing curvature, and accelerated expansion (@ > 0, @ > 0, t — —00,):

o (—t) V= \/Zzz—t) >0, ¢~ — (1 n \/E) In(—t), ¢=vVdH >0,
(A1)

(see also Eq. (4.1)), we end up with a post-bounce configuration asymptotically

describing decreasing dilaton, decreasing curvature, and decelerated contraction

(@<0,d>0,t— +00):

an~ <t>71/\/a7 H=—

<0, ¢~—(1+\/Zz)1n(z), 6=+VdH <0,
(A.2)
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expandin;
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FIGURE A.1: Left: parametric plot obtained with a numerical solution of
Eq. (4.13) with the potential (4.16) and the Hamiltonian (4.19). We have
set d = 3, o = 1 for the Hamiltonian, A = 1/3, a = 10, § = 3, ¢ = 2,
0 = 0.01, ¢ = 1 for the potential, and x = 0.0075 for the initial conditions
at ¢ = —200. The black dashed bisecting line describes the initial evolution
(A.1) expanding from the perturbative regime (upper-right quadrant), and the
final time-reversed contracting evolution (A.2) (lower-left quadrant). Right:
time evolution of the dilaton according to a numerical integration of (4.13) per-
formed with the same parameters and the same initial conditions.

A simple illustration of this scenario can be provided by a numerical integration
of Egs. (4.13) with appropriate values of the initial conditions, which in our case
are controlled by the parameter x of Eq. (4.26), defined at large negative times by
o (\/EH) —(1+V4d)

for t - —o0. Such a constant depends on the initial value of the dilaton and, as

. According to Eq. (A.1) this parameter goes to a constant

discussed in Sect. 4.4.1, it is equivalent (but more convenient) to specify initially
the value k rather than that of ¢. For initial values of x small enough with
respect to the parameters controlling the height of the potential, the numerical
integration gives the results reported in Fig. A.1 (see the caption for the used

numerical values).

In the left panel we have the parametric plot describing a smooth, regular transi-
tion from the initial configuration (A.1) to the final configuration (A.2). The cor-
responding evolution of the dilaton, which reaches a maximum and then bounces
back to the asymptotically perturbative regime, is shown in the right panel of
the figure. Note that the red curve describing the parametric evolution of H (5)

starts and ends at the origin, is still turning clockwise in the parametric plane,
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but it is not topologically equivalent to the curves given in the plots of Sect. 4.3
and Sect. 4.4.1, (always associated with a final expanding regime). Indeed, in the
parametric plot of of Fig. A.1 the vector connecting the origin to a point on the
red curve undergoes a clockwise rotation of 7 (and not 37/2) as one goes from the

beginning to the end of the curve.






Appendix B

Smooth interpolation of a broken

power law

Suppose we have a piecewise continuous function f(z) : Rt — R* such that, in
each interval, its behaviour is given by a power law f(x) ~ 2. Then, we can
define a sequence of exponents my, ms, ... and interval extrema x5, 223, ... such
that x; ;11 < @i11,12. The derivative of the logarithm of the function with respect

to the logarithm of its argument is simply given by

dln f(x)

T =my+(me—m)O(lnx—Inxy 2)+(ms—mse)O(Inzr—Inze3)+..., (B.1)

where © is the Heaviside step function: O(y) = 1 for y > 0 and O(y) = 0

otherwise. Let us approximate the Heaviside function with a logistic function:

1

1+ e~ ly=y0)’ (B2)

O(y — yo) ~

where [ is a positive constant and the greater [ the better the approximation.
Substituting the latter into (B.1) and defining a different [ for each ©, we have in

compact form

dlIn f mz-i—l
— =t Z S (B.3)

1'7. ’L+1
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We can moreover rewrite the last equality with respect to the x-derivative as

dln f(x)  my = Mip1 — My 1
e . B4
dx x * 12:1: x 1+ (—x,il)_li“ (B4)

Integrating the last expression, we obtain

N-1
In (@) = In A+ In(™) + 3 In(ae 42l

=1

)(mi+1mi)/li+1

where A is a constant, and finally
N-1

f(ZE) — Ap™ H (Ili-ﬂ _’_xiz’:il

=1

> (mig1—mq)/lig1

=A™ (2 4 alz,) " (g gl )T (Bub)

If we wish to introduce an exponential cut-off for x > xy y41 such that f(z) ~
exp[—(z — xn n+1)/TN N+1), then we have to add to (B.1) an additional contribu-
tion given by (—z/xy y+1—my4+1)O(Inx —Inxy y41). Let us denote xy nv11 = 2
and [y, = [. Following the same steps as before, one finds upon integration and

exponentiation that

N-1

f($) — Ag™ H <xli+1 +$il,;il

=1

—my41/!

(mir1—mi)/l;
)T )

(/o) o (1, 1+ 1)1, 2+ 1)1, —(x/xp)Y)
141

X exp [— , (B.6)
where 2 F1(a,b, ¢, z) is the Gauss hypergeometric function. Translating into the
general language we introduced before for the power spectrum of (5.21), we have
ml:37m2:3_‘3_2ﬁ|>m3:1_’3_26’am4:3_’3_26‘7$1,2:f57

To3 = fq and 234 = f, and xp = fi, so that (setting [; = [ for all 7)

_ 13=25]

S = AP ()T () ()
[3—28]

< (F4f) T F( A, (B.7)

_2 2
[ ]
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where we defined the function F(f, fi,1) as the exponential cutoff appearing in
the last line of (B.6). Setting [ = 2, we obtain (5.22):

_13=28 13-28|-3

er\r;lvOOth(f) _ Af3 (f2 +f52) Tz (f2 _I_fdQ)*l (f2 ‘|‘f§) (f2 +f12> 2
X exp{ (—% + arctan %) } (B.8)

The integration constant A is fixed to match the asymptotic behaviour in the limit

f — 0 with the explicit formula given in (5.21),

Qe (£) "2 Qo (£)2(f2)2(f,) 1320 (fy) 32013 3, (B.9)

while for the smooth interpolation (B.8)

Qumooth( £y T8 A (£)2(f4)2(fa) B2 ()R8 g, (B.10)

which yields A= QPBB-






Appendix C

Parameter space of the PBB

model

In this appendix, we show that the parameter space of the PBB model is {3, z, 24, 25 }
(section C.1) and we discuss the theoretical priors on these parameters (section
C.2). We also determine the region in parameter space for which the promordial
GWB amplitude is maximized (section C.2.1). In view of a numerical implemen-
tation of these conditions and to emphasize orders of magnitude, it may be useful

to work with base-10 logarithmic expressions.

C.1 Reducing the number of parameters

First, we show that the transition scale H; is not independent and can be fixed

by the other parameters,
Hy = Hi(B, zs, 24, 25 ) - (C.1)

By using previous results [74, 155], obtained under the natural assumption that the
pivot scale belongs to the low-frequency band of the scalar spectrum (i.e., k. < k),
the condition on H; following from the normalization of the scalar spectrum can

be written as

5—ng

1 19 ns—1
Hl 2 27T2 1—ne—2 H* 2 mMPl 3
L) = SR A (S
(Mp]) T2<O'Z),P ( )ZS Mp] Ui2

ng—1

27 H, R
- AP ()T c2)
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where we have recast m and o; according to (5.14), H, is the curvature scale
at the epoch in which the pivot mode k., re-enters the horizon and 7T (o;) is the
transfer function connecting the amplitude of the primordial axion fluctuations
to the final amplitude of the scalar curvature modes of metric perturbations. A

numerical integration of the scalar perturbation equations gives the simple result

[59]

g; Mp]

T(0;) ~ 0.13 —— 4 0.25

—0.01, (C.3)
Pl 0

where o; can be expressed in terms of the z parameters as in (5.14). To obtain H,,

we can conveniently refer to the equilibrium scale by noting that k, ~ 5keq. This

implies oY ~ 5Hel({2. On the other hand, it is known that the Hubble parameter

at radiation-matter equality is given by Hey >~ 1.6 X 10°Hy ~ 9.5 x 10756 Mp,. We

H, 1/2
(M ) ~ 1.5 x 10727, (C.4)
Pl

thus obtain

Now we can then express the normalization (C.2) in terms of the four parameters

{B, s, 24, 2o} (and of known experimental numbers) as follows:

H1 2 4.27’(’2
logyg (M_Pl> i {logm [%} — 9+ (1 —ng)(logyy 1.5 —27)

n
+ (1 —ng — 25) logyg 2s + (10g10 Zo — logg zd)}(,C.E))

where we have used Py(k,) = 2.1 x 1072, Tt should be noted that 72(c;) also
contains H; through (5.14) but the solution for H; can always be numerically

obtained, in general, for any given set of values of the four independent parameters.

Finally, the other important quantity appearing in the GWB (5.21) is today’s
value of the highest amplified frequency mode f;, which is given by

eq

H? (2,\* H 3.9x10" [ H \? [z, %H
= — ~ — zZ.
2m Zd H% 27 Mp1 Zd
eq

f w1(70) o Hyay o Hyay a, ag aeq - H, (H, : Hy ; Heq : Hy i _
YT Tor T 27ag 27may ay Qeq ao 2w \ H; H, H, H N

(C.6)



Appendiz C 203

C.2 Theoretical priors

Having thus determined that the parameter space is {3, zs, 24, 25 }, let us now turn

to the priors we can impose on it theoretically.

A first condition concerns the parameter S controlling the power-law behaviour
of the primordial GW spectrum at high frequencies, which is constrained to be in
the range

0<pB<3. (C.7)

The lower limit is due to the assumption of growing string coupling (needed to
implement a smooth bouncing transition [5, 93, 172]), while the upper limit has

to be imposed to avoid background instabilities [185].

We have then a number of constraints following from the (already mentioned)

hierarchy of the transition frequency scales, which must satisfy the conditions
f1 2 fo > fa> fs. They imply

1S 2, < 2g < 2. (C.8)

In addition, for an efficient implementation of the curvaton mechanism based on
the oscillations of the Kalb-Ramond axion, the axion background field must be
oscillating when it becomes dominant (at the curvature scale H,). From the axion
dynamical equations, one finds [110, 111] that the oscillating regime starts at the
scale H,, ~ m. This leads to the condition H,, > H,, which implies o; < Mp; and
which, by using Eq. (5.14), can be written in logarithmic form as

logy, <]\Ij[—;) - gloglo 24 — ;loglo 2, < 0. (C.9)
Also, to be consistent with the established results of the post-inflationary scenario,
we may expect that the reheating produced by the axion decay at the scale Hy,
and marking the beginning of the standard cosmological evolution, occurs before

the BBN scale, Hyyy ~ (1 MeV)?/Mp. This implies Hy > Hypy from which, using
egs. (5.9) and (5.14), we have the constraint

H
logy, (M—;) — 3logyy 24 + logyp 2o > —42 — logy 4, (C.10)

where we have used Mp; =~ 2 x 10'® GeV.
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Finally, the conditions concerning the scalar perturbation spectrum must be im-
posed not only at the pivot frequency scale k, but also, in principle, to all fre-
quency scales included into the multipole expansion of the CMB anisotropy, and
constrained by observational data. This means, in other words, that also the
highest frequency modes kg5 presently constrained by large scale structure (LSS)
observations must be below the lowest frequency branch of the axion perturbation
spectrum [74, 155], and this implies k.ss < ks, where ks ~ 3Mpc ™' = 60 k,,
namely HLIS/S2 ~ 60 H'/?. The condition krss/ks = (kuss/k1)zs < 1 then leads to yet
another constraint that can be written as follows. Since
1
()
Hy

k?l H1a1 o H1 a1 gy Aq - H1 (Ha)% <Hd)§
Krss Hi g0, Hiss 0y g arss n Hiss \ Hy H,

- () () Ge) ()
MPI MPI HLSS Hd ’

from eqgs. (5.9) and (5.14) we get H,/Hy = (24/2,)® and from (C.4) we obtain

N
o=

1 H 1
108y 25 < 26 — logyn 9 + = logyo [ —— | + = (logyo 2o — 10810 2a) - (C.11)
2 Mp, 2

C.2.1 Maximizing the signal

Given the condition (C.5) on Hy/Mp, the amplitude and the frequency distribu-
tion of the GWB (5.21) or (5.22) are fully determined by 3, zs, 24, 2,. These four
parameters are not completely free, as they must satisfy a non-trivial set of self-
consistency conditions (Appendix C.2). Taking into account these constraints on
the parameters, we can determine the maximal allowed region for the PBB signal
in the spectral plane (Qgw, f). Let us first notice that, thanks to the condition
(C.7), the GWB (5.22) may be possibly decreasing only in the frequency branch
fa < f < f,. The peak of the spectrum may thus be located either at f; or at fg,

with corresponding amplitudes

QGw(fl)zfzro(Hl) <Z—") : Qew(f2) = o (ﬁ—;) R (O D)

Mp] Zd

In the first case, given the constraints (C.8), the maximal amplitude can be reached
for the limiting values z; ~ z,, which imply however H; ~ H,: hence, in that
case, the axion starts decaying as soon as it becomes dominant, and there is not

enough time for an efficient curvaton mechanism. Also, in that case, the maximal
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amplitude would correspond to a frequency range f ~ fi, in general too high for

the sensitivity of present detectors.

In the second case with the peak at f;, given again the constraints (C.7) and (C.8),
the maximal amplitude can be obtained either in the limit z4 ~ 2, — 1 or in the
limit 5 — 0. Discarding the first possibility (for the same reasons as before), in
order to find the allowed region for the GW signal of maximal intensity we will
thus concentrate on the limiting case 5 = 0 which, as we will see, automatically
leads to a peak located in frequency ranges possibly accessible to third-generation

detectors.

It should be noted, in addition, that the limiting amplitude reached at f; for 3 =0
is only controlled by the ratio H;/Mp), whose maximal allowed value is bounded
by the constraints (C.9): hence, the amplitude of the GWB approaches its allowed

maximum in the limit in which the condition (C.9) is saturated by the equality

2 H, 3
lOglo 2o = ? lOgIO (M_Pl) + ? loglo Zd - (C13)

This result has two important consequences.

First of all, by using eq. (5.14), we can check that the above condition is equiva-
lent to the condition o; = Mp), and this uniquely fixes the transfer function (C.3)
leading to the constant numerical value 72 = 0.137. Second, by inserting into the
above condition the general expression (C.5) for H;, and solving for the variable
log,y z», We can eliminate z, everywhere and confine our discussion of the max-
imum allowed spectrum to a two-dimensional parameter space spanned by the

variables {log,, zs,log;, za}, with 5 =0, z, given by eq. (C.13) and H; given by

H, 14 4.2m?
1 — ] ~ —— |1 —— | =9+ (1 —ny)(l 1.5 —27
0810 (Mm) 37 — n, |:0g10 <O.137> + (1 = ns)(logyg )

2
+ (1 — ng)logy, zs + ?(1 — ng) logyg zd] : (C.14)

We can now easily impose all constraints (C.8)—(C.11) and evaluate, in such a
context, both the allowed region of parameter space and the maximal allowed
value of the peak amplitude. It turns out (see Fig. 5.1), that the maximal value of
eq. (C.14) compatible with the given constraints corresponds to log,o(H1/Mp)) =~
—3.29, so that the expected maximum intensity of the primordial GWB is given
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by

QI — O (ﬂy ~ 107196, (C.15)
Mp)

The allowed values of the parameters compatible with this maximal intensity

(and with the imposed constraints) are in the range 18.7 < logq2s < 22.3 and

219 < logyp2za < 14.9, as shown in Fig. 5.1. The corresponding value of z, is

given by eq. (C.13) and lies in the range 0 < log, 2, < 5.5.



Appendix D

Appendix D

In this appendix we provide some useful explicit relations that can be found by
solving the set of equations (6.14), (6.18), (6.19), (6.20).

The first set of relations (6.14), (6.18) gives the five quantities Hy,m, z, 24, 2o in
terms of o;/Mp, B, and B,:

K .
(50 - 6h) ’

log zg = —

Zs 3 5 o 5K(2—5h)
e =pP o gC il (Mm) 105, By (D-1)
w1 K2-B).
10g Zo B 2B T3 C B =5 (ﬁa ﬁh)
m _ § o; 3 K(2 ﬁh)
O8Ny o8 Ol (Mpl) 2 By~ )

where we have defined the following (in general o;/Mp-dependent) quantities:

() -2 (52)-ov -]

4.2m?
A =log (W) — 9+ (1—ny)(logls—27),

207



Appendiz D 208

Bl 27 f 11 <H0) 1 < 27 f )
= log — ~log =log | so—"7 ) >
H[)%Mé 6 Heq 3.9 x 10!

Q

C =log = —4+41og2.9. (D.2)

Egs. (D.1) show that the two ratios zs/z,, 2s/24 (and therefore also z4/z,) can be

expressed in terms of o;/Mp), m/Mp;, and other known constants. More explicitly

we find:
ANE m\ 1. (H HEM:
log [ Z2) =2log [ — | + =1 log [ =0PL
08 <Zd) 2 08 (Mpl) + 6 8 <Heq) + 108 ( 27 f
3 m 3.9 x 101
— Zlog [ — ) +log (222 D.
QOg(MP1)+Og( on . ) (D.3)

1 1

4 ag; 1 HO H(?MPEI

1 -1 1 —
o () 50 () s (57

5 4
6 3
4 : 9 x 101
glog (ﬂ) + glog( 7 ) + log (M> , (D.4)

27 fs

where Hey = 1.6 x 10°Hy = 9.5 x 107 Mp; and Mp; ~ 2 x 108 GeV.
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Field equations for the
non-minimal, non-vacuum string

phase

Here we give explicitly the equations controlling the time evolution of the string

phase background, describing the chosen model of non-minimal PBB scenario.

Let us start with the action (8.3), and with the sources described by Eqs. (8.5)—
(8.9). We vary the action with respect to N, 3,7, ¢ and, after the variation, we
put N = 1 (cosmic time gauge), and 5 = 0, ¥ = 0, ¢ = 0 (to obtain a constant
spacetime curvature and a linearly evolving dilaton, as in the minimal case). We

then obtain, respectively, the following four algebraic equations:

¢* + 687 +n(n — 1)4* + 6nBy — 686 — 2ny¢ —
—3a’ag |cod" + 898 + s (B — 38) — &' + c587% (¢ — B) + 834 — B)| =
= 2\P1ed)p, (E.1)

—¢% — 68° + 489 + 2n9(d — 28) — n(n + 1)
—ag [8@252 — 1663% — d)ﬂ — dagiyt(cy + ney) + %6504’@073(& —28)

+dagy? {—52((;5 + 8n?) + (¢ (gcg, + 16n2) — %dﬂ} + 8na’ag’ [55% — 233 —2B¢?| =
2 )
=2t gt 2 - ) (E2)
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—n?(n —1)4% — 6n(n — 136 + 2n(n — 1)3¢ + 6nfd — ne? — 12n5?
+a'ag3neayt + o’ ag2i’ (¢ — 38) (ney — 2¢2) + ' agi? [nc;)ﬁ(gzﬁ — B) — 3eq(d — 33)2}
bala [estd — B)65° — 359)] — alaon |10 — 41 + 2482+ %) =

2 3 ..
=2n\]""e? [U&P +3 Zvn)\_s(ﬁ - 7)} , (E.3)

$? + 1262 — 68 + n(n + 1)32 + 2n9(38 — ¢) + ag [2464 + 36" — 125'&3}
+alag |3 (ex +mer) + §nes + 325 (20 + 24n) + 3 (128" — 49| =
= 2wz P te?p. (E.4)

For all the applications of this paper we shall use the convention o/ag = 1/4
(bosonic string model in units o’ = 1 and heterotic superstrings in units o’ = 2),
and we shall define the constants C' and Hy, related to the energy density and

viscosity of the matter sources as well as to the dilaton, as specified in Eq. (8.10).

E.1 Axion perturbations in the string phase back-

ground

Let us start with the o’-corrected action (8.1), and perturb the NS-NS two-form
B by putting Hagc — Hapc + 0Hspc, where 0 H is defined in terms of the Kalb-
Ramond axion x according to Eq. (8.11). Let us assume that y = x(¢,x;), that
the zeroth-order Kalb-Ramond background is vanishing (Hapc = 0), and that the
matter action S, is decoupled from B. Working with the explicit form (8.2) of
the metric tensor, but using the convenient conformal time coordinate 7 defined

by dt = adr, we then obtain the following quadratic perturbed action

1
03 = =533 / dr a’b™"e? [A(T)0,x0"x + B* (1), xxX] (E.5)
where
1
A — 5 [1 + o/ao (gMNRAMNA + 4g/wRijA 4 QQ“VRQ;WQ + 11V¢2)} :

B, = 2dag (0,60,¢ — Raw ™ — Raw *) - (E.6)
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Note that in the above equations we have explicitly written the coefficients o’aq
for a clear identification of the high-curvature o’ contributions. We also recall that
capital Latin indices run from 0 to D — 1, Greek indices from 0 to 3. Finally, it
should be noted that the three Ricci tensors Ry 4, R Apw A and R ©, appearing
in Eq. (E.6), are in general all different, as they contain different contributions of

the internal and external geometry. We have, for our metric (8.2):

RaOOa = _3(5 + 62)7 Raij = _gzj(ﬁ + 362)7
Rago™ = =3B+ %) —n(¥ +42), Ray™* = —gij(6+ 35+ npB), (E.7)
Ramn ™ = —gma (¥ +1n4* + 3537).

For a more explicit form of the action (E.5) controlling the axion dynamics we
need, in particular, the functions A, By, B;;. By using Egs. (E.6), (E.7) we find
that the effective action for the Fourier components y; of the axion perturbations

can be put in the form of Eq. (8.12) with
22(7') = azb_"e¢f1(7), yz(r) = a2b_"e¢f2(7'), (E.8)
where

Alr) = 5 |5 = 98— i = 303 = Sn-+ 152 - i

1711 . . . .
fo(T) = 3 [?qs? — 178 — 3n¥y — 303* — g(n +5)%% — 7m5} . (E.9)
Finally, for the particular background we are considering, we have to impose 6 =
0 = 4. In this limit f; and f; are constant (f; = o2, fo = a3), the two pump fields
z and y become proportional as anticipated in Eqs. (8.15), and the final canonical

equation for the axion perturbations takes the form (8.16), with

2
2 = (ﬂ) =1+ O% (052 +ny? — 2nfw') : (E.10)
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E.2 The non-minimal relic GW spectrum and

the associated constraints

We briefly report here, for the reader’s convenience, the explicit form of the relic
GW spectrum obtained in the context of a non-minimal pre-big bang scenario, and
the phenomenological and theoretical constraints to be imposed for the consistent

interpretation of such a spectrum as a possible source of the observed PTA signal.

The today observable energy density of this spectrum Qaw (f, to) = pe(to) *dpaw (to)/(dIn f),
given in units of critical energy density p.(to), has in general four high-frequency
branches corresponding to modes living the horizon in the initial dilaton-driven
phase or in the string phase, and re-entering the horizon in the dust-like phase
dominated by the oscillations of the axion background or in the standard radiation

era. It can be parametrised as follows [4, 155, 179]:

3—13—284| 1—[3—28]
o (ft ) (f_j) <£> ) fdrgfrgfa
[ AWERIN)
Qowlfrito) 3-[3-264| 11326, 3[3-284|

G 6 B 0 B rEIS

& 3—[3—28] <ﬁ> 1—[3—28] (E) 3—[3—28] (i)3

\ ( 1) fa fd fs ’ f ~ fs

(E.11)

Here 1, ) f, )
Qaw(f1,t0) = 2 (to) (M_Pl> (f_) a (E.12)

where ,.(ty) ~ 107* is the present critical fraction of radiation energy density
(including neutrinos), and H; (in units of Planck mass Mp;) is the curvature
“bouncing scale” marking the transition to the decelerated post-inflationary evo-
lution. The spectral parameter [}, is the same as given in Eq. (8.21); obviously, in
the presence of viscosity (Hy # 0), it has to be replaced by the generalised param-
eter Eh of Eq. (8.25). Finally, fs, f1, f», fa are transition frequency scales marking,
respectively, the beginning and the end of the string phase, and the beginning and
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the end of the post-bouncing, axion-dominated regime. They are related to the
physical parameters represented the bouncing scale H;, the initial value o; of the
post-bouncing axion background, and the mass m of the oscillating axion, and
can be conveniently expressed in terms of the dimensionless parameters zy, 24, 2z

as follows:

_ N
1S

_ho L _h
fd7 7 fa7

Zs 24 Ze B 24 > Ze 2 1. (E.13)

Let us now give the full list of constraints to be imposed on the spectral distribution

(E.11) and on its parameters.

First of all, in order to reproduce the PTA signal, we shall assume that [179]
Qew(fs,to) ~ 2.9 x 1078, fs ~ 1.2 x 10"*Hz. (E.14)

Since the (non-dual) spectrum may be growing in the string phase, f > f5, we
have thus to take into account also the experimental upper bound on the spectrum
imposed by recent data of the LIGO-Virgo-KAGRA (LVK) network [116], namely:

Qew(fivk) < 4.12 x 1078, fivk ~ 35.4Hz. (E.15)

From the theoretical side, on the other hand, we have constraints on the values of
the physical parameters Hy,o;, m which control, respectively, the high-curvature
bouncing scale, the scale H, ~ m(o;/Mp)* of the dust-like axion-dominated oscil-
lations, and the axion-decay scale Hy ~ (m/Mp;)?. Here we adopt, in particular,
the same constraints used in [179)]:

H,

107°% < =L 5107, 1032 < 7L <, E.16
]\4’131 ]\4’})1 ( )

which, by expressing ¢; and m in terms of the parameters z; of Eq. (E.13),

m H1 1/3 -1,1/3 g; ( Hl )1/6 1/4 —7/12
— | — 2y 2,7, >~ (— 2z, 2y, (EAT
Mp, (MPI) ¢ e Mp, Mp, I ( )

provide strong constraints on the possible spectral distribution.

There are further important constraints arising from the self-consistency of the
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considered pre-big bang scenario, and from its consistency with standard cosmo-
logical phenomenology. In particular: the axion decay scale H; must be larger than
the scale Hy ~ (1Mev)?/Mp; of standard nucleosynthesis. Also, the typical fre-
quency scale of figs of Large Scale Structures, related to the pivot frequency scale
f. ~0.05 Mpc™! by frss ~ 60f., must be smaller than the spectral scale f, mark-
ing the beginning of the string phase: namely, f, < frss < fs. Finally, the normal-
isation of the scalar spectrum at the pivot scale, written in terms of the observed
scalar spectral index n, ~ 0.965 and of the scalar amplitude Py(f,) ~ 2.1 x 1072,
gives a phenomenological condition which automatically fixes H; in terms of all

the other spectral parameters.

All the above-mentioned constraints have been explicitly written (in a convenient
logarithmic form) and applied to the parameters of the GW spectrum (E.11), for
a general (dual and non-dual) non-minimal scenario, in previous papers (see in
particular [179] for an updated discussion). The resulting allowed regions of the
spectral parameters has been used in this paper to select the explicit examples of

non-minimal models and the related spectra presented in Sects. 8.3.1, 8.3.2.
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