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Abstract

We investigate several aspects of dynamical dark energy in the framework of scalar-tensor
theories of gravity. We provide a classification of scalar-tensor coupling functions admitting
cosmological scaling solutions. In particular, we recover that Brans-Dicke theory with in-
verse power-law potential allows for a sequence of background dominated scaling regime and
scalar field dominated, accelerated expansion. Furthermore, we compare minimally and non-
minimally coupled models, with respect to the small redshift evolution of the dark energy
equation of state. We discuss the possibility to discriminate between different models by
a reconstruction of the equation-of-state parameter from available observational data. The
non-minimal coupling characterizing scalar-tensor models can - in specific cases - alleviate fine
tuning problems, which appear if (minimally coupled) quintessence is required to mimic a cos-
mological constant. Finally, we perform a phase-space analysis of a family of biscalar-tensor
models characterized by a specific type of c—model metric, including two examples from re-
cent literature. In particular, we generalize an axion-dilaton model of Sonner and Townsend,
incorporating a perfect fluid background consisting of (dark) matter and radiation.



Zusammenfassung

Thema dieser Diplomarbeit sind dynamische Modelle dunkler Energie im Rahmen von Skalar-
Tensor Theorien. Die in diesen Gravitationstheorien auftretenden Kopplungsfunktionen wer-
den klassifiziert im Hinblick auf die Moglichkeit sogenannter ”scaling” Losungen. Der Ansatz
fihrt insbesondere auf den bekannten Fall von Brans-Dicke Theorie, kombiniert mit einem
Potential von der Form eines inversen Potenzgesetzes. In Modellen dieser Klasse folgt einer
Phase, wahrend der sich die dunkle Energie verhélt wie die jeweils vorherrschende Fluidkom-
ponente, eine Phase beschleunigter Expansion, die von dem skalaren Feld dominiert wird.

Verschiedene, sowohl minimal wie auch nicht-minimal gekoppelte Modelle werden ver-
glichen hinsichtlich des Verhaltens ihrer Zustandsgleichung im Bereich kleiner Rotverschiebun-
gen. Von besonderem Interesse ist hierbei die Frage, inwieweit es moglich ist, einzelne Modelle
zu falsifizieren, indem man die Zustandsgleichung der dunklen Energie aus Beobachtungsdaten
rekonstruiert. Es stellt sich heraus, dass gekoppelte Modelle unter Umstédnden ”fine tuning”-
Probleme mildern kénnen, mit denen minimal gekoppelte Quintessenz-Modelle konfrontiert
sind, die das Verhalten einer kosmologischen Konstanten nachahmen.

Schliesslich werden Modelle mit zwei skalaren Feldern behandelt. Zwei Beispiele aus der
jungeren Literatur, darunter ein Axion-Dilaton-Modell von Sonner und Townsend, werden im
Phasenraum analysiert und auf phenomenologische Konsequenzen untersucht. Das Axion-
Dilaton-Modell kann durch Beriicksichtigung von Strahlung und Materie verallgemeinert wer-
den.
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Chapter 1

Introduction

Our knowledge of the universe is based on two very different, but in their respective domains
equally convincing theoretical frameworks: on small scales, the standard model of particle
physics, and on large scales, Einstein’s theory of gravity. Focusing on the hot early universe,
modern cosmology has, on the one hand, established an overlap between both domains. On
the other hand, it has revealed the limits of the current theoretical understanding. As an
entirely classical theory, general relativity breaks down at Planck scale and has to be replaced
by a - yet unknown - quantum theory of gravity. The hierarchy between the Planck and the
electroweak scale is furthermore one of the outstanding conceptual problems of the standard
model.

Recent cosmological observations [41, 87, 90] have procured overwhelming evidence that,
even in the low-energy regime, our theoretical picture of the universe is strikingly incomplete:
the particle content of the standard model merely accounts for four percent of the present
energy density, to a small amount in visible form (stars), but mostly as interstellar and
intergalactic gas. Rotation curves of spiral galaxies imply the existence of extended halos,
composed of a smoothly distributed, clustering component called dark matter - which is
eventually not dark but transparent, since it interacts only gravitationally [65].

Observations of type Ia supernovae [6, 71, 79, 80, 81, 97] have led to the conclusion, that
our universe is not only expanding, but accelerating. Successively, another yet unknown -
but actually dominating - contribution to the universe’s energy budget has been proposed:
dark energy, which can be characterized as a perfect fluid with negative pressure. While high-
energy physics beyond the standard model have already come up with a class of reasonable
dark matter candidates (in the framework of supersymmetry), the task of including dark
energy provides more of a challenge.

The easiest way to explain both the accelerated expansion and the missing 70 percent of
the present energy density is provided by a cosmological constant. But to match the order
of magnitude of the effect, its value requires an extreme amount of fine tuning with respect
to the Planck scale. Alternatively, the dark energy density can be regarded as a dynamical
quantity. In this case, its present value would naturally be small, if it is ultimately relaxing
to zero, and need not be subject to fine tuning at all.

Within a huge set of different proposals, models featuring a homogeneous, canonical scalar
field stand out as exceptionally simple: The evolution of the so-called quintessence field is
determined only by the Hubble expansion and a self-interaction potential; interactions with
the fermion and gauge sectors of the standard model (and its possible extensions) are excluded.



On the other hand, the scalar field may be regarded as part of the gravitational sector of a
fundamental theory. Brans and Dicke [18] originally suggested to modify Einstein gravity by
substituting the gravitational constant with a scalar field. In general, scalar-tensor theories
of gravity are characterized by the appearance of a specific, ’non-minimal” coupling between
scalar field and spacetime curvature in the Jordan frame; while in the conformally equivalent
Einstein frame description the scalar field couples universally to the trace of the matter energy-
momentum tensor. In this thesis, we will focus on dynamical models based on minimally or
non-minimally coupled scalar fields, and investigate their phenomenological differences.

Renewed interest in scalar-tensor theories of gravity has also been triggered by the per-
ception, that they naturally appear in the low-energy limit of higher-dimensional physics [46].
The length scale of the compactifying internal space reappears as an additional scalar degree
of freedom in the four-dimensional world, offering a connection between the dynamics of the
compactification process and observationally verifiable effects. If the number of extra dimen-
sions is larger than one, additional degrees of freedom related to the shape of the internal
manifold can be included [38, 70]: these ”breathing modes” may be dynamically relevant,
even if the overall volume of the compactification space is considered to be stabilized already.
This set-up naturally leads us to study dark energy models featuring more than one scalar
field.

To provide a satisfactory solution of the dark energy puzzle, a dynamical model is not
only required to reproduce the observed acceleration. Complete agreement with observational
data has to be achievable without refering to any kind of fine tuning. In comparison to
the cosmological constant, which is a one-parameter model, any dynamical model increases
complexity. To provide promising dark energy candidates, particle physics or modified gravity
theories are faced with the challenge to infer model parameters from fundamental principles.
At the level of model building, the list of additional parameters should be kept short, though
it might be tempting to hide a possible need of fine tuning by introducing more degrees of
freedom.

Scalar field models of dark energy are exceptionally promising, if they admit attractor
solutions, which naturally ensure independence of initial conditions. A special class of at-
tractor solutions is considered to be particularly interesting: so-called ”scaling solutions”
exhibit a fixed relation of background fluid and dark energy densities, and a constant dark
energy equation of state. By offering this kind of solution, a dynamical model might be able
to explain, why matter and dark energy densities are roughly of the same order at present.
More generally, a sequence of scaling solutions should be able to reproduce the sequence of
radiation, matter and dark energy dominated stages of expansion, which has been established
by standard cosmology.

Within the framework of scalar-tensor theories, dark energy model building does not re-
quire to specify a priori an underlying fundamental theory. Families of dynamical models
are typically described in terms of a few unspecified functions: a potential and one or two
non-canonical couplings. In the simple cases we are interested in, this freedom reduces to
a set of constant parameters, determining e.g. potential slope and coupling strength. Phe-
nomenological studies are useful to constrain the allowed range of those parameters. In this
thesis, we will analyze and compare models in terms of the fixed point set of the respective
dynamical system, using dimensionless density parameters as dynamical variables. We intend
to classify viable models with respect to specific attractive properties, like the existence of
(sequences of) scaling solutions.

During the course of the forthcoming decade, observational cosmologists hope to realize



a model independent reconstruction of the dark energy equation of state in the low redshift
regime. Supposed this task will be successfully completed one day, the important question
remains to be addressed, how to discriminate between different dark energy models. While
the cosmological constant will undoubtedly be ruled out, if the slightest evolution is posi-
tively detected, certain dynamical models might not even be falsified by the equation-of-state
diagnostic alone.

The thesis is organized as follows:

In chapter 2 we confront the cosmological constant with basic ideas of dynamical dark en-
ergy. In particular, we introduce quintessence, review its phenomenological properties, and
give some examples of quintessence candidates within particle or gravitational physics. We
comment on the current observational status of the dark energy equation of state, and cite
an example of its reconstruction from recent observational data. Presently, the cosmological
constant seems to be mildly favoured by the data, while a slight redshift evolution cannot yet
be excluded.

Scalar-tensor theories of gravity are introduced in chapter 3. We present a specific form of
biscalar-tensor action, which features three yet unspecified functions: the characteristic non-
minimal coupling, a non-canonical kinetic term, and an interaction potential. The set-up is
general enough to include all the different models we investigate in later chapters. We derive
the general form of the coupled equations of motion, which govern the evolution of the two
scalar fields. Furthermore, we review observational and experimental results on scalar-tensor
gravity, and in some detail the issue of covergence towards general relativity [35].

In chapter 4 we provide a classification of coupling functions, which admit scaling solu-
tions in scalar-tensor cosmology. We are particularly interested in the possibility of scaling
solutions with large basins of attraction. We correct - as well as generalize - the findings
of [73], and obtain consistency with earlier results on quintessence potentials [59]. We iden-
tify a special class of models - including original Brans-Dicke theory combined with inverse
power-law potential -, which eventually allow for scaling attractor solutions during matter
dominated epoch. Unfortunately, the scaling attractor does not coincide with Einstein grav-
ity. In consequence, the coupling function is already subject to strong constraints, which pose
limits on the viability of the models.

Chapter 5 addresses the issue of attractor solutions in a more general way. Within the
autonomous system approach of [31], solutions with specific, phenomenologically relevant
properties are represented by fixed points in phase-space. We use this method to analyze and
compare several classes of quintessence and scalar-tensor models, focusing on modifications
induced by the presence of the non-minimal coupling, with respect to quintessence case.
To realize a sequence of background dominated scaling solutions, followed by a dark energy
dominated attractor, coexistence of the corresponding fixed points is required. This is possible
only in the non-minimally coupled case. Furthermore, we numerically investigate the evolution
of the dark energy equation of state in the low redshift regime. We thereby hope to be able
to discriminate between the different models.

In chapter 6 we generalize the phase-space method used in the preceding chapter to the
case of biscalar-tensor theories. Our main interest is to discover, how the introduction of the
second field modifies the phenomenological behaviour of single field models. We investigate
an axion-dilaton model, which was recently proposed in [86]. While the authors neglected the
background fluid contributions to the total energy density, and found recurrent acceleration
to be possible, we extend the model by including (dark) matter and radiation. In our version



of the model, recurrent acceleration no longer constitutes the generic case. Furthermore, in a
wide range of parameter space the model effectively reduces to a single field model, which is
conformally equivalent to Brans-Dicke theory.

Additionally, we specify a subclass of models featuring a periodic potential with saddle
points and minima. We show that, under certain assumptions regarding initial conditions,
the phenomenologically relevant properties can be reproduced by a single field model with
Gaussian potential. To give an example, we discuss a proposal of Peloso and Poppitz [70],
realizing quintessence in terms of a complex shape modulus, within the framework of six-
dimensional supergravity. The shape moduli potential, determined by the Casimir energy of
bulk fields, is of the prescribed form.

Finally, in chapter 7 we summarize our main results and conclude.



Chapter 2

Dark Energy

Over the last few years, observational cosmologists have gathered mounting evidence, that
our universe - apart from being flat - expands accelerated, confirmed by several independent
observations including those of type Ia supernovae [6, 71, 79, 80, 81, 97], the cosmic microwave
background (CMB) [87] and the large scale structure of the universe (LSS) [41, 90]. On the
other hand, it became clear that the total amount of all known types of matter-energy,
including dark matter, does not account for the critical energy density, being necessary to
render the universe flat. It is widely accepted by now, that a new form of energy, the so-called
dark energy (DE), presently amounts to about 70 to 75 percent of the total energy density of
the universe, and is responsible for the observed acceleration. To give a precise meaning to
the terminus, we consider the Einstein equations of gravity,

1
Ry — 59u R = > T8, +THF, (2.1)
a
where we have adjusted the reduced Planck mass multiplying the LHS,
1
M? .= =
p 8 G()

by choice of units, and the sum on the RHS runs over all known types of relativistic and
nonrelativistic (including dark) matter species.

In most cosmological applications, it is appropriate to neglect particle interactions, as
well as non-equilibrium effects, and treat the different components in the approximation of a
perfect fluid, characterized by its energy density p, pressure p and 4-velocity u*. In this case,
the energy-momentum tensor takes the form,

§"*Ty, = —(p+ p)utu, + pdt = diag(—p, p,p,p), (2.2)

where the second expression applies, if we neglect peculiar velocities. In the perfect fluid
approximation, dark matter is just pressureless dust, while radiation (consisting of photons
and relativistic particles, e.g. light neutrinos) is characterized by p = é P

Specializing to a homogeneous and isotropic Robertson-Walker metric,

ds® = g datde” = —dt* + a*(t)(dx* + S*(x)dQ?), (2.3)
where
9 dr?

dx” = 1—kr?’



and
sinh?y, k= —1,

S’ =4 X% k=0,
sin?y, k=1,
corresponds to hyperbolic, flat and spheric geometry respectively, the Einstein equations
reduce to two ordinary differential equations (ODE), governing the time evolution of the
scale factor a(t), the Friedmann equations:

1 NS o) - (24
= a2 - 3 - Pa PDE a2’ .
o_ 1(2 + 3pa + ppE + 3PDE) (2.5)
P e Pa T SPa T PDE T 9PDE)- .
Deviding the first equation by H?2,
1==§:Qa+{hmr¥9m (2.6)
a

we introduce the density parameters

Q e pd . pa

e Perit . 3H2’

which measure the energy densities in terms of the critical density. We have formally defined:

k

If the corresponding energy-momentum tensor is covariantly conserved, each perfect fluid
component separately obeys a continuity equation,

Pa = —3H (pa + pa) = —3H (1 + wq)pa, (2.8)

where we have introduced the equation of state parameter w,, which is specified to w, = 0
or Wy = %, if the subscript a refers to (dark) matter or radiation respectively. From (2.8) we
deduce the following scaling behaviour,

PDM ~ a_g’ Prad ™~ CL_4,
which indicates that radiation must have been the dynamically dominant component in the
early universe. This stage is followed by a (dark) matter dominated epoch, which is crucial
to the ”standard model” of cosmology, since perturbation growth and structure formation is
only possible in a background with |w 4| < 3 [63].

In the following, we will always assume the universe to be flat, corresponding to 2, as
defined in (2.7), being exactly zero. This assumption is justified by recent observational data
[90]:

_ +0.010
1 — Q= 100375 509-

The second Friedmann equation tells us, that accelerated expansion is only possible, if DE has
negative pressure; neglecting the present contribution of radiation, we specify this condition

as follows: . Q
WDE ::p,l<—— <1+ﬂ>.
PDE 3 955%5;



The simplest possibility to realize a perfect fluid with negative equation of state parameter
(wpg = —1) is a cosmological constant:

gATLE = —5UA.

At present, all existing observational data are in agreement with Dark Energy being a constant
with [33]:
ppe = A ~10747(GeV)*.

2.1 A brief history of the cosmological constant

Einstein’s field equations of gravity can be derived from an action principle, namely by varying
the Einstein-Hilbert action,

1
S = Speom + ot = 3 / d2\/=gR + Spat, (2.9)

with respect to the metric. The Lagrangian R, called Ricci or curvature scalar, is just the
simplest possible scalar to be constructed from the metric, and leading to field equations
linear in its second derivatives. The most general choice with the same property includes a
constant,

1
SgeOm = 5 /d4.%'v _Q(R — 2A), (210)

and leads to field equations, which do not reduce to Newton’s law in the weak field limit. But
given the smallness of A, the deviation is not in conflict with experimental tests of general
relativity (GR).

The vacuum solution with positive and negative cosmological constant is called de Sitter
and anti-de Sitter space respectively. A representation of the de Sitter metric can be given
in the form of an eponentially expanding Friedmann-Robertson-Walker (FRW) universe with

constant Hubble parameter H = % :

ds? = —dt* + e (dr? 4 r?d0?).

In 1917, yet before the FRW cosmological solutions to his field equations were discov-
ered, Einstein [40] had introduced the cosmological constant, to guarantee the existence of a
closed, static universe (k = 1) with a constant energy density. The corresponding Friedmann
equations take the following form:

a1 1
2 g(ﬂtot"’A)_ 2 =0,
a 1
i _é(ptot + 3piot — 2A) =0,
with wyer = —1+ —2—. When 1929 Edwin Hubble’s observations verified the expansion of the

aZptot
universe [54], Einstgtirtl discarded the cosmological constant as ”the biggest blunder he ever
made in his life” [47].
Nevertheless it reappeared, when Zel’dovich [99] realized, that zero-point quantum vacuum
fluctuations at one loop level can give rise to an energy momentum tensor of the form:

<Tuu>vac = Ag;u/ .



The contribution of vacuum fluctuations to a cosmological constant is formally divergent [82]:

<T00>vac =: Pvac ™~ / k2dk V k2 +m?2 lim k.

~Y
0 k—o0

Assuming that the Planck scale provides the natural ultraviolet cutoff to all quantum field
theoretical processes the integral can be be performed with the result,

PDE _ 107123’

Pvac

stating the celebrated and infamous ”cosmological constant problem”.

An alternative approach, invented to avoid the extreme fine tuning of A, is to regard it
as a dynamical quantity, which eventually relaxes to zero during cosmic evolution. The pos-
sibility of realizing dynamical dark energy in terms of a light, minimally coupled scalar field,
called quintessence, will be addressed in the next section. The proposal of dynamical DE,
however, does not solve the puzzle, why the zero-point vacuum energy should be vanishing,
and only the classical energy density of a scalar field contributes to the dark energy sector.
Indeed it is often quoted, that e.g. quintessence is only meant to address the so called ” cosmic
coincidence problem”, which appears if one reformulates the cosmological constant problem
in the following way:

1. Why is the vacuum energy density so small in comparison to the Planck scale?

2. Why has the DE density reached an order of magnitude comparable to that of the
dark matter density right now, meaning that the onset of acceleration is a recent phenomenon?

Even if dynamical DE provides a satisfying answer to the second question (which is still
in doubt), the first part of the problem remains to be addressed. On the other hand, if A is
really a constant, the coincidence problem is automatically solved, whence the scale of A is
deduced from some fundamental theoretical principle.

The discovery of supersymmetry in the 1970’s opened up the possibility, that the vacuum
energy density might be vanishing because of a precise cancellation between the bosonic and
fermionic contributions [100]:

1
<0’Hb,f’0> = /<T00>Uac - ii ng
k

(The upper sign refers to bosons, the lower to fermions.) But even if supersymmetry (SUSY)
is realized by nature, it is necessarily broken at low temperatures, corresponding to the
present state of our universe. In this case, the vacuum energy density is expected to receive
a contribution at an intermediate scale [82]. On the other hand, in the context of higher-
dimensional extensions of standard model physics, supersymmetry can be realized in the bulk
spacetime, being broken only on the 3+41-brane where we - the standard model particles -
live. Dark energy on the brane then emerges from the Casimir energy of bulk fields, providing
the correct energy scale, if the number of extra dimensions is n = 2 [29, 70].

10



2.2 Essentials of quintessence

We consider a classical scalar field theory, minimally coupled to gravity, defined by the action

S¢ = /d4x\/—_g <—%g"”3u¢6u¢ - V(¢)> : (2.11)

with energy-momentum tensor

2 68 1

¢ _ ¢ _ o

Ty = —ﬁw = 0,90, 9 — g <§5 $0s b + V(¢)> .

Taking the field to be homogeneous, we identify its pressure and energy density - in analogy
to the perfect fluid case - as:

1. 1.
Po= 50 V@),  ps =50 +V(®)
Such a scalar density fluid satisfies the dominant energy condition,

p=1pl;
and has a time dependent equation-of-state-parameter,
1 Z w¢ 2 —1.

Since .
Ps = —ps + &%,

the kinetic contribution determines the actual value of wg. If the field energy density is
dominated by the kinetic part, the equation of state is called "stiff” (w, & 1). If the potential
energy dominates, indicating the so-called ”slow-roll” regime, the equation-of-state parameter
can be close to wgy = —1. When we refer to a minimally coupled scalar field as quintessence,
it is understood that the self-interaction potential allows for a (sufficiently) negative equation
of state.

In a FRW cosmological background, the scalar field obeys the following Klein-Gordon
equation:

. . dv
3H — =0. 2.12
P+ 3HO+ o (2.12)
To realize slow-roll we need ¢ ~ 0, and the force term to be balanced by Hubble friction:
av :
—— =~ 3H¢.
do 3H¢

Since the latter has become small up to the present, the potential has to be flat. Furthermore,
the energy density of the quintessence field (that is, the potential) must be of order HJ at
present, corresponding to the critical density:

3H? = Perit = Py = ((b)

The present field value will then be of order one (Planck mass), since the field mass is of order
Hy or smaller:

V. V(9)

d¢? ¢*

2 _
md)—

11



If the potential has a non-zero minimum,

V(Qbmm) 7£ 07

we get wg = —1, whence the field has already reached the minimum, and a cosmological
constant A = V(ppin) is generated dynamically. If the stabilization takes place within a
finite period of time, it will typically be preluded by oscillations of the equation-of-state
parameter between wgy = —1 (at the turning points where ¢ = 0), and a value the closer
to wg = 1, the closer the potential minimum is to zero (when the field passes its minimum
value). Since observational evidence points to wg ~ const around the present, oscillations
are potentially dangerous from the phenomenological point of view. Therefore, a promising
ansatz of quintessence model building is to assume, that either the scalar field has not yet
entered the oscillatory stage, or its potential is of the runaway type.

The invention of quintessence goes back to Wetterich [68, 95, 96], who proposed an expo-
nential potential,

V = Ae %,
and Ratra and Peebles [69, 77], who discussed in addition an inverse power-law potential,
V=Ap"",

where the field value is measured in Planck units. Both the types of potentials have in
common, that they admit so-called ”scaling solutions” of the field equations. Liddle and
Scherrer [59] provided a ”classification of scalar field potentials with cosmological scaling
solutions”, defining a scaling solution as follows: The corresponding scalar field energy density
scales as some power of the scale factor,

py~a ",

which is equivalent to the kinetic and potential energy maintaining a fixed ratio [59]:
)
gb— =1+ Wy = E
Py 3
Assuming the expansion of the universe to be driven by a dominating background fluid,
Pfluid ~ @,
where m = 3(1 4+ wyyiq), Liddle and Scherrer found scaling behaviour of the scalar density
to be possible, if and only if the scalar potential belongs to one of the three following classes:
1. Inverse power-law: scaling with n < m (py decreases more slowly than pfiq);
2. Exponential: scaling with n = m;

3. Positive power-law: scaling with n > m (p, decreases more rapidly than p ¢q).

Furthermore, they showed that in case 1 the scaling solution is always an attractor in field
space, whereas in case 3 this is only true for sufficiently large powers a:

6+ m
a>2——.
6—m

12



(Case 2 will be discussed in detail in chapter 5.)

The interest in scaling solutions was originally motivated by the hope to solve the afore-
mentioned cosmic coincidence problem. The existence of an attractor solution, along which
the energy density of the scalar field follows the one of the background fluid, can explain why
the respective density parameters are of the same order now. But to become the dominant
component, the scalar field must have exited the scaling regime recently. In the inverse power-
law case, the scalar field density parameter increases with time along the scaling solution, and
will therefore naturally become the dominant component at some instance during cosmic his-
tory. But matching the observationally verified onset of acceleration will still require some
tuning. (We will reexamine this issue in chapter 5.)

A slightly more general notion was introduced in terms of ” cosmological tracking solutions”
[88], characterized by the property, that phase-space trajectories of the corresponding system
of ordinary differential equations (ODE) converge to a common evolutionary track, from a
wide range of initial conditions. The tracker solution need not be a scaling solution, nor an
attractor solution characterized by the constancy of specific dynamical quantities. Inverse
power-law potentials provide typical examples for this class of models.

In summary, the most appealing feature of dynamical DE in the shape of quintessence
is the existence of attractor, or at least ”tracker” solutions, which seem to guarantee inde-
pendence of initial conditions, thereby avoiding the fine tuning problem of the cosmological
constant.

2.3 Quintessence candidates

From the phenomenological point of view, the ideal quintessence candidate is a light scalar
field, minimally coupled to gravity, lacking any kind of interaction apart from gravitational. A
Yukawa type coupling to ordinary matter fermions e.g. would induce a long range force, given
the small mass of the scalar particle, and is severely constrained by fifth force experiments
and gravity tests [12, 36]. The issue of varying fine structure constant and proton-electron
mass ratio within quintessence models is discussed e.g. in [57].

Another consequence of interactions between the matter and the DE sector concerns their
respective energy-momentum tensors. The Bianchi identities imply, that the Einstein tensor
is covariantly constant,

1
VEG == V(R — §gu,,R) =0,

thus the total energy momentum tensor on the RHS is a conserved quantity. But in presence
of mutual couplings, the several contributions to the energy momentum tensor in equation
(2.1) are not seperately conserved.

2.3.1 Axions

The axion is an example of a light pseudo-Nambu-Goldstone boson, which emerges from a
dynamical solution of the strong CP problem. Peccei and Quinn [66, 67] suggested to enlarge
the standard model gauge group by an additional global U(1)pg chiral symmetry, whose
spontaneous breakdown is associated with the appearence of a none-zero vacuum expectation
value of a complex scalar field:

(®) = fue'/Ta.
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The axion a acquires a mass due to non-perturbative QCD instanton effects, which break

the symmetry explicitely down to a discrete subgroup Z (V). The effective potential thereby

generated is periodic, with period Aa = 277%“, and can be written qualitatively as [45, 85]:

V(a) ~m2(1 + cos(afﬁ)).

a

The axion couples to standard model gauge fields via:

QN%WGW%

a

where F* is the dual to the field strength tensor F. In the framework of string theory [89],
the terminus axion more generally refers to a pseudoscalar boson with the characteristic shift
symmetry

Ja

2m=—.
a— a-+ WN

2.3.2 Dilatons

Dimensional reduction of five dimensional Kaluza-Klein theory,

1
Sy = Y. d>yv/—gs R,
K5

using the metric ansatz [14],

— Guv + ¢B,uB1/ QSB;L >
g5,ab < ¢By (b )

results in the following low-energy effective action:

Si=5 [ e OB~ 6FL ™). (2.13)

By conformal transformation (local Weyl rescaling) and field redefinition, this action can be
rewritten as follows:

1 [, 1 1
S4 = 5 /d x\/—_g(R — Z@FMVF“V — @guyauq)&,@). (214)
Here

Fu = 0,B, — 8,8,

is the electromagnetic field strength, and the field ® is called dilaton. Being conformally
related to the 55-component of the five-dimensional metric tensor g5, the dilaton is associated
with a characteristic length scale of the compactified internal space.

The coupling of the dilaton to the Yang-Mills gauge field gives rise to a time dependence
of the effective coupling constant,

11
asz(q)) aim,o

+ (1),
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and thereby to a violation of the Einstein equivalence principle [36]. Since different atoms
possess different electromagnetic field contributions to their mass energy, the field dependence
of the electromagnetic coupling induces a composition dependence of the gravitational inter-
action, and thereby a violation also of the weak equivalence principle (cf. universality of free
fall).

In string theory, the scalar partner of the graviton, within the 10-dimensional gravity
supermultiplet, is called dilaton, whereas the terminus radion has been invoked to denote
a scalar field, which represents the size of a compactified internal space, or an inter-brane-
distance, in higher-dimensional models [25, 92].

2.3.3 Moduli fields

Within string cosmology [30], scalar degrees of freedom, e.g. corresponding to standard model
parameters, receive a geometrical interpretation as ”breathing modes” of the compactifying
internal manifold (Calabi-Yau threefold), called moduli fields. Apart from the dilaton and
an overall volume modulus, different Kahler moduli, e.g. associated with 4-cycle volumes,
and ”complex structure” or ”shape” moduli can be phenomenologically relevant. Complex
moduli fields are typically decomposed,

T=e¢"% + 10,

into a ”dilatonic” part ®, associated with a (real-valued) volume or length scale, and its
axionic partner o, obeying the characteristic shift symmetry [16].

It is commonly assumed that all those scalar fields become stabilized - together with the
geometry of the internal manifold - by flux compactification, before or during the inflationary
epoch. (See [16] for an example of "Roulette inflation”, featuring a Ké&hler modulus and its
axionic partner.) Since the scalar fields are typically associated with certain fundamental
parameters, it is phenomenologically dangerous to permit, that some of the moduli have not
yet been stabilized, because resulting e.g. in varying coupling constants. The possibility of
exploring moduli fields as quintessence candidates is therefore limited.

The six-dimensional model of Peloso and Poppitz [70] - similar ideas were formulated
earlier in [74] - can be regarded as a toy version of the prescribed approach. The authors
consider two extra dimensions, compactified on an orbifolded torus 72/Z5, whose area (resp.
the corresponding volume modulus, called radion) is assumed to be already stabilized. The
complex shape modulus instead remains dynamically relevant up to the present, and is re-
garded as quintessence candidate. (See chapter 6 for a detailed discussion, and [23] concerning
the impact on time variation of the electromagnetic fine-structure constant.)

2.3.4 Universal metric coupling

We now consider the possibility, that the quintessence type scalar couples to all standard
model fields (which we formally summarize by ¥) in a universal way, via a factor A~2(®)
multiplying the trace of the matter energy-momentum tensor, so that

Smat = Ssu[¥, A72(®)g"].

The connection between this ansatz and the form of the coupling, as appearing in the scalar
equation of motion, will be made explicit in the next chapter, see equations (3.14) and (3.22).
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In this case, the model is no longer faced with the complication of varying a.,,, since
the energy momentum tensor of the electromagnetic field is traceless. Furthermore, we can
absorb the scalar coupling into the metric by a conformal transformation,

AQ((I))Q;W = gﬁfiw,

thereby avoiding any violation of the Einstein and weak equivalence principles [36]. The
resulting theory belongs to the class of scalar-tensor theories of gravity, which will be discussed
in general in the next chapter.

To give an example, we refer to Brax and Martin [20], who examined the possibility of
obtaining quintessence from a Kahler modulus, within a ten-dimensional supergravity frame-
work. In their "no-scale quintessence” approach, a universal field dependence of the standard
model particle masses is predicted. Unfortunately, the coupling strength is in conflict with
the bound from the Cassini spacecraft experiment [12]. The authors are led to the con-
clusion, that quintessence models from supergravity are either experimentally ruled out, or
indistinguishable from a cosmological constant. The scalar potential they derived from the
superpotential and soft breaking terms,

VoE = Ae—® + Beiﬁq),
is modified due to the predicted universal coupling,

dIn A(D)
Vers = Voe + dTpmata

now possessing a minimum, at which the field can be stabilized.

2.3.5 The SUGRA potential

An earlier approach of Brax and Martin [21] to understand quintessence within supergravity,
has become quite popular in the literature. They proposed the following, commonly called
SUGRA potential,

V(@) ~ & exp (302),

which can be approximately identified with an inverse power-law potential, as long as the
exponential correction factor is close to unity, but has a minimum at

o
203’
which restricts the field to finite values. This potential belongs to the "tracking” class and has

the phenomenologically compelling property, that it leads to an equation of state parameter
of w ~ —0.82, almost independently of « [19].

(I)min =

2.3.6 K-Essence and phantom fields

A certain relative of quintessence is obtained by introducing a generalized scalar field La-
grangian [5],

L=poX).  Xi= (Vo
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containing - in principle - arbitrary functions of the kinetc term. The issue of scaling solutions
in k-essence models was discussed in [3], and Bonvin et al. [17] presented ”a no-go theorem
for k-essence dark energy”, based on the argument that k-essence implies a DE sound speed
exceeding the speed of light, but there is ongoing debate on this issue [22, 42].

The so-called phantom DE, which has become popular in recent literature [48], can be
regarded as a special case of k-essence, characterized by the choice:

p(, X) = X = V().

Here X exhibits the "wrong” sign, corresponding to negative kinetic energy, leading to a
”super-negative” equation of state wpr < —1. It has been claimed, that a Lagrangian of this
type can be derived within quantum cosmology [91]. In the following section we will comment
on the observational status of this approach.

2.4 Observational evidence: cosmological constant
vs. dynamical dark energy

A revived interest in dynamical models of scalar field DE was triggered by the release of
the so called "Gold data set” of luminosity distances to 194 type la supernovae in 2004
[81], which seemed to indicate, that the cosmological constant is disfavoured with respect
to a dynamical model with time varying equation-of-state parameter, and more, with wpg
crossing the ”"phantom divide line” towards values wpp < —1 quite recently. Following a
recent publication [1], we will discuss this development below. Our first purpose is to give an
overwiew of observational tools and results, which are relevant to the study of dark energy.

2.4.1 Luminosity distance measurements and type Ia supernovae

In a flat FRW spacetime, the Hubble rate can be expressed in terms of the luminosity distance
dL7

ddp(z)]!
Hz) = |—"
() [dz 1+2z| 7
where z denotes the redshift parameter,
14+2z= @,
a

and the luminosity distance can be observationally infered from estimates of both the absolute
(M) and apparant magnitude (m) of a source:

d
m — M = 5logy, <M—;c> + 25.

If the different components of the energy density are characterized by constant equation-of-
state parameters wg, the following identity holds:

/

dp(2) 1+2 /Z dz
L =
to o \/Za Qao(1 + 27)30Fwea)
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To include the possibility of varying wpg(z), one has to choose a parametrization of the
equation of state, valid in the small redshift regime [1, 33].
Another quantity of diagnostic relevance is the deceleration parameter:

a (1+2)dH

T aH? H(z) dz

The zero of ¢(z) indicates the onset of accelerated expansion, which occurs - according to
observations - between z ~ 0.3 and z =~ 1, depending on the model under consideration.

Type la supernovae are regarded as standard candles, characterized by a common absolute
magnitude independent of z, presuming not only homogeneity of the progenitor population,
but also the existence of a unique explosion mechanism. According to the widely accepted
"standard model” of type Ia supernovae [58], they occur in close binaries with at least one
white dwarf. Suppose the companion is a red giant star, whose envelope has expanded up to
filling his Roche volume, causing a mass flow towards its neighbour. The white dwarf accretes
material until his total mass reaches the Chandrasekhar limit. At this point, carbon burning
ignites in the stellar core, initializing a thermonuclear explosion. The net reaction,

) 120 + 2 160 N 561\H7

converts around one half of the stellar mass to 9Ni, the total energy release being proportional
to the so-called "nickel mass”. The radioactive decay,

5Ni — 6Co — *0Fe,

results in emission of y—photons, and in succession Compton and resonant scattering pro-
cesses transfer the emission to the visual part of the electromagnetic spectrum. So the in-
tegrated luminosity of the supernova is proportional to the nickel mass produced by ther-
monuclear burning, which defines a one parameter family of events. (The variation in this
parameter is assumed to be small, because the total mass of the exploding star is bound by the
Chandrasekhar mass.) Crucial for observers is the empirical fact, that the peak brightness of
the event is linearly correlated to the width of the lightcurve [98]: brighter supernovae evolve
more slowly. While the observed peak brightness may be subject to extinction processes, the
lightcurve shape is not.

The standard scenario discussed so far does not account for the observed spectral diversity
of type Ia supernovae [10], which indicates the existence of different classes of progenitors,
supported by the observed dependence of the type la supernova rate on redshift and host
galaxies [60]. On the other hand, there is ongoing debate on the issue of a second parameter
(e.g. metallicity), influencing the lightcurve shape and thereby possibly biasing the luminosity
calibration. According to [75], effects of metallicity evolution can be misjudged as indicating
an evolution of the DE equation of state.

We want to emphasize one more aspect of the physics of type la supernovae. We already
mentioned, that scalar-tensor theories of gravity may provide viable DE models. Those the-
ories - as will be discussed in the following chapter - are characterized by the prediction of
a varying gravitational constant (or varying particle masses, respectively). This results in a
time variation of the Chandrasekhar mass limit, and implies a time dependent modification

to supernova luminosities:
15 G
M —My=—1 — .
0=7 0g ( Go>
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Here M is the absolute magnitude of an event at a given redshift, G the corresponding value of
the gravitational constant, and the subscript 0 refers to the local values. As was shown in [51],
the effect modifies lightcurve shapes as well, thereby further influencing distance estimates.

2.4.2 Observations of the CMB

The presence of DE affects the CMB temperature anisotropies, expanded in spherical har-

monics,
oT
? = Z aleim,

in at least two ways [33, 63]. First, the position of the acoustic peaks depends on the angular
diameter distance to the last scattering shell:

D /'Zdec dzl
Jo VQmao(+ 23+ Qppof ()

where zge. is the redshift at decoupling and

PRPRTC RN Oy ESTHE

PDE,0 142
accounts for dynamical variation of the equation of state. Secondly, the CMB spectrum,

Cr = i) = 4 [ S P (B) |4k, o) P

where Pj,;(k) is an initial power spectrum, depends on the transfer function A;(k,ny) for
the ! multipole of the k-th wavenumber, at the present (conformal) time 7y. This function
receives an additive contribution from the so-called ”integrated Sachs-Wolfe (ISW) effect”,
emerging from variations of the gravitational potential along the line of sight. While the grav-
itational potential is constant during matter dominated epoch, according to standard ACDM
cosmology, it becomes time-dependent, if the dark energy component is either dominant or
dynamically changing.

2.4.3 Baryon acoustic oscillations

A remarkable confirmation of standard cosmology has been the recent detection of a peak
in the power spectrum of galaxy correlation functions, as obtained by the Sloan Digital Sky
Survey (SDSS) of luminous red galaxies [41]. Though acoustic oscillations (sound waves)
in the tightly coupled, hot baryon-electron-photon plasma cease at decoupling, they leave an
imprint in the baryon density disribution. In combination with CMB data, the BAO peak can
be used to reduce the number of priors, necessary for parameter estimation, by one, though
per se it says nothing about the dynamics of DE at present.

In combination with type Ia supernova observations, the BAO data lead to a significant
constraint in the (Qpqt.0, WpE,0)-parameter plane. The most recent data release, first results
from the ESSENCE supernova survey [97], combined with the results of [41], has provided new
estimates of {),4¢,0 and wpgo. Assuming flat FRW geometry, and imposing a prior of constant
wpg, the ESSENCE collaboration (applying two different lightcurve fitting procedures to the
supernova sample) obtained the following, best fit values:
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_ +0.125 _ +0.032
WpE,0 = —1.04770_124, Qmat,O == 0.27470_020,
_ +0.110 _ +0.031
WpDE,0 = —0.988_0_109, Qmat,O = 0.284_0_020.

For comparison, we cite the results of the SDSS large-scale real-space power spectrum mea-
surement [90], combined with CMB data obtained by the Wilkinson Microwave Anisotropy
Probe [87]. Assuming flatness and constant wppg, the following parameter estimates were
obtained:

wpp,o = —0.94 +0.09, Qa0 = 0.24 £0.02.

2.4.4 Cosmological constant vs. phantom DE

In [1] the authors reconstruct the DE equation of state from two complementary supernovae
datasets, the newly released ”Gold+HST sample” [79], comprised of 135 supernovae up to
z = 1.755, and data of the SuperNova Legacy Survey (SNLS) [6], including 115 supernovae
below z = 1. They use the following parametrization of the squared Hubble rate,

2

= Qaro(1+2)° + > Ai(1 +2)",
1=0

H2
Hp

and marginalize over ,,,:0 = 0.28 £ 0.03. The best fit results are shown in figures 2.1 and
2.2, which are taken from [1]. As is obvious from figure 2.1, the newly released dataset favours
phantom divide line crossing (just like the preceding one [81]), while the SNLS data lead to
a contradictory conclusion: the best fit wpg(z), as shown in figure 2.2, exhibits only very
mild evolution, with wpg(z) = —1 well within 20 confidence levels. This discrepancy may
be a result of the different lightcurve standardization techniques used by the two teams (see
[6]), the fact that the Gold+HST sample contains data from two different surveys, or due to
systematic bias.

In addition the authors of [1] combine the supernova data with observational results
concerning BAO [41] and the CMB (WMAP 3-year [87]), using the marginalization 4t 0 =
0.28 + 0.03 for the entire dataset. As can be observed in figures 2.3 and 2.4, the respective
results from the two different supernova samples become ”strikingly similar” [1], because the
additional CMB and BAO data impose strong constraints. (The authors point out, that the
WMAP and BAO data strongly depend on the marginalization value of the matter density,
and therefore their use in conjunction with the supernovae data might be questionable.) While
now ACDM cosmology - as well as weakly time dependent DE - is consistent with the results,
the evidence of phantom divide line crossing is significantly reduced. (Compare figures 2.1
and 2.3.)

In summary, following the conclusions of [1], the fundamental question, whether DE is a
dynamical quantity or just the cosmological constant, still remains open, though ”possible
deviation of DE properties from those of A is gradually becoming more and more restricted”
[1]. Furthermore we want to emphasize, that phantom DE is supported only by one dataset
based on supernova observations. Given our yet limited understanding of the physics of type
Ia supernovae (as was discussed in a preceding subsection), this evidence has to be treated
with the necessary caution. (See also [56] concerning the perspective of future SNe surveys
to be capable of discriminating between dynamical DE and A.) In this thesis, we will stick to
the more conservative interpretation of the data, and consider only scalar fields with positive
kinetic energy.
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Figure 2.1: Reconstruction of wpg(z) from the Gold+HST dataset, best fit with 20 confidence
levels. Figure taken from [1].
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Figure 2.2: Reconstruction of wpg(z) from the SNLS dataset, best fit with 20 confidence
levels. Figure taken from [1].
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Figure 2.3: Reconstruction of wpg(z) from the Gold+HST dataset, combined with
CMB+BAO data, best fit with 20 confidence levels. Figure taken from [1].
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Figure 2.4: Reconstruction of wpg(z) from the SNLS dataset, combined with CMB+BAO
data, best fit with 20 confidence levels. Figure taken from [1].
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Chapter 3

Scalar-Tensor Theories of Gravity

As mentioned in the previous chapter, considering a quintessence candidate, which exhibits
universal metric coupling, leads us to study scalar-tensor gravity. The ®-dependent, conformal
transformation of the metric results in a new form of coupling between scalar field and Ricci
curvature, called non-minimal coupling,

['nmc = F(¢)R7

in the so-called Jordan frame formulation of the theory. The prototype theory, establishing
non-minimal coupling, was developed by Jordan [55], Brans and Dicke [18], and will be
discussed below.

Many authors distinguish between (particle) ”physical” and ”geometrical” approaches
to understand dark energy, and refer to scalar-tensor theories as example for the latter.
There is a certain ambiguity in this classification since, classically, the Jordan frame theory
is conformally equivalent to the Einstein frame description, including a scalar field, which
universally couples to matter, thereby inducing ®-dependent masses [28, 44]. So within
scalar-tensor theory we recover a property of the cosmological constant, which also can be
understood either as ”geometrical” (cf. a modification of the LHS of Einstein’s equations),

G,uz/ - Ag,ul/ = T:[L/at’

or as ”"physical” vacuum energy, adding to the energy-momentum tensor:
¢
Guw =T, +T,,°.

In the following sections, we write down both the Jordan frame field equations of grav-
ity, corresponding to the geometrical interpretation of dark energy, as well as the Einstein
frame formulation featuring a scalar field, which is frequently named ”extended” or ”coupled”
quintessence in the literature.
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3.1 Brans-Dicke theory

The original motivation to consider a gravity theory, modified by introduction of a scalar
field, was Dirac’s argument [39], that the gravitational constant should be time dependent.
Jordan [55] proposed the following general Lagrangian,

Ly=+—glpJ(R~ " O0up10u07) + Liat(d5, 9", V)],

°
with constants v, w s, and ¥ again denoting standard model matter fields in summary, moti-
vated by the embedding of a four-dimensional curved spacetime manifold in five-dimensional
Minkowski space. (Compare e.g. the effective four-dimensional action of Kaluza-Klein theory,
given in section 2.3.)

In Jordan’s Lagrangian, both the non-minimal coupling between scalar field and R, as
well as (non-universal) matter couplings are present. To ensure validity of the weak equiv-
alence principle, Brans and Dicke [18] reformulated Jordan’s ansatz, demanding S,,q: to be
independent of ¢:

1
Sgeom = 5 /d4x\/ _Q¢BD [R - _gM aHQSBDaugbBD] (3'1)
BD

In this action, the gravitational constant is replaced by the spacetime dependent Brans-Dicke

(BD) scalar:
1

8rG

In the original theory (3.1), the scalar field’s kinetic term is not written in canonical form.
By a redefinition of the field,

— ¢BD.

1
¢Bp = {47, §i=,
)
the action can be rendered into the form:
SgeOm = /d41'v [ ¢2R glwau(bau(b]

In general, a scalar-tensor theory of gravity is characterized by two independent functions,
the coupling F'(¢) and a potential V(¢) :

SgeOm = Snmc + S(b - /d4$\/_F( ) /d4.%'\/—_g [_%guvaquayqj - V(¢) : (32)

The introduction of a potential term is necessary, if one wishes to allow for a negative equation
of state wy < — , and therefore a crucial prerequisite to realize models of dynamical dark
energy within the framework of scalar-tensor gravity.
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3.2 Field equations

By varying the action (3.2) with respect to the metric, we derive the modified LHS of Einstein’s
equations:

5Sume = 5 / d2[F(G)R OV =g + vV =gF($)Rudg™ + V=gF(6)g" R,

1

— 5 [ AT R — 590 B+ VTIF @ 5R). (33)

Apart from the factor F'(¢) multiplying the Einstein tensor G, , further deviation from GR
is determined by the last term: Due to the appearance of F'(¢), it is impossible to recast this
part of the integrand into a total divergence. We have to compute 0R,,, explicitely [25]:

ORu, = V() — Vo () = =V Vy(0g") + VaV* (89 9").

Integrating twice by parts, we pick up derivatives of F'(¢) and finally get:

1
e =5 [ AoV ZGF @G ~ TV (@) + 9 VoV F(@))og".
The Jordan frame field equations of gravity thereby obtained read as follows,

F($)Guw — VuVuF(9) + gu Vo VOF(9) — TS, = T, (3.4)

where we have written
1
T;?u = u¢au¢ — Guv <§8J¢80¢ + V(¢)>

on the LHS to emphasize the geometrical interpretation of the scalar field. Since T;’,ﬁ“t does
not depend on ¢, it is covariantly conserved like in the GR case.
This is not true for T[fy, but we can split the LHS of the field equations as follows,

F(¢)Guv - VMVVF(¢) + guuvavaF(¢) - T;(fu = Guu - Tf&consa
where we have defined the quantity [72]:

Toeoms =T, + VuVuF(¢) = g VaVPF(¢) + (1 — F(¢))G (3.5)
which is indeed covariantly conserved due to the Bianchi identities.

Since we are interested in applications in cosmology, we specialize to a flat FRW universe,
and assume the scalar field to be time dependent only. We find the following Friedmann
equations:

2=

1. . 1
— 3—F(pflm'd + §¢2 + V(¢) — 3HF) =: g([)fluid + p;ons), (3.6)

. 1 o 1
H = —ﬁ(ﬁ’ﬂmd + Pfia + ¢+ F — HF) = —§(Pﬂm‘d + Ppwia + pg T + g 0). (3.7)

cons

The quantities p %

and p§”"* we introduced correspond to T,(fy’wns as defined in (3.5).
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The simplest way to obtain the scalar field equation of motion is to substitute the FRW
metric directly within the action, and integrate over the spatial coordinates:

Sy =V [ ata0) |5(F@R+8) - V(o)

Varying this reduced action with respect to the field renders the Jordan frame Klein-Gordon
equation:

- . av  1dF
3Hp = —— 4+ ——R, 3.8
6+ 316 =~ 4 3 (33
with R = (6H +12H). By replacing this expression explicitely, using the Friedmann equations,
we see that the scalar field couples to matter only via gravitational interaction. In other words,
in scalar-tensor theories, gravity is mediated not only by the metric tensor field, but also by

the BD scalar.

3.3 Biscalar-tensor action, conformal transformation
and Einstein frame field equations

As was discussed in chapter 2, several existing approaches to understand DE include two
different scalars (e.g. real and imaginary part of some complex field). The purpose of this
section is to introduce a class of biscalar-tensor theories, which is sufficiently general to
include those specific models from the literature we intend to discuss in detail in chapter 6.
We propose the following action:

5= [doy=g |FER - 50(0,00,6+ G0)0,00,0) V(0.0 + Spsle 9. (39)

where we again denoted by W the particle content of the standard model.
By a conformal transformation of the metric,

Juv — g;u = F(¢)g;u/a
V=9 —-9" = F*(¢)V=y,
the Ricci tensor and curvature scalar change according to:

. 39,FO,F 1 1
R,UJ/ — Rl“/ = Ruy + 5”7 — F(Vﬂ&,F + §guy8p(9pF),

R— R =g"R, =F g"R,.
We obtain
390, FO,F
2 F

to be replaced within the Lagrangian. The last term can be neglected, since it is a total
divergence and does not change the equations of motion.
By a redefinition of the scalar field,

dd\* 3 (dF\*® 1
(%) (%) 5
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we can compensate for the additional terms, and render the field’s kinetic term into canonical
form:

V=Yg (-%*W@J@VF _ %Fg*’wﬁﬂqﬁ&,gb)

F? 4
2

— _g*%g*uuau¢ay¢ <23W (Z_f;) + %) (3.10)

= _\/——fég*””(%(l)@y@.

If we redefine

G(®): = [F'G)(o(®)), (3.11)
V((Ijv 0) L= F_2(¢((b)) V(é((b)?(j)? (3'12)
A®) = F2(6()), (3.13)

the action takes the following (Einstein frame) form:

S = /d4x\/—g BR — %g“"(@,ﬂ)&,fﬁ + G(®)0,00,0) — V(CID,U)] + Smat[A72(<I>)g“”, v,
(3.14)

where we have suppressed the * identifying the Einstein frame metric. This action is a specific
example of the more general case of multiscalar-tensor theories [36], defined by the Einstein
frame action

1 1
S = /d4x\/—g [iR — ig“”'yAB@MCPA&,CDB — V(o ...@N)} + Siat, (3.15)
where y45(®!,...0") is the o-model metric of the N-dimensional scalar manifold:
do?® = vy pd®AddP.

Varying the action (3.15) with respect to the metric renders the standard Einstein equa-
tions:

G =Tg, + T, (3.16)
where
pmat — __ 2 0 (vV=9Lmat) (3.17)
[ 72 \/_—gag“l, 9Lmat ), .
and
1
Ty, = 0,20,® + G(®)9,00,0 — 9 (0" ®0, @ + G(2)0° 00,0 + 2V (@, 0)), (3.18)

equivalent to the minimally coupled, quintessence case.

27



The scalar field equations of motion are obtained as follows:
0S¢ = /d4x\/—g(—g“"8,,<1>5(8“<1>)

1dG(®) ., ovV(®,0) 0
[ e oo — TR b o) |09
:/d4x [aM(J—_gg“”ayq>)—\/—_g<;di;) " Ou0dse +%>
(V9L 20(@)5" | 50

- oo
1dG y oV (®,o Urrma
/d4x\/_[ V00 —L 9 8,00,0 — % + gt (cp)] 5%.

(3.19)

dd

In the second step we introduced

= (3.20)

in the last we used the definition of Tﬁat.

By varying with respect to o we get:

6S, = / dr/—g(—G(®)g" 9,06(0,0) — %50)

= / diz [8u(\/—_gG(<I))gW6,,J) — %] So

- / Ay =g [G(@)V,ﬁ“a n %((I;I))g“'/(%@aya - W] 5®.
ag

As above, we take the metric to be of the flat FRW type,

(3.21)

ds? = —dt* + a*(t)dz*
where now the time variable and scale factor are related to the Jordan frame quantities by
dt = A(®)dtyF, a=A(P)asp,

and assume, that both the scalar fields depend only on time. In this case, the equations of
motion take the following form:

1dG(®) ., OV(,0)

¢+ 3HP = 5 9 ¢ " T 5% +Q(P)T, (3.22)
. .1 dG(®) .. 0V(®,0)
0d+3Ho = G@) <— 70 b5 — 9 > . (3.23)

Assuming a perfect fluid background, we specify the trace of the energy-momentum tensor to

T = —pfiuid + 3P fluid-

This is related to the corresponding Jordan frame quantity by: T = A*(®)Tx.
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As a consequence of the coupling between ® and matter, the matter continuity equation
is modified. From the zero component of the Bianchi identity,

0= V'Guy = V(T + T™),

we get, after using the equations of motion of the ®-field,

pmat = (_3H + Q(q))q))pmat (324)
The corresponding equation for the radiation component,

prad = _4Hp7"ad, (325)

is unchanged with repect to standard GR, due to the fact that the energy momentum tensor
of a perfect fluid with w = % is traceless.
The Friedmann equations take their usual form in the Einstein frame:

1 1 . .
H2 - g(pmat + Prad + §(®2 + G((I))UQ) + V((I)a U))’ (326)
: 1 4 . 5
H = _§(pmat + gprad + @7 + G((I))U ) (327>

3.4 Beyond - and back to - general relativity

The predicted deviation from GR - due to the time variability of the gravitational coupling
constant, and the existence of a scalar partner to the graviton - has observational conse-
quences, and since we know that GR has so far passed all experimental tests, the possible
deviation is severely constrained.

We start with the modification of Newton’s law. The Newtonian limit of multiscalar-
tensor theory yields the following interaction between two point-like bodies with masses M o
at distance r [36],

rN

int —

G My M-
% 14 Qa0Qf exp(—mar) | A, (3.28)

where the subscript 0 refers to the present value of the respective quantity,

dln A
Qo=

and m, is the mass of scalar field ®,. Specializing to only one scalar field, in the zero mass
limit the effective Newtonian constant is given by:

Geff = GA%(l + Q%)

(Newtonian gravity corresponds to Ag = 1,Qp = 0.) The time variation of this quantity is
constrained [78]:

Gesr

<6 x 1072 yr L
Geyf
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We consider now the parametrized post-Newtonian (PPN) approximation. The post-
Newtonian corrections can be quantified in terms of Eddington’s parameters 3, [46],

2M
grr =1 +’77’

where 2M equals the Schwarzschild radius, and the Schwarzschild solution of Einstein’s equa-
tions corresponds to

f=vy=1
In scalar-tensor theory, the parameters can be expressed as follows [36]:
Q3
y—1=-2 , (3.29)
1+ Q2
1 QF [dQ
—1l=——= . 3.30
1= e (1)) 0

Current constraints on the PPN parameters from solar system tests, e.g. the Cassini space-
craft experiment [12], imply a bound on the coupling:

Q3 <1073, (3.31)

In addition, we have to take into account constraints from big bang nucleosynthesis (BBN).
The introduction of a light scalar field - and a differing value of the gravitational coupling
constant - changes the effective number of degrees of freedom of the relativistic particles (g, ),
and thereby modifies the Friedmann equation,

2 5
H2:gah<1+i&>T{

where we have neglected non-relativistic contributions to the energy density, and re-expressed
Prad in terms of the temperature 7. Taking a conservative estimate (| %‘ < 0.2), one obtains

the bound [78]:
2

osgkﬁ%%ng
Aj
The BBN constraint also applies to the minimally coupled, quintessence case [33]:

QDE(T ~ 1M6V) < 0.2.

Since the BBN bound on the non-minimal coupling is less stringent than the constraints
from solar system tests applying to its present value, a larger deviation from GR is admitted in
the past. This observation leads us to study the dynamical evolution of the coupling function.
For simplicity, we stick to the one field case [9, 35]. Introducing the new variable

N:=In-2 , (3.32)
Qinit
we rewrite the scalar field equation of motion (4 = H-%):
d*® . d® av
H?>—— + (H+3H%)— = -Q(® q— d) — ——.
AN2 + ( +3 )dN Q( )(pfluzd 3pfluzd) d®
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In the next step we substitute H2 and H, using the Friedmann equations:

P fluid + V(P) d*® 1 dd dv
5 uid ui V(P)) —=-Q(P wid — 3P fluid) — — -
< 3— (&2 e T 2(pfl d = Pftuid) + V(®) N Q(®)(py1uid — 3P fiuid) 5

Dividing by pfiuiq, and defining v := P‘;E@')d’ we finally get:
1+v |\ d® 1 d® dlnV
—(1 = wyia +2v)— = —Q(P)(1 — 3w uiq) — . 3.33
(3—(3—%)2> ave g1 = Wi+ ) g = Q)1 = 3wsiia) = v (8:33)

Assuming v and wyiq to be only slowly varying with N, we have obtained the evolution
equation of a scalar, ”particle-like” dynamical variable with velocity dependent mass [35],
in presence of a (quasi-)constant friction parameter and a force term, due to the effective
potential:

‘/;ff = (1 — 3’wflmd) In A((I)) +vin V(CI))

Following [35], we first consider the case of vanishing potential. We have to distinguish
three different possibilities:

1. The effective potential has a minimum, given by a zero of Q(®). We can then study
the behaviour of the scalar field near this minimum in the quadratic approximation,

InA(®) ~ (B — ®pin)?,

if ® is close to ®,nin. We introduce ¢ := & — ®,,,;,, and neglect the velocity dependence of
d¢

the mass term (since it is quadratic in Z3;) to obtain,
¢ 3

aN? + 5 —6(1 = 3w ryia) @,

do
1= Wtnia) oo =
(L= wjmia) 75

which is just the equation of motion of a damped harmonic oscillator with frequency
w? := 6(1 — 3w piq) > 0,

since w fyiq < %, after the first particle species has become non-relativistic. So the field settles
to a finite value, corresponding to a zero of Q(®). But as Q measures the deviation from
GR, this indicates an attractor mechanism towards Einstein gravity. Indeed Damour and
Nordtvedt [35] showed that, whenever the coupling function Q(®) has a zero, an attractor
solution exists, which drives the field to its corresponding value, thereby ensuring the scalar-
tensor theory to become indistinguishable from GR.

2. The effective potential has no minimum, but Q(®) approaches zero, while the field
value runs to infinity. In this case, the theory will approach Einstein gravity asymptotically.
As in case 1 this leaves the possibility, that there has been a significant deviation from GR
during early stages of cosmic history.

3. If neither case 1 nor case 2 is valid (e.g. if @ = const), it is not possible to realize an

attractor mechanism towards GR, and observational and experimental constraints cannot be
alleviated while extrapolating the value of ) backwards.
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We reconsider equation (3.33), now including a non-vanishing potential. Again, g% =
0 is a trivial solution if the RHS vanishes, cf. if the effective potential has a minimum,
characterized by the equation:

v dInV(®)
1-— 3weff dd '

Q(P) =

Obviously this minimum does not necessarily correspond with Q(®) = 0, and since v - and
in principle even w,sy - depends weakly on NV, its position changes. So we can only hope for
an attractor mechanism towards GR, if the zeroes of Q(®) and dh;li\;@) coincide. Otherwise
Q(®) may have a zero, but the field can be driven away from the corresponding value due to
the influence of its potential, and the deviation from GR increases with time.

On the other hand, case 2 is still relevant in general, if the potential is of the runaway
type. Since we already know that runaway potentials characterize viable quintessence models,
this class of theories allows for dynamical DE without conflicting GR precision tests. The
late time attractor can be corresponding to either standard Einstein theory or a de Sitter
solution, depending on the choice of the potential.
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Chapter 4

Scaling Solutions in Scalar-Tensor
Cosmology

Lacking robust observational evidence of a time variation of the dark energy equation of state,
or even a significant deviation from wpgr = —1, the cosmological constant seems to be the
(mildly) favoured DE candidate. A recent Bayesian model selection approach [84] even claims
”substantially” preference of the cosmological constant over dynamical models. Dynamical
DE is therefore faced with the challenge to mimic the behaviour of a constant energy density
during their late time evolution: The corresponding trajectories in the (Q2pg,wpgr)— plane
need to approach the line wpp = —1 as close as possible, well before reaching Qpp =~
0.7...0.75, and within a wide range of initial conditions.

In the quintessence case this challenge is twofold: The scalar field potential has to be
extremely flat, in order to provide a quasi-constant energy density and equation of state, and
to match the ”tracking condition” of [88] to guarantee independence of initial conditions. As
already mentioned in chapter 2, inverse power-law potentials,

Vi~ o™,
are prototypes of the latter class. In the scaling regime of the tracker solution the equation-
of-state parameter is approximately constant and given by:

2
a+2

WDE ~ —

Unfortunately, as was demonstrated in numerical studies done by Bludman, the smaller one
chooses «, the less trajectories join the tracker solution in time: ”Crawling” quintessence
potentials are poor trackers [15]. This implies, that the recent behaviour of the DE equation
of state becomes sensitive to the choice of initial conditions. (The argument will be illustrated
in the next chapter.)

Within the framework of scalar-tensor gravity, the quintessence potential is replaced by
an effective potential, including a time dependent term, which results from the non-minimal
coupling:

Vegs = V(8) ~ 5F@)R

As was argued in [7, 62, 73], the existence of the additional term can lead to an enlargement
of the basin of attraction of the tracker solution, even in the case of small potential slope, due
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to a mechanism called ” R-boost”. During the early stages of the radiation dominated epoch,
the Ricci scalar,

R = 557 (psuia = 3paia = 6 + 4V (6) = 3(0) ~ OH F(¢). (1)
is enhanced stepwise, whenever a new matter species becomes non-relativistic. Photons (and
likewise relativistic particles) do not contribute, since their energy-momentum tensor is trace-
less. Since matter energy density scales as a3, and the scale factor is small in the early
universe, R can be large enough to dominate the scalar field dynamics via the F-dependent
term. The field value grows accelerated, and the kinetic energy density of the scalar field
increases, until the Hubble friction becomes relevant. The R—boost may in principle be effec-
tive enough to wash out any dependence on initial conditions, thereby focusing phase-space
trajectories towards a common evolutionary track and alleviating the problems of ”crawling”
quintessence.

The late time evolution of the field is still governed by the runaway potential, because R
becomes smaller as the universe expands, and the present value of the coupling F(¢) = F) is
strongly constrained by precision tests of GR. Assuming - conservatively - that the coupling
was already weak in the past (consistent with the bounds on Fy), the authors of [73] proposed
the existence of an early time attractor solution characterized by scaling behaviour of the
dark energy density, if the coupling F'(¢) belongs to one of three specific classes.

Their work raises two interesting questions we address in the following sections:

1. Does their claim hold, if one relaxes at least some of the several assumptions the au-
thors made prior to and during their calculations?

2. Can the convergence to the early time scaling attractor solution be identified with
convergence towards Einstein theory?

4.1 Dynamical evolution equations in the Jordan frame

We recollect the relevant evolution equations from the previous chapter, as derived from
action (3.2). We begin with the Friedmann equations,

1 1, : 1
H? = - (pjuuia + 58" + V(9) = 3HE) = Z(pjuuia + 0™, (42)

. 1 o 1
H= _ﬁ(Pﬂuz‘d + Pfia + >+ F — HF) = —§(szm'd +Pfid + g +Pg"),  (4.3)

where the conserved quantities can be expressed as follows:

1. )
P = 567+ V(6) ~ BH(F + H(F ~ 1)), (4.4)
and 1
PP = 5& ~V(¢)+ F+2HF + (F —1)(2H + 3H?). (4.5)
The Klein-Gordon equation of the scalar field takes the following form,
- . av  1dF, .
3Hp = ——— + -—(6H + 12H? 4.6
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where we replaced R = (6H + 12H?), which can be seen to be equivalent to (4.1) by substi-
tuting the Friedmann equations. The continuity equation obeyed by the background fluid,

pfiuid = —3H (pfruid + Pfiuid) = —3H (1 + wia) P fruid,

where w4 smoothly changes from % to zero during the transition from radiation to matter
dominated expansion, can be rewritten as:

dln P fluid dlna
@ _— _3(1 ) 4.
o 3(1 + wiiwia) — (4.7)

Following [73], we are interested in solutions of the scalar field equation of motion, valid
during those stages of cosmic evolution, where the Hubble expansion is dominated by the
background fluid:

o @ 1
H =5 ~ 3Pjuid- (4.8)

Since the background energy density scales as

pfruid ~ a20F0smia) — =M 3 < < 4,

)

according to (4.7), we get

C'LZ

2—m

=const = a~ t%,
a
and finally:
2
H=—t"
m

This expression can be substituted into (4.6), together with an approximation of R. We
rewrite (4.1), using (4.4) and (4.5),

Pmnro
R = pfiid — 3D fiid + pg - — 3pg" ~ ”;’3”" : (4.9)

in contrast to [73], who replaced

. Pfluid L pmnro
R~ T (4.10)
where pnr0 is the present value of the energy density of the components, which are non-
relativistic at the time in which the R-boost occurs. The choice (4.10) reintroduces the
explicit dependence on the coupling function F, which on the other hand has already been
neglected in the calculation of H(t), see (4.8). In agreement with [48] (see their footnote 4),
we regard the two different replacements to be inconsistent. This is potentially dangerous,
especially if one intends to solve for the coupling, as we will see in the next section.
By substituting R according to our approximation (given the explicit time dependence of
the scale factor), the equation of motion takes the following form,

bt —tTlp= b St (4.11)

where we introduced the constant C' to account for both p.,,n-0 and a proportionality factor
in a(t).
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4.2 Classification of coupling functions

Motivated by the work of Liddle and Scherrer [59], the authors of [73] classified possible
choices of the coupling function F(¢), which allow for scaling solutions in the background
dominated stages of cosmic evolution. They assumed that the DE density is dominated - due
to the R-boost - by the kinetic term, and that this term scales as some power of a:

2n

1. _ 2n
P S T N (4.12)

Furthermore they regarded the potential gradient to be negligible in the equation of motion.
Though in the Friedmann equations, the potential energy can be neglected with respect

to the background fluid, see (4.8), we will keep the potential force term in the equation of
motion. Minimally coupled, quintessence models do as well admit solutions with dominating
kinetic energy during early time evolution. Inverse power-law potentials exhibit diverging
slopes if ¢ — 0, so we do not take it for a priori granted that only the R—dependent term is
dav

dynamically relevant. On the other hand, there necessarily is a stage of evolution where rr

and %R contribute to the same order in the RHS of the Klein-Gordon equation.

Since H ~ t~!, while R ~ f%, which approaches t=2 as m — 3, it depends on the
effectiveness of the R—boost, how long the scalar field remains in the scaling regime. Since
we are ultimately interested in attractor solutions, we allow for the scaling behaviour to be
maintained during matter dominance, and the potential force term to catch up with fl—gR,
before the friction term becomes relevant.

Assuming that a scaling solution exists, we can rearrange the equation of motion in order
to solve for the coupling function, since we know the time dependence of the scalar field in
the scaling regime (specified by choice of n):

dF 2

. 6., dV\ o

do
4.2.1 Casen=m

If the kinetic energy density of the scalar field scales exactly like the background fluid, we
obtain from (4.12): .
p=At"1 = ¢=Alnt,

where we have set t; = 1,¢; = 0. (4.13) then takes the following form:

A2y (ciq Sy AV e
iy C n i ")

We plug in t = exp % to get

dFF  2(6—n)A 2(3—n) ¢ 2dV 6 ¢
—_— = — —— —= 4.14
o m CeXp< 1) T TagP\na) (4.14)
which differs from the corresponding equation in [73], where the LHS reads
1dFF  dinF
Fdy  do ’
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because of (4.10), which obviously leads to the wrong result. Equation (4.14) can be integrated
to give

v 2¢>’} (4.15)

2
F(¢)—Fi=5[z4¢+/o dﬁbdﬁ#e P

if n = 3, and else:

F(¢>—Fi:%2§§:gexp<2(3n ) C/ d¢d75,ep<6‘j> (4.16)

If we were interested in a classification of potentials, we could have solved for V(¢) instead.
To make contact with [59], we choose

V =Vyexp <—2%> .

The integrations in (4.15) and (4.16) can be performed to simplify the result:

Fo)-Fi= 5 (4= 5o

if n = 3, and else,

R - R= (S0 e (B0

CB-n) C23- n A
_ ﬁ(AQ(G—n) — V) exp (@%) . (4.17)

Remarkably, we obtain the same functional form of F'(¢), whether we neglect the potential at
all, like [73], or specify it according to the findings of [59]; only the coefficient discriminates
both cases.

We define A := %, set V) = 1 and choose m = 4 for simplicity. The requirement to keep

the coefficient of 9 .
A
F(gb)—E:E(l—ﬁ)e 4?

positive [78], irrespective of F}, translates to A > 1. (4.11) now becomes

. . 1
¢+ ;t_lqﬁ =A [e_w — <1 - §> e_%‘ét_%} )

In this case the effective potential has a time dependent minimum, which disappears in the
limit ¢ — oo. The force due to the R—term opposes the potential gradient, so the field is driven
upward the potential hill, until both terms become equal and the RHS vanishes. Afterwards
the potential takes over, and the field starts to slowly roll away to positive infinity. Since
the net force is decreasing during the early stage of evolution, the Hubble friction term will
become relevant in short time, and the onset of the freezing regime will certainly depend on
the initial field velocity. The kinetic energy dominated scaling solution is therefore a transient
phenomenon and cannot generally alleviate the need for fine tuning. (These arguments do
not only apply to m = 4. Whenever m > 3, which is assumed, the exponent of the coupling
function is negative.)
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4.2.2 Case n#m

From (4.12) we now obtain:

m m—n
tTm .

p=At"m = ¢p=A

m—n
We have set t; = 0 and ¢; = 0. (4.13) then becomes:
dar 2 — nim d

_ (AG n,_nim n V) 6

dp ~ C

™ — | tm.
m do
By substitution of

this takes the form

dF 2 <m—ng>m'"in

C m A

do ~ C

n+m

6—n/m—-—nao\ ™ dV
A < - Z) —i-% ) (4.18)

3

which can be integrated to give:

A6 -n)(m—n)
Fig)—Fi = C  mB—n) ( Am

Qlw

m—n\mon ¢ ,dV 6
-
(4.19)

Again we wish to combine our result with the corresponding one of [59]. Therefore we
specialize to an inverse power law potential,

V=V,
which admits scaling solutions with n % m in the quintessence case, if
2n
a= .
m-—n
We find
6—m—n 6
AG6—n)m—n) (m—n\ mn 286=m 2 (m-—n\mr nly 26
F —_ FZ = — m-n — — m—n
2 C m(3—-n) Am ¢ C\ Am 3— n¢
6—m—n
1 (6 —n)(m—n)A m—mn\ mn  23-n)
= — 2nV m—n 4.20
(3—n)C [ m o Am ¢ ’ (4.20)
which gets simplified significantly if m = 3 :
1 [6=nB=n) . %] .
Flp)-F=—|—F —2n— . 4.21
@)~ Fi= 55 | S aap (1.21)

Again we observe, that we would have obtained the same functional form by ignoring the
potential. If we demand that



since otherwise the corresponding force term would oppose the potential gradient (compare
subsection 3.2.1), and choose F; = 0, we end up with the coupling function of original Brans-
Dicke theory with canonically normalized kinetic term. The case of non-zero F; we cover,
without loss of generality, by setting

1

Fi= 81G L

which corresponds to the "extended quintessence” model of [7]. By inserting the explicit time
dependence of the different quanitities into equation (4.4), we realize furthermore, that this
choice of coupling is singled out by guaranteeing the same scaling behaviour of all additive
components of the conserved energy density. This indicates that our result is consistent, even
in case our assumption of kinetic dominance fails during the evolution of the scalar field.

To conclude, we have learned that a BD or extended quintessence coupling, combined with
an inverse power-law potential, admits a scaling solution during matter dominated epoch. The
scaling regime is maintained, while the the equation of motion changes from being dominated
by the R—boost, to be governed by the potential. From the phenomenological point of view,
this is a promising feature: the later the scalar field exits the scaling regime, the less time
remains until the DE density begins to dominate the universe, reducing the possible scatter
in (Upg, wpr) between different trajectories. It remains to be checked if the scaling solution
is also an attractor solution.

4.3 Attractor property
We rewrite equation (4.11) by specifying
F(¢) = &9 + F, V() = Voo™,

and m = 3:

b+ 27 = —aVye @t 4 Cgpt—2. (4.22)

Following [94], we define new time and field variables,

¢(t(r))

7:=Int, u(r) = ——=5

¢s(t(7))”

where ¢, denotes the exact scaling solution discussed in the previous subsection:

3—n
¢s ~t 3 .
We introduce the notation
, du
u = —,
dr

and use

o= =T (U + ud)),
(5 _ 6727—(¢// _ ¢/) _ 672T(u//¢8 + 2u/¢/s + ugb;l _ U/¢s _ u¢;)7
to obtain from (4.20):

e (0 ps + 20/, + ugl! — ' b — ugl, + 2(u' b5 + ugl) — Céugps) = —aVp(ugs)~ @+,
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Since ¢; is a solution of the original equation of motion, the following identity holds,
e TIT(@L + ¢y — CEy) = —aVog, MY,
which we use to eliminate ¢, from the potential gradient term,
u s + 20 ¢, + ugl — 'y — ugl, + 2(u' b + ug)) — Clugs = u~ V(¢! + ¢, — C&os),

where we have already devided by e27. This expression, devided by ¢, can be further
simplified to get:
¢ 1
WA 22+ = @ ) 9]+ ¢, - Cea.

s

Since

we have
L 3—-n 2

@: 3 a+2’

where the second equality follows, because

2n
o =
3—n
is necessary to obtain a scaling solution.
Finally the equation of motion reads:
4 4 2

" ’ 1) = (¢ (t+D) _ —C€|. 4.23
u' +u <—a+2+ > (u ) (a—|—2)2+a+2 3 (4.23)

In order to perform a stability analysis, we linearize around the scaling solution by substituting
u=1+9:

1" ! 4 _ 4 2 _
& +6 <m+1>_ 5(a+2)[(a+2)2+a+2 Cé] (4.24)

This is a second order, linear ODE with constant coefficients, which is easily solved. The
characteristic equation,

a+6 20 + 4
s, a6, 2atd)

— 2)CeE=0
ST a2’ a+2 (0 +2)C¢ =0,
has two roots,
a+6 (o +6)? 2(a+4)
=———+ — — 2)C
12T o+ 2) \/4(a+2)2 ot (a0,
which both have negative real parts if
2(+4)
—_— - 2)C 0.
o+ 2 (a+2)C¢ >
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This is equivalent to

4(6—n)
(6 —n)(3—n) Vo -
e — 2 —_
e 3 A5 Ly

where we have replaced «(n), and can be recast to

26-m)3-n) Vi
9 n <ZO'

If this condition is fulfilled, the scaling solution is an attractor.

4.4 Einstein frame description

We now turn to the second question we posed at the beginning of this chapter, which is most
conveniently addressed in the Einstein frame version of the theory. According to section 3.3,
the Einstein frame coupling Q(®) - as defined in (3.20) - can be expressed in terms of the

Jordan frame quantity F'(¢) as follows:
3 (dlnF\? L1
2\ do F

where ¢ = ¢(®P). We have found that a Jordan frame coupling function,

_1
1 dFdy 1 dF ’

=G e 20 4o

, (4.25)

F(¢) = Fi+£&¢%,  Fe{0,1},

combined with an inverse power-law potential, admits a scaling attractor solution. Substitut-
ing this into (4.24), we obtain,

—£¢(2)
Q) = 1
o (6§ +1)§¢?(P) + Fi]?

)

which approaches a constant in the limit ¢ — oo, and reduces to

_ ¢
Q__ ma

To obtain the explicit form of the Einstein frame quantities we have to solve for ®(¢) :

in the case F; = 0.

@ _ [§ 1
dp — \ ¢ £¢¥

where we have chosen the positive sign of the square root, because we wish ® to increase with
¢. This can be integrated to give:

@z,/&%llnqb:—%lnqb.
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‘We obtain

A(®) = F~3(6(®)) = %e@’,

and v v
V(®) = 75(0(2) = g3 exp((a+ QD).

From section 3.4 we already know, that a scalar-tensor theory with constant ) does not
admit an attractor mechanism towards Einstein theory. Therefore the coupling function is
tightly constrained by present gravity tests, even in the early universe. In this case the effec-
tiveness of the R—boost is limited. The constant coupling is furthermore responsible for the
different appearence of the potential in the two different frames (which become indistinguish-
able in the limit @ — 0).

In order to construct a dynamical model of scalar-tensor type DE, which includes conver-
gence to GR, we have to give up the existence of an exact scaling solution, but on the other
hand gain the possibility to enhance the effectiveness of the R-boost mechanism by a stronger
coupling in the past.

The issue of attractor solutions in DE models can be addressed more systematically in
the Einstein frame version of the dynamical evolution equations. In the following chapter
we introduce an autonomous system approach with compact phase-space, where attractor
solutions with certain phenomenological properties correspond to stationary points of the
dynamical system of first order ODE.

42



Chapter 5

Evolution of the Dark Energy
Equation of State

Out of various observational efforts to reveal the nature of dark energy, a model independent
reconstruction of the DE equation of state from low redshift data seems to be particularly
promising. We presume that this task can be completed within the next few years, and ask,
to which extent different dynamical models of dark energy might be discriminated in terms
of their small z evolution.

To address this question - and carry on the discussion of scaling and attractor solutions
from the previous chapter - we make use of the autonomous system approach introduced by
Copeland, Liddle and Wands [31], which we intend to generalize to the case of two scalar
fields in the next chapter.

5.1 Dynamical systems terminology
We consider a system of n first order ODE,

&y = fi(x1, .. T0), (5.1)

which is called autonomous, if none of the n functions f; explicitly depends on time. A
solution of the system is given in terms of a trajectory in the phase-space spanned by the
variables z;, i < n:

t — X(t) := (z1(t), ..., 2 (1)),

determined by choice of initial conditions X (¢;nt)-
A point X := (215, ..., Tn,s) is said to be a critical or fized point, if

fi(X) =0 Vi<n,

and an attractor, if every trajectory entering the vicinity of the fixed point satisfies the
following condition:

lim X(t) = X.

t—o0

If several attractors coexist in phase-space, their corresponding basins of attraction are sepa-
rated by common boundaries called separatrices.
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To be able to decide, whether a given fixed point is an attractor or not, one has to evaluate
the Jacobi matrix of the vector function FI(X) := (f1(X),..., fn(X)) at X = X,. Consider
small perturbations around the critical point,

Ty = Tjs + 0L ;

substituting this into (5.1) and linearizing, we obtain a system of first order ODE linear in
the perturbations:

d
E(le = ZJ: Mijéxj, (5.2)
where SE(X
My = fi( )' '
9z |x_x,

The general solution of this system is given by

n

t

5-%'1' = Z Cz‘keﬂk s
k=1

where Cj, are integration constants and py the eigenvalues of the stability matriz M, which
we assume to be distinct for simplicity. Obviously the perturbation will decay if each uj has
negative real part.

The critical points of a dynamical system can be classified in terms of the eigenvalues of
the corresponding stability matrix. An attractor is characterized by the requirement

Relux) <0 Vk < n,

and called stable spiral, if det M is negative, and stable node else. Furthermore, we will use the
terminus saddle point, if and only if M has one eigenvalue with positive real part. Otherwise
we call the fixed point unstable.

5.2 Autonomous system of scalar field DE models

The Einstein frame evolution equations,

. 1 4
H = _i(pmat + gprad + H2)7 (53)
pmat = (_3H + Q(q))H)pmata (54)
prad = _4Hp7"ad, (55)
d=1I, (5.6)
. dv
i1 = 81— % (@)~ Q(®)par (5.7)

where we have introduced II := ®, and Q(®) was defined in (3.20), already represent an
autonomous system. Nonetheless we use a new set of dynamical variables admitting a compact
phase-space.
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Following [31], we rewrite the Friedmann constraint equation as follows,

I1? V(®)
Qnat =1 — Qrag — @ - W7 (58)
and define the dynamical variables
) I 2. V(P

— — 2.
‘= GH2’ Yo = SH2 2% = Qrad-
The corresponding phase space is isomorphic to the three-dimensional unit ball, though phys-
ically relevant is only the quadrant with y > 0 and z > 0.
Furthermore we replace the time variable by (3.32),
ao

=—In(1+2)+1In ,
Qinit Qinit

N=1In

where a;n;+ 18 a reference value, defining the initial conditions of the system, and will be
specified below. We can now rewrite the second Friedmann equation (5.3),

1dH H 3., 4., 9 o o
Sl S O T 1—a? —y?— .
Hay ~ @2~ a0 Tyt tlmaimy =), (5:9)
where we have used (5.8) to eliminate py,q¢. From (5.5) and (5.9) we get:

dz . 1 d\/[)rad z dH

dN ~ /3H dN HdN
3 4
(—4Hpraa) + 5 2 (227 + 22° + (1= 2” —y* = 2%)

1
B 2H? V 3prad

3 4
=—-2z+ 52(21‘2—{—522—{—(1 — 22—yt = 2?). (5.10)

In the next step we address the scalar field equation of motion (5.7),

1 dII 1
Tan = g SHIL AV = Qpar) = 3(—V6z + Ay — Q1 —2? —y* — 2%),

where we have introduced the potential slope parameter:

. 1dv

Vdd'
Combining with (5.9) we obtain:

3 V6

d 1 dIl dH 2
- i —3m(m2—i—§z2—1)—{— <—x— —Q) (1—x2—y2—z2)—|—\/76)\y2.

AN~ V6HIN HdN 2 2
Finally, using % = —%)\\/V , we find the evolution equation for y,
dy O VV_ ydH
dN ~ "2H? /3 HdN’

where we have to plug in (5.9) once more. We end up with the following dynamical system:
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dx 2,2 9 3 V6 2 2 2 V6 2

— = —z¢—1 - — — 1 —2* —y° — —_— A1

TN 3z(x +37 )—|—<2m 2@)( ¢ —y z)+2)\y, (5.11)
= 91 — = - A2
dz z

As long as we regard A and () as constants, the system defines a two parameter family of DE
models. Choosing e.g. A\ = (a + 4)Q, we find the scaling model from the previous chapter.
(Compare section 4.4.) Fixed points of the system correspond to solutions characterized by
constant values of the different density parameters, including

Qpr =2 + 17,
and a constant DE equation-of-state parameter:

WpE = PDE _ 2% — y2
ppe T2+ y?

We recognize that scaling solutions with m = n are eventually represented by fixed points, as
well as any solution corresponding to one fluid component being dominant with €2 f1,,9 = 1.

5.3 Quintessence models

We intend to illustrate the use of the prescribed autonomous system approach by reviewing
some of the quintessence models mentioned in chapter 2 or 4. We classify quintessence
potentials in terms of the slope parameter A. To start with, we take A = const, and set Q =0
in equation (5.11).

5.3.1 Constant \: exponential potential

We consider a quintessence field with potential
V(p) = Vel ?), (5.14)

where ¢g is the present field value and V| the scale of the potential - if not exactly equal
(because of the finite kinetic contribution to pg), though of the same order as pa|.—o (corre-
sponding to a cosmological constant).

The dynamical properties of each model, specified by choice of A, can be represented in
terms of the corresponding set of fixed points,

XS == (x87y87 28)7

which we obtain by setting the RHS of the system (5.11) - (5.13) equal to zero, and solving
the resulting system of non-linear algebraic equations:
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fixed point | existence stability OpE Weff
A VA saddle point 0 0
B, B VA unstable 1 1
C VA unstable 0 %
E A>2 saddle point % %
F A>3 stable /\—32 0
G A< V6 stable: A\ < /3 1 —1—|—>‘—;

Table 5.1: Fixed point properties of the dynamical system (5.11)-(5.13) with @ = 0.

A: (0,0,0),
Bl,B2: (:I:]-aoa O)a

C: (0,0,1),
(i)

(A point D does only exist if @ # 0, see the subceding section.) In table 5.1 we display
properties of the critical points we have found. The existence condition can be expressed as
follows,

24242 <,
with x, ¥y, z real. The stability analysis has been performed according to the preceding section.
The classification of the critical points given in the table applies of course only provided the
existence condition is fulfilled. If the stability condition is violated in a part of parameter
space, where the fixed point is allowed to exist (e.g. point G in case v/6 > A > /3), it is
understood to be a saddle point.

We discover two different possible scaling regimes: point E, where the scalar field energy
density mimics radiation, and point F', where it acts like dust matter. If existing, F corre-
sponds to the scaling attractor solution of [59]. Fixed points A and C correspond to radiation
and matter dominance repectively, while point G approaches the de Sitter solution in the
limit A — 0.

Accelerated expansion requires
Ptot _ PDE + Drad .2 2 1

z
S — T — y2 + =< -0
Ptot 3H 3 3

Weff =
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which is only possible at G, if A < v/2. The main result of our fixed point classification
happens to be, that there is no way of realizing an epoch of acceleration preceded by a scaling
regime, since stability of G excludes existence of F and F.

In a realistic cosmological set-up, we can distinguish two main types of trajectories, de-
pending on choice of A. Each trajectory will emerge from the vicinity of the critical point C,
corresponding to a radiation dominated universe. If A > 2, we expect a sequence C' — FE — F
of scaling regimes, whereas if A < /2, the typical path C — A — G will lead to an accelerated
universe.

The present situation, (Qpg,wpg) = (0.7,—1), is not represented by a critical point, but
can be realized as a transient stage, by choosing A sufficiently small. Trajectories approaching
the final attractor G closely along the {z = 0}-plane will then generically pass the phase-space
region, which provides agreement with current observational data. But to arrange for this
coincidence to happen right around the present, the initial value of the variable y has to be
precisely adjusted. Fixing y;,;+ corresponds to fixing Vj, the scale of the potential. There
is no independent freedom of choosing an initial field value, which can be seen by rewriting
equation (5.14):

V(p) = Voe)\(¢0—¢) — %e)\(¢0—¢imz)e—>\(¢—¢imz) —. Vo*e—A(¢—¢im'z).

A different choice of ¢;,;; translates to a redefinition of Vi, which thereby can even be adjusted
to unity.

Before we present a numerical example, we have to discuss the issue of initial conditions
((Ninit)s Y(Ninit)s 2(Ninit)). So far we have avoided to fix the normalization of our ”time”
variable V. We have to make sure that the basic assumptions,

1. validity of the classical description of the system (that is, validity of classical physics),

2. validity of decoupled continuity equations of the different fluid components (that is,
negligibility of interactions),

are justified at N;,;. A transition of a fermionic matter species from the relativistic to the
non-relativistic regime - simply due to cooling of the universe - would have to be simulated
by an interaction between the radiation and dust matter fluids, violating the second assump-
tion. To specify initial conditions corresponding to the Planck era within a purely classical
approach would be obviously not reasonable. On the other hand, the epoch of big bang nucle-
osynthesis (BBN) provides constraints on the allowed range of initial conditions (see section
3.4); as we know from the mass estimates of lightest SUSY particles (LSP) representing dark
matter candidates, SUSY dark matter would have been already sufficiently cold at BBN to be
described as dust matter. (We ignore the baryonic and leptonic contributions to the matter
sector.) Therefore we specify a;nit = appn, and set

In(1+ zppN) = 23,

corresponding to an energy scale of O(1MeV) (see e.g. [49]).

In figure 5.1 we plotted the low redshift evolution of the DE and effective equation-of-state
parameters in a model specified by choice of A = % We fixed Zinit = Yinit = 1.5 x 10717 to
obtain z? + 3% = 0.72 at N = 23. The numerical results are in agreement with observations
(the transition redshift being slightly too large, compare e.g. [1]), but since the scalar field
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

Figure 5.1: Quintessence model with exponential potential, A = %: small z evolution of weys

(red curve) and wpp (blue curve). The auxiliary line represents the acceleration threshold.
At present we find wpg ~ —0.95, and a transition redshift z|,—o ~ 0.93 (defined by the zero
of the deceleration parameter q.)

is frozen to a fixed value during the larger part of cosmic history - thereby mimicking the
behaviour of a cosmological constant -, the required amount of relative fine tuning in ;. is
of the same order as in the cosmological constant case:

Q
DE.BBN _ o(1).
QA.BBN
As can be seen in the figure, wpp increases slightly with z approaching zero, indicating the
transition from freezing to the slow-roll regime of the attractor G. We can alleviate at least the

relative fine tuning by choosing zinit = yinit. The bounds from BBN physics (2pr ey < 0.1)
allow in principle for zppny up to x =~ 0.3, leading to

QpE,BBN 33
T~ O 10 ,
QA BBN (107

though we have to emphasize that we cannot provide a sound physical motivation of such an
extreme inequilibrium between kinetic and potential energy of the scalar field.

49



In summary, we have to conclude (like many authors before), that a quintessence model
with exponential potential fails to solve the coincidence problem. (For a wide range of initial
conditions, yinir ~ 10710 and larger, a matter dominated epoch does not even exist: The
scalar field evolves so fast, that it starts to be the dominant component right after exiting
the radiation era.)

Hebecker and Wetterich [53] suggested the following generalization of the potential:

V(p) = e NP,
Consider the simple and effective (but certainly not well-motivated) choice of a step function,
A@) =M >V3, ¢ <o
Ap) =X < V2,  ¢>9,

where ¢* has to be fixed to match the transition from the matter era to the DE regime. (So
one only shifts the necessary tuning to a new ”parameter”.) During fluid dominance, point F’
is the relevant attractor, focusing phase-space trajectories and thereby ensuring independence
of initial conditions. Then the step in A initiates the transition to the acceleration epoch,
since now fixed point F' is no longer stable and G determines the evolution instead. Again
we realize - what was already mentioned in chapter 4 -, that a sequence of a scaling attractor
and an accelerated attractor solution is a desirable feature of any DE model which addresses
the coincidence problem. (In [8] a sequence of the desired kind is obtained by considering a
potential given by a sum of two different exponential terms.)

5.3.2 Decreasing \: tracker potentials

In the spirit of the preceding discussion, we introduce the following choice of the potential

slope parameter,

1dV

(o) = Ve ag !,

which can be seen to correspond to inverse power-law potentials V ~ ¢~%. We cover this
situation within our autonomous system approach by including A as a fourth dynamical
variable. Its evolution is governed by the following equation:

dA
N = —V6A%z(D — 1), (5.15)

where we have defined the constant

VvV d*V

(55)2 48>

(See Steinhardt et al. [88], who introduced I', not necessarily constant, in a more general
set-up. The requirement, I' > 1 and nearly constant, is just the aforementioned ”tracker
condition”, compare section 2.3 and chapter 4.) Though the enlarged system, (5.11) - (5.13)
and (5.15), is still autonomous in our special case, we do not intend to solve for its fixed
points. Instead we adopt the idea of ”instantaneous fixed points” [64] and reconsider the
fixed point set of the previous subsection as slowly varying with N by replacing A — A(V).
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Thus we gain qualitative understanding of the dynamics in terms of the fixed points moving
in phase-space.

We assume an initial field value close to zero, corresponding to large A. In the limit A — oo
the saddle point F approaches fixed point C, while the attractor F' becomes indistinguishable
from point A. A generic trajectory starting near C' with x;,;t = Yinit Will at the very beginning
be influenced by saddle point E. If x,y are initially small, equations (5.11) and (5.12) can be
approximated as follows:

V6

dr x4 9
dy 3 1, 6
N~ 5y(1 + 37 ) — T)my. (5.17)

As long as A is large enough for the second term, on the RHS of each equation, to determine
the sign of j—]f, and j—ﬁ,, x(N) increases at the expense of y(INV). The resulting, transient increase
in wpp can be recognized in figure 5.3. With z(N) and A(IV) decreasing, (V) will soon start
to decrease as well, followed by y(N) beginning to grow.

1.0

0.9 —

0.8 —

0.7 —

0.6 —
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0.3 —

0.2 —

0.1 —

0.0 I I I I
0.0 0.1 0.2 0.3 04 05

Figure 5.2: Quintessence model with V ~ ¢~!: phase-space section (z,y). Evolution of the
trajectory specified by Tinit = Yinit = 1071, Xjngz = 3 x 102, up to the present (N = 23).
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The system will not remain close to point E, but approach the (spiral) attractor regime
of F. Since F moves along the line {x = y,z = 0} towards the phase-space boundary as
A(N) decreases, the trajectory will be bent towards this line, while z(N) rapidly decreases.
As can be seen in figure 5.2, the trajectory does not follow the path of fixed point F with
x(N) = y(N), but approximates a straight line y(N) = ca(N) with ¢ = /5. This corresponds
to the n = 1 scaling regime with

x2—y2_1—c2 2 24 Wfid @

WPE= 2T 142 37 2+a

where the last equality is implied by o = 1 and wyyiq = 0 (dust matter). In phase-space, a
scaling solution with n # m is represented by a straight line instead of a fixed point.

Figure 5.3 shows the evolution of the effective and DE equation-of-state parameters with
N. The sequence of radiation, matter and acceleration epoch is evident. The scaling regime
is already reached during the radiation dominated stage. Figure 5.4 may be compared with
figure 5.1 and the figures in section 2.4. Obviously, to be in good agreement with the obser-
vational trend, o should be smaller than one.

1.0 —

08 j\

0.6 —

0.4 —

0.2 —

0.0

w(N)

Figure 5.3: Quintessence model with V' ~ ¢~1: evolution of wey; (red curve) and wpg (blue
curve), computed along the trajectory specified in the caption of figure 5.2.
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We now turn to the issue of dependence on initial conditions. Since o = 1, the scale of
the potential is fixed through

‘/0 — yiznit
3Hz2mt )\im't ’
so we can independently vary the initial field value by choosing \;,;, while keeping the ratio
to y2,;; fixed. In the example of figures 5.2 to 5.4 we have

QpE,BBN 12
——=— ~ 0(10),
QA,BBN (107

~ . . 33 .
but we can also choose Q2pr ppn =~ 0.1 corresponding to a ratio of 10°°, in contrast to the
exponential case even with X = Yinit-

0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

Figure 5.4: Quintessence model with V' ~ ¢~!: small z evolution of wefs (red curve) and
wpg (blue curve), computed along the trajectory specified in the caption of figure 5.2. At
present (Qpp|n=23 = 0.72) we find wpr ~ —0.77, and a transition redshift z|,—o ~ 0.75.

The evolution of the equations of state along a trajectory representative for this case is
plotted in figures 5.5 and 5.6, which differ significantly from the corresponding plots in figure
5.3 and 5.4. Now the scalar field equation of state is stiff during radiation epoch and exhibits a
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fast transition towards wpg = —1 after onset of matter dominance. The scalar field remains
frozen afterwards, and the trajectory joins the tracker only recently, without reaching the
scaling regime before. As can be read from figure 5.6, the present value of wpg differs from
the tracker case (figure 5.4) as well as the predicted transition redshift. Most importantly, if
0<2z<1.7 we find

dwpg
>0
dz ’
along the trajectory from figure 5.6, in contrast to
dwpg
<0,
dz
along the tracker.
1.0
0.8
0.6
0.4
0.2
£ o0
2 A
_0.4 p—
_08 p—
_10 p—
I I I I I I
0 4 8 12 16 20 2
N

Figure 5.5: Quintessence model with V' ~ ¢~!: evolution of w,ys (red curve) and wpg (blue
curve), computed along the trajectory specified by Zinit = Yinit = 0.2, Ajnit = 1.2 X 1033.

We have to conclude, that the inverse power-law quintessence model under discussion is
not falsifiable by reconstruction of wpg(z) from the data, unless every single trajectory can
be ruled out. (According to [15] the situation becomes worse, if one considers av < 1 to get a
better match with the data. In that case even trajectories are possible, which remain in the
freezing regime until now, so being indistinguishable from a cosmological constant.)
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0.0

w(2)
1

Figure 5.6: Quintessence model with V' ~ ¢~!: small z evolution of w, s (red curve) and wpg
(blue curve), computed along the trajectory specified in the caption of figure 5.5. At present
(QpE|N=242 = 0.72, different normalization due to change in z;,;) we find wpg ~ —0.83,
and a transition redshift z|,—o ~ 0.95.

There is one possible loop-hole in our argument: the model could be modified by some
kind of selection mechanism, which reduces the range of allowed initial conditions to the basin
of attraction of the scaling tracker solution. This would require a better understanding of the
scalar field evolution in the early universe, prior to big bang nucleosynthesis, and therefore
lies beyond the viability of our classical dynamical systems approach. (See [83] concerning a
possibility of constraining pre-BBN expansion history.)

5.3.3 Increasing A

We now turn to the case of an increasing potential slope parameter, and consider the simplest
possible, namely linear, realization:
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By integration we find the corresponding class of potentials:
c
V() = VoeXP(—§¢2)-

Though we do not know how to motivate this from a more fundamental perspective, we
will proceed and analyze the phenomenological implications of a Gaussian potential. In
section 2.3 we briefly discussed axion fields as quintessence candidates, and we regard the
Gaussian as a pre-oscillatory approximation to the typical axion potential (see figure 5.8).
This approximation has one, mere technical, advantage: We can represent the Gaussian
potential within our autonomous system approach, if we substitute equation (5.15) by

dA
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Figure 5.7: Phase-space section (x,y) of a quintessence model with Gaussian potential, ¢ = %

As in the previous subsection, we wish to gain qualitative understanding of the dynamics
by considering the set of critical points varying with A. Letting ¢;,;: be close to zero, we realize
that the only stable fixed point is G, drawing the trajectories towards the plane {z = 0} and
increasing y. (See figure 5.7.)
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Figure 5.8: Comparison of axionic (V' (z) = 1+cos z, lower, blue curve) and Gaussian potential
(V(x) = Qexp(—l;), upper, red curve).
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Figure 5.9: Evolution of the field value z(N) in a quintessence model with Gaussian potential,
c= %; to be compared with figure 5.8.
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If x,y are also small in the beginning, equations (5.11) and (5.12) can be approximated
as follows,

dx

~Z2
N 2(,2 3), (5.19)
dy 3 1,
—— ~ —y(l+ = 2

showing that x (V) will rapidly decrease while y(N) grows.

With increasing A, the attractor G moves, following the phase-space boundary, towards
the point (z,y) = (%, %), where it becomes a saddle point (at A = v/3), and further towards
the unstable node By. The trajectories, focused near the x—axis before, remain close to point
G and follow its motion, get repelled from the boundary near B and are driven towards point
A. (Compare figure 5.7.) Meanwhile the attractor F' moves along the straight line {z = y}
from the boundary towards point A. Since F is a stable spiral, the trajectories are forced to
wind around its evolving position, as can be seen in the figure.
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q

Figure 5.10: Evolution of wpg(N) (blue curve) and wes¢(NN) (red curve) in quintessence
model with Gaussian potential, ¢ = %

The Gaussian model therefore provides one very appealing property: its late time evolution
is matter dominated, irrespective of initial conditions, and the accelerated stage a transient
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phenomenon. So we avoid the future event horizon characterizing the de Sitter like final state
of other models we discussed before, thereby reproducing another property of the axionic
potential, but without the need of tuning the potential minimum to zero.

We shall give a numerical example. We choose Zini = Yinie = 10717, implying the same
amount of relative fine tuning as in the exponential case. Furthermore we set A;n;; = 0.3,
avoiding to adjust the field value too close to the potential maximum. The evolution of the
field value is shown in figure 5.9. At present (N = 23) we have ¢ ~ 0.72, indicating that the
Gaussian can still be regarded as an excellent approximation of an axion potential.

In figure 5.10 we plotted the evolution of the DE and effective equation-of-state param-
eters. The field enters the freezing regime dominated by the Hubble friction very soon, and
wpp remains practically constant up to the present (wpg(z = 0) =~ —0.98) while the field
value ”sits and waits”. Thus the model is barely distinguishable from a cosmological constant.
This property turns out to be quite robust against a change in the initial field value. (We nu-
merically checked values up to ¢;,; = 0.6. In this case wpg has already increased significantly
up to the present, leading to wpg(0) &~ —0.8. If we choose higher values of ¢;,;, the system
fails to reach Qpgr = 0.7 at all. We further checked numerically, that the phenomenologically
relevant ”sit and wait” behaviour is not sensitive to the parameter ¢, as long as ¢ < 4.)

The most remarkable feature of the model is provided by its future evolution: the accel-
erated expansion ceases due to the transition to a stiff equation of state. (In our numerical
example, acceleration occurs between N =~ 22.4 and N = 26.7, but this period becomes
shorter with increasing ¢;n;.) Soon after, Qpp starts to decrease and both the DE and ef-
fective equation of state enter an oscillatory period. The final state of the universe is matter
dominated with wefr = wprg = Qpg = 0. (The same qualitative behaviour we expect from
an axionic potential with V(¢mn) = 0.)

Before summarizing the implications of this section, we have to emphasize that we consider
the properties of the examples we presented so far (apart from the Gaussian potential) to
be quite well known. Nevertheless it was necessary to go into so much detail, since we
are ultimately interested in a comparison with scalar-tensor DE models, in particular with
respect to the small redshift evolution of the equation of state. Though it might be a bit
premature, given the observational situation, we will comment on the limitations of the simple
quintessence models we discussed so far.

Dynamical models of dark energy were proposed to get around the huge amount of fine
tuning (relative to the Planck scale) required in setting the cosmological constant to the tiny
value that accounts for the observed acceleration. We have learned that exponential and
Gaussian quintessence require just the same amount of fine tuning of the potential scale (or
a precise fixing of the initial field value in the first case), and our "naturalness” criterion (see
[53] for comparison), the ratio

QpE,BBN
Qa BN

in both cases turns out to be of order one. In order to ”solve” the coincidence problem, a
dynamical DE model derived from a more fundamental theory has to make a precise prediction
of the potential scale. Our present situation remains special, in the sense that, instead of being
represented by an attractor solution itself, it corresponds to a transition from or towards an
attractor regime. (But see [4], where "the present universe as a global attractor” is realized
by introducing a dark matter - DE coupling which increases with time.)
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Furthermore we have learned, that an inverse power-law potential allows for a value of
Qpe,BBN as large as given by the BBN bound, corresponding to

QpE,BBN

~ 0(10%),
QA BBN (107

but only at the expense of predictiveness - due to its sensitivity to ¢,mt (especially if we
demand to come close to wpr = —1 at present).

Apart from its energy scale, a quintessence model is characterized by a second parameter
(A, or ¢) corresponding to the potential slope. We have seen that the allowed range of the
parameter is already tightly constrained by observations - and these bounds will tighten the
more, the closer the DE equation of state comes to wpg = —1 around the present. Further-
more, it will become extremely difficult to discriminate different models by reconstruction of
wpg(z) alone.

The next section is devoted to the question, whether DE models based on scalar-tensor
theories exhibit more attractive features from the perspective of model building.

5.4 Coupled quintessence models

We turn to the case of non-zero coupling ). Motivated by our findings from chapter 4, we
first consider the exponential potential - now combined with a negative constant Q).

5.4.1 Constant coupling

We redefine the coupling to be positive, @ := |@|, and analyze the two-parameter family of
models in terms of the critical points of the corresponding autonomous system (equations

(5.11) - (5.13)):
A: (\/%Q,0,0) ,

BI,B2 : (:I:]-aoao)a

C: (0,0,1),
(e
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fixed point existence stability QpE Weff
A 0< \/§ stable: Q < 1 22 22
A > 55 +Q
By V(A Q) saddle point: 1 1
A>V6AQ> \/§
By unstable
C V(A Q) unstable 0 é
D Q> % stable: A > 4Q ﬁ %
FE A>2 stable: % %
A#£4Q A <4Q
3 Q+VQ%*+12 . 3-Q(\—Q
F 0t Q>X\> \/f stable: (/\EQ)Q ) /\?Q
ANQ < \/§ A> 40
G A< V6 stable: A < v/3 1 -1+ X

Table 5.2: Fixed point properties of the dynamical system (5.11)-(5.13)

Properties of the critical points are displayed in table 5.2.

The new features, with respect to the quintessence case, are the modification of fixed point
A, and the appearance of a new critical point D. These points have exactly the properties
we sought for in chapter 4: They correspond to radiation (D) and matter dominated (A)
stages of evolution respectively (depending on the value of @), and they both exhibit a stiff
equation of state: wpg = 1. Since they coincide if Q = %, and @ < % is necessary to gain
Wepf < é at A, it is not possible to realize a ACDM type sequence D — A — G of radiation,
dust matter and DE dominated expansion respectively. But due to the R—boost mechanism
mentioned in the previous chapter, either a radiation dominated saddle point D (if @ = 1), or
a matter dominated saddle point A (if @ < %), can be followed by the acceleration regime
of G.

Let us resume our discussion from section 4.4 and consider the special case A = (4 + )@
with @ > 0 (o = 0 corresponds to BD theory with cosmological constant). Applying the
observational bound (3.31), we realize that the existence condition of fixed point D cannot be
satisfied at all, while the existence conditions of points E and F require very large (O(103)
and O(10?) respectively) values of a. The resulting subset of models is determined by the
coexistence of saddle point A (corresponding to the matter dominated scaling regime we
identified in chapter 4) and a late time attractor G. Accelerated expansion in this case

requires
2

2
@ < 4+ «a)?’

and if we set Q = 10%, we get an attractor value of

(4+a)*

= :—1
Weff = WDE + 3000
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Before we can discuss a numerical example and compare to the quintessence case, we
have to observe that - in the Einstein frame description of a scalar-tensor theory - the units
of time and space have become field dependent, due to the conformal transformation of the
metric. Our dynamical variables are dimensionless, and therefore not affected. But our ”time”
variable N is related to the corresponding Jordan frame quantity by (see (3.32)):

a A(®)ayr A(P)

= 1In _.
A(Pinit)

In
aBBN A(®init)aBBN,IF

:NJF—i—ln

If we wish to compare evolution plots of the equation-of-state parameters with those
from the preceding subsection, we have to rescale the N—axis to Njr. In the case under
consideration we have

Njr = Ngr + Q(® — ®jpit).

1.0

w(N)

-1.0 | | | | | |

Figure 5.11: Evolution of wpg(/N) (blue curve) and wesr(NN) (red curve) in a constantly
coupled quintessence model with exponential potential, Q) = A = 5 (Initial conditions: see
text).

L 1
10° 2

The evolution of wefr, as exhibited by the numerical example of figure 5.11, shows the
regime of saddle point A taking over around Njr = 14, though - due to the smallness of
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Q@ - the effect is barely visible in the plot. We have ChOSGIll Q = 1—10, corresponding to the

scaling model of section 4.4, with o = 1 and therefore A = 5 (as in the model of figure 5.1).
This is about three times the value of the Cassini bound, but still inside the allowed range
at BBN (see section 3.4), and small enough not to spoil LSS formation. We may justify
our choice by reminding, that the Cassini measurements constrain the coupling between DE
and baryonic matter, but not DE and dark matter. (But see [11].) The field dependence
of N turns out to be negligible: Given the smallness of @), Jordan and Einstein frame are

practically indistinguishable.

0.0

Figure 5.12: Small z evolution of wpgr(N) (blue curve) and wes¢(N) (red curve) in the
constantly coupled quintessence model with exponential potential, Q) = %, A= % At present
(Qpr = 0.72) we have wpp ~ —0.93; the transition redshift is at z ~ 0.84.

The trajectory has been specified by fixing y;nis = 1.5 x 10717 to obtain the proper present
value of Qpg (exactly as in the quintessence case), but x,; = 1.5 X 1075, leading to

QpE,BBN 29
—77 " = O(10%7).
QA,BBN (107

Since the R—boost mechanism will have been active already prior to BBN, it is natural to
assume initial conditions exhibiting dominant kinetic energy. The specific value we chose is
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singled out by the observation, that larger values lead to a decrease in (V) in the beginning,
which indicates that the effect of the R—boost would have been overestimated in that case.

The major difference between the coupled and the corresponding uncoupled quintessence
model is the fast transition from a stiff equation of state, exhibited by the former, in re-
cent cosmic history. While the uncoupled quintessence field reaches the freezing regime very
soon, the (Einstein frame equivalent of) BD field shows only a very short period of friction
dominance, after the equation-of-state parameter has dropped from wpg = 1 to a value near
—1, and soon afterwards approaches the attractor. As can be seen in figure 5.12, this be-
haviour (which we have checked to be quite robust against changes in ;) contrasts to the
quintessence case shown in figure 5.1. A significantly larger coupling @ between DE and dark
matter would shift the transition further towards the present, so that wpg drops from one
directly to its attractor value within the observable range of small z. Assuming that the
capability of reconstructing wpp(z) will steadily improve during the next few years, it may
well become possible to constrain the coupling strength within this type of models.

On the other hand, choosing @) to be in agreement with the Cassini bound shifts the
transition in wpp towards larger redshift, rendering the small z evolution practically indis-
tinguishable from the quintessence case shown in figure 5.1. Not surprisingly, the performance
of the model depends crucially on the coupling strength, which determines the effectiveness
of the R—boost. While larger couplings lead to larger values of

QpE.BBN
QA.BBN

for a reasonable choice of initial conditions, but may get into conflict with observations, the
smaller the coupling, the smaller the deviation from the pure quintessence model and therefore
the improvement in the relative fine tuning of Qpg BpN.

5.4.2 Inverse power-law potential and exponentially decaying coupling

We will now discuss a model proposed by Bartolo and Pietroni [9], which has - to our knowl-
edge - not yet been explored within the autonomous system approach, nor tested concerning
the possibility of the late time equation of state mimicking a cosmological constant. Though
not providing exact scaling solutions, the model shares the attractive feature of convergence
towards Einstein theory of gravity. (Compare sections 3.4 and 4.4.)

We stick to our redefinition of the coupling @) to be positive. Since we wish to compare
the model,

V(®) =Vpd ™, QD) := —

with the corresponding quintessence case (subsection 5.3.2), we set « =1, B =1 and § = 13.
The constraint [9]
QBN — Qo < 0.084 = 1.04,

combined with the Cassini bound on @, translates to the initial field value:
D > —0.07.

This constraint is automatically observed, since the inverse-power law potential restricts us
to
D;pnir > 0.
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We have to enlarge the autonomous system (5.11) - (5.13) and (5.15), specified to I' = 2,
by a fifth equation, governing the evolution of the coupling function:
dQ

N —V63Quz, (5.21)

with 8 = 13. Before presenting numerical results, we follow the example of subsection 5.3.2
and try to obtain some qualitative understanding of the dynamics, in terms of the evolution of
the critical points with A\(N) and Q(N). Since we naturally have it > Qinit = 1, point D is
initially a stable attractor, leading to an increase in x(N'), while z(N) rapidly decays. (Again
we take initial conditions close to the position of fixed point C' to be the only reasonable
choice.) This is how the R—boost manifests itself within the autonomous system description.
Since the increase in x(N) triggers the decay of @ (see (5.21)), D will soon - depending on
choice of z;,; - change to be a saddle point, allowing for growth of y(N). The late time
attractor G will be approached either via the vicinity of fixed point A or F', and we expect
the differences to the quintessence model to vanish in the limit () — 0.

1.0

0.8

0.6 —

0.4 —

0.2 —

0.0

w(N)

Figure 5.13: Evolution of wpg(NN) (blue curve) and wes¢(N) (red curve) in a scalar-tensor
model with potential ~ ®~! and exponentially decaying coupling (initial conditions: z;,;; =
1.5 X 1075, yinie = 1.5 x 10715, @, = (6 x 10%)71).

In our numerical example (figures 5.13 and 5.14), we arranged the initial conditions to
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realize a trajectory exhibiting increase in the kinetic and potential energy from the beginning,
leading to
Linit _ 10,
Yinit
and
QpE,BBN ~ 0(10%),
QA,BBN
The energy scale of the potential - as required to match the present DE density - is roughly
the same as in the quintessence case. The evolution of the DE and effective equations of
state during radiation epoch, as shown in figure 5.13, is very similar to our results concerning
a constantly coupled model with exponential potential (see figure 5.11), while the late time
evolution resembles the behaviour of the inverse-power law quintessence trajectory displayed

in figure 5.5, which fits our expectations.

0.0

Figure 5.14: Small z evolution of wpg (blue curve) and wess (red curve) in the scalar-
tensor model with potential ~ ®~! and exponentially decaying coupling (initial conditions:
see above). At present (2pp = 0.72) we have wpp ~ —0.78; the transition redshift is at
z =~ (.88.

Somewhat surprisingly, though the coupled model does not admit a scaling tracker solution
like the uncoupled one, the qualitative behaviour of the small z evolution turns out to be less
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sensitive to change of initial conditions. (We checked initial conditions up to 10° times the
values specifying the trajectory we explored in the figures, and found only slight variations in
wpg(0) and the transition redshift. Only the transition between wpgr = 1 and the transient
freezing regime occurs at significantly different ”times”, but well outside the observationally
accessible range of z.) While the significant variation of wpg in the small z regime was rather
special in the case of figure 5.5, it is a characteristic feature of the coupled model. If the
observational trend towards d“&% =0 for z < 1 becomes confirmed in the future, this model
could be easily ruled out. On the other hand, changing the potential parameter o towards
smaller values is not as dangerous as in the quintessence case, since (in-)dependence on intitial
conditions is now determined by the coupling strength around BBN, and not by the tracker
property of the potential.

In summary, we finally have found an example that exhibits some of the attractive fea-
tures, which motivated our analyses in this and the previous chapter: The model converges
towards GR, thereby admits a stronger coupling at BBN, as well as a - transiently existing
- attractor solution in the radiation epoch, represented by the critical point D. Existence of
this fixed point is a genuine property of scalar-tensor theories, and incorporates the R—boost
mechanism which was proposed to wash out the dependence on initial conditions, as exhibited
by quintessence models with shallow slope.

Concluding this chapter, we have to admit that our results are preliminary, in the sense
that the efforts to reconstruct the DE equation of state from small redshift data have not yet
reached a state of precision and definiteness, which would enable us to discriminate between
different models. While the cosmological constant will be clearly ruled out, if the slightest
evolution is detected, it remains unclear if any of our model examples could be falsified
by this observational tool alone, especially since most of the models principally allow to
approximate a cosmological constant gradually by parameter tuning. While we have seen
that quintessence models thereby become less attractive, since the parameter tuning also
reintroduces dependence on initial conditions, we have rediscovered a scalar-tensor model
which is capable to maintain a robust insensitivity to change of initial conditions, due to the
R—boost mechanism. The specific example we analyzed exhibits a significant small z evolution
of the equation-of-state parameter, and is clearly distinguishable from a cosmological constant.

If future equation-of-state reconstructions, based on larger, quality improved data sets
still tend to favour the cosmological constant, attempts of model falsification will rely on
alternatives, either concerning perturbation growth (to be detected in weak lensing surveys,
see e.g. [52]), or variation of .y, [61] and gravitational constant in case of quintessence and
scalar-tensor models respectively.

The issue of dependence on initial conditions certainly needs to be addressed more sys-
tematically, by analyzing large sets of initial values, in order to achieve statistically significant
results and discriminate parameter dependencies from variations with change of initial con-
ditions.
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Chapter 6

Dark Energy from Biscalar-Tensor
Theories

We begin by recollecting the dynamical evolution equations we derived in chapter 3 from the
Einstein frame action:

S = /d4x\/—g (%R - %g“"(@ufba,,@ + G(®)0,00,0) — V(<I>,U)> + Smat ¥, A72g"]. (6.1)

The scalar fields obey the following equations of motion,

1dG(®) , 9V(2,0)

b43Hb =5 s S+ Q®)pmar, (6.2)
} .1/ dG(®) .. OV(®,0)
G+ 3Ho = G@) ( <0 %oy 5o , (6.3)

with Q(®) defined in (3.20). The Friedmann equations take the following form:

1 1.
H? = 2 (pmat + prad + 5(8° + G(2)6%) +V(2,0)), (64)
and 1 4
H - _§(pmat + gprad + (i)2 + G((I))Uz) (65)

The background fluid obeys the modified continuity equation:

Pfiuwid = (—3(1 + wfia) H + (1 = 3w f14iq0) Q(P) @) p f1uid, (6.6)
with w4 € [0, %], the limit values corresponding to pure (dark) matter and pure radiation
respectively.

6.1 Two-field models of dark energy

In chapter 2 we gave some examples of theoretical approches to understand dark energy, which
naturally involve two real scalar degrees of freedom, e.g. complex structure moduli or Kéhler
moduli accompanied by axions. Two-field quintessence models, if based on one originally
complex scalar field, feature a non-canonical kinetic term just of the kind we introduced in
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the biscalar-tensor action above [16, 70]. On the other hand, this non-canonical term can also
be viewed as generated by the conformal transformation. Choosing G(¢) = 1 in the Jordan
frame theory (3.9) would still lead to a factor

G(®) = A%(D),

multiplying the kinetic term of the o-field. (See section 3.3.)

Within the chosen general framework of biscalar-tensor theories, we can realize three dif-
ferent types of models, which can be interpreted as toy versions of more specific fundamental
theories:

1. Both fields run away to infinity and are dynamically relevant as dark energy candidates.

2. One field becomes massive / stabilized at a finite value during cosmic history, the
second one enters a period of slow-roll evolution, governed by a flat runaway potential. In
this case we get an effective one-field model, with initial conditions dynamically generated by
an early period of interaction between the two scalars.

3. Both fields acquire a (small) mass. If the potential is sufficiently flat around its min-
imum, we can as well get viable dark energy models from this class, assuming that at least
one field is still (slowly) rolling, or even frozen to a constant value.

In the following sections, we will discuss examples specified by distinct choices of the
functions A(®), G(®), and V(®,0), and their phenomenological implications. To be able
to compare with the results of the previous chapter, we generalize the autonomous system
approach we already used in the single field case. We start by deriving the general set of
dynamical evolution equations, corresponding to the family of models specified by choosing
A(®),G(®), and V(®,0) to have exponential form. As in the one-field case, a specific model
is defined by a set of constant parameters.

The dynamical variables are:

z? = —(i)Q T2 = —(}2
L' 6HY 27 6H?

2. _ Vl((bva) 2. _ VQ((bva)
Y1 3H2 ) Yt 3H2 )
2._ Py
Z7 —3H2

We have split the potential into a sum of two terms, to include the possibility of
V(®,0) = Vo1 exp(Ma®) + Vg exp(Aae0).
In addition we have to introduce the auxiliary variable
G=G®)=e?,

where the second equality applies only to the special case we are momentarily interested in.
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In complete analogy to the one-field case, we use the Friedmann constraint equation to

eliminate pq¢, rewrite the second one,
1dH 3
HdIN 2
where we again used N defined in (3.32), and get the following system:

dacl 2 3 3

4
(1 -0} = Gaf — 3 — 1 — )+ 522 4+ 2(e + Ga}),

2

— Y _22)

3
+ \/;(—nyg + Moyt + Aaay3), (6.7)
dx 2 1
I = 32(at + Grd + 227 — 1t S (1 —ai = Gad — oy} — 43 — %)) + Voraia
31 9 9
+ 550\10% + A20¥2), (6.8)
dyy 3 3 1
N = —\/;(Mcbywm + AMoy1x2) + §y1(1 +al+ Gy —yf — s + §22)7 (6.9)
dy2 3 3 1
N = —\/;()\2<I>y2551 + A2oy22) + 5@/2(1 + i+ Gas —yi —y5 + 322% (6.10)
dz z
aN - 5(22—1+3(33%+G9C%—Z/%—Z/§))7 (6.11)
dG
= —V67Gx1. (6.12)
We have defined the following quantities, which are constant by assumption:
_ 4G
T e
1 9V; 1 9V,
ANid = ———, Mg 1= ——— €1, 2}.
P Vz o’ 1 Vz 9o ¢ 6{ }

6.2 Dark energy in dilaton-axion-cosmology

Sonner and Townsend [86] discussed a model consisting of an axion and a dilaton coupled to

gravity, described by the (Einstein frame) Lagrangian

1 .
L=+—g [5(1% — 27?57 — Ae’\q’] ,

(6.13)

which, according to [13], can be ”partially motivated from string theory”. We do not intend to
verify this claim, but to give an alternative motivation. Consider the Jordan frame Lagrangian

L=+—g E(&R —¢* — %) - Aw] ,

corresponding to Brans-Dicke theory with an additional massless scalar, exhibiting the char-
acteristic shift symmetry of an axion. (Non-gravitational couplings are neglected.) The case

70



«a = 0 replaces the inverse-power law potential by a cosmological constant and can be included.
The conformally equivalent Einstein frame theory is then just (6.13) with
2 a+4
v =—, A= ———.
V7 V7
(See section 4.4 for comparison.)

Sonner and Townsend performed a dynamical system analysis on their model, ignoring
the matter and radiation content of the universe, and found "recurrent acceleration” within
a significant part of the (v, \)—parameter space. We are interested in the viability of the
model as a DE candidate, and therefore have to take into account the matter and radiation
components of the total energy density. The Lagrangian (6.13) coincides with a subset of
the class of theories described in the previous section, specified by setting y2 = 0 and the
following choice of parameters:

AMp = A > 0, Mo = A2p = Aoe = 0.

As before we redefine Q = |Q] to be positive. Following [86], we allow for « to take positive
and negative values.

If we define the dynamical variable corresponding to the axion kinetic energy - different
from the general case - as follows,

e %52 Go?

Y27 T6H T GH?

we can eventually eliminate G completely from the dynamical system. (This is only possible
since the axilon has no potential; otherwise the variable yo would still appear multiplied by
a factor G2 in the transformed version of (6.8), which corresponds to the axion equation
of motion.) The most important advantage of this choice of variables is that it keeps the
phase-space compact: |23| < 1.

Due to our choice of parameters, and the redefinition of x5, the equations (6.7) - (6.9) and
(6.11) now take the following form:

dacl

2 3 3 3
N = 3x1(m%+x%+§z2—1)+ <§x1 + \/2@) (l—m%—x%—yQ—ZQ)—i—\/;(—fyx%—i—)\yQ), (6.14)

d.%'z 2 1 Y
N = 3wo(2? + 25 + 522 -1+ 5(1 —a?—a3 -yt -2+ \/65.%'1%'2, (6.15)
dy 3 3 1
= —\/;)\yxl +§y1(1+x§+x§ -y’ + §z2), (6.16)
dz =z

We end up with a three parameter family of models, each characterized by a set of fixed
points in four-dimensional compact phase-space. Taking only the solutions with (y > 0,z >
0), we find the following fixed points X = (215, Z2,5, Ys, Zs):
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2
<\/;Q,0,0,0> )

B1,By:  (£1,0,0,0),

C: (0,0,0,1),
ST —
\/EQ, ) b 2@2 b
2v2 0.2 -4
\/g)\’ 7\/3)\, )\2 )

' %QQ A +3
F' )\ Q? 7\/ 70 )

A a2
G (2= 04/1-20),
<\/6 6)

2 _3
H,, Hy : QU+@) =3 o)
7+Q 2(7 + Q)2

i,y (Jﬁﬂi 7+A_6‘/ )
T+A (v +A)? v+ A
We display properties of the critical points in table 6.1.
The subset of fixed points we get by setting y = 0 is identical to the set of fixed points
characterizing single field models with exponential potential and constant coupling (), which
we have already extensively discussed in section 5.4. As can be read from the original equation

of motion of the axion field, & = 0 is a trivial solution (and our fixed point analysis shows,
that this is indeed a stable configuration in a wide range of parameter space):

+ (3H — y®)5 = 0.

Whence the axion has settled to a constant value, it decouples, while the dilaton alone re-
mains dynamically relevant. The term proportional to 'y<i> modifies the Hubble friction term
(depending on sgn(®)), and can in principle even change its sign if v > 0. In a realistic
DE model, we can assume the dilaton kinetic energy to be subdominant with respect to the
background fluid during early stages of cosmic history; in the original model of Sonner and
Townsend the both terms multiplying ¢ are naturally of the same order, since then

3HE:¢2@2+G@Wﬂ)+NKQU)

72



f.p. existence stability OpE Weff
A Q< \/g stable: 20Q? 2Q?
Q* < min{3, 3 —1Q,2Q — 3}
By Vv, \ Q) saddle point: 1 1
A>V6 A Q> \/g A y<0
By unstable
C (v, A, Q) unstable 0 %
D Q> stable: A > 4Q > 2y 57 3
E A>2 stable: 2y < A < 4Q % %
A #£4Q
2112 2_
F % +Q>A\> Q*‘\/# stable: @ < % 3?3,”622)\ pyrg)
AQ <3 A > maz{4Q,2Q + 7}
G A< V6 stable: 1 -1+ )‘;
A2 < min{4,3 + QN6 —y\}
Hio ~v > max{0, % -Q} stable: A > v+ 2Q 'H% w%
Ay >20Q
Jio | A> w Ay>0 stable: 1 i%
A#F 7 +2Q A < min{2v,v+2Q}

Table 6.1: Properties of the fixed points of dynamical system (6.14)-(6.17)

But if v is sufficiently large, it is possible, even in our version of the model, that ~® becomes
larger than 3H, thereby causing ¢ to diverge. The axion kinetic term e 7?2 can still remain
finite, due to the exponentially decreasing dilatonic factor. We identify this situation with
the regime of the two pairs of fixed points Hj 2 and Ji 2 (the subspace {y = 0} defines the
separatrix in the stability case), which take the role of points A and G in case of large . The
existence of these points is a genuine property of the two-field model.

The fixed points H 2 and A, F' respectively cannot be simultaneously stable: The stability
condition v < % — @ of point A forbids the existence of Hj . On the other hand, stability
of Hj o requires

3
A 20 >
>+ Q_2Q+Q,

in conflict with the existence condition of F'. Furthermore, stability of G requires A(A+~) < 6,
and this condition is not compatible with existence of Jj ».
By choosing
—y+ Vv +24 3
2 20Q
we can realize a model with late time (possibly de Sitter like) attractors Ji, Jo, preceded by

the scaling regime of saddle points H1, Hy, corresponding to a sequence of matter and DE
dominated epochs as in ACDM cosmology.

Q}?

<A <min{2y,y +2Q}, v > maz{2Q,
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The autonomous system can be reduced to obtain the original Sonner-Townsend model,
which enables us to discuss the issue of recurrent acceleration. Setting

ZZO? (]‘_x%_m%_yQ_ZQ):O?

and eliminating y?> = 1 — 22 — 22, we end up with a two-dimensional system with com-

pact phase-space like in [86], but spanned by different dynamical variables. Within the full
four-dimensional phase-space, trajectories corresponding to the Sonner-Townsend model are
confined to the two-dimensional subset of phase-space boundary defined by

3+ 23 +y? =Qpp = 1.

To realize recurrent acceleration, the late time attractor has to be a stable spiral with
Wy not too far from —%. In this case, the trajectories winding around the fixed point can
cross both regions corresponding to accelerated and decelerated expansion. This condition
cannot be fulfilled if G is the late time attractor, since G is a stable node whenever stable.
(The Jacobi matrix at G has four real eigenvalues V(v,\,@).) It remains possible that the
effective equation-of-state parameter drops below — %, before approaching its attractor value,
along certain specific trajectories, corresponding to a short period of transient acceleration.

Points Ji, J2, on the other hand, have two complex eigenvalues if

27

T A= (P N+ 2% <0,

and (like G) their position is at the boundary of the compact phase-space, corresponding to
Qpge = 1. Since in a realistic cosmological set-up, 2pg is monotonically increasing with N
(with time) during recent cosmic evolution, and y > % necessary for accelerated expansion,
the generic trajectory will reach the boundary soon after passing the phase-space region once,

where
1

3
and acceleration is possible. To give an illustrative example, we fix our parameters to
(Q,7,A) = (0,4,2). In this case Ji o are stable spirals with wers = —%. Figure 6.1 shows
the phase-portrait of the Sonner-Townsend model, while figure 6.2 displays the corresponding
phase-space section of our realistic version. We plotted only one trajectory in each case, which
exhibits the characteristic features.

We discuss figure 6.1 first. Accelerated expansion occurs in the phase-plane region with
23+ 23 < %

2 2 2
weff%ml—i—@—y < —

(1) The trajectory starts near the repeller By : (z1,22) = (1,0), and follows the boundary
of the phase-plane until it reaches the vicinity of By : (—1,0), which is a saddle point in the
two-dimensional case. During this first stage we have z1 + z9 &~ 1, and therefore wpp =
wepr ~ 1. The evolution of the fields is entirely determined by interaction via the non-
canonical kinetic term: the ”friction” term in the axion equation of motion is initially sign

reversed,
. 3,
v > 3H ~ \/;CD,

which causes the rapid increase in zo ~ &. When 1 ~ & drops below zero (due to the effective
force term ~ ¢2), the axion is subject to enhanced friction, and its velocity decreases again.
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Figure 6.1: Phase-portrait of Sonner-Townsend model, v = 4, A = 2.

(2) When the modified friction term has grown sufficiently to force the axion into slow-roll,
the dilaton evolves nearly undisturbed and its kinetic and potential energy increase. When
the trajectory, which is now driven towards the saddle point G, passes x1 ~ —%, it enters
the region where accelerated expansion occurs. Since there is now a significant contribution
from the potential to H, the dilaton’s velocity increases up to xq ~ %, where the trajectory
exits the accelerated regime, before the friction term in the axion field equation gets sign
reversed again.

(3) Approaching the saddle point G = (\/g,O), the trajectory is again bent towards
increasing xs.

(4) Now it enters the regime of the attractor, and re-enters the subspace with w,ss < —%,
soon after z2(IN) has passed a local maximum. Since the attractor is located exactly at the
boundary between accelerated and decelerated expansion, w.fy = wpg oscillates around —%,
while the trajectory approaches the fixed point.

Now we turn to the model version with background fluid, where

y2<1—$%—$%,
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Figure 6.2: Phase-space section (x1,x2) of the extended model version, parameters as above.

before the final attractor is reached. We let our trajectory start close to (x1,z2,y,2) =
(0.7,0,0,0.7), which is of course not very realistic (2pg = Q,44), but makes it easier to rec-
ognize the qualitative features in the phase-space plot. The discussion follows the steps (1)
to (4), corresponding to the (x1,z9)—section of figure 6.2, in analogy to the former case. In
figure 6.3 we show the evolution of weyfy and wpg with y.

(1) Due to our extreme choice of xjnit, the axion’s velocity is initially enhanced by
"negative friction”. But the trajectory stays close to the x;—axis, indicating background
fluid dominance. Qpg decreases.

(2) The turning point is already reached around (x1,z2) = (0,0). The axion gets nearly
frozen. No acceleration occurs, since the potential energy is, though increasing, still negligible
with respect to the background. As can be seen in figure 6.3, wpg approaches —0.8, but weyy
decreases only slowly.

(3) Since the background energy density is decreasing, the axion can enter the "negative
friction” regime, leading to a rapid increase in 5. Now the potential energy remains approx-
imately constant (as in the Sonner-Townsend case), thereby allowing for w.s¢ and wpg to
grow towards zero again. (See figure 6.3.)
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Figure 6.3: The same trajectory as in figure 6.2, plotted in (y,w.ss)— (red curve) vs.
(y,wpgr)—plane (blue curve).

(4) In approaching the attractor, the trajectory’s behaviour as shown in figure 6.2 is
very similar to what we observed in figure 6.1. A short period of transient acceleration be-
gins when y ~ 0.8 is reached, but afterwards w.ss increases again and the attractor value
Weff = WpE = —% is approached from above.

In summary, the main difference between the two models is the absence of the first enduring
stage of accelerated expansion (2) in our extended version, due to the difference between wpg
and wesy resulting from background fluid dominance. We have to emphasize, that a more
realistic choice of initial conditions would only further suppress the scalar field dynamics,
since then Qpp <K Q.44 initially. During the matter dominated epoch we have

Weff = wDE(l - Qmat)-

None of the other fixed points exhibits negative values of wys. If the stationary point
corresponding to acceleration is a saddle point, and another fixed point stable, an early
period of transient acceleration is possible. This can be achieved by choice of parameters,
but duration and even existence of this period depend on initial conditions. So we have
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to conclude, that recurrent acceleration - in contrast to the simpler model of [86] - is not
a generic feature of our modified approach. This class of models does not provide a DE
candidate, realizing an equation of state close to wpg =~ —1 at present, without the side-
effect of a future event horizon due to eternal acceleration.

6.3 Periodic interaction potential

In the previous section, we discussed a family of DE models with at least one field, the dilaton,
running to infinity. Depending on the choice of parameter ~, the second, axionic field could
either become stabilized at a fixed value or stay dynamically relevant and show runaway
behaviour as well. For completeness, we will now construct a simple toy model, where both
fields are (in principle) allowed to settle down to fixed values, corresponding to minima of the
interaction potential.

We consider the following (Jordan frame) action:

S = /d4$\/—_g |:%(§¢2R - glwau(bau(ﬁ - guyauaauo') - V1(¢) - ‘/2(0') + Smat[gw/a \Ij]v

(6.18)
containing the BD scalar (which we keep calling dilaton for convenience) and a second, min-
imally coupled scalar field. We specify the dilaton potential to be a polynomial P(¢) with at
least one minimum, and

Va(o) = A(C + cos(ko)),

which is the natural choice of potential for an axion type field. (The replacement 1 — C > 1
is for later convenience.) By assumption the BD field couples universally, so there can be no
interaction term in the total scalar potential. (Furthermore we neglect any coupling of the
axion to the matter sector.)

Performing a conformal transformation, we find the corresponding Einstein frame action,

1

S > / diz/—g [5(}% — g"'0,90,® — A*(®)g"0,00,0) — V(®) — AH(®)A(C + Cos(k:a))} ,
(6.19)

where k := ‘/GET and

The Einstein frame, dilaton potential is now a sum of exponentials:
V(@) := AY®)P(e") = Y a;eh??.
i
(Potentials of this type have frequently been discussed in the literature, see [8], or [32] for an
example in the context of supergravity. A dilaton potential of the type
V(@) ~ f(®)[e"? + Be 27,

with k12 > 0, can be found in [50], compare (6.20). A Jordan frame phase-space study of a
single field BD model with potential V(¢) = A¢™ was done in [24].) For simplicity we restrict
ourselves to the case

V(g) ~¢" = V(®) ~exp((a - 4)Q2),
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with o > 4.
As before, we fix the geometry by inserting the flat FRW metric, and assume the scalar
fields to be homogeneous. Setting & = 1 for simplicity, we obtain the following Lagrangian:

L=+—g %(R — ®2 — P52 — A(C + cos(ko))e™® — Vpe?| | (6.20)

where now
7=2Q, A=4Q, [B=(a-4)Q.
Obviously, we could have obtained this Lagrangian directly from the Sonner-Townsend model
by replacing
A — A(C + cos(ko)),

and introducing the additive potential term
Vi(®) = Vpel®

for the dilaton. In the following, we assume the different parameters to be independent, in
order to cover a more general class of models.

The total potential is periodic in o—direction, with period Ac = 2%, and has saddle points
at

(@,,04) = (ﬁiAm (%(CH)%) ,omm), neN, (6.21)

and minima at

(@, o) = <ﬂ i ~In (%(c - 1)%) s nAo) . (6.22)

The choice C' > 1 we made above guarantees the existence of the minima.

We already know that, for the axion to be a viable quintessence candidate, its potential has
to be fine tuned in order to match the present DE density: The axion remains frozen near the
maximum of the potential (realizing an effective cosmological constant), and starts to slowly
roll down towards the minimum just around the present. In analogy to the one-field case we
assume that only the region around a saddle point is phenomenologically relevant. Following
our considerations in section 5.3, we replace the axion potential by a Gauss function:

k?2

Vo(o) = A(C+1) exp(—m02).

The dynamical evolution equations then take the following form:

dzy 2 3 3
N :3x1(m%+Gm%+522—1)+ <§~’U1+\/;Q> (1—:&%—Gm%—y%—y%—z2)

3
T v ] (023
d.%'g 2 1
N :3x2(x%+Gx%+§,22—1+§(1—x%—Gx%—y%—y§—22))
31
+V6yz1m9 + 1/ = =y, (6.24)
2G
dy1 3 3 1
N = —\/;?h()\ﬂh +pzz) + Syl + o+ Gag —yi —y5 + 522% (6.25)
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d 3
y2 \/763;23:14— Syp(1+ 2]+ Gas —yi — 3 + Z) (6.26)

3
dz z 9 9
d—N = —\/_7G$1, (628)
= V6ns. (6.29)
We introduced the new parameter
k‘2
oy

The corresponding phase-space is non-compact, since the variables p (which is propor-
tional to the axion field value), G' and x are unbound (G2 < 1 is still valid of course). But
a solution, where any of these variables diverge, would be an artefact of deleting the minima
of the potential by the substitution of V5(o) with a Gaussian. A stationary point of the full
system requires stationarity of both field values, as can be read from the last two equations,
and therefore corresponds to ”sit and wait” behaviour of both fields. For each value of G
(and therefore of the dilaton field ®), there are two solutions P* = (x1,z2,y1, Y2, 2, 1) of the
corresponding system of nonlinear algebraic equations (in fact we have ”stationary lines” in
phase-space):

C* = (0,0,0,0,1,0),

(00\/6+A\/‘m00>

Points of C* correspond to the usual radiation dominated repeller, while points of G*
have Qpg = 1 and wefy = wpg = —1, so they represent a de Sitter solution. Those points
are saddle points, the Jacobi matrix having one real positive eigenvalue. The corresponding
physical situation is realized, if the axion field is initially precisely fixed at the saddle point
of the potential. This configuration is of course unstable with respect to perturbations in the
axion field value, but insensitive to changes in the background fluid or the second field. A
deviation from (u,z9) = (0,0) in the initial conditions will cause the axion to slowly roll, away
from the saddle point. Otherwise it will remain fixed, until all background energy density is
diluted away, while the dilaton is stabilized in the limit py,q¢ — 0. In this case, we again have
effectively a single field model, which generates a cosmological constant dynamically, due to
a non-zero potential minimum.

To discuss this in more detail, we consider the original dilaton field equation,

d+3HD = —%677‘1)0.'2 — BVoeP® + AA(C + cos(ka))e ™ + Q(P) prmar (6.30)
(Q redefined to be positive), which reduces to
d+3HD = —/BVOGBCI) + Ke 4 QPmat

(with a new (quasi-)constant K), if the axion is assumed to be frozen. Though the dilaton
potential has a minimum for each fixed value of o, the field will settle to a fixed value only
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in the limit ppet — 0, since the effective potential is time dependent. Due to the constant
coupling @) the dilaton can evolve, even if the axion does not.

On the other hand, we face modifications with respect to an axionic quintessence model
where the dilaton is absent: Considering how the axion field equation is influenced by the
presence of the second field,

G+ (3H — ~®)6 = ksin(ko)e Ve, (6.31)

we observe that the 7sit and wait” mechanism will be relevant as long as v® < 3H. The
freezing regime of the axion can be prolonged, and the need for fine tuning alleviated, if either

1. the dilaton field value (assumed to be positive) decreases, while v > 0, or
2. the dilaton field value increases, while v < 0.

In both cases the friction term is enhanced, whenever the dilaton field value changes.
(We assume that e(=N® is of order unity, and therefore the modification of the force term
negligible.)

In the next section, we intend to discuss an example, specified by @ = 0. In that case,
the dilaton potential has a time independent minimum, for each value of ¢. If the axion sits
and waits exactly at its saddle point value, the dilaton will be stabilized at the saddle point.
Otherwise both fields will be dynamically relevant, and ultimately reach the minimum of
the total potential. The axion kinetic energy acts as an additional force term in the dilaton
Klein-Gordon equation, equivalent to QQp.nqt, but quadratic in the small deviation from ¢ = 0,
and will therefore be negligible. If we assume

Dinit > P > P, > 0,

while 0,4 &~ 05, and furthermore v > 0, condition 1 (see above) is satisified, and a single field
model with Gaussian potential, as discussed in section 5.3, will provide a phenomenologically
viable approximation.

6.4 Dark energy from shape moduli

Following Peloso and Poppitz [70], we consider a 6-dimensional product manifold, consisting
of a non-compact 4-dimensional (e.g. FRW) spacetime and a toroidal compactification space.
Let the torus be parametrized by

(y1,y2) € (—mry, wry] X (—mrg, wral,
and carry an action of the group Zs, defined by the map
St (y1,92) = — (Y1, 92).
The torus has four fixed points under this map,

Py =(0,0), Py=(mr1,0), P3=(0,7r2), Py= (mry,7mra),
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and the resulting space (homeomorphic to S?) contains four conical singularities placed at
the fixed points, each with deficit angle m, corresponding to the tension of the 3 + 1-branes
located at the positions of the singularities.

The volume of the extra space is determined by the expectation value of a scalar field,
called radion, which couples to the trace of the energy-momentum tensor of matter fields
localized on (one of) the branes. Peloso and Poppitz assume, that the radion can be stabi-
lized by the interplay between a 6-dimensional negative cosmological constant - energetically
favouring the extra space to shrink - and a U(1) gauge field in the bulk, with quantized

magnetic flux,

2rN
(I)mag = Ta

where e is the gauge coupling, and N eN [70]. The magnetic energy is proportional to the
inverse of the surface volume, and contrasts the effect of the negative cosmological constant
Ag. After minimizing the total energy, the volume modulus is expected to be stabilized at
[70]:

mN
y=rvy

Let us now generalize the geometry of the torus by introducing a shift parameter 6 [38],
and a complex shape modulus:

(A) =

. T2 4
T =11+ img = —e'.
1

In agreement with Peloso and Poppitz, we regard the area of the torus,
A =rirysinb,

as fixed. The torus is now parametrized by a complex variable z with periodic identifications

[38]:
[ A
z—z+4/— =24 2mr],
T2

z— z+ 7Ty — =2z+27nre(cosf + isinb).
T2

Deformations of the extra space are associated with dynamical evolution of the two shape
moduli 71 and 79, which do not - in contrast to the radion - couple to the standard model fields
on the brane, but only to the Kaluza-Klein spectrum of bulk fields [70]. The Casimir energy
of the bulk fields generates a potential, and therefore a possible stabilization mechanism for
the moduli.

6.4.1 Action and field equations
We consider the block-diagonal metric ansatz of [70]:
ds® = Grydaldz’ = Guvdxtdz” + Gapda®da®,

where

I,J€¢{0,...5}, p,ve{0,..,3}, a,be{4,5},

82



and Gp; depends only on coordinates with Greek indices. The metric on the torus is given
by
1 1 =n
= — ) 6.32
Yab T ( 7_1 | 7_|2 > ( )

and has determinant one. The 6-dimensional Riccl tensor obtained from the metric ansatz
reads as follows,

R[J = RMV + ngl“;c — ngl“gb — ch ;b,
where we already skipped a total divergence, with

1 o
ng = 59p 8ogab,

1
FZp = 596d8pgada

while any other Christoffel coefficients with mixed or Latin indices vanish.
The resulting 6-dimensional Ricci scalar is given by:

L b cd v
R[G] = R[g;w] + Zg bg dgﬂ (a,ugabal/gcd - augacaugbd - a,ugadaugbc)'

We substitute 1
O0pgaa = ——5 0,72,
T3

1
(9“945 = 5(7’2(9“7'1 — 7’1(9“7'2),

2
!
1-— <T_2> ] (9“7'2,

and integrate over the extra dimensions to finally obtain the 4-dimensional effective action,

27’1
Ougss = —OuT1 +
T2

uv
Syeom = M / oV =G RG] = % / Ao =gIR ~ 45 0,0,7), (6.33)

(P

where we have set

2Mg(A) = M2 = 1.
Assuming FRW geometry on the brane, and homogeinity of the scalar fields, we introduce

1 1
P := —Inm, o= —=T1,

V2 V2

and find the reduced action
3 L 9 —2v2d -2
Se ==V [ dta’(t) §(<I> +e %)+ V(P,0)], (6.34)

with yet unspecified potential. The kinetic part of this action corresponds to the Lagrangian
(6.20), if we choose
v = 2\/5.
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6.4.2 The Casimir potential

The Casimir energy of bulk fields, which obey periodic boundary conditions in the extra space
coordinates z*, 2%, generates a potential for the shape moduli which is naturally related to
the size of the extra dimensions [70]. If the bulk fields belong to supersymmetric multiplets,
and furthermore the brane-localized breakdown of SUSY is communicated to the bulk with
gravitational strength, the mass splitting within the bulk multiplets is of order 10 3eV and
induces a non-vanishing Casimir potential. The contribution of a 1/4 hypermultiplet with
massless fermion and scalar of mass M, given by

- (2wL?)" 45 [cosh(2mpTs) — cos(2mpm1)]2 pro cosh(2mpry) — cos(2mpry)

(6.35)

. M? 1373 S 1 ,27(1 — cosh(2mprs) cos(2mpry)) 1 sinh(27p72)
kel Y
p=1

where L := <A>1/ 2 is the characteristic length scale of the internal space, is plotted in figure
6.4. Contributions of other multiplets with SUSY breaking mass splittings are easily obtained
from (6.35), and the total potential can be written as a power series in ML with a leading
contribution given by (6.35), multiplied by some overall constant factor [70, 76]. The scale of
the potential is of the same order as the present energy density in the universe if L < 6um,
meaning that indeed shape moduli in correspondingly large extra dimensions can provide a
viable quintessence candidate.
The Casimir potential is invariant under SL(2,Z) transformations,

at +b
cr+d’

T —

with a,b,c,deZ and ad — bd = 1. The two values,

27

Ts = 1, T™m =€ 3,
are fixed points of the special transformations,

1 1
T = ——,

T -,
T T+1

respectively, and correspond to saddle point and minimum in the fundamental domain of the
torus in the complex plane [70].

The Casimir potential can be approximated within the general framework of the preceding
section. Consider the following choice of parameters:

y=2v2, A=6, [=12.

The remaining parameters C' and % can be adjusted (taking values of order unity) to match
the positions of the Casimir potential extrema (compare (6.21) and (6.22)) at

(Ps,05) = (0,£n), n e Np,

(P, 0m) = <ln <£> ,l + n) .
2 2

The resulting potential contour is shown in figure 6.5.
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Figure 6.4: Contourplot of the shape moduli potential according to [70].
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Figure 6.5: Contourplot of the potential V (o, 2) = A(C + cos(2m0))z =0 + Voz'2, 2 := V22,
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In quadratic approximation, our model potential does not precisely coincide with the

Casimir potential: We find
m m
—25 59, —2™ ~ 0.6,
mi,s mim

)

instead of the values, —5.0 and 1.0 respectively, given by Peloso and Poppitz. We could
compensate for this discrepancy, if we allow 3 and A to take non-integer values. The compar-
ison of figures 6.4 and 6.5 shows, that our toy model matches the qualitative features of the
Peloso-Poppitz potential quite well.

In summary, the shape moduli approach infers the right potential scale and field masses to
obtain a viable DE model - provided a SUSY bulk field content. As Peloso and Poppitz have
already mentioned, only the behaviour of the axionic field, in the vicinity of the saddle point,
is phenomenologically relevant. We have covered this situation already by the numerical
example given in section 5.3.3. In the previous section, we presented qualitative arguments to
justify the assumption, but we have also seen, that the success of the model crucially depends
on the choice of initial conditions. As was disussed in subsection 5.3.3, the initial value of
the axionic field must not deviate from the saddle point value by too much. The question
remains open, whether this choice is natural in the shape moduli case.

An interesting issue of further investigation might be the interplay between the volume
and shape moduli during the stabilization of the radion. The compactification process may
serve as a mechanism, which dynamically generates initial conditions for the shape moduli,
thereby helping to avoid the fine tuning problem of common axion-type quintessence models.
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Chapter 7

Summary and conclusion

Incorporating a dynamical realization of dark energy within particle physics or gravity theory
remains to be a formidable task to be addressed in the future. Many proposals have been
published during the course of the last decade, including dark energy candidates like radions,
dilatons, or axions, motivated from higher-dimensional supergravity or other extensions of the
standard model, phantom field k-essence, which has been claimed to be inferable from quan-
tum loop cosmology, and more elaborate or exotic approaches we have not even mentioned in
our thesis. Instead of testing every single proposal against available observational data, we
have followed a different course. As low-energy effective field theories, scalar-tensor theories
of gravity are characterized by a few free functions of (in our case) one or two scalar fields,
including the simpler case of minimally coupled, quintessence fields. We have investigated
the possibility to constrain the choice of those functions by phenomenological considerations.
In order to provide a viable dark energy model, a quintessence potential has to belong to one
of the following classes:

1. The potential exhibits at least one non-zero, local minimum at a finite field value, and
the scalar field has already been stabilized at this minimum. The set-up constitutes a dynam-
ically generated cosmological constant, and is therefore observationally indistingiushable from
the case of constant vacuum energy. In order to match the present dark energy density, the
actual value of the potential minimum is subject to fine tuning, but the corresponding energy
density could have been significantly larger in the past. Fine tuning of initial conditions is
therefore unnecessary.

2. The scale of the potential is low enough, for the Hubble friction to keep the scalar field
frozen at a position close to its initial value, where it ”sits and waits”, until the Hubble rate
is sufficiently reduced to allow for slow roll. A prototype of this class is the axion potential. If
the potential has a zero minimum, the accelerated expansion will be a transient phenomenon,
in which case a future event horizon is avoided. (In chapter 5 we have introduced a Gaussian
model potential, which shares these properties without exhibiting any minima.) Models of
this class generically require not only fine tuning of the potential scale, but also of the initial
field value, depending on the specific shape of the potential.

3. The potential is of the runaway type, and (at least locally) sufficiently flat to admit
slow-roll during the present stage of cosmic history. This corresponds to an extremely light
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scalar field, establishing a new long range interaction - in addition to standard model physics
-, which is phenomenologically dangerous and represents the major obstacle against a real-
ization within particle physics. The dilaton e.g. is characterized by an exponential potential,
which is commonly considered to be modified by perturbative corrections [50]; the resulting
theory would rather belong to the first class.

While the cosmological constant requires one single fine tuning, dynamical models fea-
turing scalar fields are possibly subject to different kinds of tuning, even in the simplest,
minimally coupled, case of quintessence. The dark energy density is the adequate quantity to
be compared with the cosmological constant, interpreted as vacuum energy. Any dynamical
model, to be preferable over the cosmological constant, is at least required to allow for a
significantly larger contribution to the energy density in the past. In chapter 5 we introduced
the following criterion:

Q
DE > 1.

Qa BN
We have seen that some of the quintessence models we discussed already fail to match this
criterion, if not refering to an unreasonable choice of initial conditions.

Secondly, the energy scale of the potential determines the present dark energy density.
The deviation of the two quantities corresponds to the deviation of the equation of state from
wpp = —1 at present. Together with a second parameter, determining its slope (or the field
mass, respectively), the potential scale has to be infered from more fundamental principles,
within a general theoretical framework. But the margin of both parameters becomes smaller
and smaller, the more the model is required to mimic the late time behaviour of a cosmological
constant.

Finally, the ”initial” (in our case: BBN) value of the dark energy density is determined
not only by the potential scale, but also by initial conditions on field value and velocity.
The main issue in dynamical model building is the search for attractor solutions, which can
reproduce the observed late time evolution of the dark energy sector, being independent of
initial conditions. To realize the present universe as a global attractor, quintessence models
are forced to refer to the introduction of additional parameters [4, 8]. Instead, late time
attractors of runaway models are typically characterized by Qpgr = 1 and

1
-5 > > —1.
3 WDE

In the attempt to solve or at least alleviate the coincidence problem, inverse power-law,
”tracking” potentials have been regarded as exceptionally promising. The tracker solution
corresponds to a sequence of radiation and matter dominated scaling regimes, in agreement
with standard ACDM cosmology, followed by a period of accelerated expansion. Though,
during earlier stages of cosmic history, the evolution of the scalar field is quite sensitive to the
choice of initial conditions, the - observable - late time behaviour should be entirely deter-
mined by the tracker solution. Unfortunately, as has been noticed lately [15], this advantage
disappears, if the model is required to mimic the behaviour of a cosmological constant around
the present - which seems necessary to stay in agreement with observations. As we have seen
in chapter 5, this leads to the loss of predictiveness: A quintessence model with V ~ ¢! is
not falsifiable by reconstruction of its equation of state.

The main purpose of our thesis has been to investigate, whether modifications with re-
spect to the single field, quintessence case can help to alleviate - or even avoid - the fine
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tuning problems of model building. Within the framework of scalar-tensor theories, we ex-
plored consequences of the non-minimal coupling between scalar field and Ricci curvature,
and of the introduction of a second, minimally or non-minimally coupled scalar field. In
both cases the increase in complexity - in the number of model parameters - is soundly mo-
tivated. Though we have given some examples, how to improve the situation gradually, we
have to conclude, that the problem of dependence on initial conditions remains far from being
solved. Since none of the simple effective models we discussed in this thesis realizes the present
stage of the universe as a global attractor, some dependence on initial conditions is inevitable.

In detail, we have followed the ” R—boost” proposal of [7, 62, 73] and provided a clas-
sification of (Jordan frame) coupling functions admitting cosmological scaling solutions. In
particular, we have found that models with F(¢) = £¢? + const, including original Brans-
Dicke theory, allow for scaling attractor solutions during matter dominated epoch, if either
the potential force term is subdominant in the equation of motion, or the potential is of the
inverse power-law type and matching, or dominating, the strength of the coupling term. We
have investigated the corresponding class of models in the Einstein frame as well, using a
dynamical systems method, and verified both the existence of the R—boost, and the fact that
it can reduce dependence on initial conditions. Unfortunately, scalar-tensor theories with
constant (Einstein frame) coupling do not share the attractive property of convergence to
general relativity. The effectiveness of the R—boost is therefore limited due to experimental
and observational constraints on the coupling strength.

Alternatively, we have considered a model proposed by Bartolo and Pietroni [9], which
incorporates an attractor mechanism to general relativity, due to an exponentially decaying
(Einstein frame) coupling. In this case, the late time attractor is indistinguishable from
inverse-power law quintessence, but the coupling is allowed to be significantly stronger in the
early universe. Since now model building relies on two independent functions, the potential
parameters can be adjusted to mimic a cosmological constant around the present, while the
dependence on initial conditions is reduced due to the enhanced R—boost. However, in our
numerical example we have found significant evolution at low redshift, allowing the model
to be distinguished from a cosmological constant, as soon as observational data permit an
improved reconstruction of the equation of state.

Though dark energy models featuring a second scalar field rely on a larger number of
free parameters, the examples we have investigated in chapter 6 do not exhibit additional
qualitative features. On the contrary, regarding their phenomenological implications, they can
be approximated within a single field set-up under some very general and natural conditions.
In our extended version of the Sonner-Townsend axion-dilaton model, the dilaton turns out
to be the relevant dynamical ingredient in a wide (and reasonable) range of parameter space,
while the axion is fastly stabilized to a fixed value, only due to enhanced friction. The resulting
family of models, effectively featuring only one field, is conformally equivalent to Brans-Dicke
theory with inverse-power law potential, and corresponds to the class of models identified in
chapter 4.

On the other hand, we have reproduced the relevant features of the shape moduli proposal
of Peleso and Poppitz within a class of two-field models, which share the phenomenological
properties of an axion type, single field model. Under certain assumptions concerning initial
field values, the presence of the second field has a stabilizing effect on the relevant ”sit and
wait” behaviour, again because of enhanced friction.

None of our model examples unites all the different attractive features we discussed in
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the preceding chapters, like convergence to Einstein theory, existence of subceding scaling
solutions, corresponding to the evolutionary sequence of standard cosmology, or an effective
R—boost mechanism to reduce dependence on initial conditions. Furthermore it remains
unclear, to which extent the model parameters can be infered from more fundamental theories.

In the shape moduli proposal of Peloso and Poppitz, the phenomenologically relevant
model parameters are directly related to geometrical and field theoretical considerations: The
properties of the Casimir potential are deduced from the length scale of two ”large” extra
dimensions, and the assumption of a Planck suppressed communication of brane-localized
SUSY breakdown to the bulk field content. The model still has one significant disadvantage:
initial field values have to be chosen close to a saddle point of the Casimir potential - otherwise
the shape moduli fail to provide a quintessence candidate at all.

On the other hand, the authors only assumed, that the internal orbifold volume can be
stabilized by the interplay between a negative cosmological constant, and the magnetic flux
of a gauge field in the bulk. An interesting issue of further research would be to explore the
dynamical interaction between volume and shape moduli during the compactification regime.
Within this generalized set-up, it might be possible to derive constraints on the allowed range
of "initial” conditions for the shape moduli, acting as quintessence. Though this consideration
is entirely speculative, the idea of dynamical generation of ”initial” conditions is worthwile
to be kept in mind. (In principle, the R—boost mechanism can be interpreted in the same
spirit, as we have already remarked in chapter 5.)

Given the fact, that none of our simple models is capable to completely avoid dependence
on initial conditions, it seems to be a promising objective to search for a physically motivated,
dynamical selection mechanism to complement the conventional conception of a basin of
attraction. On the other hand, this is yet an additional requirement model building efforts
are challenged with, and not so very different from the introduction of additional parameters.
But as long as the predicted redshift evolution of the equation-of-state parameter, wpg(2),
changes from trajectory to trajectory, a dynamical model is definitely incomplete. On the
other hand, the reconstruction of the equation of state from supernovae and other available
data has to be supplemented by additional information - e.g. concerning the possible evolution
of electromagnetic fine structure and gravitational constant on cosmological time scale -, to
improve our capability of model selection.

We have not yet taken into account possible deviations from the assumed homogeinity of
the scalar field(s), and the resulting effects on perturbation growth and large scale structure
formation. It is commonly assumed, that future weak lensing surveys of cosmic shear will
provide complementary information on the nature of dark energy [52]. A combined effort to
reconstruct not only the expansion history but also the growth history of the universe might
be able to decide, whether dark energy is a dynamical quantity or not, hopefully within the
forthcoming decade.

In summary, we have learned that scalar field dynamical models of dark energy are, in
principle, capable to mimic a cosmological constant around the present. But the closer the
equation of state has to approach wpg = —1, the less attractive they become; not only because
the allowed range in parameter space is reduced, but also since the late time evolution develops
an increasing sensitivity to initial conditions. On the other hand, it is still possible that the
cosmological constant will be definitely ruled out by observations one day. In that case, sound
knowledge of dynamical alternatives will turn out to be crucial, in order to understand the
origin of dark energy.
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