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ABSTRACT

The most common mechanisms leading to inflation are based on models of gravity min-
imally coupled to a scalar field ¢ rolling on a suitable potential V (¢). We discuss such a

model defined by the action I = [ /=g {R —2(0¢)° —V ((;S)} d*z, in order to find exact

general isotropic and homogeneous cosmological solutions displaying an inflationary behav-
ior at early times and a power-law expansion at late times.

We also study the effect of the inclusion of matter (in the form of a perfect fluid): in this case,
we do not find exact solutions because of the non-integrability of the field equations, but we
can investigate their global properties (and hence their stability) by means of methods of
the theory of dynamical systems.
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INTRODUCTION

It is well known that the history of ideas on the structure and origin of the universe
shows that humankind has always put itself at the center of creation. The sixteenth and
seventeeth centuries, in fact, were characterized by the advent of the new heliocentric
cosmology; until that time, actually, it was belevied that the earth was at the centre of the
universe, when, in 1543, Nicholas Copernicus proposed a revolutionary theory with the sun,
in place of the earth, at the centre of the cosmic system. The first true astrophysicist was
actually Johannes Kepler, who, at the beginning of the seventeeth century, discovered that
all the planets revolve around the sun in ellipses and the other two laws which describe
mathematically how the planets move through the sky. Kepler indeed suggested that all
the planets were kept in orbit by a force emanated by the sun; this idea was later proved
by Isaac Newton, who even discovered gravitational force.

Obviously, religion played a fundamental role in the work of these scientists. For example,
Kepler wrote that through his efforts God was being celebrated in astronomy, Newton has
been described as a fanatic religious and he wanted only that his cosmology would help to
convince people of the existence of God. These facts show that at the beginning science
and religion were not at war with one another: this belief arose at the end of the nineteenth
century, after the publication of Darwin’s theory of evolution. The most important clash
between science and religion is caused by Galileo, who strengthened the idea that the earth
revolves around the sun, rather than the sun circling the earth.

The aim of cosmology is to explain the origin and evolution of the entire contents of the
universe, the underlying physical processes, and to obtain a deeper understanding of the
laws of physics assumed to hold throughout the universe. In fact, in the last decades one of
the points that has emerged from cosmological studies is that the universe is not simply a
random collection of irregularly distributed matter, but it is a single entity. This is the view
taken in the standard models: we may have to modify these assertions when considering
the inflationary models.
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Unfortunately, for a very long time, the subject of cosmology consisted in a speculative
approach to metaphysical issues: this radically changed only in the first half of the twentieth
century with the advent of the theory of general relativity, which enabled us for the first
time in history to come up with a testable theory of the universe and to understand many
observations starting with galaxies receding. In the second half of the twentieth century,
the hot big bang model was formulated, including the description of physical processes that
occur in this expanding space-time, and the associated thermal history of the universe.
Considering the large-scale structure of the universe, the basic constituents can be taken to
be galaxies, which are congregations of about 10'! stars bound together by their mutual
gravitational attraction. Galaxies tend to occur in groups called clusters, and each cluster
contains anything from a few to a few thousand galaxies. Observations indicate that on
average galaxies are spread uniformly throughout the universe at any given time. This
means that if we consider a portion of the universe which is large compared to the distance
between typical nearest galaxies, then the number of galaxies in that portion is roughly the
same as the number in another portion with the same volume at any given time. Moreover,
the distribution of galaxies appears to be isotropic, namely it is the same, on the average,
in all directions from us.

E. P. Hubble discovered (1929) that the distant galaxies are moving away from us. The
velocity of recession (discovered by studying their redshifts) follows Hubble’s law, according
to which the velocity is proportional to distance. This rule is approximate because it does
not hold for galaxies which are very near nor for those which are very far. The very distant
galaxies, for instance, show departures from Hubble’s law partly because light from there
was emitted billions of years ago and the systematic motion of galaxies in those epochs may
have been significantly different from that of the present epoch. By studying the departure
from Hubble’s law of the very distant galaxies one can get useful information about the
overall structure and evolution of the universe.

The other important feature of our universe is homogeneity. Isotropy and homogeneity
lead us to make an assumption about the model universe, known as Cosmological Principle
(see Section 1.1), which was then validated by many observations, for example by redshift
surveys (which suggest that the universe has those peculiarities only on ~100 Mpc scales,
while on smaller scales there exist large inhomogeneities such as galaxies, clusters and
superclasters) and by the isotropy of the cosmological microwave background (CMB). This
principle allows us to simplify the study of the large-scale structure of the universe and,
moreover, it implies that the distance between any two typical galaxies has a universal
factor, a (t), called scale factor. Ome of the major current problems of cosmology is to
determine the exact form of this function of time.

It is believed [1] that between 10 and 20 billion years ago there was a universal explosion,
at every point of the universe, called the Big Bang. The explosion could have been at
every point of an infinite or a finite universe. In the latter case the universe would have
started from zero volume. An infinite universe remains infinite in spatial extent all the time
down to the initial moment; as in the case of the finite universe, the matter becomes more
and more dense and hot as one traces the history of the universe to the initial moment,
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Figure 1: Evolution of the scale factor with time

which is a space-time simgularity. The universe is expanding now because of the initial
explosion, and the motion of galaxies can be explained as a remnant of the initial impetus.
The recession is slowing down because of the gravitational attraction of different parts of
the universe to each other, at least in the simplest models. This is not necessarily true in
models with a cosmological constant.

The expansion of the universe may continue forever, as in the open models, or it may
halt at some future time and contraction set in, as in the closed models, in which case
the universe will collapse at a finite time later into a space-time singularity with infinite
or near infinite density (see Fig. 1). In the Friedmann models the open universes have
infinite spatial extent whereas the closed model are finite (this is not valid for the Lemaitre
models).

There is an important piece of evidence apart from the recession of the galaxies that the
contents of the universe in the past must have been in a highly compressed form. This is
the Cosmic Background Radiation (CBR), which was discovered by Penzias and Wilson
in 1965 and confirmed by many observations later. The existence of this radiation can be
explained as follows. As we trace the history of the universe backwards to higher densities,
at some stage galaxies could not have had a separate existence, but must have been merged
together to form one great continuous mass. Due to the compression the temperature of the
matter must have been very high. There is reason to believe that there must also have been
present a great deal of electromagnetic radiation, which at some stage was in equilibrium
with the matter. The spectrum of the radiation would thus correspond to a black body
of high temperature. There should be a remnant of this radiation, still with black-body
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spectrum, but corresponding to a much lower temperature.

The standard big bang model of the universe has had three major successes. Firstly, it
predicts that something like Hubble’s law of expansion must hold for the universe. Secondly,
it predicts the existence of the microwave background radiation (MBR). Thirdly, it predicts
successfully the formation of light atomic nuclei from protons and neutrons a few minutes
after the big bang. Other problems remain in the standard model, like the so-called horizon
problem and flatness problem.

To deal with these problems, Alan Guth (1981) proposed a model of the universe, known as
the inflationary model, which does not differ from the standard model after a fraction of a
second or so, but from about 1074 to 1073 seconds it has a period of accelerated expansion
(inflation), during which time typical distances (the scale factor) increase by a factor of
about 1050 more than the increase that would obtain in the standard model. Although the
inflationary models (there have been variations of the one put forward by Guth originally)
solve some of the problems of the standard models, they throw up problems of their own,
which have not all been dealt with in a satisfactory manner.

According to inflationary theory, the universe continues to be homogeneous and isotropic
over distances larger than 3000 Mpc (that is the order of the observable patch of the
universe), but it becomes highly inhomogeneous on much larger scales. This behavior
dampens our hope of comprehending the entire universe, and questions like ”What portion
of the whole universe is like the part we find ourselves in? What fraction is spatially flat,
accelerating or decelerating?” are difficult to answer and hard to put in a mathematically
precise way. Moreover, even if a suitable mathematical definition can be found, it is difficult
to verify empirically any theoretical predictions concerning scales greatly exceeding the
observable universe. On the contrary, any cosmological model must be consistent with
established facts. While the standard big bang model accomodates most known facts, a
physical theory is also judged by its predictive power: inflationary theory answered to these
requests.

This thesis is organized as follows:

In Chapter 1 we make a brief description of our universe, focusing on its most important
geometrical features: homogeneity and isotropy, which are clearly manifest if one considers
a convenient coordinate system that gives rise to the so-called Friedmann-Lemaitre-
Robertson-Walker metric. Then, we derive the kinematical and dynamical properties of this
metric, and we deal with some solutions of it, for example the Friedmann-Lemaitre and the
de Sitter universe. At the end of this chapter, we make a brief excursus on some alternative
theories to general relativity, in particular we give a general description of scalar-gravity
theories, Kaluza-Klein theory and higher-derivative theory.

In Chapter 2 we present cosmic inflation as solution of flatness and horizon problems, the
most important incongruities of the standard model. We analyze, in particular, inflation
caused by a single scalar field ¢ (the inflaton), minimally coupled to gravity, rolling on
a scalar potential. This kind of inflation occurs when the universe is dominated by ¢
and then the universe is driven into a de Sitter expansion. At the end of this period of
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accelerated expansion, the inflaton, rolling down its potential, reaches the minimum of
the potential and the inflation ends. Finally, we also describe the simplest inflationary
scenarios, catalogued in three classes: old inflation, new inflation and chaotic inflation.
Chapter 3 is reserved to the discussion about dynamical systems, starting from the basics
of this theory and then presenting a general application to Einstein’s equations.

Chapter 4 contains my original contributions, concerning a model of gravity coupled to a
scalar field that admits exact cosmological solutions with an exponential behavior at early
times and a power-law expansion at late times. In the case of inclusion of matter, exact
solutions are not available, and hence we apply the theory discussed in Chapter 3 in order
to study the asymptotic behaviours of the solutions.






CHAPTER ].

‘ THE HOMOGENEOUS AND ISOTROPIC
UNIVERSE

1.1 Some geometrical aspects of our universe

According to the standard big bang model [2], our universe’s birth happened about 15 billion
of years ago with a homogeneous and isotropic distribution of matter in three-dimensional
space, at very high temperature and density (a statement called Cosmological or Copernican
Principle), and has been expanding and cooling since then. Actually, thanks to the isotropy
on large scales space-time it has a spherical symmetry: combining this observational fact
with the Copernican principle, we may conclude that the universe must be homogeneous on
large scales.

It is clear that the cosmological principle considerably simplifies the study of the large-scale
structure of the universe: it implies, among other things, that the distance between any two
galaxies has a universal factor. In order to show this, let us consider three galaxies separated
by distances so large that local irregularities are ignored [3]. If the universe is expanding
in a homogeneous and isotropic way, the triangle defined by the three galaxies must at all
times remain similar to the original triangle. This means that the length of each side has to
scale by the same factor, say a (t), as the universe expands. By extending the net to a fourth
galaxy and so on, we see that a (¢) has to be a universal scale factor. Thus the distance
between two galaxies satisfies

L(t) =loalt),

where [y is independent of time. In other words, the large-scale structure and behaviour of
the universe can be described by the function of time a (t), called the scale factor of the
universe. We shall see later its physical meaning.
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In this scenario, the unique expansion law compatible with homogeneity and isotropy is the
Hubble law, a statement of a direct correlation between the distance r from the observer to
a galaxy and its recessional velocity v as determined by the redshift. It can be stated as

v=Hy(t)r, (1.1.1)

where the Hubble parameter Hy (¢) depends only on the time ¢ and it measures the expansion
rate. Its value has varied widely over the years, but it is known today as about 65-80 km/(s
Mpc). The physical meaning of Hubble’s law is that the universe is expanding: this message
overwhelmed Einstein because he had until then firmly believed in a static universe. This
marked the beginnig of modern cosmology and it sets the main requirement on theory.
Equation (1.1.1) shows that [4] the Hubble parameter has the dimension of inverse time;
in this way, a characteristic timescale for the expansion of the universe is the Hubble time
TH = Ho_l, while the size scale of the observable universe is the Hubble radius Ry = Tgc,
where c is the speed of light. In the following, we consider ¢ = 1.

We can geometrically represent Hubble expansion by mean of the two-dimensional surface
of an expanding sphere uniformly covered on its surface with dots that represent galaxies.
As the sphere expands, all dots move away from each other with speeds proportional, at any
given time, to the distance. Let us consider any two points A and B on the surface of the
sphere of radius a (t), and 645 the angle subtended at the centre by the two points. This
angle remains unchanged as its radius increases and the distance r4p between the dots is
given by r4p = 0apa (t). Therefore, the Hubble law reads

. . a
UAB:TAB:a(t)QAB:aTAB; (112)

where dot denotes a derivative with respect to time ¢t and H (t) = a/a. Integrating this
equation we obtain

Tap (t) = a(t) xaB, (1.1.3)
where

a(t) = exp </H(t) dt> (1.1.4)

is the scale factor mentioned above and is the analogue of the radius of the 2-sphere. The
integration constant x 4p can be interpreted as the distance between points A and B at some
particular moment of time: ¢ is called the comoving coordinate of B, assuming a coordinate
system centered at A.

Moreover, Hubble’s law implies arbitrarily large velocities of the galaxies as the distance
increases indefinitely. There is thus an apparent contradiction with special relativity which
can easily be solved: the redshift z is defined as z = (A, — A;) /A;, where ); is the original
wavelength of the radiation given off by galaxy and A, is the wavelength of this radiation
when we received it. As soon as the velocity of the galaxy approaches that of light, z — oo,
thus we cannot observe higher velocities than that of light.
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From the receding rate of the galaxies [1], it can be deduced that all galaxies must have
been very close to each other at the same time in the past. With regard to the geometrical
analogy, it means that the sphere must have started with vanishing radius and at this initial
time all points must have been on top of each other. At this moment, as we told in the
introduction, the big bang took place and the matter becomes more dense and hot, while
the universe continues to expand because of the explosion. This expansion may continue
forever (open universe) or not (closed universe): in the latter case, the universe will collapse
at a finite time later into a space-time singularity with infinite or near infinite density.
Unfortunately, it is not known at present if the universe is open or closed, even if there are
several ways by which this could be determined, even if they contain many uncertainties
and they don’t definitely solve the problem. However, one of these methods is to measure
the present average density of the universe and compare it with a certain critical density: if
the density is above the critical density, the attractive force of different parts of the universe
towards each other will be enough to halt the recession eventually and to pull the galaxies
together. If the density is below the critical density, the attractive force is insufficient and
the expansion will continue forever.

Another way of determing if the universe will expand forever is to measure the rate at
which the expansion of the universe is slowing down, using hte deceleration parameter gq.
Theoretically in the simpler models, in suitable units, the deceleration parameter is half the
ratio 2 of the actual density to the critical density. If 2 < 1, the density is subcritical and
the universe will expand forever.

Another way is to determine the precise age of the universe and compare it with the Hubble
time, defined as the time elapsed since the big bang until now if the rate of expansion had
been the same as at present. Looking at Fig. 1.1, if ON represents the present time ¢y, then
PN is the scale factor a (t9). In this way,

tana = PN/NT = a(ty) = NT =a(ty) Ja(to) = Hy"'. (1.1.5)

In other words, the Hubble time is the reciprocal of Hubble’s constant. Knowing the value
of the Hubble constant, we can obtain a rough estimate for the age of the universe. For the
actual value of the Hubble constant, t( is about 15 billion years: the exact value for the age
of the universe differs from this rough estimate by a factor of order unity, depending on the
composition and curvature of the universe (see Sec. 1.2.9).

The assumption that our universe is homogeneous and isotropic means that its evolution
can be represented as a time-ordered sequence of three-dimensional space-like hypersurfaces,
each of which is homogeneous (i.e. every point of any given hypersurfaces has the same phys-
ical conditions) and isotropic (i.e. the physical conditions are identical in all directions from
a given point on the hypersurface). Obviously, homogeneity does not necessarily imply
isotropy because, for example, a homogeneous yet anisotropic universe can contracts in one
direction and expands in the other two directions.

Homogeneous and isotropic spaces have the largest possible symmetry group, or, following
Weinberg ([5]), are mazimally symmetric. Maximally symmetric spaces are uniquely deter-
mined by the curvature constant and the signature of the metric (number of positive and
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a(t)

T (0] N

Figure 1.1: Definition of Hubble time

negative terms in the diagonal form). In a n-dimensional space, the number of such sym-
metries is equal to n(n+ 1) /2. For example, Minkowski space-time is 4D manifold with
constant curvature, and it admits 10 isometries that correspond to the 10 transformations
of Poincaré group.

Obviously, these symmetries strongly restrict the admissible geometry for such spaces. There
exist only three types of homogeneous and isotropic spaces with simple topology:

(a) flat space,
(b) a three-dimensional sphere of constant positive curvature,
(¢) a three-dimensional hyperbolic space of constant negative curvature.

The only way to preserve the homogeneity and isotropy of space and yet incorporate time
evolution is to allow the curvature scale, characterized by a, to be time-dependent. The
scale factor a (t) thus completely describes the time evolution of a homogeneous, isotropic
universe. There exist, however, preferred coordinate systems in which the symmetries of the
universe are clearly manifest. In one of the most convenient of such coordinate systems, the
interval takes the form

dr?

1—kr2

ds® = g datdz’ = —dt* + a® (t) + 7% (d6? + sin® 0d¢?) | | (1.1.6)

called Friedmann-Lemaitre-Robertson- Walker (FLRW) metric, where ¢ is the cosmic time,
r the adimensional comoving radial coordinate, # and ¢ the comoving angular coordinates.
Comoving means that a particle at rest in these coordinates remains at rest (i.e., constant
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coordinates). The scale factor has units of length.

When k = 1 the metric (1.1.6) represents the universe with positive spatial curvature whose
spatial volume is finite. In fact, introducing a new coordinate ¢ such that r = sin, the
metric becomes

ds® = —dt® + a® (t) [dy® + sin® ¢ (d6” + sin® 0d?) | (1.1.7)
and we can embed its spatial part
do? = a® [dy® + sin® 1 (d6? + sin® 0d¢?) | (1.1.8)
in a 4D Euclidean space ¥ with coordinates (z,y, z,w) and in which the metric is given by
d¥? = da® + dy* + dz* + dw?. (1.1.9)
Considering a surface in this space given by
T =acosy,y=asinysinfcos¢p, z=asinysinfsin g, w = asin cos b, (1.1.10)

we obtain

224+ + 22w =a?. (1.1.11)
It is a simple exercise to get the spatial part of (1.1.7) from (1.1.10).
Since the rotations in the 4D embedding space (which can be affected by a 4 x 4 orthogonal
matrix) can move any point and any direction on the 3-sphere into any other point and
direction respectively, all points and directions on a 3-sphere in a 4D Euclidean space are
equivalent. Moreover, these rotations leave the metric (1.1.9) and the equation of the 3-
sphere (1.1.11) unchanged. This shows that the metric (1.1.6) is homogeneous and isotropic.
The entire surface is swept by the coordinate range 0 < ¢ <7,0<0 <7, 0< ¢ < 27 and
the volume is

/ (adip) (asinvpdf) (asinvsinfde) = 2n%a® (1.1.12)

which is finite.
If £ = 0, the spatial metric is given by

o} = o [du? 4 o (A6 + sin? 66%)] (REE)

where 0 <9 <00, 0<60<7,0< ¢ <27 The spatial volume is infinite and it represents
the universe with zero spatial curvature.

When k = —1, the spatial part of this metric cannot be embedded in a 4D Euclidean space,
but it can be embedded in a 4D Minkowski space with metric

ds* = da* — dy? — dz* — dw®. (1.1.14)
Its spatial part takes the form
do3 = a® [dy® + sinh? ¢ (d6* + sin? 0de?)] . (1.1.15)
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Following the same approach of the unitary curvature case, we can transform to a Minkowski
space parametrized by

x =acosht, y=asinhysinfcos¢, z = asinhysinfsind, w = asinhipcosd. (1.1.16)
In this case, the surface obtained by fixing 1) = g is the 2-sphere given by
y? + 22 + w? = a®sinh? vy, (1.1.17)

whose surface area is 4ra? sinh? 1y, which keeps on increasing indefinitely as g increases.
Since the radius of the sphere is awyy, the surface area is larger than that of a sphere of
radius atpy in Euclidean space. The surface is swept by 0 < ¢ <00, 0<0<7,0< ¢ <27
and the spatial volume is infinite.

Because of the time dependence of the scale factor, an important kinematic property of
FLRW space-times is that light gets redshifted as it travels. In few words, light, emitted at
time t; with frequency v; from an object at rest in the comoving coordinate system, with
radial coordinate 71, and received at time ty, wth frequency vy by an observer located at
ro = 0, travels along geodesics with ds = 0 following

dt dr

= . 1.1.18
a(t) 1—kr2 ( )
Since the time delay dt between two crests is the inverse frequency, we have
ot ot t
0o _ o ﬂ:“(O):lJrz, (1.1.19)
a (to) a (tl) 140 a (tl)

where the last equality defines the redshift z. This quantity only depends on the ratio of
the scale factor at reception to the scale factor at emission.

In general relativity [6], the dynamical variables characterizing the gravitational field are
the components of the metric g,, and they obey the Einstein equations:

1
Guw =R, — §gwa —Ag, =81GT,,, , (1.1.20)

which are derived from the Finstein-Hilbert (EH) action

1 4
= — Vo 1.1.21
S /|:167TGR+EM:| gd*x ( )
proposed in 1915 by David Hilbert. In equations (1.1.20) and (1.1.21):

Ry = 8,00, + 12,17, — 9,10 T4, (1.1.22)

opt pv oV pup

is the Ricci tensor in terms of the Christoffel symbols

1 g 99vy  Ogu
P — P Ky v M
Tl =359 (533” A il (1.1.23)
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while R is the Ricci scalar curvature, A is the cosmological constant and L, describes any
matter fields appearing in the theory. Matter is incorporated in Einstein’s equations through
the symmetric, zero-divergent energy-momentum tensor 7),,,.

On large scales, matter can be approximated as a perfect fluid characterized by energy
density p, pressure p and 4-velocity u”: its energy-momentum tensor is

THV = (P + p) UpUy — PGuv (1.1.24)

where the equation of state p = p(p) depends on the properties of matter and must be
specified. In many cosmologically interesting cases, p = wp, where w is constant. In the
Section 1.2.3 we will derive in detail the conservation law and the equation of state from the
Friedmann equations.

While the FLRW metric incorporates the symmetry properties and the kinematics of space-
time, the Einstein equations provide the dynamics, namely the manner in which the matter
and the space-time considered are affected by the forces present in the universe.

1.2 Cosmological models: Friedmann-Lemaitre cos-
mologies

In this section we will deal with FLRW model of cosmology, probably the only paradigm
based on Friedmann and Lemaitre (FL) equations and Robertson-Walker (RW) metric,
which takes both energy density and pressure to be functions of time in a Copernican
universe. Einstein universe and Einstein-de Sitter universe are two of the solutions of FLRW
model, even if they are now known to be unrealistic, while the currently accepted solution
is the FL universe, which includes a positive cosmological constant.
With a substitution of the metric (1.1.6) and of energy-momentum tensor (1.1.24) into the
Einstein equation (1.1.20), taking into account the conservation law (see Section 1.2.3 for a
further derivation)

p=-3H (p+0p) (1.2.1)

(with H the Hubble parameter) and integrating, we obtain two distinct dynamical relations
for a (t):

a® +k _ 8nG
112 - 3 p7
(1.2.2)
2.. .2 k
S L e
a a

These equations were derived in 1922 by Friedmann, seven years before Hubble’s discovery,
when Einstein did not believe in his own equations because they did not allow the universe
to be static. Also Friedmann’s equation did not gain recognition until after his death, when
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they were confirmed by an independent derivation by Georges Lemaitre in 1927.
Subtracting the first equation from the second one in (1.2.2) we obtain

k 81G
H?> 4+ — = —

(1.2.3)

4
dz—%G(p-i—?)p)a.

Actually, the first is called the Friedmann Equation, and the second is called the Raychaud-
huri Equation.

The Friedmann equation relates the change of the scale factor of the universe to its energy
density, spatial curvature and cosmological constant. If the universe is assumed to be flat
(k = 0), the only presence of energy will cause the universe to expand (H > 0) or to contract
(H <0).

From the Raychaudhuri equation, any form of matter such that p 4+ 3p < 0 will cause an
acceleration of the scale factor if it dominates the energy of the universe. The energy density
is always positive, but in some cases the pressure can be negative and the previous inequality
may be realized.

The combination of these two equations, supplemented by the equation of state p = p (p),
forms a complete system of equations that determines the two unknown functions a (¢) and
p (t). The solutions, and hence the future of the universe, depend both on the geometry and
on the equation of state.

At our present time t; when the mass density is pg, the cosmic scale is 1, the Hubble pa-
rameter is Hy and the density parameter is Qg = po/p. = 87Gpo/3HE, Friedmann equation
takes the form

ag = gﬂGpo —k=H%—k, k=H2(Qo—1). (1.2.4)

From this equation, the relation between the RW curvature parameter k and the present
density {2y emerges: to the k values +1, 0 and —1 correspond 2y > 1, ¢ =1 and Qy < 1,
respectively. The spatially flat case with k = 0 is called the Einstein-de Sitter universe.

To find particular solutions of the Friedmann equations it is often convenient to replace the
physical time ¢ with the conformal time 7, defined as

dt
= /m (1.2.5)

If k = —1, the first of (1.2.2) becomes

a?—-1 8rG
— 1.2.6
a2 3 P ( )
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from which we have

da \/W / / da
dt 3 \/W (27

Since dt = a (n) dn, we obtain

n —no = sinh ™ (a) = a(n) = amsinhny, (1.2.8)

am

where a,, = \/8%G” and 79 has been fixed by requiring a (n = 0) = 0.

With the same approach one can find that, if £ = 0, the scale factor in conformal time is
a(n) = amn, and a (n) = a, sinny when k = 1.

The physical time ¢ is expressed in terms of 1 by integrating the relation dt = adn:

(coshn—1), k=-1;
t(n) =am - n?*/2, k=0; (1.2.9)
(1—-cosn), k=41,

As we shall see, it follows that in the most interesting case of a flat radiation-dominated
universe, the scale factor is proportional to the square root of the physical time, so that the
energy density p, is proportional to a*.

The range of conformal time n in flat and open universe is 0 < 7 < +o00, regardless of
whether the universe is dominated by radiation or matter. For a closed universe, 7 is
bounded: 0 < 7 < 7m and 0 < n < 27 in the radiation- and matter-dominated universes,

respectively.

1.2.1 Einstein universe

A static universe is defined by a (t) = const, a (ty) = 1 and infinite age of the universe.
Friedmann equations (1.2.2) reduce to

k= 8?ﬂ-Gpo = —8nGpy . (1.2.10)

In order that the mass density py be positive today, £ must be 1, and hence the pressure of
matter pg becomes negative.

Einstein corrected this in 1917 by introducing a covariantly constant Lorentz-invariant term
Ag,,, in his equation (1.1.20), where the cosmological constant corresponds to a tiny correc-
tion to the geometry of the universe. Thus, the equations (1.2.2) take the form

a+k A 871G

a2 3~ 3

(1.2.11)
26 a*+k
+ -

a a?

A= -8nGp.
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A positive value of A curves space-time so as to counteract the attractive gravitation of
matter. Einstein adjusted A to give a static solution, which is called the Einstein universe.
The pression of matter is very small (if it were not small we would observe the galaxies
having random motion similar to that of molecules in a gas under pressure). With a good
approximation we can set p = 0. In the static case, the equation (1.2.11) becomes

A 887G

E—— =
3 3

Po (1212)

from which it follows that in a spatially flat universe

_ A (1.2.13)
PAT %G T PO -

Unfortunately, Einstein did not notice that the static solution is unstable: the smallest
imbalance between A and p would make @ # 0, causing the universe to accelerate into
expansion or decelerate into contraction. This problem was noticed by Eddington in 1930
[7], after Hubble’s discovery of the expansion that caused Einstein to abandon his convinction
of a static universe and to consider the cosmological constant.

1.2.2 Friedmann-Lemaitre universe

Lemaitre noted that if the physics of the vacuum looks the same to any inertial observer, its
contribution to the stress-energy tensor is the same as Einstein’s cosmological constant A.
This term is a correction to the geometrical terms in G/, but the mathematical contents of
(1.2.11) are not changed if the A terms are moved to the right-hand side, where they appear
as correction to the stress-energy tensor 7),,. Then the physical interpretation is that of an
ideal fluid with energy density pp = A/87G and negative pressure py = —pac®. When the
cosmological constant is positive, the gravitational effect of this fluid is a cosmic repulsion
counteracting the attractive gravitation of matter, whereas a negative A corresponds to
additional attractive gravitation.

The cosmology described by (1.2.11) with a positive cosmological constant is called the
Friedmann-Lemaitre universe or the Concordance model. In this universe, the total density
parameter is conveniently split into a matter term, a radiation term and a cosmological
constant term,

Qo= + Q.+ Qp (1.2.14)
where ), and Q4 are defined as
Pr A A
Q. =2 = = . 1.2.15
Pe A 81Gp. 3H§ ( )

Qm, . and Qp are important dynamical parameters characterizing the universe.
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1.2.3 Conservation law and equation of state

In the general case of nonvanishing pressure p, differentiating equation (1.2.2) with respect
to time we obtain, after some calculations, a new equation containing only first-order time
derivatives:

p+3H (p+p)=0. (1.2.16)

This equation does not contain k and A. All terms have dimension of energy density per
time, namely this equation states that the change of energy density per time is zero, so we
can interpret it as the local energy conservation law. In a volume element dV', pdV represents
the local decrease of graviting energy due to the expansion, whereas pdV is the work done
by the expansion. Energy does not have a global meaning in the curved spacetime of general
relativity, whereas work does. If different forms of energy do not transform into one another,
each form obeys the previous equation separately.

There is another way to derive equation (1.2.16). Let the total energy content in a comoving
volume a® be

E=(p+p)a’. (1.2.17)
The expansion is adiabatic if there is no net inflow or outflow so that

dE d

—= =2 [(p+p)a’] =0, (1.2.18)

If p does not vary with time, changes in p and a compensate and equation (1.2.16) immedi-
ately follows.

If we know the relation between energy density and pressure, called the equation of state of
the universe, equation (1.2.16) can easily be integrated:

p(t) L fa
/mdt_ 3/a(t)dt' (1.2.19)

In contrast, the law of conservation of entropy S is not implied by Friedmann’s equations.
In this case we can make an ansatz: let p be proportional to p with some proportionality
factor w which is constant in time:

p=wp. (1.2.20)

It follows:
p(a) oc a0+ = (1 4 2)3(1+w) . (1.2.21)

Although astronomers prefer to use z instead of a because it is an observable, in cosmology
it is better to use a. In fact, redshift is a property of light, but freely propagating light did
not exist at times when z > 1080, so z is then no longer a true observable [4].

The value of the proportionality factor w in the last two equations follows from the adia-
baticity condition and it is referred to three special cases:
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I. A matter-dominated universe filled with nonrelativistic cold matter in the form of pres-
sureless nonradiating dust for which p = 0. From equation (1.2.20), this corresponds
to w = 0, and the density evolves according to

pm (@) xxa™3 = (142)% . (1.2.22)

It follows that the evolution of the density parameter €2, is

HE
Oy (@) = Qmﬁa* (1.2.23)
and hence the evolution of the Hubble parameter is
H (a) = Hoa ' /1= Qu + Qua=! = Ho (14 2) /1 + Q2. (1.2.24)

II. A radiation-dominated universe filled with an ultra-relativistic hot gas composed of
elasically scattering particles of energy density e. Statistical mechanics then tells us

that the equation of state is

L_1 (1.2.25)
r = —€ = — r . L.
p 3 3p

This corresponds to w = 1/3, so that the radiation density evolves according to
pr(a) ca™t=(1+2)". (1.2.26)

III. The vacuum-energy state corresponds to a flat, static universe without dust or radia-
tion, but with a cosmological term. From equations (1.2.2) we obtain

PA = —PA w=-1. (1.2.27)

Thus the pressure of the vacuum energy is negative, in agreement with the definition
of the vacuum-energy density as a negative quantity. In the equation of state (1.2.20),
pa and pp are then scale-independent constants.

1.2.4 Early time dependence

From the above scale dependences, it follows that the curvature term in the first of (1.2.2)
obeys the following inequality in the limit of small a:

k 81G A
- K — - 1.2.2
2SS 3 Py (1.2.28)
which is always true when
1 1
k=41, p>—§p7 w>—§7 A>0. (1.2.29)
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Then we can neglet the curvature term and the A term in the first of (1.2.2), which simplifies
to

) 8r \ /2
g —H(t)= (gp> o g~ 31+w)/2 (1.2.30)

Integrating this differential equation we can find the time dependence of a:
a3IHe)/2 ot forw# —1, Inaotforw=—1 (1.2.31)
and then, solving for a:
a(t) o 230+ forap £ 1, a(t) o< e forw = —1. (1.2.32)

In the two epochs of matter domination and radiation domination we know the value of w.
Inserting this we obtain the time dependence of a for a matter-dominated universe,

a(t) o t¥/3 (1.2.33)
and for a radiation-dominated universe,

a(t) oc t'/?. (1.2.34)

1.2.5 Big Bang

We find the starting value of the scale of the universe independently of the value of k£ in the
curvature term neglected above:

lima(t) =0. (1.2.35)

t—0

In the same limit the rate of change a is obtained from equation (1.2.30) with any w > —1:

lima (t) = lima™! (t) = . (1.2.36)
t—0 t—0
Hence, an early radiation-dominated universe was characterized by extreme density and
pressure:

. T —4 o
lim p, (f) = lim a™ (t) = oo,

i N = L a—t (¢ (1.2.37)
lim p,- (t) = lima™ (f) = 0.

The time ¢ = 0 was called the Big Bang by Fred Hoyle, who did not like the idea of an
expanding universe starting from a singularity. Since 1988 the steady state theory has been
however abandoned because of the discovery of early quasars.
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1.2.6 Late Einstein-de Sitter evolution

The conclusions we derived from equation (1.2.28) were true for past times in the limit of
small a. However, the recent evolution and the future depend on the value of k£ and on
the value of A. For k = 0 and k = —1 the expansion always continues following equation
(1.2.32), and a positive value of A boosts the expansion further.

In a matter-dominated Einstein-de Sitter universe which is flat and has 2, = 0, Friedmann’s
equation (1.2.2) can be integrated to give

2 ~3/2
t(z)==—1(1 1.2.
and the present age of the universe at z = 0 would be
2
to = —. 1.2.39
°~ 3H, ( )

Since, with this values, one finds tg = 9.27 Gyr and the value determined from the age of
the oldest known star in the galaxy is 13.5 + 2.9 Gyr, the flat-universe model with 25 =0
is in trouble.

1.2.7 Evolution of a closed universe

In a closed matter-dominated universe with & = 1 and A = 0, the curvature term k/a? drops
with the second power of a, while the density drops with the third power, so the inequality
(1.2.28) is finally violated at a scale such that

9 8Gpm
a = —-- ,
max 3
and the expansion halts because a = 0. This is called the turnover time t,,... At later times

the expansion turns into contraction, and the universe returns to zero size at time 2t,,,,.
That time is usually called the Big Crunch. For k=1 it is

Amax 71/2
to = / da <87T3Gpm (a)a® — 1) . (1.2.41)
0

We can see the qualitative behavior in the three cases k = —1,0,1 with A = 0 in Fig. 1.2.
Here, we can note that following the curves back in time, they intersect the time axis at
different times. it means that what may be called time ¢t = 0 is more recent in a flat universe
than in an open universe, and even more in a closed universe.

(1.2.40)

1.2.8 The radius of the universe
The spatial curvature is given by the Ricci scalar R and it can be expressed in terms of :

R=6H*(Q—1). (1.2.42)



1.2. COSMOLOGICAL MODELS: FRIEDMANN-LEMAITRE COSMOLOGIES 33
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Figure 1.2: Time dependence of the cosmic scale R (t) = a(t) in various scenarios. When k = 1,
a closed universe with a total lifetime 2¢,,... It started more recently than a flat universe. For
k = 0, we have a flat universe which started 2/3ty ago. When k = —1, an open universe started
at a time 2/3tg <t < tg before the present time. de Sitter: an exponential (inflationary) scenario
corresponding to a large cosmological constant. This is also called the Lemaitre cosmology. The
picture is taken from [4].

R vanishes in a flat universe and it is only meaningful when it is nonnegative, as in a closed
universe. It is conventional to define a radius of curvature (valid also for open universes) as

[6 1
=== ——. 1.2.43
UEVR T B (1.2.43)

For a closed universe, ry has the physical meaning of the radius of a hyper-sphere.
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Figure 1.3: Lookback time and normalized age of the universe when €, = 0.27 and Qx =1 — Q.
Credits by [4].

1.2.9 Late Friedmann-Lemaitre evolution

When A > 0 the recent past and the future take an entirely different course. Since pp
and Q5 are scale-independent constants, they will start to dominate over the matter term
and the radiation term when the expansion has reached a given scale. Rewriting the second
of (1.2.2) as

o
232, (1.2.44)
a

we can see that the expansion will independently accelerate from the value of k. In particular,

a closed universe with £ = 1 will ultimately not contract, but suffer accelerating expansion.
a_d

1 aH((la)
characterized by k and energy density components 2,,, €, and 24 and the expression

of a universe

Let us now consider the general expression for the age fot @ gt =

H(a) = % = Ho/(1-Q)a2+9(a); (1.2.45)

inserting the 2 components into the previous equations we have

22

a p—
5 = H (1) = Hy [(1 = ) ™ + Qs (a) + 2 (a) + D (a)] (1.2.46)
or
1 1/(1+42) 12
t(z) = F/ da [(1 = Q) + Qma™ " + Qa2 + Qpa®] 7. (1.2.47)
0Jo
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We remember that today Q25 ~ 0.7.

The large size of the universe, combined with the finite speed of light, produces the phe-
nomenon known as lookback time: whenever we observe a distant cosmic object, we do not
see it as it is now, but as it was when the light was emitted. The time elapsed between
when we detect the light here on earth and when it was originally emitted by the source, is
known as the lookback time. It is given by the last integral with the lower integration limit
at 1/ (1 + z) and the upper limit at 1. The proper distance defined as

o gt
dpf/l ool (1.2.48)

is
dp(z) =t(z) . (1.2.49)
In Fig. 1.3 is showed the lookback time ¢ (2) /to and the age of the universe 1 —t (z) /to as

functions of redshifts when ,, = 0.27 and Qp = 1 — Q,,,. At infinite redshift the lookback
time is 1 and the age of the universe is 0.

1.2.10 De Sitter universe

The de Sitter universe [2] is another special case for which the Einstein equation can be
solved exactly and, specifically, it is a spacetime with positive constant 4-curvature that is
homogeneous and isotropic in both space and time. Hence, it possesses the largest possible
symmetry group, as large as the symmetry group of Minkowski spacetime (ten parameters in
the four-dimensional case). It plays a fundamental role in understanding the basic properties
of inflation. In fact, in most scenarios, inflation is nothing more than a de Sitter stage
with slightly broken time-translational symmetry. To find its metric, we use two different
approaches which illustrate different mathematical aspects of this spacetime. First, we
obtain the de Sitter metric as a result of embedding a constant curvature surface in a
higher-dimensional surfaces. As a second approach, we obtain de Sitter spacetime as a
solution to the Friedmann equations with positive cosmological constant.

Let us now consider a hyperboloid

2?4 y? -2 =H,?, (1.2.50)
embedded in three-dimensional Minkowski space with the metric
ds® = dz* — dz® — dy?. (1.2.51)

This hyperboloid has positive curvature and lies entirely outside the light cone.

Therefore, the induced metric has Lorentzian signature. To parametrize the surface of the
hyperboloid, we can use x and y coordinates. The metric of the hyperboloid can then be
written as

(zdx + ydy)*

ds? = ~— 277
-2
z?2+y? — Hy

—dx? — dy?, (1.2.52)
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t = const

Figure 1.4: The hyperboloid with positive curvature

where 22 + y? > ng. This is the metric of a two-dimensional de Sitter spacetime in x, y
coordinates. Obviously, it is more convenient to use coordinates in which the symmetries of
the spacetime are more explicit. The first choice is ¢, x coordinates related to z, y via

x = Hy'cosh (Hpt)cosx, y=Hy"cosh(Hat)siny. (1.2.53)

These coordinates cover the entire hyperboloid for —co < ¢t < 400 and 0 < x < 27 (see
Fig. 1.4) and metric (1.2.52) becomes

ds? = dt? — Hy % cosh® (Hat) dx*. (1.2.54)

In the four-dimensional case, this form of the metric corresponds to a closed universe with
k= -+1.
With another choice of coordinates,

x = Hj " cosh (Hxt) , y=Hj" cosh (Hyt)sinhy, (1.2.55)
the metric (1.2.52) assumes the form corresponding to an open de Sitter universe:
ds® = df* — Hy?sinh® (Hat) dy®. (1.2.56)

The range of these coordinates is 0 < £ < 400 and —oo < Y < 400, covering only the
part of de Sitter spacetime where 2 > Hy' and 2z > 0 (see Fig. 1.5(a)). Moreover, the
coordinates are singular at ¢ = 0.

Finally, we consider the coordinate system defined via

1
x = Hy' |cosh (Hxt) — 5 eXPp (Ha?) X2 | , y = Hy " exp (Hat) X, (1.2.57)
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Figure 1.5: On the left, is represented the de Sitter spacetime where x > HXI and z > 0. On the
right, De Sitter spacetime covered by flat coordinates [2].

where —oo < %, ¥ < +oo. Expressing z in terms of ¢, ¥, one finds that only the half of the
hyperboloid located at « + 2z > 0 is covered by these "flat” coordinates (see Fig. 1.5(b)).
The metric becomes

ds? = dt* — Hy? exp (2Hat) dx>. (1.2.58)

The relation between the different coordinate systems in the regions where they overlap can
be obtained by comparing (1.2.53), (1.2.55), (1.2.57).

Following the second approach, a cosmological constant is equivalent to a ”perfect fluid”
with equation of state py = —pp. From the conservation law it follows that the energy
density stays constant during expansion and hence

i—Hia=0, Hy=(87Gpyr/3)"?. (1.2.59)
A general solution of this equation is
a = Cqexp (Hat) + Cyexp (—Hat) , (1.2.60)

where C7,C> are integration constants constrained by the second Friedmann equation
(1.2.2):
AH3C,Cy = k. (1.2.61)

Hence, in a flat universe one of the constants must be equal to zero. If C; # 0 and C3 = 0,
(1.2.60) describes a flat expanding de Sitter universe and we can choose Cy = H . If both
the constants are nonzero, the time ¢t = 0 can be chosen so that |C| = |Cs|. For a closed
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»

t

Figure 1.6: Behavior of the scale factor: when k& = 1 it first decreases until reaching its minimum
value at ¢ = 0, then increases; when k& = 0, the scale factor starts its increasing evolution from
a vanishing value at early time; when k = —1, the scale factor behaves as in a flat universe, but
vanishes at null-time [2].

universe, we have

Ci=0y=—— 1.2.62
1 2 2HA ’ ( )
while for an open universe
1
Ci=-Cy=—. 1.2.63
1 2= 9, ( )
Therefore, the three solutions are
sinh? (Hat) sinh? x k=-1
ds®> =dt* — Hy? | exp (2Hpt) | [d*+ | x® | dQ*| k=0 (1.2.64)
cosh? (Ht) sin? y k=+1

They all descibe the same physical spacetime in different coordinate systems (de Sitter
spacetime is translational invariant in time). The behavior of the scale factor (see Fig.1.6)
depends on the coordinate system. In a closed coordinate system, the scale factor first
decreases, then reaches its minimum value, and subsequently increases. In a flat and open
coordinates, a (t) always increases as ¢ grows but vanishes as t — —oo and t = 0, respectively.
However, the vanishing of the scale factor does not represent a real physical singularity
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but simply signals that the coordinates become singular. For t > H;l, the expansion is
exponential in all coordinate systems.
There is indeed an analitical way to obtain the de Sitter metric. Consider a homogeneous
flat universe with the FLRW metric in which the density of pressureless dust is constant,
p (t) = po. The first of Friedmann equations (1.2.2) for the rate of expansion including the
cosmological constant takes the form

—~ =H = a(t) xeflt, (1.2.65)

whose behaviour is drawn in Fig. 1.2 as de Sitter curve. However, H is, in this case, a
constant equal to

=1/ =Gpo+ = (1.2.66)

When k& # 0 we can eventually neglect the curvature term k/R? because the density is
constant and the scale factor increases without limit.
Substituting the previous exponential solution into the FLRW metric (1.1.6) we obtain the
de Sitter metric

ds* = dt* — e*M'" (dr® + r?d6® + r? sin® 0d¢?) . (1.2.67)
This solution was published by de Sitter in 1917, setting p = p = 0 and thus relating
H directly to the cosmological constant A. The same solution is obtained in the case of
vanishing cosmological constant if the density of dust p is constant. As we can read in [7],
Einstein’s universe contains matter but no motion and de Sitter’s contains motion but no
matter.
Introducing two test particles into this empty universe, they seem to recede from each other
exponentially. In the case when their spatial distance is ra and A > 0, the equation of relative
motion of the test particles is given by the second of (1.2.2) including the cosmological

constant: P2 A A

% = Sra- ?WG (p+3p)ra. (1.2.68)
With regard to the right-hand side, the first term is a force due to the vacuum-energy
density, while the second term is the decelerating force due to the ordinary gravitationaly
interaction.
If A is positive as in the Einstein universe, the force is repulsive and the expansion accelerates;
with A negative, instead, the force is attractive, decelerating the expansion. The latter case
is called anti-de Sitter universe.

1.3 Extended Gravity Theories

It is well known [8] that in general, the field equations of a physical theory correspond to
the minimum of the action

S = /Lxﬁ—gdth,
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where £ is the lagrangian and g is the determinant of the metric tensor g,,,,. In other words,
a physical theory corresponds to the variational principle

6/L\ﬁ—gdtdv =0.

For the general relativity theory, the lagrangian has the form

1

- 167TGR+LM’

Lar
where G is the gravitation constant and £y is the lagrangian of matter. Varying over g,
we get the corresponding equations

R, — %gWR =8rGT,, ,
where T}, is the matter’s energy-momentum tensor.
According to this theory, space-time and gravitation are described by Einstein’s partial
differential equations, in which the only field responsible for gravitation is the metric tensor
Juv- In general relativity, the gravitational field generated by a body of mass M at a distance
r is proportional to its mass M, with the gravitation constant G as the proportionality
coefficient: a ~ GM/r?. It turns out that the observed gravitational accelerations near
several distant astronomical bodies are much larger than what is predicted based on the
observable mass Mo: a < GM /r?. The traditional approach to this problem is to conclude
that, in addition to the observable masses, there are also non-observable ones; besides, to
explain the observations, we can assume that on the cosmological level, 95% of the mass is
formed by hypothetical non-directly-observable dark matter and dark energy.
Some physicists propose that instead of introducing such hypothetical types of matter, it
is more reasonable to conclude that the parameter G that described the local strength of
gravitational interactions does not have to be a universal constant: measurements of G at
different points in space-time can lead, in general, to different results. Thus, in such a theory,
to describe the gravitational field we need to introduce both the metric tensor g,, and a
scalar field ¢.
Historically, the first modification of general relativity, in which there is no need for the
hypothetical dark energy and dark matter, came in the form of a modified lagrangian which
only depends on the metric g,,, but which is non-linear in the scalar curvature R. Actually,
there are many ways in which general relativity could be modified, but we will consider four
different possibilities:

e gravitational scalar fields
e extra spatial dimensions

e higher-order terms in the action
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The most important alternative models are known as scalar-tensor theories of gravity, be-
cause they involve both the metric tensor g,, and a scalar field ¢ that couples directly to the
curvature scalar (not only to the metric as the equivalence principle would seem to imply).
The action can be written as a sum of a gravitational piece, a pure-scalar piece and a matter
piece:

SZSfR+S¢+SM, (1.3.1)

where

Syn= [ doy=as @) R.
| 1
5= [ dov=a |50 (00" @.0) 0.0) -V (6)] (132

SM = /d4l‘\/—gﬁM (gw,,\lli) .

f (&), h(¢) and V (¢) are functions that define the theory, and the matter lagrangian L
depends on the metric and a set of matter fields ¥; but not on ¢.

The equations of motion for this theory include the gravitational equation and the scalar
equation. The former is obtained from varying with respect to the metric: for this purpose,
we consider perturbations of the metric

gt = g 4+ oghr. (1.3.3)

The variation of the gravitational part of the action is

5SfR = /d4x\/jgf (¢) [Guuégwj + 0,07 (guyég‘“’) - 8H8V (59#11)] ) (1-3'4)

from which double integration by parts gives us

55 m = / B /=G [ (6) Crw + g Of — 0u0, 1) 56" | (1.3.5)

where O = V#V,, = ¢V, V, and covariant derivatives are equivalent to partial derivatives
when acting on scalars. The gravitational equation of motion, including contributions from
S¢ and Sy, is therefore

1 1
G = [ () <2T;% + inV + 0,0, f — g,“,Df> , (1.3.6)

where, in particular,

T?, = h(6) 00006 — G Bh (6) 977 0,0056 +V (¢>] | 137)
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One of the earliest scalar-tensor models is known as Brans-Dicke theory, and corresponds to
the choices
¢ L w

V($) =0, (1.3.8)

where w is the dimensionless Dicke coupling constant.

To get a full description of the scalar-tensor theory, we also nees to add, to the lagrangian,
the term (2u2)(9:9) describing the effective energy density of the scalar field, As a result, the
scalar-tensor action takes the form

_ 4 — ¢ _ w nz (aMb) (av¢) 1
SBD —/d T/—g [167TR 7167rg 7¢ . (1.3.9)
Varying over g,,, and ¢, we get the following Einstein equations:
1 81 w 1 1
R,uu - ig,uVR = ET,U«D + ? (a#¢au¢ - 29uvaa¢aa¢> + g (V#VV¢ - g#VD¢) (1'3'10)
and g
s
= T 1.3.11
Dé 342w’ (1.3.11)

where T := T} is the trace of the energy-momentum tensor.

In the Brans-Dicke theory, the scalar field is massless, but in the w — oo limit the field
becomes nondynamical and ordinary GR is recovered.

Similarly to general relativity, the Brans-Dicke theory is described by second order partial
differential equations and its equations are invariant for time reversal.

A popular approach to dealing with scalar-tensor theories is to perform a conformal trans-
formation to bring the theory into a form that looks like conventional GR. We define a
conformal metric

g,uu = 167Téf (¢) 9uv (1312)

where G will become Newton’s constant in the conformal frame. The action S +r from (1.3.6)
becomes

S¢r = /d4m\/—7gf (p) R = /d4w\/j§ (1671'@)71

-3 ar\*
R— §f_2 (d{;) gpaap¢aa¢‘| )
(1.3.13)
where we have integrated by parts and discarded surface terms. In the conformal frame,
therefore, the curvature scalar appears not multiplied by any function of ¢. This frame is
called the Einstein frame because Einstein’s equations for the conformal metric g,, take on
their conventional form, while the original frame with metric g,,,, is called the Jordan frame
or sometimes string frame because string theory typically predicts a scalar-tensor theory
rather than ordinary general relativity.
Another useful way to modify general relativity is to allow for the existence of extra spatial



1.3. EXTENDED GRAVITY THEORIES 43

dimensions: in fact, the physical consequences of extra dimensions are related to those of
scalar-tensor theories. This approach means considering models in which the spacetime
appears four-dimensional on large scales even though there are 4 + d total dimensions. this
may happen if the extra d dimensions are compactified on some manifold. Models of this
kind are known as Kaluza-Klein theories.

Let 14 be the metric for a (4 + d)-dimensional spacetime with coordinates X, where indices
a,b run from 0 to d 4+ 3. Thus the line element becomes

ds? = 1,pdXdX" = g,,, (x) dztdz” + b* () hij (y) dy'dy? (1.3.14)

where the z# are coordinates in the four-dimensional spacetime and the 3’ are coordinates
on the extra-dimensional manifold, taken to be a maximally symmetric space with metric
hi;. The action is the (4 4 d)-dimensional Hilbert action plus a matter term:

S = /d4+dxﬁ <1R[lab] +ﬁM> , (1.3.15)

167TG4+d

where v/—I is the square root of the determinant of l5, R [las] is the Ricci scalar of I, and
L is the matter Lagrange density with the metric determinant factored out.

The first step is to dimensionally reduce the action (1.3.15), namely to perform the inte-
gral over the extra dimensions, which is possible because we have assumed that the extra-
dimensional scale factor b is independent of y*. Therefore we can express everything in
terms of g,., hi; and b(x), integrate over the extra dimensions and arrive at an effective
four-dimensional theory. From the metric (1.3.14) we have

V—=l=0t/=gVh, (1.3.16)
and we can evaluate the curvature scalar for this metric to obtain
Rlla) = Rgu] + b 2R[hij] — 2db ' g" V Vb — d (d — 1) b 2g" (V,b) (Vb)) , (1.3.17)

where V, is the covariant derivative associated with the four-dimensional metric g,,,,. De-
noting by V the volume of extra-dimensions when b = 1,

V= /ddy\/ﬁ, (1.3.18)

the four-dimensional Newton’s constant G4 is determined by evaluating the coefficient of

the curvature scalar in the action so that it is related to its higher-dimensional analogue by
1 1%

167Gy 167Gyrq

(1.3.19)

We have therefore

S:/d‘*x\/fg{ !

167'I'G4

(VYR [g,] + d (d — 1) b4 2g" (V) (V,,b) +d (d — 1) kb 2] + VbdﬁM} :
(1.3.20)
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where we have integrated by parts for convenience, and introduced the curvature parameter
& of h;j, given by
_ _Rihi]
S d(d—1)"
In order to have a more conventional expression of the action (1.3.15) we can perform a
change of variables and a conformal transformation,

Bx)=Ib,  Guw=ec%gu, (1.3.22)

and, to turn § into a canonically normalized scalar field,

(1.3.21)

d(d+2)

¢= 167Gy

(1.3.23)

we get the following action:

1 1 ~ - 1 _
_ 4 ) - ~ 112 . —+/2(d+2)/d¢/Mp
s /d VI { TomG, 10 = 59 (v#‘b) (v”‘b) * Tong, @ De +

+Ve V 2d/(d+2)¢/MP£AM} ,
(1.3.24)

where Mp = (87rG4)71/ % is the reduced Planck mass. The scalar ¢ is known as the dilaton
or radion, and characterized the size of the extra-dimensional manifold.

The last two terms in (1.3.24) represent a potential V' (¢). Ignoring the matter term L, the
behavior of the dilaton will depend only on the sign of . If the extra-dimensional manifold
is flat (x = 0), the potential vanishes and we have a massless scalar field; if there is curvature
(k #0), the potential does not have minimum; for £ > 0 the field will roll to —oo, while for
k < 0 the field will roll to +o00. But ¢ o Inb, so the scale factor b (z) of the extra dimensions
either shrinks to zero or becomes arbitrarily large, in either case frustrating the hope for
stable extra dimensions. Stability can be achieved, however, by choosing an appropriate
matter Lagrangian, and an appropriate field configuration in the extra dimensions.

A different kind of alternative theory is one featuring lagrangians of more than second order
in derivatives of the metric. We can write an action of the form

S = /d”x\/—g (R + o R? + as R, R + azg"”V,RV,R + - ) , (1.3.25)

where the o’s are coupling constants and the dots represent every other scalar we can make
from the curvature tensor, its contractions and its derivatives. Einstein’s equation leads
to a well-posed initial value problem for the metric, in which coordinates and momenta
specified at an initial time can be used to predict future evolution. With higher-derivative
terms, we would require not only those data, but also some number of derivatives of the
momenta. Obviously, the character of the theory is altered.



CHAPTER 2

‘ COSMIC INFLATION

2.1 The shortcomings of the standard Big Bang Theory

The standard big bang model [9], [10], [11] incorporates three important observations about
the universe:

(a) the expansion of the universe discovered by Hubble;

(b) the discovery of the microwave background radiation (MBR) by Penzias and Wilson
and its confirmation by other observers;

(c) the prediction of the abundances of various nuclei on the basis of nucleosynthesis in the
early universe, in particular the abundances of helium and deuterium, which appear
to conform reasonably with observations.

It is well known that matter is distributed very homogeneously and isotropically on scales
larger than a few hundred megaparsecs. The CMB gives us a picture of the early universe,
showing that at recombination the universe was extremely homogeneous and isotropic on
all scales up to the present horizon. Since the universe evolves according to the Hubble law,
we ask ourselves which initial conditions could lead to such homogeneity and isotropy. To
answer to this, it is necessary to know the exact physical laws which govern the evolution
of the very early universe, or even a few simple properties of them. The main question to
solve is: how is the universe so homogeneous and isotropic to vast distances, extending to
regions which could not have communicated with each other during the early eras? This
problem is illustrated in Fig. 2.1.

Another question is why the density parameter © (the ratio of the energy density of the
universe to the critical density) is so near unity. If the present value of Q lying between 0.1
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Figure 2.1: The horizon problem. The point A represents our present space-time position, the
points B e C represent events at a much earlier epoch, lying in opposite spatial direction from us,
but lying in our past light cone. The plane at the bottom represents the instant ¢t = 0, the big bang.
The past lights cones of B and C' have no intersection, so these two events could not have had any
casual connection.
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and 2 is extrapolated to near the big bang we get the following orders of magnitude:
Q(1s) — 1| = O (107 1%) |

‘Q (10_435) — 1| =0 (10—16) , (2.1.1)

which seem difficult to explain.

The third problem is the smoothness problem, which is to explain the origin and nature of
the primordial density perturbations, that is the presence of galaxies and the structure of
the observable universe.

These questions may seem logically inconsistent with the standard cosmology and inflation
is not the first attempt to address these shortcomings: since 1980s, cosmologists proposed
alternative solutions to those problems. Inflations is the most successfull attempt to under-
stand and describe the very early stages of our universe.

2.1.1 The flatness problem

The flatness problem (or problem of initial velocities) comes from considering the Friedmann
equations in a universe with matter and radiation, and vanishing vacuum energy.

This problem can be reformulated in terms of the critical density Q (t) = p/p¢, so that the
Friedmann equations (1.2.2) and (1.2.3) can be rewritten as

k
1= .
S (Ha) (2.1.2)
a
- =——H?*Q(1+3
- =~ H (1 +3w)
and, combining them with the derivative of the first, we obtain
ds2
=(1 QQ-1). 2.1.
(1 psma@- (21.3)

This equation is easily solved, but its most general properties are qualitatively different
depending on the sign of 1 + 3w.

A flat universe 0 = 1 remains flat at all times. This is an unstable point if the strong
energy condition 1+ 3w > 0 is satisfied (from which it follows d|Q2 — 1|/dlna > 0). Any
deviation from flatness is amplified by the subsequent expansion, hence the flatness of the
universe at present time {2y ~ 1 represents an initial fine tuning problem. This is referred
to as the flatness problem of standard Big Bang cosmology in which the universe is initially
dominated by radiation and later matter. On the other hand, if 1 + 3w < 0, the universe
evolves towards flatness, since d|Q2 — 1|/dIna < 0. Taking into account (2.1.2), this leads to
accelerated expansion. Thus, the flatness problem may be solved by introducing a period
of accelerated expansion prior to radiation domination. During inflation the Hubble rate is
constant, hence

k 1

Q-1= o >

(2.1.4)
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Moreover, in order to have a value of Qy—1 of order of unity today, the initial value of (2 — 1)
at the beginning of the radiation-dominated phase must be |2 — 1| ~ 10759, Identifying the
beginning of the radiation-dominated phase with the beginning of inflation, it is required

| — 14—, ~107%, (2.1.5)
while during inflation
|Q—1|t=tf _ & 2:6,2]\] (216)
1 — 1=, ay ' o

Taking |2 — 1];=¢, of order unity and defining the corresponding number of e-foldings N

N=In (Zf) = Hy(tj—t;) . (2.1.7)
1
one has N = 70 to solve the flatness problem. It is clear that, if the period of inflation lasts
longer than 70 e-foldings, the present-day value of Qg — 1 will be equal to unity with a
great precision. Thus, a generic prediction of inflation is that €29 = 1. On the other hand,
inflation does not change the global geometric properties of the spacetime: if the universe
is open or closed, it will remain flat or closed, independetly from inflation. As we can see in
Fig. 2.2, inflation magnifies the radius of curvature so that locally the universe is flat with
a great precision. Also, the current data on the CMB anisotropies confirm this prediction.

It is also possible to state the flatness problem and its solution in terms of the comoving
Hubble scale (aH)™", from which

% (aH)™' <0 = Expansion towards flatness
d -1 .
pn (aH)" >0 = Expansion away from flatness.

The first condition applies to matter and radiation, the second to a cosmological constant.
The hypothesis of adiabatic expansion of the universe is connected with the flatness problem.
We know that during a radiation-dominated period, since H? ~ pg ~ T%/m%, and under
the hypothesis of adiabaticity, |2 — 1| ~ 107%°: in other words,  — 1 is so close to zero at
early epochs because of the incredibly large total entropy. The flatness problem is therefore
a problem of understanding why the classical initial conditions corresponded to a universe
that was so close to spatial flatness. It substuntially arise because the entropy in a comoving
volume is conserved: in this sense, the problem could be solved if the cosmic expansion was
non-adiabatic for some finite time interval during the early history of the universe.

(2.1.8)

2.1.2 The horizon problem

Before dealing with this hard problem, it is necessary to focus for a while on the concept of
horizons.
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Figure 2.2: What inflation does is to magnify the radius of curvature, hence locally the universe is
almost spatially flat [11].

If the universe has a finite age, then light travels only a finite distance in that time and the
volume of space from which we can receive information at a given moment of time is limited.
The boundary of this volume is called the particle horizon. Fig. 2.3 illustrates the physical
meaning of this.

The maximum comoving distance light can propagate is

t

Xp (M) =n—mn = a (2.1.9)
t; @

where 7; corresponds to the beginning of the universe. At time 7, the information about

events at x > X, is inaccessible to an observer located at x = 0. In a universe with an

initial singularity, we can always set n; = 0, but in some nonsingular spacetimes (like the de

Sitter universe), it is more convenient to take the initial conformal time different from zero.

Hence, we obtain the physical size of the particle horizon:

tdt

dy (t) =a(t)xp =al(t) . (2.1.10)

On the other hand, the event horizon of the observable universe is the largest comoving
distance from which light emitted now can ever reach an observer in the future. The bound-
ary past which events cannot ever be observed is an event horizon, and it represents the
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Particles already seen

Particles not yet seen
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Figure 2.3: The particle horizon represents the largest comoving distance from which light emitted
(e) in the past could have reached the observer (o) at a given time. For events beyond that distance,
light has not had time to reach our location, even if it were emitted at the time the universe began.

maximum extent of the particle horizon. The physical size of the event horizon at time ¢ is

t
max dt
d, (t) = a(t)/ . (2.1.11)
' a
where max refers to the final moment of time.
An important example is a flat de Sitter universe, where

de (t) = exp (HAt)/ exp (—Hpt)dt = Hy ', (2.1.12)
t

namely, the size of the event horizon is equal to the Hubble curvature scale.

Now, the problem of horizon arise from the finite age ty of the universe, that implies that
photons can only have traveled a finite distance in the time since the Big Bang. Hence, the
particle horizon today is finite and larger than at any earlier time. Also, the spatial width of
the past light cone has grown in proportion to the longer time perspective. Thus the spatial
extent of the Universe is larger than that our past light cone encloses today; with time we
will become causally connected with new regions as they move in across our horizon. This
renders the question of the full size of the whole Universe meaningless.

For simplicity let us imagine [8] we are in a matter-dominated universe, for which

a(t) o t?/3.
The Hubble parameter is therefore given by
2
H=_=a""H,

3t
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and the photon travels a comoving distance

Ar =2H;" (Vaz — vap) . (2.1.13)
The physical horizon size at any fixed value of the scale factor a = a, is
dy (ay) = awrver (a) = H ', (2.1.14)

so that, for any nearly-flat universe containing a mixture of matter and radiation, at any
one epoch we will have
dp(a.) ~ H;' = Ry (a.) . (2.1.15)

The horizon problem is nothing but the fact that the CMB is isotropic to a high degree
of precision [8], even though widely separated points on the last scattering surface are
completely outside each others’ horizons. When we look at the CMB we are observing the
universe at a scale factor acys &~ 1/1200; from (2.1.13), the comoving distance between a
point on the CMB and an observer on earth is

Ar=2Hy' (1 — \Jacus) ~ 2H; *.
However, the comoving horizon distance for such a point is
Thor (Geas) = 2Hy ' /Gows ~ 6 x 1072H, . (2.1.16)

Hence, if we observe two widely-separated parts of the CMB, they will have nonoverlapping
horizons; distinct patches of the CMB sky were causally disconnected at recombination.
Nevertheless, they are observed to be at the same temperature to high precision. The
question then is: how did they know ahead of time to coordinate their evolution in the right
way, even though they were never in causal contact? (See Fig. 2.4.) We must somehow
modify the causal structure of the conventional FRW cosmology.

This problem may be solved by introducing an early period of inflation prior to radiation
domination [11]. To see this it can be convenient switching to conformal time 7 defined by
(1.2.5). With these coordinates the particle horizon is conveniently given by the age of the

universe in conformal time:
toat @ 1
= = dl — . 2.1.17
0= [ s = [ e () (2417

The size is the width of the past light cone projected onto the surface 7 = 0 defined by
the initial singularity. It is to note, moreover, the integral has been written in terms of the
comoving Hubble scale (aH )71 because it is a more useful scale in inflationary cosmology
than the particle horizon. For this reason, (aH )71 is called the horizon and it is about the
size of the particle horizon during matter and radiation domination, but it does not hold in
general. In fact, only when matter satisfies the condition p 4+ 3p > 0, the particle horizon
is usually of order of the the Hubble scale, 1/H: hence, the terms Hubble scale and particle
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Our present universe

-ﬁ
—
the hot big bang

Figure 2.4: The horizon problem of hot Big Bang cosmology. The space is comoving and the time
is conformal. The smaller light cones are truncated between the hot Big Bang and recombination,
during which those cones are causally unrelated. The problem is: why do cones (A e B, for instance)
at recombination look similar to each other? This picture is taken from [10].

horizon can be sometimes interchanged, even if they are conceptually different. Whereas
the particle horizon is a scale set by kinematical considerations, the curvature scale is a
dynamical scale that characterizes the rate of expansion and, for example, describes the
evolution of cosmological perturbations. Moreover, the Hubble scale and particle horizon
can differ by a large factor when the strong energy condition is violated, namely p+ 3p < 0.
In this case, from the second of (1.2.2), @ > 0 and hence the expansion is accelerating. Then,
the integral in the expression

bt % da
d, (t) = a(t) i a(t)/ a (2.1.18)
converges as t — oo and a — oo. When ¢ is large, the particle horizon is proportional to the
scale factor a, while the curvature scale H ! = a/a grows more slowly since a also increases
during accelerated expansion.

Let us now classify comoving length scales A with associated wave number K according to
their size relative to the horizon

K
— <1 = scale\inside the horizon
aH

K
i >1 = scale\outside the horizon .
a

(2.1.19)

If a scale is larger than the horizon size causal physics cannot affect it. In standard Big Bang
cosmology, the derivative with respect to time t of the horizon is positive so that scales which
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are outside the horizon at earlier times may enter it at later times. It is now clear that the
horizon problem may be solved by an early period of inflation in which d (aH) ™" /dt < 0.
In any case, during inflation the scale exits the horizon; at the end of this period, the hot
Big Bang commences and the comoving horizon size starts growing so that the CMB scale
reenters the horizon.

How long must inflation be in order to solve the horizon problem? Let the subscripts ¢ and f
be related to the time of beginning and end of inflation, respectively. A necessary condition
to solve the horizon problem is that the observable universe today fits in the comoving
Hubble radius at the beginning of inflation:

1 < 1
aoHo alH1

Let us assume that the universe was radiation dominated since the end of inflation and
ignore the relatively recent matter- and dark energy-dominated epochs. Remembering that
H ~ a during radiation domination, we have

2
aoly ag <af) _ap To ~10-28

arHy ay \ ag ag T7f

where T is the temperature at the end of inflation. We therefore obtain, assuming that
H; ~ Hy during inflation:

(a;H;)"' ~ 108 (afH))™' = N>64, (2.1.20)

namely the solution of the horizon problem requires about 60 e-folds of inflation.
From the considerations made above, it appears that solving the shortcomings of the stan-
dard Big Bang theory requires two basic modifications of the initial assumptions:

e the universe has to go through a non-adiabatic period to solve the flatness problem.
This may give rise to the large entropy we observe today;

e the universe has to go through a primordial period during which the physical scales A
evolve faster than the horizon scale HKl.

From Fig. (2.5) [11], it is clear that if there is a period during which physical length scales
grow faster than H !, length scales A which are within the horizon today, A < H~! (such as
the distance between two detected photons) and were outside the horizon for some period,
A > H~! (for instance, at the time of last-scattering when the two photons were emitted),
had a chance to be within the horizon at some primordial epoch, A < H~! again. If this
happens, the homogeneity and the isotropy of the CMB can be easily explained: photons
that we receive today and were emitted from the last-scattering surface from causally dis-
connected regions have the same temperature because they had a chance to comunicate to
each other at some primordial stage of the evolution of the universe.
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Figure 2.5: The behavior of a generic scale A and the horizon scale H Xl in the standard inflationary
model. Physical sizes increase as a (t) in the expanding universe and the Hubble radius evolves as
Ry = H™'. In a radiation-dominated (RD) or matter-dominated (MD) universe (left panel) any
physical length scale X starts larger than Rz, then crosses the Hubble radius only once (A represents
the crossing point, when A = H 71). If there was a period of early inflation when Rp increased
more slowly than a (right panel), it is possible for a physical length scale to start smaller than Ry,
become larger than Ry and, after inflation end, become once again smaller than Ry. The dashed
line represents periods during which the scale is larger than the Hubble radius

The second condition can be easily expressed as a condition on the scale factor a. Since
A~ aand H=! = a/a, we need to impose that there is a period during which

(HA_1>':d>o. (2.1.21)

From this, we can introduce the following definition [17]: an inflationary stage is a period
of the universe during which the latter accelerates, namely d > 0.
During this accelerating phase, the universe expands adiabatically. The non-adiabaticity
condition is satisfied not during inflation, but during the phase transition between the end
of inflation and the beginning of the radiation-dominated phase.

2.2 Inflation and inflaton

In this section we show that the inflationary condition can be attained by means of a
single scalar field ¢, called inflaton, minimally coupled to gravity. Single-field inflation occurs
when the universe is dominated by the inflaton field ¢ and obeys particular conditions that
we will derive step-by-step. Inflationary models assume that there is a moment when this
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domination started and then drives the universe into a de Sitter expansion with quasi-zero
temperature. This was named by Alan Guth an inflationary universe (1981).
The action of a such system is given by

Sy = 7/d4x\/jg ngamaqur V(o) , (2.2.1)

where the function V (¢) is a potential term for the scalar field and \/—g = a® for the FLRW
metric (1.1.6). From the Eulero-Lagrange equations

SO S(/gE) 222)

YoLto) Y0,
we obtain the Klein-Gordon equation:
b+3H+V'(¢) =0, (2.2.3)

where the prime indicates the derivative with respect to ¢. Indeed, the friction term 3H¢
appears because a scalar field rolling down its potential suffers a friction due to the expansion
of the universe.

The energy-momentum tensor of the scalar field is

1
T;Eﬁ) = au¢av¢ - guuﬁ = aﬂ¢aV¢ + 9w 7§gpaap¢8o¢ +V (¢) . (224)

Since FRLW space-times are homogeneous and isotropic, ¢ must be homogeneous and can
only depend on time. Thus, the corresponding energy density ps and pressure density pg
are

12

Toozp¢=%+V(¢>),

. (2.2.5)
¢2
Li=po=-5—V(9).
Since the condition for the acceleration of the scale factor is p + 3p < 0 and since, if the
gradient term in (2.2.5) were dominant, we would obtain py, = —p,/3 (that is not enough
to drive inflation), we split the inflation field in
¢ (t) = do (1) + 00 (x, 1) , (2.2.6)

where ¢ is the expectation value of the inflaton field on the initial isotropic and homogeneous
state, while d¢ represents the quantum fluctuations around ¢y. For our purpose, we focus
on the evolution of the classical field ¢g. The energy-momentum tensor, for a homogeneous
field, becomes

(2.2.7)
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To obtain py ~ —p, (the de Sitter limit) it is necessary have V (¢) > ¢2, which is the
condition for inflation to take place. This means that for successfull inflation we need a
scalar field that slowly rolls down its potential under certain conditions, so that its potential
energy dominates over its kinetic energy. This also shows that the inflaton potential must
be sufficiently flat (and hence gb = 0), but unfortunately it is not always easy to obtain in
realistic situations. This problem might be bypassed involving more scalar fields in order
to have more possibilities to create inflation, but it surely looses its predictive power, expe-
cially about cosmological perturbations, which are among the most important predictions of
inflation. For this reason it is preferred to consider simple scenarios with a single inflaton,
each of them leading to very similar predictions.

The period during which the scalar field slowly rolls down its potential is called slow-roll.
In this case, being the potential flat, ¢ is negligible, thus Klein-Gordon equation (2.2.3)
becomes

3Hp=—-V'(¢) (2.2.8)
which gives (;5 as a function of V' (¢). In this way, slow-roll conditions require
2 (V) 2
<V (p) = T < H (2.2.9)
and ) .
p<3Hy =— V'<H>. (2.2.10)

Liddle and Lyth [12] defined the following dimensionless slow-roll parameters

H $? 1 (V2
E—vp—“%p—mm(v>’

1 Vl/ 1 Vl/
":&@(v)zgﬂw (2:2.11)

e _®
d=mn—c¢ o

The parameter € quantifies how much the Hubble rate H changes with time during inflation.
Considering the following equation

Yy H*=(1-¢H?, (2.2.12)
a

inflation can be attained only if € < 1. When this condition fails, inflation ends. Slow-roll
inflation is therefore attained if € < 1 and || < 1.
The exact evolution of the background (the homogeneous field and the scale factor) can
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be found by solving the Friedmann and Klein-Gordon equations. However, if we are sure
that the slow-roll conditions are satisfied, we can solve simply the approximate first-order
equation
. 1 0V

=——— 2.2.13
iy ( )
where ¢ = ¢¢ for simplicity.
It is necessary to check that the potential allows for a sufficient number of inflationary e-folds
[13], namely the total number of e-foldings between the beginning and the end of inflation

(the subscripts ¢ and f stay for the beginning and the end of inflation, respectively):

ty b5 o5 b5
N= / Hat=1 [ %~ 3m df‘f a2 —87TG/ Kldqb. (2.2.14)
t; b @ bi 4 &i 14

For a particular form of the potential, one can compute the value of the field ¢ at the end
of inflation (generally, it is such that max|[e, |n|]] = 1). Thus, the above relation provides a
condition on the initial value ¢; in order to obtain a sufficient number of e-folds.

Clearly there must be a mechanism to stop this exponential expansion, otherwise it is
impossible to have our present slowly expanding FL universe. This mechanism is called
graceful exit and it depends on a convenient choice of the potential function and its
temperature-dependence, V (¢,T'). Inflation ends when the kinetic term gi)z /2 dominates
over V (¢), namely the inflaton field arrives at the minimum ¢ = 0 of the potential (in a

time approximated to (10’345)71). The inflaton approchaes this minimum very slowly
because of rapidly-expanding universe.

We have discussed so far the conditions the cosmic inflation needs to start and to finish.
Obviously, the inflaton field has to imitate a scalar condensate in the slow-roll regime. This
can be done entirely within the theory of gravity itself: in fact, Einstein gravity is only a
low curvature limit of some more complicated theory whose action contains higher powers
of the curvature invariants, for example the Gauss-Bonnet term. Any modification of the
Einstein action introduces higher-derivative terms and the higher derivative gravity theory
is conformally equivalent to Einstein gravity with an extra scalar field. However, inflation
can be realized even without a potential term. It can occurr in Born-Infeld-type theories,
where the action depends nonlinearly on the kinetic energy of the scalar field. These
theories do not have higher-derivative terms, but they have some other peculiar properties
that we do not consider in this thesis.

From a physical point of view, the simplest inflationary scenarios can be divided into three
classes [2], each corresponding to the usual scalar field with a potential, higher-derivative
gravity and k—inflation (abbreviation for kinetically driven inflation) [28]. The potential
can have different shapes, as shown in Fig. 2.6. The three cases presented correspond to
the so-called old, new and chaotic inflationary scenarios. The first two names refer to their
historical origins.
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Figure 2.6: Inflation of different potentials [2].

Old inflation (see Fig. 2.6(a)) assumes that the scalar field arrives at the local minimum
of the potential at ¢ = 0 as a result of a supercooling of the initially hot universe. After
that the universe undergoes a stage of accelerated expansion with a subsequent graceful
exit via bubble nucleation. It was clear from the very beginning that this scenario could not
provide a successful graceful exit because all the energy released in a bubble is concentrated
in its wall and the bubbles have no chance to collide. This difficulty was avoided in the new
inflationary scenario, a scenario similar to a successful model in higher-derivative gravity
which had previously been invented.

New inflation is based on a Coleman-Weinberg type potential (Fig. 2.6(b)). Because the
potential is very flat and has a maximum at ¢ = 0, the scalar field escapes from the
maximum via quantum fluctuations. It then slowly rolls towards the global minimum where
the energy is released homogeneously in the whole space. Originally the pre-inflationary
state of the universe was taken to be thermal so that the symmetry was restored due to
thermal corrections. This was a justification for the initial conditions of the scalar field.
Later it was realized that the thermal initial state of the universe is quite unlikely, and so
now the original motivation for the initial conditions in the new inflationary model seems
to be false. Instead, the universe might be in a self-reproducing regime.

Chaotic inflation is the name given to the broadest possible class of potentials satisfying
the slow-roll conditions (Fig. 2.6(c)). The name chaotic is related to the possibility of
having almost arbitrary initial conditions for the scalar field. To be precise, this field must
initially be larger than the Planckian value but it is otherwise arbitrary. Indeed, it could
have varied from one spatial region to another and, as a result, the universe would have a
very complicated global structure. It could be very inhomogeneous on scales much larger
than the present horizon and extremely homogeneous on small scales corresponding to
the observable domain. In the case of chaotic inflation, quantum fluctuations lead to a
self-reproducing universe.

Since chaotic inflation encompasses so many potentials, one might think to consider special
cases, for example, an exponential potential. In this case, if the slow-roll conditions are
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satisfied once, they are always satisfied. Therefore, it describes (power-law) inflation
without a graceful exit. To arrange a graceful exit we have to damage the potential. For
two or more scalar fields the number of options increases. Thus it is not helpful here to
go into the details of the different models. In the absence of the underlying fundamental
particle theory, one is free to play with the potentials and invent further new scenarios. In
this sense the situation has changed when in the 1980s many people considered inflation
a useful application of the Grand Unified Theory that was believed to be known. Besides
solving the initial conditions problem, inflation also explained why we do not have an
overabundance of the monopoles that are an inevitable consequence of a Grand Unified
Theory. Either inflation ejects all previously created monopoles, leaving less than one
monopole per present horizon volume, or the monopoles are never produced. The same
argument applies to the heavy stable particles that could be overproduced in the state
of thermal equilibrium at high temperatures. Many authors consider the solution of the
monopole and heavy particle problems to be as important as a solution of the initial
conditions problem. However, the initial conditions problem is posed to us by nature, while
the other problems are, at present, only internal problems of theories beyond the Standard
Model. By solving these extra problems, inflation opens the door to theories that would
otherwise be prohibited by cosmology.






CHAPTER 3

‘ DYNAMICAL SYSTEMS

In this chapter we give a brief overview of some aspects of the theory of dynamical
systems, which is used [14] to study physical systems that evolve in time. This theory has
its origin in the work of Poincaré at the end of the nineteenth century: he proposed that
instead of trying to find particular exact solutions of a differential equation of the form

dx
p =f(x), zeX,

where f: X — X and X a phase space, one should use topological and geometrical methods
to determine properties of the set of all solutions, viewed as orbits (or trajectories) in a state
space. In the late 1920s, Birkhoff and others began the formal mathematical development of
the theory of dynamical systems, by introducing concepts such as the flow associated with
a differential equation, and the concept of an w-limit set.

Our aim is the application of the theory of dynamical systems to the Einstein field equations
in a cosmological setting, in order to obtain qualitative information about the evolution of
the cosmological model under study.

3.1 Basics of dynamical theories

The most general notion of a dynamical system includes the following elements [15], [16]
(*) A phase space X.

(**) Time, which may be discrete or continuous. It may extend either only into the future
(irreversible or noninvertible processes) or into the past as well as the future (reversible
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or invertible processes). The sequence of time moments for a reversible discrete-time
process is in a natural correspondence to the set of all integers; irreversibility cor-
responds to considering only nonnegative integers. Similarly, for a continuous-time
process, time is represented by the set of all real numbers in the reversible case and
by the set of nonnegative real numbers for the irreversible case.
(***) The time-evolution law. In the most general setting this is a rule that allows us to
determine the state of the system at each moment of time ¢ from its states at all
previous times. Thus, the most general time-evolution law is time dependent and has
infinite memory.

The state of the system we are interested in is described by a set of quantities which are
considered important about the system, and the state space is the set of all possible values of
these quantities. In the case of the pendulum, for example, the position of the mass and its
momentum are natural quantities to specify the state of the system. For more complicated
systems like the universe as a whole, the choice of good quantities is not at all obvious and
it turns out to be useful to choose convenient variables. It is possible to analyse the same
dynamical system with different sets of variables, either of which might be more suitable to
a particular question.

The most characteristic feature of dynamical theories, which distinguishes them from other
areas of mathematics dealing with groups of automorphisms of various mathematical struc-
tures, is the emphasis on asymptotic behavior as time goes to infinity. The best way to
explain what significant asymptotic properties are is to examine specific examples of dy-
namical systems and to determine the most characteristic features of their behavior.

There are two main types of dynamical systems: The first are continuous dynamical systems
whose evolution is defined by a set of ordinary differential equations (ODEs) and the other
ones are called time-discrete dynamical systems which are defined by a map or difference
equations. In the context of cosmology we are studying the Einstein field equations which for
a homogeneous and isotropic space result in a system of ODEs. Thus we are only interested
in continuous dynamical systems. Historically, smooth continuous-time dynamical systems
appeared because of Newton’s discovery that the motions of mechanical objects can be de-
scribed by second order ordinary differential equations. More generally, many other natural
and social phenomena, such as radioactive decay, chemical reactions, population growth,
dynamics of prices on the market etc. may be modeled with various degrees of accuracy by
systems of ordinary differential equations.

As an example of differentiable dynamics, let us consider a Lagrangian dynamical system.
We start with a manifold M C R™ which may be called configuration space. In general it is
not necessary that M is compact. The phase space of the dynamical system is the tangent
bundle TM. The system is described by assigning to each point x € M a potential energy
V (z) and to each tangent vector v = & a kinetic energy given by a positive definite quadratic
form K (v) = 1k, (v,v) on TM, whose coefficients in local coordinates will depend on the

2
point, that is a scalar product depending on = € M.
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Now we can define a differentiable function £ : TM — R, called the Lagrangian
1
L(x,v) = 5/@ (v,0v) =V (2) . (3.1.1)

It satisfies a second order ordinary differential equation on M, namely, the following first
order ordinary differential equation on T'M

d oL
T (3.1.2)
which is called the Fuler-Lagrange equation. The dynamics determined by this ordinary
differential equation is independent of the local coordinate chart; it is defined for all times
and determines a complete flow on T'M defined for all ¢. In particular, the following theorem
holds: for a Lagrangian dynamical system the total energy H = %kx (v,v)+V (x) is invariant
under the dynamics. As a consequence, one can prove that if the configuration space M is
compact, then the Lagrange equation defines a global flow in T M.

Let us consider, now, a particular case of Lagrangian system, corresponding to free particle
motion in the configuration space. Let (M, ¢g) be a Riemannian manifold with Riemannian
metric g, and define the Lagrangian

L(x,v) = %gz (v,v) . (3.1.3)

The Lagrangian system on T'M corresponding to this Lagrangian as well as its restriction to
the unit tangent bundle SM is called the geodesic flow of the Riemannian manifold (M, g).
It preserves the length of tangent vectors because the total energy is given by % gz (v,0).
Since geodesics on a manifold are the shortest connection between any two of its points
sufficiently close, the geodesic flow on any compact manifold is a complete flow.

3.2 Qualitative study

Very few ordinary differential equations have exact solutions and in this case, even if a so-
lution can be found, the formula to obtain it is often too complicated to display clearly the
principal features of the solution. The qualitative study of differential equations is concerned
with how to deduce important characteristics of the solutions of differential equations with-
out actually solving them. An important geometrical device, the phase plane, is used for
obtaining directly from the differential equation such properties as equilibrium, periodicity,
stability and so on.

Frequently, the appropriate formulation of mechanical, biological and geometrical problems
is through a first order system of the form

& =X (z,y)
{y Yoy, (3.2.1)
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where the functions X (z,y) and Y (x,y) are smooth enough to make the system regular in
the region of interest.
Let us recall that the n-th order system

&= f(x,t) (3.2.2)

is called regular on D x I, where D is a domain in R™ and [ is an open interval in R, if f is
continuous and 0f;/0x; (i,j =1,--- ,n) are continuous for & € D and t € I.
The constant solutions are represented by equilibrium points obtained by solving the equa-

tions
X (z,y)=0
{mezﬂ (323)

Near the equilibrium points we may make a linear approximation to X (z,y), Y (z,y), solve
the simpler equations obtained and so determine the local character of the paths. This
enables the stability of the equilibrium states to be settled and it is a starting point for
global investigation of the solutions.

The system (3.2.1) is called autonomous because the time variable ¢ does not appear in the
right-hand side. The solutions x (t), y (¢) of this system may be represented on a plane with
cartesian axes x, y. As t increases, (x (t),y (¢)) traces out a directed curve in the plane
called a phase path.

The appropriate form for the initial conditions of (3.2.1) is

T=1x9, Y=1UYo at t=ty, (3.2.4)

where xg and yg are the initial values at time tg; by the existence and uniqueness theorem,
there is one and only one solution satisfying this condition when (zg, yo) is an ordinary point.
This does not at once mean that there is one and only one phase path through the point
(z0,yo) on the phase diagram, because this same point could serve as the initial conditions
for other starting times. Therefore it might seem that other phase paths through the same
point could result: the phase diagram would then be a tangle of crisscrossed curves. We
may see that this is not so by forming the differential equation for the phase paths. Since
y/& = dy/dx on a path, the required equation is

dy Y (z,y)

= Xy (3.2.5)

Equation (3.2.5) does not give any indication of the direction to be associated with a phase
path. This must be settled by reference to equations (3.2.1). The signs of X and YV at
any particular point determine the direction through the point, and generally the directions
at all other points can be settled by the requirement of continuity of direction of adjacent
paths.

The diagram depicting the phase paths is called the phase diagram. A typical point (z,y)
is called a state of the system. The phase diagram shows the evolution of the states of the
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system, starting from arbitrary initial states.

Points where the right-hand side of (3.2.5) satisfies the conditions for regularity are called the
ordinary points of (3.2.5). There is one and only one phase path through any ordinary point
(z0,Y0), no matter at what time ¢, the point (xg,yo) is encountered. Therefore infinitely
many solutions of (3.2.1), differing only by time displacements, produce the same phase
path.

Equation (3.2.5) may however have singular points, where the conditions for regularity do
not hold, even though the time equations (3.2.1) have no particularity there. Such singular
points occur where X (z,y) = 0. Points where X (x,y) and Y (z,y) are both zero,

X(z,9)=0, Y(x,9)=0, (3.2.6)
are called equilibrium points. If 1, y; is a solution of (3.2.6), then

r(t)y=z1, yt)=n (3.2.7)

are constant solution of (3.2.1) and are degenerate phase paths. The terms fized points and
critical points are also used.

Since dy/dx =Y (z,y) /X (x,y) is the differential equation of the phase paths, phase path
which cut the curve Y (z,y) = ¢X (z,y) will do so with the same slope ¢: such curves are
known as isoclines. The two particular isoclines Y (z,y) = 0, which cut paths with zero
slope, and X (z,y) = 0, which cut paths with infinite slope, are helpful in phase diagram
sketching. The points where these isoclines intersect define the equilibrium points. Between
the isoclines, X (z,y) and Y (x,y) must each be of one sign. For example, in a region in
the (z,y) plane in which X (z,y) > 0 and Y (z,y) > 0, the phase path must have positive
slopes. This will also be the case if X (z,y) < 0 and Y (z,y) < 0. Similarly, if X (x,y) and
Y (z,y) have opposite signs in a region, then the phase paths must have negative slopes.

3.3 Linear approximation

If we have to treat a nonlinear system, approximation by linearizing it at an equilibrium point
is an important and generally useful technique. If the geometrical nature of the equilibrium
points can be settled in this way, the general character of the phase diagram is often clear.
Let us consider the system

=X (z,y), =Y (x,y) (3.3.1)

and suppose that the equilibrium point to be studied has been moved to the origin by a
translation of axes, if necessary, so that

X (0,0) =Y (0,0)=0. (3.3.2)
We can therefore write, by a Taylor expansion,

X (z,y) =arx+by+P(z,y), Y(r,y)=cx+dy+Q(z,y), (3.3.3)
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where X X %
=—10,0),b=—1(0,0 =—10,0),d=—1(0,0 3.3.4

a a$(7)7 ay(?)’c 81’(,), ay(7) ( )

and P (z,y), Q (x,y) are of lower order of magnitude than the linear terms as (x,y) ap-
proaches the origin (0,0). The linear approzimation to (3.3.4) in the neighbourhood at the

origin is defined as the system

oy

{x’zam—&-by (3.3.5)

y=cr+dy.
We expect that the solutions of (3.3.5) will be geometrically similar to those of (3.3.1) near
the origin, an expectation fulfilled in most cases.

The system (3.3.5) with constant coefficients a, b, ¢ and d is more manageable in matrix
form. By defining the column vectors

() eosGg) e

the system we are considering may be written as

. . a b
t=Ax with A= (c d) . (3.3.7)
We shall only consider cases where there is a single equilibrium point, at the origin, the

condition for this being
det A=ad—bc#0. (3.3.8)

If det A = 0, then one of its rows is a multiple of the other, so that ax + by = 0 (or
cx + dy = 0) consists of a line of equilibrium points.
We seek a fundamental solution consisting of two linearly independent solutions of (3.3.7),

having the form

xy (t) = vieMt, xo (1) = voe™2! (3.3.9)

where A\i, Ay are constants and v1, vy are constant column vectors. It is known that the
general solution is given by

T (t) =Cix (t) + Coxo (t) s (3310)

with C7 and C5 arbitrary constants.
To determine A1, v1, Ao, V3 in (3.3.9) we substitute

x (t) = veM (3.3.11)
into the system equations (3.3.7). After cancelling the common factor e*, we obtain

v = Av, (3.3.12)
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or
(A-\)v=0, (3.3.13)

where I is the identity matrix. If we put

v= (Z) : (3.3.14)

equation (3.3.13) represents the pair of scalar equations

{(a—)\)r+bs=O

er+(d—XNs=0 (3.3.15)

It is known from algebraic theory that equation (3.3.13) has nonzero solutions for v only if
determinant of the matrix of the coefficients in equations (3.3.15) is zero. Therefore

a— A b
c d— A

‘ =0, (3.3.16)
or
N —(a+d) A+ (ad —bc) =0. (3.3.17)

This is called the characteristic equation, and its solutions A1, Ao are the eigenvalues of the
matrix A defined before, or the characteristic exponents for the problem. In order to classify
the solutions of characteristic equation, it is convenient to use the following notation:

N —pA+qg=0, (3.3.18)
where p = a + d, ¢ = ad — be. Also let us put
A=p?—4q. (3.3.19)
The eigenvalues A = A\; and A = A, are given by

Ao = % (pa2). (3.3.20)

These are to be substituted successively into (3.3.15) to obtain corresponding values for
the constants r and s, which represent the components of the so-called eigenvectors of the
matrix A.

There are two main classes to be considered: when the eigenvalues are real and different
and when they are complex. These cases are distinguished by the sign of the discriminant
A. We also assume that ¢ # 0, coherently with det A # 0.

(I) Time solutions with real and distinct eigenvalues
After obtaining the eigenvectors v; and vy of the matrix A, the general solution of
(3.3.7) is given by (3.3.10):

x (t) = CroieM! 4 Cyvge?t (3.3.21)

where C7 and C5 are arbitrary constants.
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(IT) Time solutions with complex eigenvalues

After putting \y = a4+ i and Ay = a — i (the eigenvalues are complex conjugate),
the general solution of (3.3.7) may be written in the form

z (t) = Re {Cve(a“’”t} : (3.3.22)

where C is an arbitrary complex constant and v is a complex eigenvector of the matrix
A.

3.4 Classification of equilibrium points

For the system (3.3.5) the general character of the phase paths can be obtained from the

time solutions (3.3.21) and (3.3.22).
The phase diagram patterns fall into three main classes depending on the eigenvalues, which
are the solutions A1, A2 of the characteristic equation (3.3.18).

(A) The eigenvalues are real, distinct and with the same sign

Let A1 be the greater of the two eigenvalues, so that Ay < A;. In component form the
general solution (3.3.21) becomes

x(t) = CirieMt + Corge™t, gy (t) = Chs51eMt + Cosqpe??t | (3.4.1)

with (2 arbitrary constants and r;, s; and r2, sp constants obtained by solving
(3.3.15) with A = A; and A = Ag respectively. From (3.4.1) we also obtain

dy 'y CrsiaeMt + Cysghge?t

de & CirpheMt 4 Corghgetet (34.2)
Let us suppose, firstly, that A\; and Ay are negative, so that
Ay < A1 <0. (3.4.3)
From (3.4.1) and (3.4.3), along any phase path, it turns out:
{x and y approach the origin ast — oo, (3.4.4)
x and y approach infinity ast — —oo.

There are also four radial phase paths which lie along a pair of straight lines as follows:

X T1 X T2

The dominant term are those involving e** for large positive ¢ and e*?? for large
negative t, therefore from (3.4.2) we obtain
dy 1 dy , s

— = — as t— o0,

t— —0. 3.4.6
dx 1 dz T A ( )
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From (3.4.4) and (3.4.5) it follows that every phase path is tangential to y = (s1/r1)
at the origin, and approaches the direction of y = (s2/re)x at infinity. The radial
solutions (3.4.5) are called asymptotes if the family of phase paths.

If the eigenvalues A1, Ag are both positive, with Ay > Ay > 0, the phase diagram has
similar characteristics, but all the phase paths are directed outward, running from the
origin to infinity.

These patterns show a new feature called a node, which can be stable or unstable. The
conditions on the coefficients corresponding to these cases are

{stablenode: A=p*—4¢>0, ¢>0, p<O0; (3.4.7)

unstable node: A =p?—-4¢>0, ¢>0, p>0.

The eigenvalues are real, distinct and of opposite signs

In this case Ay < 0 < A1, and the solution (3.4.1), with the formula (3.4.2), still apply.
In the same way as before, we can deduce that four of the paths are straight lines
radiating from the origin, two of them lying along each of the lines

g and C 8—2, (3.4.8)

x 71 x T2
which are broken by the equilibrium point at the origin.
In this case, however, there are only two paths which approach the origin. From (3.4.1)
it can be seen that these are the straight-line paths which lie along y/x = sa/ra, ob-
tained by putting C7; = 0. The other pair of straight-line paths go to infinity as
t — 00, as do all the other paths. Also, every path (except for the two which lie along
y/x = so/r9) starts at infinity as ¢t — —oo.
The pattern is like a family of hyperbolas with its asymptotes. The equilibrium point
at the origin is a saddle. From (3.3.18) the conditions on the coefficients of the char-
acteristic equation are

saddle point: A=p?—4¢>0, ¢<0. (3.4.9)
A saddle point is always unstable.

The eigenvalues are complex
Complex eigenvalues are always complex conjugate, so we can put

M=a+if, =a—if (a, [ real). (3.4.10)
By separating the components of (3.3.22) we obtain for the general solution
7 (t) = e*Re {Cneiﬂt} , y(t) = e“'Re {Cslewt} , (3.4.11)

where C, r; and s; are all complex in general.
Let us suppose, firstly, that a = 0. If we put C, r1, s; in polar form:

C=I[Cle”, ri=|rle?, s =]s]e”, (3.4.12)
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then (3.4.11), with a = 0, becomes
x (t) = |C||r1] cos (Bt + v + p) , y(t) =1|C||s1|cos (Bt +v+0) . (3.4.13)

The motion of the representative point (x (¢),y (¢)) in the phase plane consists of two
simple harmonic components of equal circular frequency S, in the z and y directions,
but they have different phase and amplitude. The phase paths therefore form a family
of geometrically similar ellipses which, in general, is inclined at a constant angle to
the axes.

The algebric conditions corresponding to the centre of the ellipses at the origin are

centre: p=20, qg>0. (3.4.14)

Now let us suppose that « # 0. As ¢ increases in equations (3.4.11), the elliptical paths
are modified by the factor e®*. This prevents them from closing, and each ellipse turns
into a spiral: a contracting spiral if o < 0, and an expanding spiral if @ > 0. The
equilibrium point is then called a spiral or focus, stable if o < 0, unstable if o > 0.
The directions may be clockwise or counterclockwise.
The algebric conditions are
stable spiral: A =p?—4¢<0, ¢>0, p<O0; (3.4.15)
unstable spiral: A =p?—-4¢<0, ¢>0, p>0. o

Degenerate cases
There are several degenerate cases. These occur when there is a repeated eigenvalue,
and when an eigenvalue is zero.
If ¢ = det A = 0, then the eigenvalues are A\ = p, Ao = 0. If p #£ 0, then as in the case
(3.3.21) we have

T (t) = Cl’Ulept + Covsg (3416)

where v; and v, are the eigenvectors. There is a line of equilibrium points given by
ar+by =0 (or cx +dy=0) . (3.4.17)

The phase paths form a family of parallel straight lines. A further special case arises
ifg=0and p=0.

If A =0, then eigenvalues are real and equal with A = %p. If p # 0, it can be shown
that the equilibrium point becomes a degenerate node, in which the two asymptotes
have converged. We summarize all the cases studied so far in the table 3.1.

A centre may be regarded as a degenerate case, forming a transition between stable
and unstable spirals. The existence of a centre depends on there being a particular
exact relation, namely a + d = 0, between the coefficients of the system, so a centre
is rather a fragile feature. Consequently, if the linear approximation to a nonlinear
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p=a+d q=ad—bc A=p?—4q

saddle - q<0 A>0
stable node p<0 qg>0 A>0
stable spiral p<0 qg>0 A<0
unstable node p>0 q>0 A>0
unstable spiral p>0 q>0 A <O
centre p=0 q>0 A<O0
degenerate stable node p<O0 q>0 A=0
degenerate unstable node p>0 q>0 A=0

Figure 3.1: Classification of equilibrium points of a dynamical system

system predicts a centre, it cannot be reliably concluded that the original system has
a centre: it might have a stable, or worse, an unstable spiral. The same applies to all
the degenerate cases indicated: if they are used as linear approximation then, taken
alone, they are unreliable indicators.

If there exists a neighbourhood of an equilibrium point such that every phase path
starting in the neighbourhood ultimately approaches the equilibrium point, this is
known as an attractor (the term is used both for linear and nonlinear systems). The
stable node and stable spirals are attractors. An attractor with all path directions
reversed is a repellor. Unstable nodes and spirals are repellors, but a saddle point is
not. The terms attractor and repellor can also be applied to limit cycles, and to less
well defined attracting sets. If the eigenvalues of the linearized equation have nonzero
real parts, then the equilibrium point is hyperbolic. It can be proved that at hyperbolic
points the phase diagrams of the nonlinear equations and the linearized equations are,
locally, qualitatively the same. Spirals, node and saddles are hyperbolic but the centre
is not.






CHAPTER 4

AN EXACTLY SOLVABLE INFLATIONARY MODEL

4.1 Introduction

As discussed in the previous chapter, the inflationary scenario seems a natural and
simple way to eliminate both the horizon and the flatness problems, which are due to the
initial conditions required by the standard model of hot big bang cosmology. The standard
model has a singularity at conventional time ¢ = 0; in the limit ¢ — 0 the temperature
T goes to infinity, so at this time we cannot define initial-value problem. In order to fix
this problem, Guth proposed to begin the hot big-bang scenario at temperature T, = 10'7
GeV (a value below the Planck mass Mp = 1/v/G = 1.22 x 10! GeV: in fact, if Tj is
of the order of Mp, the equations of the standard model are meaningless) so that one
can take the description of the universe as a set of initial conditions and the equation of
motion then describe the subsequent evolution. In [17] the inflationary solution has been
obtained with a constant potential and it is also shown that the existence of a sufficiently
long period of exponential expansion in the early universe would provide a natural solution
of the above mentioned problems. Guth himself recognized that his scenario leads to some
unacceptable consequences, whose solution was found in 1981-1982 with the invention
of the new inflationary theory [18]. Generally, the most common mechanisms leading to
inflation are based on models of gravity minimally coupled to a scalar field with suitable
self-interaction potential. The new inflationary theory proposes that the scalar field starts
its evolution from a value that does not minimize the effective potential and then rolls
toward the minimum, inducing the inflation of the scale factor of the universe.

The exponential expansion of the universe as an example of exact solution was found by

A
Ivanov for a nonlinear scalar field with the potential V' (¢) = %qbQ — Z¢4 in the spatially-flat
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FRW space and has been interpretated as the universe rising from a quasivacuum state of
matter.

Some exact inflationary solutions of gravity-scalar models are known for specific potentials
and recently they have been classified in [19]. Actually, in some papers, for instance [20],
new classes of exact solutions have been found by taking the scalar field as a function of
time ¢ = ¢ (t) and then determining the evolution of the expansion scale factor a(t) and the
potential V (¢ (¢)) from it. Other authors [21] obtained the exact solutions by taking, first,
the scalar factor as the function of time a = a (¢) and then determining the evolution of the
potential V' =V (¢) and the evolution of a scalar field ¢ = ¢ (¢), the dependence between V'
and ¢ being, in general, parametric. This approach was called the method of fine tuning of
the potential.

In most cases, however, the solutions can only be obtained in an approximate way. Usually
their behavior is investigated by means of the so-called slow-roll approximation. Such
approximation breaks down when the scalar field is close to the minimum of the potential,
where the inflation ends. The later evolution of the universe is assumed to obey the
standard Friedmann-Lemaitre equations and is characterized by a power-law expansion.
There exist a plenty of models that can be classified in three classes according to the
features of the potential: the large-field, small-field and hybrid potentials. Large-field
models are potentials typical of chaotic inflation scenarios, in which the scalar field is
displaced from the minimum of the potential by an amount usually of order Mp. These
models are characterized by V" (¢) > 0 and 0 < n < ¢, while small-field models present a
negative second-derivative potential and 0 < 1 < e. In the latter case the field starts its
evolution near an unstable equilibrium and rolls down the potential to a stable minimum.
Totally different is the hybrid scenario, which frequently appears in models that incorporate
inflation into supersymmetry. The inflaton field evolves toward a minimum with nonzero
vacuum energy. The end of inflation arises as a result of instability in a second field. These
kinds of models are characterized by V" (¢) > 0 and 0 < € < 1. For more details see [22].
Small-field models can be realised in two different ways:

1. inflation is generated by the rolling down of the scalar field from an asymptotically
constant value to a minimum, like the Starobinsky model;

2. the scalar field rolls off from a local maximum to a local minimum of a potential
that is typical of spontaneous symmetry breaking and phase transitions, like quartic
potentials, natural inflation models [23] and Coleman-Weinberg potentials [18].

To get a more precise description of the whole history of the universe, it would be interesting
to find exact solutions that describe the transition from an exponential expansion to a later
Friedmann-Lemaitre behavior in a smooth way. For this purpose, it may be useful to exploit
the observation [24] that cosmological solutions of models of scalar-coupled gravity can be
obtained from domain-wall solutions of the same models with opposite scalar potential,
simply by analytic continuing to imaginary values the time and radial coordinates. Recently,
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this procedure has been applied to a model with a potential given by a sum of exponentials,
which admits some exact solutions displaying an accelerated expansion at late times [25].
In the following we study an interesting application of this observation, leading to an exact
solution in which the scale factor expands exponentially at early times and then evolves
with a power law. This is based on a model of gravity minimally coupled to a scalar field
¢, introduced in [26] and defined by the action

I= /\/Tg [R —2(9¢)% - V(¢)} &z, (4.1.1)

where R = g’ R, is the trace of the Ricci tensor R, /—g is the determinant of the metric
tensor g,,, and the scalar potential

V(6) = _2;; (c2V80 _ g22vaers) (4.1.2)

depends on two parameters A and 3, with v = 1 — 32. The analytical expression of this
potential is not casual. In fact, exponential potentials for scalar field appear in several situ-
ations: compactification of extra dimensions, f (R) gravity theories and low-energy effective
string theory. Double exponential potential appear in the context of dimensional reduction
of gravity with non-trivial four-form flux on a maximally symmetric internal space.

It was shown in [26] that this model admits solitonic solutions of the form

2 2 2

287 287
ds® = R™2/138 (1 +uR” 1:’3132) T dR? + R1+§B2 (1 +uR” 1+3;132) 7 (7dT2 + d§§) (4.1.3)

with p a free parameter, and d33 the line element of flat 2-space. This metric interpolates
between anti-de Sitter for R — 0 and behavior for R — co.

Analytically continuing this solution for R — ¢T', T — iR, one can obtain a cosmological
solution for the action (4.1.1) with the potential

22
V(¢) = 3y (62“55"5 = ﬁ262\/§¢'/ﬂ> , (4.1.4)

that reads

252

2 2 _ _ 38y _ g 2 —2 — 37\ 3y 2
ds* = =T 1+382 (1 + uT 1+3/a2> dT* + T 1+382 (1 + uT 1+3/32) ds;, (4.1.5)

with d53 the line element of 3-dimensional flat space. It is easy to verify that this solution
behaves as a de Sitter universe for T — 0 and as a Friedmann universe with power-law
expansion for T — oo. It is then a promising candidate to describe the evolution of an
inflationary universe. It is also interesting to note that the potential (4.1.4) was included
among the exactly solvable models listed in ref. [19], but the range of parameters considered
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Figure 4.1: Plot of the potential (4.1.4) for A =1, 8 = 3/7.

there gave rise to a totally different behavior of the solutions from the one considered here.
In the following we shall investigate the main mathematical aspects of the solutions derived
from the potential (4.1.4), while for a study of their implications for observational cosmology
one may refer to the work [27]. The main result of our investigation is that the solutions ad-
mitting exponential inflation, like (4.1.5), correspond to specific boundary conditions where
the scalar field is initially at rest on the maximum of the potential, while generic initial
conditions give rise to power-law inflation for a range of values of the parameter §. The
addition of matter does not modify the picture in a substantial way, since the asymptotic
behavior of the solutions is essentially unchanged.

This chapter is organized as follows: in the second section we obtain the general solutions of
the system in absence of matter, and in the third section discuss their properties. In section
4 we add matter and discuss the resulting dynamical system.

4.2 General solutions

The solution (4.1.5) is not the most general cosmological solution of the model (4.1.1)
with potential (4.1.4), and is therefore important to thoroughly investigate the system of
equations derived from (4.1.1) in order to see if the behavior of (4.1.5) is generic and to
understand if it can describe a viable cosmological model. As we shall see, the system is
exactly integrable if a more suitable parametrization of the metric is used instead of (4.1.5).
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The potential (4.1.4), depicted in Fig. 4.1, vanishes for ¢ — —oo, has a maximum for ¢ = 0,
where it takes the value Vo = 2A2/3, and goes to —oo for ¢ — oo. Hence a solution with
¢ = 0 exists, that coincides with that of pure gravity with cosmological constant A = 2)\?/3.
This is of course the de Sitter solutions with cosmological constant A. It is interesting to
notice that the potential (4.1.4) admits a duality for 5 — 1/8 and it is also invariant under
the transformation 8 — —f3, ¢ — —¢@. These symmetries allow us to limit our discussion to
0 < 82 < 1. The two limiting cases 8 = 0,1 correspond respectively to a pure exponential
and to a potential behaving at leading order as V = (2)\2/3) (1 — 2\/3(;5) V39,

We are interested in the general isotropic and homogeneous cosmological solutions, with flat
spatial sections, that we parametrize as

ds® = -2 dr? 4 2% | ¢ = ¢(7), (4.2.1)

with 7 a time variable.
With this parametrization, the vacuum Einstein equations

1
G =R, — §Rg,“, = —Tfy (4.2.2)
read
302 — q52 + ge%
(4.2.3)

. . v
% + b (3b - 2a) = —§+ e,
where a dot denotes a derivative with respect to 7, while the scalar field obeys the equation

. . . 1dV
8h—a)d=—75 e 4.2.4
Dt (3h-a) b= e (4.24)
In order to have an exactly integrable system of the previous independent equations, we can
consider the gauge b = a/3: in fact, with this choice, equations (4.2.3) and (4.2.4) can be
written in a more simple way as

)
a® gy 1o 9,
3 = ¢* + 2Ve
i= gVeQ“ (4.2.5)
- 1dV
¢ _ —*762(1 .
4 do
It is now convenient to define new variables
3
v=as v, x=at L, (126)
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so that )

¥ V3y
Considering the equations (4.2.6), the third of (4.2.5) and (4.2.7), the field equations take
the elementary form

U = A2V ¥ = A2e?X (4.2.8)

subject to the constraint .
U2 — B2y = N7 (e?Y — pPe?X) (4.2.9)

and are invariant under time reversal, 7 — —7. Hence to each solution corresponds a time-
reversed one.
The equations (4.2.8) admit first integrals

U2 = A2 4@, X2 =NeX4Q, (4.2.10)

with @ and @9 integration constants. Putting the expressions (4.2.10) in the constraint
(4.5.3), we obtain an algebraic relation between the two constants Q1 and Qs:

Q1 = B%Q,. (4.2.11)

In this way, we can formally simplify the solutions of the system (4.2.8). Considering that
U = d¥/dr and x = dy/dr, we can obtain the solutions depending on the sign of the
integration constants. In particular, if Q; = ¢? > 0 (i = 1,2) we have

/ dv / dx
— =TT, —— =T T
2 1 g2 1 /\2e2X + ¢2 2
and hence
@ %
N2V = L . AZeX = , (4.2.12)

sinh? g1 (7 — 71)] sinh? [go (7 — 72)]

with 71,72, q1, g2 integration constants and ¢ = 3%¢3.
If Q; = —¢? < 0, from

/ oAy / S SR
it follows that
2 2
A2V - 9 yeex B (4.2.13)

sin? [q1 (7 — 71)] sin® [go (7 — 72)]

Finally, if @1 = @2 = 0, with an elementary integration we obtain

1
5, A= — (4.2.14)

A2e2Y — ~
(1 —72)

(t—m1)
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el’l

1 1 1 T
71 T2

Figure 4.2: The solution (4.2.17) for e™™) when 11 # 72, displaying the three branches —co < 7 < 71,
71 <7 <72 and 71 < 7 < 0o. The solution (4.2.15) has the same qualitative behavior.

In the following we define ¢ = g2 = ¢1 /5.
The solutions of the Friedmann equations can be obtained starting from (4.2.7) and using
the equations (4.5.6)-(4.2.14)-(4.2.13), and are the following:

o If Q; >0,
o2 _ q72 | sinh [q (T — 72)] |2ﬁ2/7 2v3¢/8 _ sinh [8q (1T — 1) 2 : (4.2.15)
A2 [B=1sinh [Bq (1 — )] [V Bsinh[g (T —7)]| =
o If Q; <0,
620’ _ q72 |Sin [l] (7_ - T2)] |252/'Y 62\/§¢/B — sin [Bq (T - 7_1)] 2 . (4 ) 16)
A2 |B=tsin [Bg (1 —m)] 277 Bsing(r —m)]| o
e IfQ; =0
2
o 17— 7_2|25 /v 2V3e/8 -7 2/
6 == 7272/’ € == - (4.2.17)
A |7 — 71 Rl T — Ty

The solution (4.2.17) is depicted in Fig. 4.2. Its behavior is qualitatively identical to (4.2.15).
Notice that (4.2.17) is nothing but the solution (4.1.5) in different coordinates. In fact, the

two solutions are related by the change of variable 7 = const x 7-37/(1436%) | We also remark
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that the actual value of the parameter ¢ is not important, since it only sets the scale of the
time parameter 7, while the physically relevant time parameter is given by the cosmic time,
that we introduce in the next section.

4.3 Properties of the solutions

To give a physical interpretation of the solutions, it is useful to define the cosmic time
t such that dt = +e®dr. The possibility of choosing the plus or minus sign derives from
the invariance of the field equations under time reversal. To each expanding solution there-
fore corresponds an unphysical contracting solution, that we shall disregard. In the new
parametrization, the line element reads

ds? = —dt* 4+ 2" d0? . (4.3.1)

Unfortunately, the solutions obtained in the previous section cannot be written in terms of
elementary functions of ¢, except when @Q; = 0, 71 = 7. In this case, from (4.2.17) we have

1 dr
t=x [ T
)\/|T—7'1|

)\(t—to)::tlog|7'—71|, (432)

and hence

with to an arbitrary integration constant. Choosing the minus sign in the previous
expression, it is clear that A\2e?® = e *!~*) and, taking into account the gauge b = a/3,
one obtains an expanding universe, with e?® = €2 (*=%)/3 and ¢ = 0, namely a de Sitter
spacetime with vanishing scalar field. This is of course the unstable solution corresponding
to the scalar sitting at the top of the potential.

In the general case, the solutions have a single acceptable branch if 71 = 79, or three
qualitatively different if 71 # 7. We are only interested in those branches where ¢ is a
monotonic function of 7 and the universe expands. Studying their behavior for 7 — 7y o
and 7 — 400, we obtain the following physically acceptable solutions, besides the one
discussed above:

o If Q; >0, 71 = 72, the first of (4.2.15) becomes

2a _ 0% |sinh[g (r — )] /0
A2 |sinh [Bq (1 —71)] [2/7

so that, when 7 tends to 71 (or 72), it simplifies as
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while, when 7 tends to o0, we have

o %eiﬁqwn)/(lw) .

The cosmic time assumes the form ¢ ~ £+ In |7 — 71| 4 to, which tends, in the limit
T — Ty, to oo, whereas in the limit 7 — 400 it tends to tg. From this results we
obtain the asymptotic behavior of the metric functions e?* and e2V34/8 , namely

20 ~ 1213 2VB38/8 | 42/B for t—to

e~ @23 e2V39/8 - const for t— oo

This solution describes a universe starting at t = to with a power-law behavior and
presenting an exponential expansion for late times.

o If Q; < 0,1 = 7y, the study of the behavior is similar to the previous one, but in this
case we have two branches. The first:

e~ e2A/3 e2V39/8 . const for t— —0
2
2 (t—t) P 50,238 L (t—tg) 2 for t—tg
The other branch behaves as
2 /e
2 (t— )23 2VBOIB (1 — tg) 2

both at t =ty and at a later finite time, describing an universe that initially expands
and then recollapses.

If 71 # 79, the solutions are more complicated and in general present three branches:

e For (Q; = 0 one branch has behavior

2b 62)\15/3, 62\/§¢/5

e ~ const for t— —o0,

while
€2 ~ 12/368° , 2V3/B =2/ for t— oco.

Another branch behaves as
2
€2 (t— 1) VBB L (t—t)T2 for t—to

with
e2b ~ ¢2/35° , e2V38/8  4—2/8* for t— oo.
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In the first case the universe begins with an exponential expansion for ¢ — —oo and
gradually turns to a power-law behavior for ¢ — oco. In the second case, for 3% > 2/3,
we have an initial phase of power-law inflation. Also a solution that recontracts in an
infinite time is present, but we shall not consider it.

e For (); > 0, in the first branch
e (t— 1) VBB (1) for €,

while
62b~t2/3762‘/§¢/ﬁ~t2/ﬁ t— 00.

In the second branch:
e~ (t— )PP VBB Lt —ty)  for t—t,

while
€2 ~ 12/36° , 2V3/B =2/ for t— oco.

A third branch recontracts in a finite time, but we do not discuss it.

e For (); < 0, the first branch has behavior
e (t— 1) P VB L (t—t,)E bty

while
e2b o 42/36° ’ e2V30/B . 4—2/5 t 5 00,

Another branch behaves as
e20 — (t . t0)252/3 ) 62\/§¢/a N (t - t0>—2

both at ¢t =ty and at a later finite time.

The metric function b and the scalar field ¢ of the expanding solutions corresponding to
Q; > 0 are depicted in Figs. 4.3 and 4.4 as functions of the cosmic time t.

The most interesting solutions from a physical point of view are those that behave ex-
ponentially for ¢ - —oo and as a power law for ¢ — oo. These are obtained for Q; = 0,
71 # T9. They correspond to an initial configuration where the scalar field is in the unstable
equilibrium configuration at the top of the potential and then rolls down to ¢ = co. The
late behavior of these solutions is given by a 2/33% power law.

The exponential expansion lasts until the acceleration of the expansion (i.e. the second
derivative of the scale factor) is positive: it happens when 7 = 7y ~ 1/¢f8, namely
tto = tgto ~ 1/X. At such time the scale factor e is of order A\2/3_ Denoting t; the
time at which the inflation starts, the scale factor therefore inflates by a factor e =2Mti—to)/3,
Choosing t; — ty negative, one can then obtain the desired amount of inflation.

It must be noticed that for 42 > 2/3, also solutions that present power-law inflation exist.
Moreover, for Q > 0 and 7 = Ty, solution starting with power-law expansion and then
turning to an exponential behavior can also be found.
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Figure 4.3: The solutions with @; = 0 in terms of the cosmic time ¢. In the left panel is plotted
the function b, i.e. the logarithm of the scale factor, while in the right panel is plotted the function
e?. The thick line corresponds to the de Sitter solution with 71 = 72, while the continuous and the
dashed curve are the two expanding branches of the 71 # 72 solutions.

LN

—
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Figure 4.4: The solutions with @Q); # 0 in terms of the cosmic time ¢. In the left panel is plotted the
function b, i.e. the logarithm of the scale factor, while in the right panel is plotted the function e®.
The thick line corresponds to the solution with 71 = 72, while the continuous and the dashed curve
are the two expanding branches of the 71 # 72 solutions.



84 CHAPTER 4. AN EXACTLY SOLVABLE INFLATIONARY MODEL

4.4 Solutions with matter

We consider now the effects of ordinary matter on the exact solutions obtained above.
In this case one cannot obtain solutions in analytic form, but can nevertheless discuss their
global properties by means of methods of the theory of dynamical systems dealt with in the
previous chapter. This will allow us to discuss the stability of the solutions.
Introducing matter in the form of a perfect fluid, the Einstein equations become

1
2V62“ + 2pe (4.4.1)
e+ —p)e, (4.4.2)

7_(b -

3
N
“=3 G

while the equation of the scalar field is unchanged. Deriving with respect to time the equation
(4.4.1) and combining the new equation and (4.4.2) one obtains as usual the continuity
equation

p+Bptp)a=0, (4.4.3)

which, integrated for the equation of state p = wp, with the state parameter w > —1, gives
p = poe~(IFwla, (4.4.4)

If w =0 (dust), in terms of the variables (4.2.6), the field equations become

)

\.I./ _ )\262\1’ 4 %poe(\y,fﬂx)/,\/

(4.4.5)
3
X = A2e2x + Zp()e(\yibﬂx)/'y
subject to the constraint
3

U2 = 322 = N (2 — g2e?X) + 50076(‘1”/32’()/7- (4.4.6)

In the general case w # 0, one has

U = \2e2Y 4+ §p0 (1 — w) =) (¥=5"X)/7 |

4 (4.4.7)

¥ = AZe2X | §p0 (1 - w) e (¥=Fx)/
4
subject to the constraint

P2 — ﬁQ 02— )\2 (62\11 _ 6262)() + gpo,ye(l—w)(\ll—ﬂ%()/'y. (448)
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In general, these systems cannot be solved exactly. Therefore, to investigate their properties,
we put them in the form of a dynamical system, defining

1

_ i . _ _ _ v—8%x)/
X—zm_w)(w BX) Y =X, Z =X, W = Velv P2 (4.4.9)

With this choice of variables, we obtain a first order differential system, in particular the
independent equations (4.4.7) become:

o Ifw=0:
2
X =2 e Ly
2 2y 2y
V= 22 £ aW? (4.4.10)
Z7=YZ
with oo = 3po/ (4A) and W implicitly defined as
2 1 2821574 52 2 2 2 2v2
20W* + —Z*P W™ = —Z° + 4y X* + 46° XY — 5“Y*. (4.4.11)
v Y
o Ifw#0:
. (0% 2 1 2
X = 7w2 _ 7z2 + 7w4’y(1—w)22/3
2 2y 2y
Z=YZ
and W implicitly defined as
2 1 2
1aPW+—TﬁWM“W:ﬁ%ﬁ+MXM4ﬁXY—ﬁW. (4.4.13)
—w Y Y

It can also be useful to note that W = (1 —w) XW.

In the following we do not study the system (4.4.10) because it is a particular case of the
system with non-zero w. At the end of this section we will give some solutions for this case.
The global properties of the solutions of the system (4.4.12), or, equivalently, the structure
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of the phase space, can be deduced from the study of its behavior near the critical points.
They are the points where the trajectories of the solutions start or end, and their position
is determined by the condition that the derivatives of all the phase space variables vanish
there [29]. Due to the complicated relation between the cosmic time ¢ and the variable T,
the limit ¢ — +o0o can correspond either to 7 — oo or to 7 — 79, for some 7y where the
funcions Z and W diverge, and hence to critical points at finite distance or at infinity in
phase space.

In particular, the critical points at finite distance correspond to the limit 7 + co: in other
words, they are placed at the intersection of the quadric defined by (4.4.13) and lie on two
straight lines on the plane Z = 0,

+8Yoy
Xo=——7%, Zyp=0. 4.4.14
"=oa=xp 70 (4.4.14)
The system (4.4.12) can be linearized around its critical points when
1 9 3 —4dw
2 <P <1 (1-w)’

otherwise in the jacobian matrix Z and W appear with negative exponents and it would not
be defined in the Z = 0 plane. However, the eigenvalues of the linearized system are 0,0, Yj.
Since Xy and Yy are the values of X and Y (respectively) at one of these critical points,
integrating the equation W ~ XW we obtain W ~ Xy7. Taking into account that e® ~ W?2,
we have a ~ 2Xo7. Similarly, with an elementary integration of Z = Y Z one obtain
Z ~ Yo7, Since eV3%/8 ~ Z/W?2 ~ Y07 [2X07  we obtain % ~ 7(Yp — Xo). Let us
remind that the cosmic time t is defined as dt = +e®dr. In this way, one can deduce that
the asymptotic behavior of the functions a and ¢ near the critical points with Yy # 0 is

NiBYOvalot @N Yo T
1+ 3 8L T Y 1xg"

a (4.4.15)
with 7 — Foo. It follows that the cosmic time ¢ vanishes in this limit and that at all these
points

e 213 2VBIB L42/F with t—0. (4.4.16)

If the critical point is the origin, instead,

a —1

e T et e 3 e2V39/8 const , with ¢t — oo  (4.4.17)

depending on the sign of the integration constant p.

The remaining critical points lie on the surface at infinity of the phase space. They can be
studied by defining new variables

, ==, w=—, (4.4.18)
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and considering the limit v — 0. This is attained for 7 — 7y, where 7y is a finite constant.
From this definition we get
X:_i Yzi_y77 Z‘:——Z*, (4.4.19)
U

so that the field equations become

2
u = — <;w2 — 572 + v2> U

2y
2 1
y =— Lu? - B—zz + —v? )y + 22 + aw? (4.4.20)
2 2y 2y
2 1
2 =— ngfﬁ—zz+—v2 z+yz
2 2y 2y

where a prime denotes ud/dr and

v = 2P w2/ A=)y =11t /(1-w) (4.4.21)
The constraint (4.5.3) takes the form

1 2
;vQ—B 2ty b4y - B -

20

(4.4.22)

The terms proportional to ©? in the previous equations must be considered carefully,

because the divergence of u~27(14%)/(1=%) can be compensated by zeros of z and w. In
particular, to have a regular system, these terms must either vanish or go to constant for
U — 0.

One finds the following critical points:

1. 2=0,y=yo =2 (1 + /3_1), with w = v = 0 and eigenvalues are (0,0,y0). These are
the endpoints of the lines containing the critical points at finite distance and are not
endpoints of trajectories lying at finite distance.

2(1 -
9 2= 0,y=2 withw? = 2L—%)

o
are the endpoints of trajectories lying at finite distance.

, v =0 and eigenvalues (w — 1,w — 1,1 — w). These

42 2 2v 4
3. 2= — 2 With w=v = 0 and eigenvalues ( Te 7)

B B2’ B2 B2’ 32
4. 22 =4, y =2, with w =0, v — 4 and eigenvalues (—2,2, —4).

5. z =y =0, with w = 0, v — 492 and eigenvalues (—2v, —2v, —27).
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Proceeding as for the critical points at finite distance, one can deduce the asymptotic behav-
ior of the metric functions near the critical points at infinity, i.e. for 7 — 79. In particular,
we can note that

X~v— W~|T—To|1/u0 , Z~|7'—7'0|yo/u0 ) (4.4.23)
0
so that, defining n = m (v — B%*x),

2) X ~ Z ~ |1 — 1| HA) e~ 02~ W o~ |7 — 7| Y/ (79 and hence t ~
|7_ _ 7_0|—(1+w)/(1—w)’ e2b ~ t2/[3(1+w)]7 62\/%//3 ~ 2w/ (14w)

3) €X ~ |7 —1o|7L, €M ~ |7 — 7|°/27, and hence t ~ |7 — 10|}/, €2 ~ $287/3 (2V36/8 —
2.

4) eX ~ |T—1o|71, € ~ |T—TO\_1/27 and hence t ~ 4 log |7 — 79|, €2* ~ et2mt/3 e2V36/8 —
const.

5) eX ~ const, € ~ |7 — 15|7'/?7, and hence t ~ |7 — 7'0|_BZ/"Y7 e ~ t2/352, e2V3¢/B —
=28,

All points correspond to the limit ¢ — oo, except point 3) that corresponds to ¢ — 0. Point
2), which is not present in absence of matter, displays the late-time behavior of ordinary
cosmological models, with no scalar coupling (A = 0), while points 3)-5) have the behavior
of the exact solutions found in the previous sections. In particular, point 3) corresponds to
finite ¢, and hence can be the origin of trajectories describing cosmological models, while
points 4) and 5) correspond to possible asymptotic behaviors for ¢ — oo.

It follows that the addition of matter does not change much the behaviour of the solutions.
With respect to the phase space in absence of matter, a new critical point 2) arises,
that corresponds to the classical Friedmann-Lemaitre solutions in absence of scalar fields.
This point is however unstable, and attracts only trajectories with A = 0. Also point 4),
corresponding to exponential behavior of the metric function is unstable. Stable critical
points at infinity are 5), which attracts most of the trajectories that do not end at finite
distance, and 3), that corresponds to t — const and is the origin of most trajectories.

For w = 0 the solutions 2) behave asymptotically as €2 ~ t2/3 ¢2V3¢/8 ~ const for t — oo,

while for w = 1/3 (radiation) they behave as 20 ~ t1/3, ¢2V30/8  ¢=1/2,
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Figure 4.5: Plot of the potential (4.5.1) for A =1, 8 = 3/7.

4.5 The potential V (¢) +» —V (¢)

Let us now consider the case when the inflaton field rolls on the potential (4.1.2), namely

V(o) = 2::;’ (62\/§B¢ _ 5262@/5) , (4.5.1)

Since in this case the potential V' (¢) has opposite sign respect to (4.1.4), it has a stable
minimum for ¢ = 0 and goes to infinity for ¢ — oo (see Fig. (4.5)). However, the symmetries
described for the potential (4.1.4) hold also in this case and the field equations are still valid
if one substitutes A2 with —A2. Only the solutions have completely different properties. In
fact, the Einstein’s equations read

U= -\ ¥ = —A\%e?X (4.5.2)
subject to the constraint
\112_/82.2:_)\2 <62‘1/_ﬁ262x) ; (453)

and their first integrals read

U2 =N 1+ Qr, X=X+ Qs (4.5.4)
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with @7 and @2 integration constants. These constants must be positive, so that we can
write (4.5.4) as )
U2 = 222V 4 2| X2 =M% 4 g2 (4.5.5)

and the integration constants satisfy ¢7 = 32¢3.
Defining ¢ = g1 = ¢2/8 we obtain

2 2 2
2= T e b , (4.5.6)
cosh” [q (T — 11)]

 cosh? [B2¢y (1 — )]

while the solutions of the Friedmann equations are

2 /
o @ (ﬁcoshﬁ [q (= 72)] )2 ' L e2VE/B (Cosh [Bq (T —m)] )2/7 . (45.7)

~ A2\ cosh [Bq (7 — Tl)]2/7 Beosh[q (T — 72)]

Contrary to the solutions found in the previous sections, these solutions are regular every-
where, since the hyperbolic cosine has no zeros.

In general, we have a first branch with e2® ~ const, e2V3%¢ ~ const and a second branch
that behaves as e2* ~ (t — t0)2/3, e2V39/8 428 In other words, they represent universes
startng with a bg bang at ¢t = t; and recontracting after a finite time.

4.6 A more general form of the inflation potential

In [27], the authors construct the most general model in which inflation is generated by
a scalar field slowly rolling off from a de Sitter maximum of the potential V (¢) in the action

I= /d‘*x\/?g (ﬁR - % (8¢)° =V (¢>)> . (4.6.1)

This class of models is very natural from a physical point of view because inflation can be
thought as an instability of the de Sitter spacetime generated by a scalar perturbation.
The general form of the inflation potential considered in the paper is

V (¢) = A? (ar1e”"® + axe”"?) | (4.6.2)

where A=/2 and p give, respectively, the height and the curvature of the maximum of the
potential function. These two length scales determine the two physical scales relevant for
inflation: the vacuum energy FEy at the beginning of inflation and the inflaton mass squared
MIQ:

M2 =V"(0) = —2A%h%,  Ey = [V (0)]"/*. (4.6.3)

Moreover, ai 2, by 2 are some dimensionless constants characterising the model and they are
constrained by
Vv (0) >0, V' (0) =0, V" (0) <0 (4.6.4)
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giving
a1 +as > 0, arby = —asgbs, alb% + agb% <0, (465)
from which
aq - b2 - 2
ay >0, as <0, by >0, b <0, — =—"=-0%. (466)
a9 b1

B is a purely dimensionless parameter and quantifies the deviation of the potential from a
pure exponential behavior attained for 8 near to 0.
The parameter rescaling A? — 2A%/ (3az7y), h — /3/ (b1ba)h brings the potential in the
form )

V(6) = 2 (v _ o) we)

3y

When h = 4y/mlp we obtain the model we studied in the previous sections, while for other
values of h we obtain the cosmological equations discussed in this section.
The most important purpose of the paper [27] is to investigate the cosmology of the general
model in the slow-roll approximation. In this regime the potential energy of the scalar
field dominates over the kinetic energy and the universe has a quasi-exponential accelerated
expansion as the scalar field slowly rolls off from the maximum of the potential. The authors
introduce the following slow-roll parameters:

M2 V! 2 M2 \
=ie(v) mEv e (168)

where 0 < e < 1. For ¢ = 0 the solution is exactly de Sitter, whereas inflation ends when
e=1.

The branch under study is 0 < ¢ < oo because the other one (—oco < ¢ < 0) cannot be made
compatible with observations. In particular, the most interesting cosmological solutions
one can obtain for the exactly solvable model with h = 1 are defined in this uncompatible
branch.

Introducing the variable Y = eV37hé/B o that Y > 1, the slow-roll parameters, as a function
of Y, take the form

B2/ 1-Y \? 2 B2-Y
~w\izmy)  "TwEitmEy © (4.6.9)

The slow-roll parameter € is zero on the maximum of the potential at ¢ = 0 (Y = 1), whereas
0<e<1forl<Y <Y, where
B+h
Yo=———. 4.6.10
B0+ 1) (4610
To satisfy the condition ¢ < 1, during inflation it is convenient to check that Y, < 1/32,
whereas the simplest way to satisfy the condition |n| < 1 is to choose h > 10. Unfortunately,
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the model discussed in the previous section does not satisfy this condition because it is
characterized by h = 1/ /3 and the exact solutions found above are not compatible with the
observations [27]. For this reason, it might be useful to generalize the potential (4.1.4) with
a positive parameter h, so that

222 ,
V)= (62@”@ - 5262\/3h¢/5> . (4.6.11)

The action (4.1.1) and the parametrization (4.2.1) are unchanged.
Defining two new variables

U =+38h¢+3b, x= ‘/‘Z“z’ +3b, (4.6.12)

the vacuum Einstein equations read

2 2
- % [(1=n2g%) e =52 (1=h%) ], K= % [(1=n?) e = (8 = h%) €]
(4.6.13)
subject to the constraint

(1= n2B2%) 2% + (B2 — 1?) B2 — 282 (1 — h?) x ¥ = N?h2y (e?¥ — B2e?X) . (4.6.14)

It is to note that these equations are invariant under time reversal, 7 — —7.
A special exact solution can be obtained when y = . In this case one gets

. 2
.

[(1—R?B%) Y — 5% (1 — h?) Y] (4.6.15)
whose first integral is
W2 = \2e2Y 4 Q, (4.6.16)

where ) is an integration constant.
In this case, the solutions of the field equations depend on the sign of @ and they coincide
with solutions obtained in the case h = 1:
fQ=¢>>0
2
L S — (4.6.17)
sinh® [q (7 — 79)]

with 7y an integration constant.
fR=0

e = ——— . (4.6.18)
(1 —10)
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fQ=-¢*<0

2
A2V = T 4.6.19
T s lg(r—m0)] (46.19)

The solutions of the Friedmann equations are therefore:

o IfQ; >0,

620’ _ q72 | Sinh [q (T - TQ)] |2ﬁ2/7 2\/§¢/ﬁ _ Sinh [Bq (T - Tl)] 2/’}/ . (4 6 20)

A% [B=1sinh [Bq (1 — 71)] |27 Bsinh[g (T — 72)] o
o If Q; <0,
2 _ @ Isinlg(r—m) PPN s |sinfBa(r—n)] [
T _ e _ o . (4.6.21)
A2 |B=tsin[Bq (1 — )] [2/7 Bsin g (T — 72)]
e IfQ; =0
2
2a 1 |T—7'2|2ﬂ /" 23p/p _ |T— T 2 A
= —2 2/7 , e = 77 ( 6.22)
A — 7| T T2

In general, however, the system is not exactly integrable: it can be studied therefore with
the methods of the dynamical system. Defining the variables

X=0, Y =y, Z =", W = AeX (4.6.23)

the dynamical system becomes

X = % [(1—=h2B%) 2% — 3% (1 — W) W?]
- % [(1— %) 22 + (12 — 8%) W?] (4.6.24)
Z7=XZ.

and W is implicitly defined by
(B = B*) X?+282(1-h*) XY — B2 (1 - hW*B*) Y? = b’y (22 — B°W?) . (4.6.25)

The global properties of the solutions of the system (4.6.24) can be deduced from the study
of their behaviour near the critical points of the phase space. As in the case h = 1, the
cosmic time ¢ and the variable 7 are related by a differential relation, thus the limit ¢ — +o00
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can correspond either to 7 — oo or to 7 — 79, where 7 is a point where the functions Z
and W diverge, and hence to critical points at finite distance or at infinity in phase space.
The critical points at finite distance, in the limit 7 — oo, lie on two straight lines on the
plane Z =0,
B+h
Yo=———7X. (4.6.26)
B(1+hp)

The system (4.6.24) can be linearized around its critical points and its eigenvalues are
0,0,Yp. One can then deduce, following the calculation shown in the previous section, that
the asymptotic behaviour of the functions a and ¢ near the critical points with Yy # 0 is

+8Yy

om0, V3o | Y
1£p

B T1xp"

with 7 — Foo. It follows that the cosmic time ¢ vanishes in this limit and that at all these
points €20 ~ t2/3 e2V3ho/B  2/B a5 ¢ — 0. If the critical point is the origin, we have
e ~ 771 et and €20 ~ e21t/3 (), ¢2V3h9/B . const, with ¢t — +oo depending on the
sign of the integration constant .

The remaining critical points lie on the surface at infinite of the phase space. They can be
studied, as usual, by defining new variables

~logt, (4.6.27)

u=— y = (4.6.28)

X )

and considering the limit u — oco. As in the particular case h = 1 discussed above, this
limit is attained for 7 — 79, where 79 is a finite constant. Following the (4.4.18), the field
equations become

o = f% [(1— 26%) 2% — B2 (1 - 1) w?]
y = —% [(1—n%B?%) 2% — B% (1 — h*) w?] y + % [(1-h%) 2"+ (B* = B%)w?]  (4.6.29)

2 = f% [(1 7h252) 22— p? (1 7h2) w? f'y] 22,

2

where a prime denotes ud/dr. The constraint which defines w? as a function of the other

variables is
h? — B2 +2B% (1 — h?)y — B2 (1 — h?B%) y* = by (22 — B%w?) . (4.6.30)

Solving the system (4.6.29) with vanishing derivative, one finds the following critical points:
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1.y =y = %, z = w = 0 with eigenvalues 0,0,%9. These are the endpoints

of the lines containing the critical points at finite distance and are not endpoints of
trajectories lying at finite distance.

2_p2 ~(h?—p2 . . h2_32 h2_32 B2
2. y= 755(17’12)7 z¢ =0, w? = 7ﬂ£(17h2)) with elgenvalues ﬂ2(176h2)7 ﬂz(lfﬁh’zy ,82(1jh2)'

3. y= 11:67222’ w? =0, 2% = % with eigenvalues —1, -1, —2.

4. 22 = w? = y = 1, with eigenvalues —1, —1, —% (1—h2p2).

Remembering that W ~ |7 — 75|"/% and Z ~ |7 — 70["/", we can deduce the asymptotic
behaviour of the metric functions near the critical points at infinity (7 — 79):

2) eX~ T =1t e ~ T —To|52(17h2)/(h27ﬂ2), and hence t ~ |7 —To|h2/(h2*32)7 e2b
t2/52/3h2 62\/§h¢/[3 ~ 12,

3) eX ~ |1 — T0|_(1_h2)/(1_h252), e¥ ~ |t — 70|, and hence t ~ |7 — To\_hzﬂg/(l_h2ﬁ2)7
e20 t2,82/3h2 e2V3he/B _ t72/62.

4) eX ~e¥ = |7 — 70|, and hence t ~ £log |7 — 1], €20 ~ eF2/3 2V3hE/B  const.

For h > 3, h > 1, point 4) corresponds to the limit ¢ — oo, while point 2) corresponds to
t — 0. Point 3) can correspond either to ¢ — 0 or ¢ — oo depending on hf being greater or
less than 1. If A8 > 1, the only possible behaviour for ¢ — oo is exponential, otherwise a
power-law behaviour is possible as well.

Point 3) is stable when hf < 1, so in this case it attracts most trajectories for ¢ — oo. Of
these, the one starting at the origin represents a solution with an exponential behaviour for
t — —oo and a power-law behaviour for ¢ — oo, analogous to the exact solitonic solution
found in the case h = 1.

By comparing the h # 1 phase space with the one corresponding to h = 1, we see that
for most values of h they are not very different, whereas the numerical behaviour of
the solution can be quite varied depending on the value of h. This allows the possibil-
ity of obtaining more realistic solutions for the expansion of the universe, as discussed in [27].






CONCLUSIONS

In this thesis we have reviewed the theory of cosmological inflation, from its proposal as
a possible solution to the flatness and horizon problems of the standard cosmological models
to more recent developments based on models of scalar fields coupled to gravity, aiming
to explain the formation of structure in the universe. In particular, we have discussed the
conditions needed for inflationary expansion to be a solution of the field equations.
In general, however, the transition from the exponential inflation to the late time power-law
expansion of the universe cannot be explicitly described through the models usually adopted.
For this reason, we have introduced an exactly solvable model of gravity minimally coupled
to a scalar field subject to a doubly-exponential potential, that has the peculiarity of ad-
mitting a solution displaying an initial period of exponential inflation smoothly evolving to
power-law expansion. Theis solution corresponds to the decay from an initial configuration
where the scalar field is in an unstable vacuum state, and may originate from a quantum
fluctuation.
The aim of our investigation has been to study the general solutions of such model, to see if
a realistic description of the evolution of the universe were possible in that framework and
if the solution discussed above were stable. It turns out that the exponential solution corre-
sponds to very specific initial conditions, while generic solutions present instead power-law
inflation.
The solutions discussed till now were obtained in vacuum, but it is interesting to add matter
in the form of dust or radiation to obtain more realistic models and to check the stability
of the solutions. Addition of matter to the model spoils its exact solvability, and therefore
we have studied the qualitative behavior of the solutions including matter by means of the
techniques of the theory of dynamical systems. It resulted that the asymptotic behaviour
of the solutions is not essentially affected by the presence of matter, but the exponential
solution is unstble.
In our discussion, we did not deal with the case where the potential is defined with opposite



sign, and hence presents a minimum. Physically, this case is not very interesting, even if it
possesses exact cosmological solutions as well. Contrary to the solutions found in Chapter
4, they are regular everywhere and represent universes starting with a big bang at t = 0 and
recontracting after a finite time.

Obviously, we have limited our investigations to the mathematical aspects of the solutions.
Their relevance for physical cosmology depends on the possibility that the inflationary mech-
anism provided by our model gives correct predictions on the evolution of perturbations and
on observable cosmological data. In this context, the existence of exact solutions might be
helpful for calculations. These topics have been investigated in [27], where it was shown that
this is not the case, unless one generalizes the potential by adding a positive parameter in
the exponential. In this case the system is no longer exactly integrable, and we have studied
it resorting to the theory of dynamical systems. In general, its behaviour is similar to the
previous case, but can differ for a range of values of the new parameter, allowing for the
possibility of obtaining more realistic predictions. Some exact solutions however are still
available for specific initial conditions, which essentially coincide with those found in the
previous case.
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